ENERGY BALANCE-OBESITY

Low-Grade Hypothalamic Inflammation Leads to
Defective Thermogenesis, Insulin Resistance, and
Impaired Insulin Secretion
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Hypothalamicinflammationis presentin animal models of obesity, and the intracerebroventricular
injection of TNFa can reproduce a number of features of the hypothalamus of obese animals.
Because obesity is a risk factor for type 2 diabetes (DM2) we hypothesized that, by inducing
hypothalamic inflammation, we could reproduce some clinical features of DM2. Lean Wistar rats
and TNF receptor 1-knockout mice were employed to determine the effects of hypothalamic
actions of TNFa on thermogenesis and metabolic parameters. Signal transduction and protein
expression were evaluated by immunoblot and real-time PCR. Thermogenesis was evaluated in
living rats, and respirometry was determined in isolated muscle fiber. In Wistar rats, hypothalamic
TNFa blunts the anorexigenic effect of leptin, which is accompanied by reduced leptin signaling
and increased expression of suppressor of cytokine signaling 3. In addition, hypothalamic TNF«
reduces O, consumption and the expression of thermogenic proteins in brown adipose tissue and
skeletal muscle. Furthermore, hypothalamic inflammation increases base-line plasma insulin and
insulin secretion by isolated pancreatic islets, which is accompanied by an impaired insulin signal
transduction in liver and skeletal muscle. Hypothalamic inflammation induced by stearic acid also
reduces O, consumption and blunts peripheral insulin signal transduction. The use of intracere-
broventricular infliximab restores O, consumption in obese rats, whereas TNF receptor 1-knockout
mice are protected from diet-induced reduced thermogenesis and defective insulin signal trans-
duction. Thus, low-grade inflammation of the hypothalamus is sufficient to induce changes in a
number of parameters commonly impaired in obesity and DM2, and TNFa is an important mediator
of this process. (Endocrinology 152: 1314-1326, 2011)

besity is the main risk factor for type 2 diabetes mel-

litus (DM2). Over the years, a number of distinct
mechanisms have been proposed to explain the common
epidemiological association between these conditions.
Currently, it is widely accepted that insulin resistance
evolves as an outcome of an inflammatory signaling in
insulin-sensitive tissues, which is induced by cytokines and
other factors produced by the hypertrophied adipose tis-
sue (1, 2). However, recent studies have shown that hy-
pothalamicinflammation and resistance to the adipostatic
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hormones, leptin and insulin, are early events in the in-
stallation of obesity, preceding hypertrophy and insulin
resistance in the adipose tissue (3-5). Moreover, targeting
inflammation in the hypothalamus by the inactivation of
IkB kinase protects against obesity and glucose intolerance
(6), suggesting that hypothalamic dysfunction plays an
important, and perhaps mechanistic, role in obesity-asso-
ciated glucose intolerance.

Because the inhibition of hypothalamic inflammation
leads to a reduction in body mass (6), it remains unknown

Abbreviations: BAT, Brown adipose tissue; DIO, diet-induced obesity; Dio2, D2 deiodinase;
DM2, type 2 diabetes mellitus; HF diet, high-fat diet; icv, intracerebroventricular; IRS1,
insulin receptor substrate 1; JAK, Janus family of tyrosine kinases; KO, knockout; PGC1,
peroxisomal proliferator-activated receptor-y coactivator 1; POMC, proopiomelanocortin;
SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcrip-
tion; TNFR1, TNF receptor 1; UCP1, uncoupling protein 1.

Endocrinology, April 2011, 152(4):1314-1326

220z ¥snbny 0z uo 1senb Aq €6G/G12/LE L/P/ZS L/aI0IE/OpUS/WOD dNO"dlWapEeDE//:SdiY WOl PaPEOJUMOQ



Endocrinology, April 2011, 152(4):1314-1326

whether low-grade hypothalamic inflammation can, per
se, and independently of body mass change, impair insulin
action and other peripheral metabolic parameters that are
common to obesity and DM2. We herein demonstrate that
alow dose of intracerebroventricular (icv) TNFa is able to
mimic some of the features of low-grade/obesity-like hy-
pothalamic inflammation, inducing a broad phenotypic
change in the animal and reproducing a number of met-
abolic features observed in DM2.

Materials and Methods

Antibodies and chemicals

Antibodies against uncoupling protein 1 (UCP1) (goat
polyclonal, catalog no. sc-6529), phospho-Janus family of
tyrosine kinases (JAK)2 (pJAK2, rabbit polyclonal, catalog
no. sc-16566R), suppressor of cytokine signaling (SOCS)3
(rabbit polyclonal, catalog no. sc-9023), phospho-signal
transducer and activator of transcription (STAT)3 (pSTAT3,
rabbit polyclonal, catalog no. sc-7993) and TNFa (goat poly-
clonal, catalog no. sc-1347; and rabbit polyclonal, catalog no.
sc-8301) were from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibody against phospho-FOXO1 (pFOXO1, mouse
monoclonal, catalog no. 9461) was from Cell Signaling Tech-
nology (Beverly, MA). Antibody against cytochrome C
(mouse monoclonal, catalog no. 7H8.2C12) was from BD
Biosciences (San Jose, CA). Antibody against B-actin (rabbit
polyclonal, ab8227) was from Abcam (Cambridge, MA). An-
tibody against SERCA 1 (mouse monoclonal, IIH11) was
from Affinity BioReagents (Rockford, IL). Rat recombinant
TNFa and leptin were from Calbiochem (Cincinnati, OH). All
reagents for SDS-PAGE and immunoblotting were from Bio-
Rad Laboratories, Inc. (Hercules, CA). HEPES, phenylmeth-
ylsulfonyl fluoride, aprotinin, dithiothreitol, Triton X-100,
Tween 20, glycerol, BSA fatty acid free (catalog no. A-6003),
stearic acid/C18:0 (catalog no. 5376), BSA (fraction V), and
angiotensin II were from Sigma-Aldrich (St. Louis, MO). So-
dium thiopental, ketamine, and diazepam were from Cristalia
(Itapira, Brazil). All the chemicals and primers used in real-
time PCR were from Applied Biosystems (Carlsbad, CA). In-
fliximab was from Centocor (Horsham, PA).

Animal models

Experiments were performed with male Wistar rats (250-
300g), male Zucker rats (fa/fa, 400-450 g), male TNFRpS55—/—
mice [TNF receptor (TNFR)1-knockout (KO)], and its respec-
tive control, C57BL/6]. Wistar and Zucker rats were obtained
from the University of Campinas Animal Breeding Center. Mice
were originally from The Jackson Laboratory (West Grove, PA)
and kindly donated by Dr. J. S. Silva from the University of Sdo
Paulo (7). All experimental animals were maintained in individ-
ual cages with water and diet ad libitum and on a 12-h light, 12-h
dark cycle. The mice were bred under specific pathogen-free con-
ditions. All experiments were conducted in accordance with the
principles and procedures described by the National Institutes of
Health Guidelines for the Care and Use of Experimental Animals
and were approved by the University of Campinas Ethical
Committee.
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Intracerebroventricular cannulation

Wistar rats were stereotaxically instrumented using a Stoelt-
ing stereotaxic apparatus, according to a previously described
method (8). Cannula efficiency was tested 1 wk after cannulation
by the evaluation of the drinking response elicited by icv angio-
tensin II (9). Stereotaxic coordinates were: anteroposterior, 0.2
mm/lateral, 1.5 mm/depth, 4.0 mm. In some experiments we
used the coordinates anteroposterior, —1.8 mm/lateral, 1.0 mm/
depth, 4.0 mm; or, anteroposterior, —1.8 mm/lateral, 1.0 mm/
depth, 2.0 mm to place the cannula in the hippocampus or in the
upper portion of the midbrain, respectively. icv-cannulated rats
were treated for 4 or 8 d, once a day, with TNFa (2.0 ul, 1072
to 1078 m). The TNFa doses used in this study were based on
previous studies (4, 8). In some experiments, icv cannulated rats
were treated for 4 d, once a day, with stearic acid (45, 90, or 180
pg in 2.0 ul). Stearic acid was diluted in ultrapure water con-
taining hydro-biodegradable plastic detergent (0.1%) and fatty
acid free BSA (75 mm). For the experiment with infliximab,
8-wk-old male Wistar rats were fed on a high-fat (HF) diet con-
taining 36 g% fat from animal source for 8 wk. The macronu-
trient composition of the diet was presented elsewhere (10). Sub-
sequently, the animals were divided into two groups, paired by
body mass, and treated icv with saline (2 ul once a day) or inf-
liximab (0.2 pg in 2 wl) once a day for 7 or 8 d (11).

Tumor xenograft model

The Walker-256 tumor cell line (originally obtained from the
Christ Hospital Line, National Cancer Institute Bank, Cam-
bridge, UK) is currently maintained frozen in liquid nitrogen.
Walker-256 tumor cells were obtained from the ascitic fluid of
the peritoneal cavity of Wistar rats, 5 d after the ip injection of
20 X 10° cells. After cell harvesting, the percentage of viable cells
was determined using 1% Trypan blue solution in a Neubauer
chamber. Tumor cells (2 X 10° cells in 1 ml saline solution) were
injected in the right flank of rats weighing 250-300 g. Each
animal’s individual baseline 24-h food intake was defined as the
average daily food intake over a period of three consecutive days.
In tumor-bearing animals, cancer anorexia was defined as a sin-
gle value of less than 70% baseline, occurring after a steady
decline of at least 3 d duration. When criteria for anorexia had
been met, tumor-bearing animals were used in experimental pro-
tocols for determination of TNFa expression in the hypothala-
mus and evaluation of spontaneous food intake (11, 12).

Experimental protocols employed with the
TNFR1-KO mice

Male TNFR1-KO mice (8 wk of age) and their controls
(C57BL/6) were divided into two groups paired by body mass
and assigned to receive two distinct diets for 8 wk: a standard
rodent chow (SC) or a HF diet. Experiments were performed at
the end of the 8-wk period.

Protocol for food ingestion determination

For the leptin sensitivity test, icv cannulated rats were food
deprived for 6 h (from 12-18 h) and, at 18 h, were icv treated with
saline (2 wl), leptin (2 ul, 107 M), TNFa (2 ul, 1078 to 1012
M), or with combinations of TNFa and leptin. Food ingestion
was determined over the next 12 h (8). This dose provide local
concentrations of leptin that were similar to physiological post-
meal levels (550-1000 pm) (13).
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Immunoblotting

For evaluation of protein expression in the hypothalami,
brown adipose tissue (BAT), liver, and soleus muscle, the spec-
imens were excised and immediately homogenized in solubili-
zation buffer [1% Triton X-100, 100 mm Tris-HCI (pH 7.4), 100
mM sodium pyrophosphate, 100 mMm sodium fluoride, 10 mm
EDTA, 10 mMm sodium orthovanadate, 2.0 mm phenylmethyl-
sulfonylfluoride and 0.1 mg aprotinin/ml] at 4 C with a Polytron
PTA 20S generator (model PT 10/35; Brinkmann Instruments,
Westbury, NY). Insoluble material was removed by centrifuga-
tion for 15 min at 9000 X g. The protein concentration of the
supernatants was determined by the Bradford dye-binding
method. In immunoblot experiments, 0.05-0.2 mg of protein
extracts was separated by SDS-PAGE, transferred to nitrocellu-
lose membranes, and blotted with specific antibodies, as de-
scribed in the figure legends. Specific bands were detected by
chemiluminescence, and visualization/capture was performed by
exposure of the membranes to RX-films. For experiments that
measured insulin signaling, the abdominal cavities of anesthe-
tized mice were opened, and the animals received an injection of
insulin (100 ul, 10~° M) or saline (100 ul) through the cava vein.
After different intervals (2 or 15 min for insulin receptor sub-
strate 1 (IRS1) and FOXO1, respectively), fragments (3.0 X
3.0 X 3.0 mm) of soleus muscle and liver were excised and im-
mediately homogenized in the same solubilization buffer de-
scribed above and blotted with IRS1, FOXO1, or pFOXO1 an-
tibodies. For determination of tyrosine phosphorylation of IRS1,
0.5 mg total protein was submitted to immunoprecipitation with
anti-IRS1 antibody. Immunocomplexes were resolved by SDS-
PAGE, transferred to nitrocellulose membranes, and immuno-
blotted with antiphosphotyrosine antibody (14).

Real-time PCR

The expressions of UCP1, peroxisomal proliferator-activated
receptor-vy coactivator 1 (PGC1)a, D2 deiodinase (Dio2), neu-
ropeptide Y, Agouti-related peptide, TRH, CRH, proopiomel-
anocortin (POMC), melanin-concentrating hormone; cocaine
and amphetamine-regulated transcript, and IL-13 mRNAs were
measured in samples (BAT, soleus muscle, or hypothalamus)
obtained from rats treated icv with saline (control) or TNFa
102 M or in rats fed on HF diet and treated or not with inf-
liximab icv. UCP1 was also determined in the BAT of control and
TNFR1-KO mice fed on chow or HF diet. Intron-skipping prim-
ers were obtained from Applied Biosystems (Foster City, CA).
Glyceraldehyde-3-phosphate dehydrogenase primers were used
as a control. Real-time PCR analysis of gene expression was
performed in an ABI Prism 7700 sequence detection system
(Applied Biosystems). The optimal concentration of cDNA
and primers, as well as the maximum efficiency of amplifica-
tion, was obtained through five-point, 2-fold dilution curve
analysis for each gene. Each PCR contained 3.0 ng of reverse-
transcribed RNA, 200 nMm of each specific primer, TagMan
(Applied Biosystems), and ribonuclease free water to a final
volume of 20 ul. Real-time data were analyzed using the Se-
quence Detector System 1.7 (Applied Biosystems) (15).

Indirect calorimetry and body temperature

O, consumption, CO, release, and respiratory exchange ratio
(RER) were measured in fed animals through an indirect open-
circuit calorimeter (Oxymax Deluxe System; Columbus Instru-
ments, Columbus, OH), as described previously (4). Rectal tem-
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perature was measured with a digital thermometer, and the
values presented represent the mean of the temperatures at the
end of the experimental period.

Skeletal muscle oxygen consumption and citrate
synthase activity

Fragments (1-3 mg) of the soleus muscle were placed in a Petri
dish on ice with 1 ml of relaxing solution containing 10 mm
Ca?*/EGTA buffer,0.1 um free calcium, 20 mm imidazole, 50
mM K*/4-morpholinoethanesulfonic acid, 0.5 mMm dithiothrei-
tol, 6.56 mm MgCl,, 5.77 mm ATP, 15 mm phosphocreatine (pH
7.1), and individual fiber bundles were separated with sharp
forceps. The fiber bundles were permeabilized for 30 min in an
ice-cold relaxing solution containing saponin (50 pg/ml). The
fibers were washed twice for 10 min each. The muscle bundles
were then immediately transferred into an OROBOROS respi-
rometer (Innsbruck, Austria) containing an air-saturated respi-
ration medium at 37 C. Oxygen consumption was measured in
the respiration medium, MiR0S, containing 60 mM potassium
lactobionate, 0.5 mm EGTA, 3 mm MgCl,.6H,0, 20 mMm tau-
rine, 10 mm KH,PO,, 20 mm HEPES, 110 mM sucrose, 2 mg/ml
BSA (pH 7.1), in the presence of 7 mM pyruvate and 4 mM malate.
The respiration rate in state IIl was measured after addition of
ADP (2 mMm) and that of state IV was measured in the presence
of oligomycin (1 pg/ml). The Oxygraph-2k is a two-chamber
titration-injection respirometer with a limit of oxygen flux de-
tection of 1 pmol/sec - ml. Citrate synthase activity was deter-
mined spectophotometrically, as described previously (7).

ELISA for TNFa determination

Tissue TNFa levels were determined in samples of hypotha-
lamic protein extracts (2.0 mg/ml). Serum samples obtained from
control and icv treated rats were also used for determination of
TNFa. Both serum and tissue TNFa were measured by ELISA
(Pierce Biotechnology, Rockford, IL), following the recommen-
dations of the manufacturer.

Hormone determinations

Insulin was determined by RIA as previously described (16).
T3 and T4 in serum were determined by RIA commercial method
(Cout-a-count; Siemens, Berlin, Germany). The insulin intraas-
say coefficient of variability is 5.1-7.6%; the T3 intraassay co-
efficient of variability is 6.1-8.9%; and the T4 intraassay coef-
ficient of variability is 2.7-3.8%.

Insulin secretion studies

Islets were isolated by hand picking following collagenase
digestion (17). To measure insulin secretion, groups of five islets
were preincubated for 45 min at 37 C in Krebs-bicarbonate buf-
fer. The solution was then replaced by fresh buffer containing
low (2.8 mmol/liter) or supraphysiological (16.7 mmol/liter)
concentrations of glucose, and the islets were incubated for 1.0 h.
The insulin content of the medium at the end of the incubation
period was determined by RIA.

Statistical analysis

Mean values * SEM obtained from densitometry scans, real-
time PCR, body mass determination, food intake, and hormone
levels were compared using Tukey-Kramer test (ANOVA) or
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Student’s # test, as appropriate; P < 0.05 was accepted as sta-
tistically significant.

Results

Effects of different concentrations of TNFa in the
hypothalamus

Previous studies have shown that TNFa expression is in-
creased in the hypothalamus of animal models of obesity.
However, it has been suggested that, depending on its local
concentrations, TNFa can exert a dual function in the hy-
pothalamus, being catabolic at high concentration and an-
abolic at low concentration, and thus, inhibiting the actions
of leptin and insulin (18). Using an ELISA we show that
TNFa levels in the hypothalamus are increased in both ge-
netic and diet-induced obesity (DIO), as well as in cancer
(Fig. 1A). However, the concentration of TNFa in the hy-
pothalamus of tumor-bearing animals is significantly higher
than in either model of obesity and is accompanied by a
significantly lower spontaneous food consumption (Fig. 1B).
The icv injection of high doses of TNFa (2.0 ul, 10~% to
10~ '"m) reproduce some features of cancer-induced ca-
chexia, such as reduced food intake, loss of body mass, in-
creased body temperature, and increased oxygen consump-
tion (Fig. 1, C-G). Conversely, the icv injection of a low-dose
of TNFa (2.0 ul, 10712 M) is devoid of a catabolic outcome
and, in fact, exerts an anabolic action, reducing oxygen con-
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sumption and carbon dioxide production (Fig. 1, C-G). Nei-
ther high-, nor low-dose icv TNFa leads to changes in blood
levels of this cytokine (data not shown).

Low-dose hypothalamic TNF« inhibits leptin action
and reduces the expression of thermogenic
neurotransmitters

The icv hypothalamic treatment with a low dose of TNFa
inhibits the anorexigenic effect of leptin (Fig. 2A), which is
accompanied by reduced leptin signal transduction through
JAK2 (Fig. 2B) and STATS3 (Fig. 2C) and increased expres-
sion of the inhibitory protein, SOCS3 (Fig. 2D). Low-dose
TNFa alone for 4 d exerted no significant effect on food
intake (Fig. 1C) and body mass variation (Fig. 1D); however,
extending the icv hypothalamic treatment with a low-dose
TNFa for 8 d leads to a significant increase in body mass gain
(Fig. 2E). The effect of TNFa in the hypothalamus was spe-
cific because the treatment with a low-dose TNFa, icv in-
jected in the hippocampus or in the upper portion of the
midbrain, exerted no effect on food intake or body mass
(data not shown). Because leptin is one of the main modu-
lators of hypothalamic neurotransmitter expression, we
measured mRNA levels of the most relevant neurotransmit-
ters of the hypothalamus involved in the control of feeding
and thermogenesis. As depicted in Fig. 2F, TNFa negatively
affects the expressions of POMC, TRH, and CRH, three
neurotransmitters with important thermogenic function.
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whole-body metabolism. TNFa protein level was determined by ELISA in

whole-protein extracts obtained from the hypothalami of lean (Control), diet-induced obese [high-fat diet (HFD)], genetically determined obese
(Zucker), and tumor-bearing rats (A). Relative food intake in 4 d was determined in the same groups (B). Cumulative food intake (C), body mass
variation (D), and body temperature (E) were determined in rats treated icv with saline (Control), or 2 ul 1078 to 1072 M TNFa icv for 4 d. O,
consumption (F) and CO, production (G) in respirometric assay were determined in Wistar rats treated icv with saline (Control), 2 ul 1078, or
107 "2 M TNFe icv for 4 d. In all experiments, n = 5; *, P < 0.05 vs. Control; in panel A, #, P < 0.05 vs. HFD.
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Low-dose hypothalamic TNF« inhibits
thermogenesis

BAT and skeletal muscle are the effectors of most of
the thermogenic activity in rodents (19, 20). The icv
injection of low-dose TNFa produces significant reduc-
tions in the expressions of UCP1, cytochrome ¢, PGC-
la, and Dio2 in BAT (Fig. 3, A-C). In addition, hypo-
thalamic TNFa reduces mitochondria respiration in
isolated muscle fibers (Fig. 3D), which is accompanied
by reduced cytochrome ¢ expression (Fig. 3E) and ci-
trate synthase activity (Fig. 3F), but no alteration in
SERCAT1 expression was detected (Fig. 3E). Moreover,
hypothalamic TNFa exerts no effect on the blood levels
of the thyroid hormones T3 (Fig. 3G) and T4 (Fig. 3H).

Low-dose hypothalamic TNF« affects insulin
secretion and action

To evaluate the systemic outcomes of a low-grade hypo-
thalamic inflammation, rats were icv treated with a low-dose
of TNFa, and insulin secretion and action in peripheral tis-
sues were determined. The blood level of insulin (Fig. 4A), as
well as the baseline secretion of insulin by isolated pancreatic
islets (Fig. 4B), are significantly increased in TNFa-treated rats.
However, upon glucose stimulation the ratio insulin secretion in
16.7 mM glucose/insulin secretion in 2.8 mm glucose in TNFa-
treated rats is only 65% of controls (Fig. 4C). Moreover, upon
hypothalamic TNFa treatment, insulin signal transduction
through IRS1 and FOXO1 is significantly impaired in liver (Fig.
4, D and E) and skeletal muscle (Fig. 4, F and G) of rats.
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FIG. 3. Effect of low-dose hypothalamic TNFa on thermogenesis. UCP1, PGC1«, and Dio2 were determined in BAT of rats treated for 4 d icv with saline
(Control) or TNFa (2 ul, 1072 m). UCP1 and PGC 1a were measured by immunoblot (A) and real-time PCR (B), whereas Dio2 was measured only by real-
time PCR (C). O, consumption was evaluated by an isolated skeletal muscle fiber respirometric assay (D). The expression of cytochrome ¢ (Cyt C) and
SERCA1 was measured by immunoblot (E). Citrate synthase activity in skeletal muscle was measured by spectrophotometry (F). Serum levels of T3 (G) and
T4 (H) were measured by RIA. In all experiments, n = 5; *, P < 0.05 vs. Control.

Saturated fatty acid-induced inflammation of the
hypothalamus reproduces the effects of low-dose
hypothalamic TNF«

Saturated fatty acids induce hypothalamic inflammation
through the activation of TLR4 signaling and endoplasmic
reticulum stress (4, 21). The icv injection of stearic acid
(C18:0) produces a dose-dependent increase of TNFa in the
hypothalamus (Fig. 5A), which is accompanied by reduced
oxygen consumption (Fig. 5B), reduced carbon dioxide pro-
duction (Fig. 5C), and reduced expression of UCP1in BAT (Fig.
SI). In addition, icv stearic acid impairs insulin signal transduc-

tion through IRS1 and FOXO1 in liver (Fig. 5, D and E) and
IRS1 in skeletal muscle (Fig. 5, F and G). The icv treatment with
the anti-TNFa monoclonal antibody infliximab, reduces stearic
acid-induced IL1 expression in the hypothalamus (Fig. SH)
and restores the levels of UCP1 in BAT (Fig. 5I) without affect-
ing the expression of cytochrome ¢ in BAT (Fig. 5J).

Reversal of the antithermogenic effects of DIO
with icv infliximab

The systemic use of the anti-TNFa monoclonal antibody,
infliximab, improves insulin signal transduction in periph-
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FIG. 4. Effect of low-dose hypothalamic TNFa on insulin secretion and action. In panels A-C,
Wistar rats were icv treated with saline (Control) or TNFa (2 wl, 10712 wm) for 4 d. Serum
insulin levels were determined by RIA (A). Insulin secretion by isolated pancreatic islets was
evaluated in islets exposed to 2.8 and 16.7 mm glucose and measured by RIA (B). An index of
pancreatic islet responsiveness to glucose was obtained by the ratio of secretion in 16.7/
2.8 mm (C). In panels D-G, Wistar rats were icv treated with saline (Control) or TNFa (2
wl, 1072 ) for 4 d. The rats were then anesthetized and submitted to a venous (cava
vein) injection of saline or insulin (Ins) (100 wl, 107° m). Samples of liver (D and E) and
skeletal muscle (F and G) were employed for the determination of insulin-induced
tyrosine phosphorylation of IRS1 (D and F) and serine phosphorylation of FOXO1 (p-FOXO)
(E and G). IRS1 tyrosine phosphorylation was evaluated in total protein extracts submitted

to immunoprecipitation (IP) with anti-IRS1 antibodies and immunoblot (IB) with anti-
phosphotyrosine (pY) antibodies. In all experiments, n = 5; *, P < 0.05 vs. Control; in panel
B, #, P < 0.05 vs. Control and TNFa 2.8 mwm; in D and F, #, P < 0.05 vs. TNFa.

eral tissues of diet-induced obese mice (14). To determine the
impact of TNFa and low-grade hypothalamic inflammation
in systemic metabolic parameters, DIO rats were icv treated

Discussion

Endocrinology, April 2011, 152(4):1314-1326

carbon dioxide production of DIO rats.
In addition, the expression of UCP1 in
BAT is increased to levels similar to those
of lean controls (Fig. 6C). Interestingly,
hypothalamic infliximab is also effective
for improving insulin signal transduction
through IRS1 in the liver (Fig. 6D) and
muscle (Fig. 6E), which is accompanied
by improved whole-body insulin action,
as determined by an insulin tolerance test
(Fig. 6F), whereas no changes in insulin
secretion are detected (data not shown).
Upon prolonged infliximab icv treatment
(8 d), asignificant reduction of body mass
gain is achieved (Fig. 6G), with no signif-
icant change of food intake (data not
shown).

TNFR1-KO mice present increased
thermogenesis and improved
insulin signal transduction in
peripheral tissues

To explore the role of the main
TNFa receptor type, TNFR1, in DIO-
dependent defects in thermogenesis
and insulin signaling, TNFR1-KO
mice were submitted to a HF diet, and
parameters of thermogenesis and in-
sulin signal transduction were stud-
ied. As depicted in Fig. 7, A and B, KO
mice are protected from DIO even
consuming a similar amount of calo-
ries as control. Chow-fed KO mice
consume more oxygen than controls
and, when fed on a HF diet, this is
significantly increased (Fig. 7C). No
differences in CO, production and in
blood T3 and T4 levels are detected
among the groups (Fig. 7, D-F). How-
ever, UCP1 expression in BAT is sig-
nificantly increased in KO mice (Fig.
7G). This is accompanied by im-
proved insulin signal transduction
through IRS1 and FOXOT1 in liver
(Fig. 7, H and I) and muscle (Fig. 7, ]
and K).

with infliximab, and markers of thermogenesis and insulin ~ Type 2 diabetes mellitus (DM2) results from the complex
signal transduction were evaluated. Figure 6, A and B,shows ~ combination of insulin resistance and defective pancreatic
that infliximab corrects the defective oxygen consumption/  B-cell function (22). Most subjects with DM2 are over-
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FIG. 5. Effects of stearic acid in the hypothalamus. Wistar rats were treated icv once a day for 4 d, with 2 ul saline (Control), BSA, or stearic

acid (containing 90 pg, or the amount depicted in panel A). TNFa protein expres
extracts from hypothalami (A). O, consumption (B) and CO, production (C) were

sion was determined by immunoblot (IB) in total protein
determined by respirometry. In panels D-G, rats were

injected with a single iv (cava vein) dose of insulin (Ins) (100 wl, 10~ m) and samples from liver (D and E) and skeletal muscle (F and G) were
obtained after 2 or 15 min for IRST or FOXOT1, respectively; in panels D and F, IRS1 tyrosine phosphorylation was evaluated in total protein
extracts submitted to immunoprecipitation (IP) with anti-IRS1 antibodies and immunoblot (IB) with anti-phosphotyrosine (pY) antibodies; in

panels E and G, serine phosphorylation of FOXO1 (p-FOXO) was evaluated by im
time PCR in the hypothalamus of icv BSA, stearic acid, or stearic acid + inflixima

munoblot. IL18 mRNA expression was evaluated by real-
b-treated rats (H). The same rats were employed for

evaluations of UCP1 (I) and cytochrome C (Cyt C) (J) protein expressions by immunoblot in total protein extracts from BAT. In all

experiments, n = 5; in panels A-G, *, P < 0.05 vs. Control; in panels H and I, *,
Control+insulin.

P < 0.05 vs. BSA; in panels D-F, #, P < 0.05 vs.
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FIG. 6. Effect of inhibition of TNFa on the hypothalamus of obese rats. Lean [standard diet (SD)] or diet-induced obese high-fat diet (HFD) Wistar
rats were treated icv with saline or infliximab (0.2 g in 2 ul) once a day for 7 d and then employed for evaluation of O, consumption (A) or CO,
production by respirometry (B). BAT was obtained for determination of UCP1 expression by immunoblot (C). Some rats were acutely injected with
a single intravenous (cava vein) dose of insulin (Ins) (100 wl, 107° M), and samples from liver (D) and skeletal muscle (E) were obtained after 2 min;
IRS1 tyrosine phosphorylation was evaluated in total protein extracts submitted to immunoprecipitation (IP) with anti-IRS1 antibodies and
immunoblot (IB) with anti-phosphotyrosine (pY) antibodies. An insulin tolerance test was performed in, SD, HFD, and HFD + infliximab rats; the
result is expressed as the constant of glucose decay (Kitt) (F). Body mass variation was evaluated during 8 d in SD, HFD, and HFD + infliximab rats
(G). In all experiments, n = 5; in panels A-G, *, P < 0.05 vs. SD; in panels D and E, #, P < 0.05 vs. SD+insulin.

weight, and obesity-related factors have been proposed as
important determinants of the loss of glucose homeostasis.
Inflammatory molecules, produced by the enlarged adi-
pose tissue, activate serine/threonine kinases in insulin-
sensitive cells, which impair signal transduction, resulting
in insulin resistance (1). As insulin resistance progresses,
the pancreatic B-cell increases secretion to compensate for
peripheral demand. This compensation may fail depend-
ing on the genetic background and on the presence of
harmful factors such as inflammatory molecules produced
by the adipose tissue and excessive circulating nutrients,
such as fatty acids and sugars (22). Behavioral or phar-

macological approaches aiming at reducing body mass,
restraining insulin resistance, and/or improving B-cell
function correct hyperglycemia and are widely used to
treat DM2 (23, 24).

After the characterization of inflammation as an impor-
tant mechanism inducing hypothalamic dysfunction in obe-
sity, it was shown that targeting hypothalamic inflammation
by distinct means produced beneficial effects in body mass
and also in peripheral insulin action (4, 6,21). However, it was
not clear whether these outcomes resulted only from body mass
reduction or were a consequence of improved hypothalamic
activity, acting in parallel with body mass change.
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FIG. 7. Outcomes of DIO in TNFR1-KO. Control and TNFR1-KO mice were fed either regular chow [standard diet (SD) and SD KO] or high-fat diet
(HFD and HFD KO) for 8 wk and body mass variation (A) and cumulative food intake (B) were determined. O, consumption (C) or CO, production
(D) were evaluated by respirometry. The serum levels of T3 (E) and T4 (F) were measured by RIA. UCPT mRNA expression in the BAT was evaluated
by real-time PCR (G) In panels H-K, mice were injected with a single iv (cava vein) dose of insulin (Ins) (100 wl, 107 m), and samples from liver

(H and 1) and skeletal muscle (J and K) were obtained after 2 or 15 min for IRS1 or FOXO1, respectively; in panels H and J, IRS1 tyrosine
phosphorylation was evaluated in total protein extracts submitted to immunoprecipitation (IP) with anti-IRS1 antibodies and immunoblot (IB) with
anti-phosphotyrosine (pY) antibodies; in | and K, serine phosphorylation of FOXO1 (p-FOXO) was evaluated by immunoblot. In all experiments, n =
5; in panels A-G, *, P < 0.05 vs. SD and #, P < 0.05 vs. HDF; in panels H-K, *, P < 0.05 vs. respective condition without insulin.
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TNFa is one of the main inflammatory factors pro-
duced by the hypothalamus in response to dietary inter-
vention (3,4). Both microglia and neurons can express this
cytokine, which plays an important role in the induction
of hypothalamic resistance to leptin and insulin (3). In-
terestingly, hypothalamic inflammation may exert a par-
adoxical effect on energy metabolism. Although at high
magnitude, such as in cancer and sepsis, it leads to catab-
olism, at a low level, as observed in obesity, it has the
opposite effect (18). In the first part of this study, we
showed that the level of hypothalamic TNFa« protein is
significantly higher in tumor-bearing, compared with con-
trol rats. In obese animals, TNFa levels are also higher
than controls but significantly lower than tumor-bearing
rats. In both cases, the increased levels of hypothalamic
TNFa are accompanied by changes in feeding behavior,
which are inhibited in tumor-bearing and increased in
obese animals. Moreover, icv injection of a high concen-
tration of TNFa reproduces a number of phenotypic fea-
tures of cachexia, whereas at a low concentration it is
clearly anabolic. It is interesting to notice that the effects
of TNFa change sharply when the dose is increased by
only 10-fold. This is in pace with the small differences in
the levels of TNFa when comparing obesity and cancer, as
shown here and elsewhere (25, 26). Thus, it is attractive to
propose that the inflammatory paradox of the hypothal-
amus is a result of a difference in the magnitude of the
inflammatory process. In the case of sepsis and cancer,
most inflammatory factors are systemic and high, reaching
the central nervous system via the bloodstream. In obesity,
the systemic levels of inflammatory factors are increased,
compared with lean subjects, but are considerably lower
than in cachexia. However, in DIO, cytokines are also
produced in the hypothalamus (3, 4), and it is not yet
known whether low-grade inflammation results only from
the action of locally produced cytokines or from the com-
bination of local and systemic inflammatory factors.

When obesity is induced by a Western diet, the hypo-
thalamus is the first tissue to exhibit molecular resistance
to insulin (5). This fact, taken together with the results of
other studies that show an improvement in peripheral in-
sulin resistance, after the inhibition of hypothalamic in-
flammation (6, 21), suggest that the diabetes-like pheno-
type can be induced by hypothalamic dysfunction. To
evaluate the isolated effect of low-grade hypothalamic in-
flammation on peripheral insulin action, lean rats were
treated icv with a low dose of TNFa. This treatment pro-
duced an impairment of leptin anorexigenic effect and de-
fective leptin signaling through JAK2 and STAT3, accom-
panied by increased hypothalamic expression of SOCS3.
All these outcomes are similar to the findings reported in
anumber of animal models of obesity (27, 28). In addition,

Systemic Outcomes of Hypothalamic Inflammation
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hypothalamic TNF« led to reductions in POMC, TRH,
and CRH, all of which are neurotransmitters with impor-
tant thermogenic functions. This was accompanied by the
negative regulation of important players in BAT and skel-
etal muscle thermogenesis, as seen in animal models and
humans with glucose intolerance or diabetes (29).

Next, we evaluated the outcomes of low-grade hypo-
thalamic inflammation on insulin secretion and action. In
DM2, both the action and secretion of insulin become
defective, and it is believed that hyperglycemia will de-
velop only when both these functions emerge together (22,
30). A short-term treatment with low-dose TNF« in the
hypothalamus had no effect on glucose levels (data not
shown). However, hyperinsulinemia was evident, and de-
fective insulin secretion by isolated pancreatic islets re-
produced features commonly seen in diabetic subjects and
experimental animals (31, 32). Moreover, the evaluation
of insulin signal transduction in liver and muscle revealed
areduced insulin-induced activation of IRS1 and FOXO1,
which is a molecular hallmark of insulin resistance seen in
distinct animal models and humans with glucose intoler-
ance or diabetes (32).

In DIO, saturated fatty acids induce inflammatory sig-
nal transduction in the hypothalamus by at least two dis-
tinct mechanisms: 1) activation of TLR4 (4), and; 2) ac-
tivation of PKC7(33). When rats were treated with stearic
acid icv, the expression of TNFa was induced in a dose-
dependent manner. This was accompanied by reduced
consumption of O, production of CO,, reduced UCP1
expression in BAT and reduced insulin signal transduction
through IRS1 and FOXO1 in the liver and muscle. There-
fore, the icv treatment with stearic acid reproduces the
effects of TNFa on peripheral parameters, reflecting ther-
mogenesis and insulin action. In this context, recent data
have shown that nutrients, including fatty acids, can ac-
tivate hypothalamic S6 kinase, leading to hepatic resis-
tance to insulin action (34).

A recent study has shown that the knockout of the main
TNFa receptor, TNFR1, protects against DIO by an in-
creased thermogenesis (7). We tested the hypothesis that
the ability of low-grade hypothalamic inflammation to
modulate peripheral insulin action may be intermediated
by this receptor isotype. For this, TNFR1-KO mice were
fed on a HF diet and evaluated for insulin signal trans-
duction in the liver and muscle. Indeed, insulin respon-
siveness was completely preserved in KO mice compared
with their controls, strongly suggesting that most the action
of TNFa in the hypothalamus was delivered by this receptor.
Because the KO mice employed were devoid of TNFR1 in the
whole body, we designed an experiment to evaluate the spe-
cific action of TNFa in the hypothalamus; for this, HF diet-
fed rats were treated icv with the anti-TNFa-neutralizing
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antibody, infliximab, and thermogenesis and insulin signal-
ing in peripheral tissues were evaluated. As expected, the
hypothalamic immunoneutralization of TNFa in HF diet-
fed rats completely restored defective thermogenesis and in-
sulin signal transduction in liver and muscle.

We conclude that, in animal models of obesity, a low-
grade hypothalamic inflammation takes place. This in-
flammatory response plays an important role in the local
induction of resistance to leptin and insulin, which pro-
vides the neuroendocrine basis for the development of
obesity. An important advance was obtained by linking
hypothalamic inflammation with a defective insulin ac-
tion and an effective thermogenesis in peripheral tissues.
In addition, the adverse modulation of insulin secretion
was observed. Although we have not explored the mech-
anisms that effectively deliver the neural signal to the af-
fected peripheral organs, it is tempting to propose that the
modulation of the sympathetic tonus could be involved.
This work adds information to support a seminal role
played by hypothalamic dysfunction in the genesis of glu-
cose intolerance and DM2.
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