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Sepsis is one of the leading causes of death in hospitalized patients and the chronic
and low-grade inflammation observed in obesity seems to worsen susceptibility and
morbidity of infections. However, little is known with respect to a short-term high-fat
diet (HFD) and its role in the development of sepsis. Here, we show for the first
time, that short-term HFD consumption impairs early nicotinic acetylcholine receptor a7
subunit («7nAChR)- mediated signaling, one of the major components of the cholinergic
anti-inflammatory pathway, with a focus on hypothalamic inflammation and innate
immune response. Mice were randomized to a HFD or standard chow (SC) for 3
days, and sepsis was subsequently induced by a lethal intraperitoneal (i.p.) injection
of lipopolysaccharide (LPS) or by cecal ligation and puncture (CLP) surgery. In a
separate experiment, both groups received LPS (i.p.) or LPS (i.p.) in conjunction with
the selective a7nAChR agonist, PNU-282987 (i.p. or intracerebroventricular; i.c.v.),
and were sacrificed 2 h after the challenge. Short-term HFD consumption significantly
reduced the a7nAChR mRNA and protein levels in the hypothalamus and liver (o
< 0.05). Immunofluorescence microscopy demonstrated lower cholinergic receptor
nicotinic o7 subunit (a7nAChR)+ cells in the arcuate nucleus (ARC) (a7nAChR+
cells in SC = 216 and HFD = 84) and increased F4/80+ cells in the ARC
(2.6-fold) and median eminence (ME) (1.6-fold), which can contribute to neuronal
damage. Glial fibrillary acidic protein (GFAP)+ cells and neuronal nuclear antigen
(NeuN)+ cells were also increased following consumption of HFD. The HFD-fed
mice died quickly after a lethal dose of LPS or following CLP surgery (2-fold
compared with SC). The LPS challenge raised most cytokine levels in both groups;
however, higher levels of TNF-a (Spleen and liver), IL-1p and IL-6 (in all tissues
evaluated) were observed in HFD-fed mice. Moreover, PNU-282987 administration
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(i.p. ori.c.v.) reduced the levels of inflammatory markers in the hypothalamus following
LPS injection. Nevertheless, when the i.c.v. injection of PNU-282987 was performed the
anti-inflammatory effect was much smaller in HFD-fed mice than SC-fed mice. Here, we
provide evidence that a short-term HFD impairs early a7nAChR expression in central and
peripheral tissues, contributing to a higher probability of death in sepsis.

Keywords: «7nAChR, high-fat diet, short-term, LPS, sepsis, inflammation

INTRODUCTION

The consumption of a high-fat diet (HFD) is well-known
to be associated with a chronic low-grade inflammatory
process. Dietary saturated fatty acids can trigger central and
peripheral inflammation upon binding and activation of the
Toll-like receptor 4 (TLR4), a major component of the
innate immune system (1, 2). HFD-induced inflammation is
mainly characterized by adipocyte secretion of pro-inflammatory
cytokines, infiltration of activated immune cells, and elevation
of plasma levels of gut-derived lipopolysaccharide (LPS);
a state known as metabolic endotoxemia. This abnormal
secretion of pro-inflammatory cytokines leads to the impairment
of insulin signaling in central and peripheral tissues, and
subsequently, to the development of several other obesity-related
comorbidities (3).

Studies have shown that, unlike in peripheral tissues, only a
very short-term exposure to a HFD promotes inflammation in
the hypothalamus (4, 5). Thaler et al. (4) observed an increase
in inflammatory markers in the hypothalamus of rodents fed
a HFD for only 1 day. Within 3 days of HFD consumption,
an accumulation of microglia and astrocytes was found in the
hypothalamic arcuate nucleus (ARC), an indicator of reactive
gliosis. More recently, Waise et al. (5) showed adipose neutrophil
infiltration and recruitment of M1 macrophages in the nodose
ganglion in mice following 1 day of a HFD. These studies suggest
that HFD-induced hypothalamic inflammation occurs prior to
a systemic inflammatory response; and thus, may represent
a potential target to prevent the subsequent inflammation of
peripheral tissues.

Several anti-inflammatory pathways take part in the control of
HFD-induced inflammation, including the cholinergic pathway
(6). This neuronal mechanism attenuates the inflammatory
response and limits cytokine release through the activation of

Abbreviations: um, Micrometer; Ach, Acetylcholine; AP2a, Transcription factor
AP-20; ARC, Arcuate nucleus; CCL2, C-C motif chemokine ligand 2; Chil3,
Chitinase-like 3; CHRNA7, Neuronal acetylcholine receptor subunit a7; CLP,
Cecal ligation and puncture; CNS, Central nervous system; CX3CL1, C-X3-
C motif chemokine ligand 1; Cy3, Cyanine 3; DMSO, Dimethylsulfoxide; EM,
Median eminence; F4/80, A glycoprotein expressed by murine macrophages;
GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; GFAP, Glial fibrillary
acidic protein; HFD, High fat diet; HMB, Medial basal hypothalamus; ILc.v.,
Intracerebroventricular; Lp., Intraperitoneal; Il-1, Interleukin 1B; I1-6, Interleukin
6; 11-10, Interleukin 10; LPS, Lipopolysaccharide; NeuN, Neuronal nuclei
antigen; NF-B, Nuclear factor kappa B; PCR, Polymerase chain reaction; PFA,
Paraformaldehyde; PNU, Positive allosteric modulator of the o7 subtype of
neuronal nicotinic acetylcholine receptor; pSTAT3, Signal transducer and activator
of transcription 3; SC, Standard chow; SEM, Standard error of the mean; TLR4,
Toll-like receptor 4; TNE, Tumor necrosis factor; V3, Third ventricle.

the nicotinic acetylcholine receptor a7 subunit (a7nAChR) (7, 8),
which is widely expressed in brain cells and cytokine-producing
immune cells such as macrophages, dendritic cells, and T cells
(9). Central activation of the cholinergic pathway has been shown
to reduce manipulation-induced intestinal inflammation and
prevent postoperative ileus in a manner dependent on the vagus
nerve (10, 11). Previous studies have examined the connection
between activation of the cholinergic anti-inflammatory pathway
and HFD-induced inflammation (12, 13). However, these studies
involved the consumption of a HFD over an extended period
to reflect obesity of an adult individual; and thus, may not
correspond to the inflammatory modifications that occur in
childhood obesity or in the initial stages of adult obesity.

Here we hypothesize that short-term HFD consumption
impairs a7nAChR expression in central and peripheral tissues
contributing to exacerbate inflammatory response making these
mice more susceptible to sepsis development after an immune
challenge. To the best of our knowledge, this is the first study to
show the effect of short-term HFD consumption on a7nAChR
expression and the outcome of an inflammatory response
and sepsis.

METHODS

Animals

The experimental procedures involving mice were performed
in accordance with the guidelines of the Brazilian Society of
Science in Laboratory Animals (SBCAL) and were approved by
the Ethical Committee for Animal Use (ECAU) (ID protocol
41841) of the University of Campinas (UNICAMP). Swiss male
mice (8-weeks old, weight 30-40 g) utilized for the present study
were obtained from the university breeding colony. Mice were
housed in groups of 5 individuals in a room with controlled
temperature (22-24°C) and a 12-h light/dark cycle, with access
to water and food ad libitum. All efforts were made to minimize
the number of animals used.

Experimental Design

In the present study, all mice were randomly divided into two
groups: one group was fed standard chow (SC) (NuvilabR CR-1,
Nuvital, PR - Brazil) and the other group was fed a high-fat diet
(HFD; 60%) for 3 days. The HFD was prepared in our laboratory
according to the AIN-93G modified for high-fat (60%) content.

Inflammatory Response
To evaluate the inflammatory response to sepsis induction, mice
were separated as shown below:
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Experiment 1

After 3 days of SC or a HFD, mice were injected intraperitoneally
(i.p.) with lipopolysaccharide (LPS) at 12 mg/kg (Escherichia coli
serotype O111:B4. L2630, Sigma-Aldrich, St. Louis MO, USA) or
saline vehicle (0.9%). Mice were sacrificed 2 h after the challenge
and the tissues (hypothalamus, spleen, and liver) were collected.

After 3 days of SC or a HFD, a further mice were injected i.p.
with LPS at 12 mg/kg in conjunction with PNU-282987 (Sigma-
Aldrich, MO, USA) at 3 mg/kg or DMSO vehicle. PNU-282987
was administered 80 min after LPS injection. Mice were sacrificed
and the tissues (hypothalamus, spleen, and liver) were collected
for analysis 40 min after PNU-282987 administration.

In a separate study, the inflammatory response was assessed
in mice fed SC or a HFD following cecal ligation and puncture
(CLP) surgery, which is considered the gold standard for the
induction of sepsis. Mice were sacrificed 24 h after the surgery,
and the hypothalamus was collected for molecular analyzes.

Experiment 2

To explore the underlying mechanisms of central a7nAChR-
mediated anti-inflammatory effects in mice after being fed SCor a
HFD, PNU-282987 was administered by intracerebroventricular
(i.c.v.) injection (2 pL 5 X 10~° M solution) 80 min after LPS
challenge, and the mice were euthanized after a further 40 min.

Survival rate

To determine the survival rate, both groups (SC and HFD) were
weighed and a lethal dose of LPS at 30 mg/kg was administered
i.p. as previously described (14). Simultaneously, sepsis was
induced in mice fed SC or a HFD by CLP surgery. The survival
rate was recorded every 2 h.

Tissue Extraction

All mice were anesthetized (200 mg/kg BW ketamine and 5
mg/kg BW diazepam, i.p.) and subsequently euthanized for the
extraction of the hypothalamus, liver, and spleen. The extracted
tissues were snap-frozen on dry ice for storage at —80°C until
processing for QRT-PCR or western blotting analysis.

Cecal Ligation and Puncture (CLP) Surgery
Mice fed SC or a HFD for 3 days were separated into four
groups: SC-sham and HFD-sham (mice that received only the
laparotomy incision), and SC-CLP and HFD-CLP (mice in which
sepsis was induced by CLP).

Mice received inhalation anesthesia and were subjected to a
longitudinal incision in the abdomen, such that their cecum was
exposed outside the peritoneal cavity, and ligation was performed
with a silk line for suturing. The exposed cecum was punctured
with a needle and the fecal content was extravasated into the
peritoneal cavity. Subsequently, the cecum was reinserted into the
original position and the abdomen was sutured.

As a control for the surgical variable, the other half of
the animals (HFD-Sham and SC-Sham) were subjected only to
the laparotomy incision in the abdomen for exposure of the
cecum; however, there was no puncture or extravasation of the
fecal contents.

Following the procedure, the animals were fed a standard
control diet for 24 h, and subsequently sacrificed for collection
of the hypothalamus.

Stereotaxic Surgery and

Intracerebroventricular (i.c.v.) Cannulation
Mice fed SC or a HFD received an i.p. injection of anesthesia
as previously described (15), and were placed in a stereotaxic
instrument. Afterward, a 26-gauge needle of a 10-pul Hamilton
syringe was inserted into the lateral ventricle through a cranial
burr hole at the following coordinates relative to the bregma:
anterior/posterior axis, 0.34 mm from the bregma to the rear;
lateral, 1 mm from the midline; dorsoventral, 2.2 mm from the
surface of the skull. Dental acrylic glue was added to secure
the cannula following correct positioning. After surgery, the
animals were allowed to recover from anesthesia on a warm pad.
The cannula placement was tested by measuring the dipsogenic
response to an i.c.v. injection of angiotensin 1T (2 ul 107% M
solution) (Sigma-Aldrich, MO, USA). The time and dose of
PNU-282987 treatment were standardized from time-course and
dose-response experiments (data not shown).

Real-Time PCR Analysis

The total RNA was extracted from the hypothalamus, liver, and
spleen using Trizol® Reagent (Invitrogen Corporation, CA,
USA) according to the manufacturer’s recommendations, and
quantitated using a Nanodrop ND-2000 (Thermo Electron, WI,
USA). Reverse transcription was performed with 3 pg total
RNA and a High Capacity cDNA Reverse Transcription kit
(Life Technologies Corporation, Carlsbad, CA, USA). Relative
expression was determined using the TagMan™ detection
system and primers for the target genes: Mm01312230_m1 for
CHRNA7; Mm00443258_m1 for TNF-o; Mm00434228_m1 for
IL-1f; MmO00446190_m1 for IL-6; Mm01288386_m1 for IL-
10; Mm00657889_mH for Chil3; Mm00436450_m1 for CXCL2;
MmO00441242_m1 for CCL2; and Mm00436454 m1 for CX3CL1
(Life Technologies Corporation, Carlsbad, CA, USA). GAPDH
was used as the endogenous control (4352339E mouse GAPDH,
Life Technologies Corporation, Carlsbad, CA, USA). Each PCR
reaction contained 20 ng cDNA. Gene expression was quantitated
by real-time PCR performed on an ABI Prism 7500 Fast platform.
Data were analyzed using a Sequence Detection System 2.0.5 (Life
Technologies Corporation, Carlsbad, CA, USA), and expressed
as relative values determined by the comparative threshold
cycle (Ct) method (2-AA Ct), according to the manufacturer’s
recommendations (16).

Western Blotting

Fragments of tissues (hypothalamus, spleen, and liver) were
homogenized separately in freshly prepared ice-cold buffer
[10mM EDTA; 100mM Tris, pH 7.4; 100mM sodium
pyrophosphate; 10mM sodium fluoride; 10mM sodium
vanadate; 2 mM PMSF; 0.01 mg/mL aprotinin; 1% (v/v) Triton
X-100]. The insoluble material was removed by centrifugation
(11,500 rpm) for 30 min at 4°C. The protein concentration of
the supernatant was determined by the Bradford dye-binding
method (1976). The supernatant was diluted in Laemmli sample
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buffer and boiled for 5min prior to separation by SDS-PAGE
using a miniature slab gel apparatus (Bio Rad, Richmond,
CA, USA). Electrotransfer of the proteins from the gel to a
nitrocellulose membrane was performed for 90 min at 120V
(constant). The membranes were subsequently blocked in
5% dried milk, washed three times in PBS, and incubated
with specific primary antibodies overnight at 4°C. Following
incubation, the membranes were washed a further three times in
PBST and incubated with HRP-conjugated secondary antibodies
(KPL, Gaithersburg, MD, USA) for 1h at room temperature.
Proteins recognized by the secondary antibodies were detected

using SuperSignalTM West Pico Chemiluminescent Substrate
(Thermo Scientific, Waltham, MA, USA) and a Chemi Gel
documentation (New England Biogroup. Atkinson, WI, USA).
Band intensities were quantitated by optical densitometry
using the Scion Image Software (ScionCorp, MD, USA), and
normalized to GAPDH (16, 17).

Immunofluorescence and

Confocal Microscopy

Mice in both groups (SC and HFD) were perfused with 4% PFA.
Brains were extracted and fixed in 4% PFA, and subsequently
embedded in Tissue-Tek (Sakura, Torrance, CA, USA), frozen,
and cut into 15-pum thick coronal sections. Slides were incubated
in blocking solution (1% bovine albumin; Sigma-Aldrich, St.
Louis, MO, USA) for 90 min, followed by incubation with specific
primary antibodies overnight at 4°C. The primary antibodies
used were: anti-CHRNA7 1:500 (bs-1049r—Bioss, Woburn, MA,
USA); anti-GFAP 1:250 (sc-33673—Santa Cruz Biotechnology,
Santa Cruz, CA, USA); anti-F4/80 1:500 (ab6640—Abcam,
Cambridge, MA, USA), and anti-NeuN (ab-104224—Abcam,
Cambridge, MA, USA). Slides were washed and incubated with
appropriate secondary antibodies for 90 min. The secondary
antibodies used were: Alexa 488-conjugated donkey anti-rabbit
1:500 (ab21208, Abcam, Cambridge, MA, USA) and Alexa 594-
conjugated goat anti-mouse 1:500 (ab11032, Abcam, Cambridge,
MA, USA). TO-PRO-3® Iodide was used for nuclear labeling
(1:1,000; Life Technologies, Carlsbad, CA, USA). Slides were
visualized and images captured using a TCS SP5II Leica confocal
microscope (Leica Microsystems, Wetzlar, Hesse, Germany). The
numbers of CHRNA7+, GFAP+, F4/80+, and NeuN+ cells were
counted in 3 consecutive sections from bregma —1.70 mm for
each animal (18). To perform these analyses, 5 animals were
used per group (SC, n = 5 and HFD, n = 5). The Image ]
Software (http://rsbweb.nih.gov/ij/) was used to automatically
count the cells.

ELISA to Determinate Cytokine
Concentration in the Serum

and Hypothalamus

Isolated hypothalamus and serum were immediately kept
frozen (—80). Hypothalamus were homogenized in saline
phosphate-buffered supplemented with protease inhibitors in
a beadruptor™™ at medium speed for 15s. Then the samples
were centrifuged at 11,000 rpm for 20 min (4°C) to remove
the insoluble material, and only the supernatant was used for

the assay. The concentrations of cytokines in hypothalamus and
serum (TNF-a and IL-1B) in the supernatants were assessed by
ELISA using the Duo Set kit (R&D System) and IL6 using IL-6
mouse ELISA kit (Thermofischer Scientific). The concentrations
were normalized by the amount of protein in the samples,
determined by the method described by Bradford.

Statistical Analysis

Results are presented as the mean + SEM. Data were analyzed
using a Students t-test following confirmation of normal
distribution by the Kolmogorov-Smirnov test. One-way analysis
of variance (ANOVA) followed by multiple comparisons between
groups using Tukey’s post-hoc test were used when differences
among more than two groups were analyzed. The log-rank test
was used for survival rate analysis. Statistical significance for all
analyses was set at p < 0.05. All statistical comparisons were
performed using STATISTICA (StatSoft Inc., Tulsa, OK, USA)
and GraphPad Prism 6.01 (http://www.graphpad.com/scientific-
software/prism/).

RESULTS

Hypothalamic and Peripheral Inflammatory
and Anti-inflammatory Profiles Following
Short-Term HFD Consumption

Firstly, the hypothalamic inflammation in our experimental
model was investigated. Immunofluorescence staining of F4/80
and GFAP was used to identify microglia and astrocytes,
respectively. The number of F4/80+ cells in the arcuate nucleus
(ARC) and median eminence (ME) (Figures 1A-D) was higher
following short-term HFD consumption as compared with mice
fed SC. Additionally, the number of GFAP+ cells in the arcuate
nucleus also increased following short-term HFD consumption
as compared with mice fed SC (Figures 1E,F).

The hypothalamic mRNA levels of C-C chemokine ligand
2 (CCL2) were also assessed along with the protein levels of
NFkB. The basal levels of hypothalamic CCL2 mRNA and
NFkB protein were increased in mice fed a HFD as compared
with mice fed SC (Figures2A,B). Conversely, the mRNA
levels of the hypothalamic anti-inflammatory markers, chitinase-
like 3 (Chil3) and IL10, were reduced in HFD-fed mice as
compared with SC-fed mice (Figures 2C,D) (p < 0.01 and p <
0.06, respectively).

Inflammatory and anti-inflammatory molecules in the spleen
and liver of HFD-fed and SC-fed mice were also evaluated
(Figure 3). In the liver, NFkB protein levels did not differ between
HFD-fed and SC-fed mice; however, the NFkB protein levels
in the spleen were significantly higher in mice fed a HFD than
in mice fed SC (Figures 3A,B). IL1f and CCL2 mRNA levels
were increased in HFD-fed mice as compared with SC-fed mice
(Figures 3C-F). Liver mRNA levels of IL10 showed a tendency
to be reduced in mice fed a HFD as compared with mice fed
SC (p = 0.06); however, the levels in the spleen did not differ
(Figures 3G,H). Moreover, in both the spleen and liver, Chil3
mRNA levels, a marker of M2 macrophages, were also reduced
in HFD-fed mice as compared with SC-fed mice (Figures 3LJ).
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FIGURE 1 | Hypothalamic inflammation following short-term HFD consumption. (A) Confocal images illustrating F4/80+ cells (red) and nuclear labeling with
TO-PRO-3® (blue) in the ARC, in coronal brain sections (15-um) from mice fed with standard chow (SC) or a high-fat diet (HFD) for 3 days; (B) Quantitation of the
number of F4/80+ cells in the ARC of mice fed with SC or a HFD (SC, n = 5 and HFD, n = 5); (C) Confocal images illustrating F4/80+ cells (red) and nuclear labeling
with TO-PRO-3® (blue) in the ME, in coronal brain sections (15-wm) from mice fed with SC or a HFD for 3 days; (D) Quantitation of the number of F4/80F cells in the
ME of mice fed with SC or a HFD (SC, n = 5 and HFD, n = 5); (E) Confocal images illustrating GFAP+ cells (red) and nuclear labeling with TO-PRO-3® (blue) in the
ARC, in coronal brain sections (15-um) from mice fed with SC or a HFD (3 days); (F) Quantitation of the number of GFAP+ cells in the ARC of mice fed with SC or a
HFD (SC, n = 5 and HFD, n = 5). V3, third ventricle; ME, median eminence. The bars represent the mean + SEM. *“Means significantly different as shown by unpaired
t-tests (*p < 0.05). Scale bars: 50 pm.

Frontiers in Immunology | www.frontiersin.org 5 March 2019 | Volume 10 | Article 565


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Souza et al.

HFD Consumption Impairs «7nACHR Expression

A B : Sc " HFD 1
I 10 1
IB: anti-NFkB | - | 65KDa
18: anti-GAPDH [ 37 Da
150 =
—_ 2 2.59
°\° b .E
-~ = 2.0 b
< 100 =
é S 1.5
= =
50 2 1.0
"_.: % 0.5 ’LI
o g 05
0 y = .0 .
SC HFD z SC HFD
Cc D
___ 150 — 1501
= = 100 I
§ 100 5 (p=0.06)
= £
= 50 i =S 50
(1) T (1] T
SC HFD SC HFD
FIGURE 2 | Anti-inflammatory and inflammatory markers in the hypothalamus following short-term HFD consumption. (A) mRNA expression levels of CCL2 (SC,
n =5 and HFD, n = 5); (B) Protein expression levels of NFkB (SC, n = 4 and HFD, n = 4); (C) mRNA expression levels of Chil3 (SC, n = 5 and HFD, n = 5), and;
(D) mRNA expression levels of IL-10 (SC, n = 5 and HFD, n = 5); in the hypothalamus of mice fed SC or a HFD for 3 days. The bars represent the mean + S.E.M.
*Means significantly different as shown by unpaired t-tests ("p < 0.05 and *p < 0.01).

Short-Term HFD Consumption
Exacerbates the Inflammatory Response
to LPS

To evaluate the susceptibility of the mice to inflammatory
agents, we used intraperitoneally administered LPS to stimulate
a hypothalamic inflammatory response. As expected, LPS
increased the mRNA levels of TNFa, IL-18, and IL-6 in the
hypothalamus (Figures 4A-C), spleen (Figures 4D-F), and liver
(Figures 4G-I) of both SC-fed and HFD-fed mice. However,
the inflammatory effects of intraperitoneally administered LPS
were more pronounced in HFD-fed mice as compared with
SC-fed mice (Figure4) for all cytokines evaluated, except to
hypothalamic TNFa (Figure 4A). The capacity of a7nAChR to
reduce inflammatory response was evaluated in both SC-fed and
HFD-fed mice following i.p. injection of PNU-282987, a selective
a7nAChR agonist. In both groups (SC-fed and HFD-fed), PNU-
282987 reduced the mRNA levels of TNFa, IL-18, and IL-6
in all tissues evaluated. However, the effect of PNU-282987 on
hypothalamic IL-6 mRNA (Figure 4C) and hepatic TNFa, IL-
18, and IL-6 mRNA levels (Figures 4G-I) in HFD-fed mice was
significantly lower.

Considering the role of the hypothalamus in homeostasis and
the reduced hypothalamic expression of a7nAChR, additional
analyses were performed following i.c.v injection of PNU-
282987 (Figure 5). Initially, as expected, LPS injection increased
hypothalamic mRNA levels of the chemokines CX3CL1 and
CCL2 and cytokines IL-1p and IL-6 in both groups (SC-fed and
HFD-fed). Besides, the effect of LPS was more pronounced in
HFD-fed compared to SC-fed mice for most of the inflammatory
markers evaluated. When the analyses were performed following
i.c.v injection of PNU-282987, hypothalamic mRNA levels of the
chemokines CX3CL1 and CCL2 and cytokines IL-18, TNFa, and

IL-6 were significantly reduced in SC-fed and HFD-fed mice.
However, for all inflammatory markers evaluated (CX3CL1,
CCL2,1L-1B, IL-6, and TNFa) the mRNA levels were significantly
higher in HFD-fed than SC-fed mice (Figure 5).

Additionally, we evaluated the level of cytokines in the
hypothalamus (TNFaq, IL-1f, and IL-6) and serum (TNFa and IL-
1) (Figure S1) using ELISA method. As can be observed in the
supplementary figures the cytokine levels in the hypothalamus
and serum were not significantly modified by LPS treatment.
Serum IL-1p was an exception considering that in SC mice IL-
1P the level increased significantly after LPS treatment and PNU
reduced the level of this cytokine. Unexpectedly in HFD mice the
effect of LPS treatment was significantly lower than SC mice. To
perform all ELISA analyses, we used the same protocol previously
used to evaluate mRNA levels in hypothalamus and we believe
that the exposure time to LPS and PNU was not enough to detect
differences in protein level of these cytokines.

In addition, another sepsis model was used to show higher
susceptibility to hypothalamic inflammation in mice fed HFD
as compared with mice fed SC. Following CLP surgery, the
hypothalamic mRNA levels of CCL2, CX3CL1, IL-1, TNFa, and
IL-6 were significantly increased in HFD-fed mice as compared
with SC-fed mice. Conversely, IL-10 and Chil3 mRNA levels
were reduced in mice fed a HFD as compared with mice fed
SC, suggesting damage to the inflammatory response control
mechanism (Figures 9A-G).

Expression of the Nicotinic Acetylcholine
Receptor o7 Subunit («7nAChR)

Considering the role of a7nAChR in the anti-inflammatory
response controlling inflammatory cytokine production, we
evaluated the expression of this receptor subunit in the
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hypothalamus, liver, and spleen of mice fed SC or HFD. Short-
term HFD consumption markedly reduced both the protein and
mRNA levels of a7nAChR in the hypothalamus (Figures 7A,B).
To assess whether hypothalamic arcuate nucleus expression of
a7nAChR was affected by short-term HFD consumption, we
performed an immunofluorescence analysis in coronal sections.

The number of a7nAChR+ cells in the arcuate nucleus was
significantly diminished in HFD-fed mice as compared with
SC-fed mice. While in SC m mice the a7nAChR+ cells
represent 15% of total of cells evaluated in HFD mice only
8.2% were a7nAChR+ cells (Figures 7C,D). Additionally, the
immunofluorescence analysis was performed to identify NeuN+
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cells that also express a7nAChR protein. As can be observed
in the Figures 7E,F the number of mature neurons that express
a7nAChR protein was significantly higher in HFD than SC mice.
In SC mice 3.7% of cells evaluated were NeuN+/a7nAChR+
cells while in HFD mice the percentage was 8.7%. Besides, we
performed the western blot analysis of pSTAT3 and STAT3
protein in the hypothalamus of mice fed SC or HFD. Basal
phosphorylation of STAT3 was reduced in HFD-fed mice
as compared to the SC-fed mice, but total STAT3 in the
hypothalamus was increased in HFD-mice (Figure S2).

Furthermore, the expression levels of a7nAChR in the
spleen and liver were evaluated following short-term HFD
consumption (Figure 8). Although a7nAChR mRNA levels were
significantly reduced (p < 0.05) in the spleen and liver after
HFD consumption, the protein levels of a7nAChR were only
reduced in the liver (p < 0.05). Interestingly, differently from that
observed in the hypothalamus, splenic levels of stat3 and pSTAT3
seems to increase in mice fed HFD (Figure S2), suggesting that
this pathway was not affected by HFD consumption.

The mRNA levels of AP-2a and PPARy, important
transcription factors that regulate the a7nAChR gene in
the hypothalamus, were evaluated in the spleen and liver of SC-
fed and HFD-fed mice. For both transcripts (AP-2a and PPARY),
we found no difference in levels between groups (Figures 6A-F).

Short-Term HFD-Fed Mice Are More
Susceptible to the Development of Sepsis
and Subsequent Death Following LPS
Challenge or CLP Surgery

a7nAChR plays an important role in the reduction of sepsis
severity. To identify whether mice fed a HFD are more
prone to developing sepsis, the survival curves of SC-fed and

short-term HFD-fed mice were compared following either a
lethal dose of LPS (30 mg/kg; i.p.) or CLP surgery. Short-
term HFD consumption significantly reduced the survival
after LPS challenge or CLP surgery, and HFD-fed mice died
significantly quicker (p < 0.001) as compared with SC-fed mice
(Figures 10A,B). Interestingly, PNU icv injection recovered the
ability to respond to challenges with LPS (Figure 10A).

DISCUSSION

In the current study, we provide comprehensive results
regarding the harmful effects of short-term HFD consumption
on the inflammatory response in the hypothalamus and
peripheral tissues.

Initially, we showed increased immunostaining of F4/80+
cells (microglial/macrophage marker) in the arcuate nucleus
(ARC) and median eminence (ME) of HFD-fed mice. Moreover,
HFD-fed mice showed a higher number of GFAP+ cells
(astrocyte activation marker) in the ARC than did SC-fed mice.
Furthermore, the expression levels of pro-inflammatory markers
in the hypothalamus, liver, and spleen of HFD-fed mice were
also increased, while the expression levels of anti-inflammatory
markers were diminished, as compared with SC-fed mice. These
results suggest that rapid onset of hypothalamic inflammation
may be associated with glial responses. Similar results have been
described by Thaler and collaborators in rats (4). It is known that
the medial basal hypothalamus (MBH), including the ARC and
ME, is sensitive to saturated fatty acids (SFA) and is responsible
for controlling food intake and intermediate metabolism (4,
19). In addition, the blood-brain barrier surrounding the MBH
region, which is composed of fenestrated vessels that facilitate
the infiltration of macrophages and the activation of microglia
by SFA, has also been shown to be associated with neuronal stress
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in the MBH region (20). Recently, a study performed by the same ~ consumption had an important impact on the susceptibility to
research group showed that microglial inflammatory activation  sepsis induced by LPS challenge or CLP surgery.
orchestrates a multicellular hypothalamic response that mediates The present results show that HFD-fed HFD mice were
susceptibility to obesity (21). more likely to develop central and systemic inflammation
Despite breakthroughs in medical science, sepsis remains a  following LPS challenge or CLP surgery, as demonstrated by
leading cause of death in hospitals. Studies have shown that the  increased cytokine and chemokine levels and a low survival rate.
uncontrolled production of pro-inflammatory cytokines, such as ~ These effects are likely associated with diminished a7nAChR
TNF-a and IL-1B, plays a key role in the development of sepsis ~ expression and STAT3 activation. a7nAChR is known to inhibit
(22, 23). Increased sensitivity of HFD-fed mice to LPS (24, 25),  cytokine production by tyrosine kinase Jak2 recruitment and
as well as increased propensity to develop sepsis, has also been ~ STAT3 phosphorylation, which binds to NF«kB and inhibits
reported (24, 26). Recently, De Martini et al. (27) demonstrated  nuclear translocation, subsequently inhibiting TNF-a production
that obese mice have a greater susceptibility to sepsis and a higher (8, 28). Additionally, Vachharajani and others have shown
mortality rate; however, the mechanism of sepsis induction  that sirtuins (Sirt) have an important role in the control of
following short-term HFD consumption and challenge with LPS  inflammation. SIRT1 and SIRT6 are nuclear sirtuins that can
has not yet been established. Here, we show that short-term HFD  deacetylate RelA/p65 promoting its proteasome degradation
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and consequently the reduction of cytokines levels (29, 30). ~ We evaluated SIRT1 expression in SC and short term HFD
Besides, SIRT1 and SIRT6 regulate the metabolic switch from  mice (Figure S3) and, interestingly, HFD consumption seems to
glycolysis to fatty acid oxidation enabling the adaptation to  reduce hypothalamic SIRT1 levels compared to SC mice. On the
acute inflammation and M2 macrophage response (31). In this  other hand, the icv injection of PNU was able to increase SIRT1
context, Vachharajani et al. show that the SIRT1 deficiency  expression in SC mice but not in HFD mice, suggesting that
observed in ob/ob mice exacerbates the response to sepsis (32).  there is an interaction between a7nAChR receptor pathway and
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SIRT1 expression. As discussed before, SIRT1 inhibition can be
an additional mechanism associated to exacerbated inflammatory
response induced by HFD consumption. Damage to SIRT activity
can impair metabolic programming and lead to both increased
activity of hypothalamic NFKB pathway and susceptibility to
sepsis (29, 30).

To characterize the nicotinic cholinergic anti-inflammatory
response, the a7nAChR expression levels in central and
peripheral tissues were evaluated. a7nAChR protein and mRNA
levels in the hypothalamus of HFD-fed mice were reduced as
compared with SC-fed mice. Furthermore, immunofluorescence
analysis indicates a marked reduction in a7nAChR+ cells in the
hypothalamus of mice fed a HFD. Interestingly, the number of
neuronal cells (NeuN+) expressing a7nAChR increased in HFD-
mice compared to SC-mice, suggesting that a7nAChR expression
in neurons was stimulated by HFD consumption. Additional
experiments are necessary to understand if the microglia and
astrocytes can be differently affected by HFD consumption
compared to neurons. Similarly, lower levels of a7nAChR protein
and mRNA were also observed in the liver of HFD-fed mice
as compared with SC-fed mice. Conversely, «7nAChR protein
levels in the spleen were not different; however, «7nAChR mRNA
levels were significantly lower in HFD-fed mice than in SC-fed
mice. Considering the fundamental function of the spleen in
the inflammatory response it is possible that the cholinergic
receptors in this organ are protected from posttranslational
mechanisms that signal for protein degradation. In addition,
the hypothalamus shows faster activation of inflammatory
pathways than peripheral tissues after consumption of HFD
for a short period of time, as demonstrated by other studies
(4, 5). We do not rule out that the activation of inflammatory
pathways is directly related to the increase in receptor
degradation. Although it has not been evaluated in this study, an
interesting area to be investigated is the relationship between the
inflammatory pathways and the activation of posttranscriptional
and translational mechanisms that affect receptor expression.
Thus, here we demonstrate that short-term HFD consumption
adversely affected a7nAChR expression in tissues important in
homeostasis control.

a7nAChR plays a key role in both central and peripheral
mechanisms involved in energy homeostasis and control of the

inflammatory response, and is considered a critical component of
the innate immune system (33, 34). Wang et al. (7) showed a role
of the a7 subunit in the cholinergic anti-inflammatory pathway
during obesity, inflammation, and insulin resistance. The
researchers demonstrated that the activation of the cholinergic
anti-inflammatory pathway suppresses inflammation in adipose
tissue and improves insulin sensitivity in animal models
with diet-induced obesity (DIO) and genetic obesity (db/db);
however, animals that do not express a7nAChR (¢7KO) present
abnormal inflammation and decreased insulin sensitivity. Thus,
the activation of the cholinergic anti-inflammatory pathway may
play a protective role against obesity-induced inflammation and
insulin resistance.

The main physiological mechanism associated with a7nAChR
activation has been shown to be promotion of anti-inflammatory
effects (35). This effect is mediated by the cholinergic
anti-inflammatory pathway through the vagus nerve and
ACh release that acts on cholinergic receptors, such as
a7nAChR in macrophages, suppressing the release of TNF-a and
other pro-inflammatory cytokines (36). Thus, the diminished
expression of a7nAChR likely increases the activation of
NFkB and leads to the release of inflammatory cytokines
and recruitment of inflammatory cells (37). Therefore, the
reduction in a7nAChR expression could render the tissue
more susceptible to inflammatory processes and may explain
the increased mortality rate observed in mice following short-
term HFD consumption, as demonstrated here. Besides, the
mortality was reduced by the i.c.v. injection of PNU, reinforcing
the importance of hypothalamic a7nAChR to the systemic
inflammatory response.

In this context, the polarization of M1 and M2 macrophages
can be altered and imbalanced, consistent with a previous
study by St-Pierre and collaborators (38), in which the
involvement of nicotinic acetylcholine receptors, particularly
the a7 subunit, in the control of proliferation and polarization
of M1-type immune cells was demonstrated. In an interesting
study by Wang et al. (39), mice that did not express
PTEN phosphatase in RIP neurons in the hypothalamus had
greater anti-inflammatory reflex activation, which is associated
with phenotypic stimulation of macrophages polarizing to
M2 type.
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To explore this possibility and the impairment of a7nAChR
signaling, PNU-282987 (a selective a7nAChR agonist) was
administered peripherally or centrally after LPS challenge, and
STATS3 activation and cytokine production were analyzed. Firstly,
the analyses performed after intraperitoneal injection of PNU-
282987 showed that a7nAChR activation was sufficient to
abrogate the effects of LPS in SC-fed and HFD-fed mice.
However, the PNU-282987 was more efficient to inhibit hepatic
TNF-a, IL-1B, and IL-6 expression in SC-fed than HFD-fed
mice. On the other hand, in the hypothalamus only IL-6
mRNA level presented similar effect, but in the spleen the PNU
administration resulted in a similar effect in SC-fed and HFD-
mice. As demonstrated here a7nAChR protein level in the spleen
was similar between SC-fed and HFD-fed mice that could explain
the similar effect of PNU-282987 in both groups. Besides, the
a7nAChR receptor expressed in peripheral tissue (7) can be
activated by PNU-282987 administered peritoneally. This effect
can modulate systemic level of inflammatory cytokines and its
effects on hypothalamus.

To isolate the participation of hypothalamic a7nAChR, the
i.c.v. injection of PNU-282987 was performed. The effect of
PNU-282987 is significantly lower in mice fed HFD than in
mice fed SC, suggesting an impairment in cholinergic signaling
by short-term HFD consumption. This is not surprising since
hypothalamic a7nAChR expression was diminished in HFD-fed
compared to SC-fed mice. Interestingly, although hypothalamic
a7nAChR activation has not been associated with the cholinergic
anti-inflammatory response, its expression appears to be
important in the control of the intensity of local inflammation
and consequently prevent metabolic disturbs associated to
activation of inflammatory pathways in the hypothalamus (2, 4).
To our knowledge there are no studies showing hypothalamic
a7nAChR controlling central inflammatory response.

We suggest that the effect of HFD consumption on a7nAChR
expression is an early effect of saturated fatty acids on the cell,
i.e,, prior to pro-inflammatory pathway activation. This first
insult of fatty acids damages the cholinergic anti-inflammatory
pathway, enabling the rise of cytokine expression and action on
cellular components.

Although the research has reached its aim, there were some
unavoidable limitations. First, we were not able to differentiate
the importance of the a7nAChR expressed in neurons and
microglia for the observed effects. In neurons «7nAChR
activation could modulate both neuronal excitability and inhibit
the expression of inflammatory cytokines. Second, we also believe
that it would be important to identify the molecular mechanism
related to the effect of short-term HFD with the reduction of
a7nAChR expression. Finally, considering the difference in the
immunological response between males and females it would
also be interesting to evaluate the effect of HFD on a7nAChR
expression and inflammatory response in females as well. Males
and females (human and mice) present important differences
in innate immunity. In human, TLR4 and TNF expression in
neutrophils is higher in males than females (40). Similarly, in
peritoneal macrophages from male mice the expression of TLR4
is higher than peritoneal macrophages from female (41). Besides
the stimulation with LPS result in in greater pro-inflammatory

cytokine production by immune cells from male than female
mice (42). The differences were elegantly reviewed by Klein and
Flanagan (43).

However, this study contributes to the better understanding
of the effect of short-term HFD on the inflammatory
response. This could be particularly important in pre-surgical
recommendations. From this study important questions arise,
such as whether the effect on the receptor is permanent, whether
other tissues also exhibit similar behavior, and finally whether
other molecular mechanisms may be associated with reduced
tissue inflammation.

CONCLUSION

The current experimental research demonstrates that short-
term high-fat diet consumption increases mortality and organ
injury following LPS-induced sepsis. These effects appear to
occur through the impairment of the a7-mediated cholinergic
anti-inflammatory response and result in an exacerbated
inflammatory response.
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pmoles/mouse). Significant differences between individual groups are shown
(ANOVA with post-hoc Tukey HSD test: *p < 0.05).

Figure S2 | Protein content of pSTAT3 and STATS in the hypothalamus (A,C) and
spleen (B,D) STAT3. Mice were fed standard chow diet (SC) or high fat diet (HFD)
for 3 days. The bars represent the mean S.E.M. n = 3-4. *Means significantly
different by unpaired t-tests (*p < 0.05).
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