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and GPR120, are expressed in the
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Abstract

Background: The consumption of large amounts of dietary fats is one of the most important environmental factors
contributing to the development of obesity and metabolic disorders. GPR120 and GPR40 are polyunsaturated fatty
acid receptors that exert a number of systemic effects that are beneficial for metabolic and inflammatory diseases.
Here, we evaluate the expression and potential role of hypothalamic GPR120 and GPR40 as targets for the
treatment of obesity.
Methods: Male Swiss (6-weeks old), were fed with a high fat diet (HFD, 60% of kcal from fat) for 4 weeks. Next,
mice underwent stereotaxic surgery to place an indwelling cannula into the right lateral ventricle.
intracerebroventricular (icv)-cannulated mice were treated twice a day for 6 days with 2.0 �L saline or GPR40 and
GPR120 agonists: GW9508, TUG1197, or TUG905 (2.0 �L, 1.0 mM). Food intake and body mass were measured
during the treatment period. At the end of the experiment, the hypothalamus was collected for real-time PCR
analysis.
Results: We show that both receptors are expressed in the hypothalamus; GPR120 is primarily present in microglia,
whereas GPR40 is expressed in neurons. Upon intracerebroventricular treatment, GW9508, a non-specific agonist for
both receptors, reduced energy efficiency and the expression of inflammatory genes in the hypothalamus. Reducing
GPR120 hypothalamic expression using a lentivirus-based approach resulted in the loss of the anti-inflammatory effect
of GW9508 and increased energy efficiency. Intracerebroventricular treatment with the GPR120- and GPR40-specific
agonists TUG1197 and TUG905, respectively, resulted in milder effects than those produced by GW9508.
Conclusions: GPR120 and GPR40 act in concert in the hypothalamus to reduce energy efficiency and regulate the
inflammation associated with obesity. The combined activation of both receptors in the hypothalamus results in better
metabolic outcomes than the isolated activation of either receptor alone.
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Background
The consumption of large amounts of dietary fats is one
of the most important environmental factors contribut-
ing to the development of obesity and metabolic disor-
ders [1–3]. Long-chain saturated fatty acids trigger
inflammation through the activation of toll-like
receptor-4 and the induction of endoplasmic reticulum
stress [4–6]. The low-intensity inflammation generated
in this context can act both systemically and on selected
anatomical regions to affect insulin and leptin actions
[7], insulin production [8, 9], lipid metabolism [10],
blood pressure [11], longevity [12], and a number of
other parameters involved in the regulation of whole-
body energy homeostasis.

Because of the role played by metabolic inflammation
in the pathogenesis of insulin and leptin resistance, it
has been proposed that approaches leading to the at-
tenuation of inflammation could have a beneficial impact
on conditions such as obesity, type 2 diabetes, dyslipid-
emia, and hypertension [13–15]. In fact, genetic and
pharmacological approaches aimed at reducing inflam-
mation have produced encouraging outcomes in various
experimental models [9, 14]. In addition, a recent clinical
trial targeted the inhibitor of kappa kinase (IKK) using
salsalate, resulting in a significant reduction of glycated
hemoglobin levels in patients with type 2 diabetes [16].

Studies have identified the polyunsaturated fatty acid
(PUFA) receptors GPR120 and GPR40 as attractive po-
tential targets for the treatment of insulin resistance
[17–20]. The activation of GPR120 by PUFAs or syn-
thetic ligands engages an atypical signaling system that
attenuates metabolic inflammation in obesity and type 2
diabetes [21]. A recent study has reported the beneficial
effect of a synthetic agonist of GPR120 in improving glu-
cose intolerance and hepatic steatosis in an animal
model of diet-induced obesity [22]. In addition, a num-
ber of studies have reported the potential benefits of sys-
temically targeting GPR40 in type 2 diabetes [23, 24].

A great advance in the field was achieved in 2009
when Oh and co-workers [18] described a completely
new anti-inflammatory mechanism involving the action
of PUFAs through GPR120. Upon ligand binding,
GPR120 recruits �-arrestin-2, leading to the internaliza-
tion of the receptor/regulatory protein complex. The in-
ternalized �-arrestin-2 binds to TAB1 and inhibits its

binding to TAK1, which results in the inhibition of its
activity. TAK1 is a point of convergence for TNF-� and
TLR4 signal transduction, and its inhibition impairs the
progression of the signal toward JNK and IKK activation,
which results in the inhibition of inflammation [18]. In a
recent study, the same group reported beneficial meta-
bolic effects of a small molecule that acts as a specific
agonist for GPR120 [22]. Obese mice treated with this
molecule exhibit improved glucose tolerance and de-
creased hepatic steatosis accompanied by a reduction of
the metabolic inflammation phenotype, indicating
GPR120 is an attractive potential target for the treat-
ment of obesity-associated metabolic disorders.

A number of studies have also shown the beneficial
metabolic effects of GPR40 activation [20, 25, 26]. This
receptor is highly expressed in pancreatic �-cells and,
upon activation by PUFAs, it increases glucose-induced
insulin secretion [20]. In addition, it has been shown
that GPR40 expressed in intestinal L and K cells induces
GLP1 and GIP secretion, providing yet another stimulus
for insulin secretion [27]. Although the mechanisms of
action of GPR40 are less understood than those of
GPR120, studies have shown that the induction of Ca++

mobilization and activation of CREB may play important
roles in some of the effects of this pathway [28]. Thus,
the potential therapeutic usefulness of agonists for
GPR40 is considered relevant [24].

As an attempt to advance understanding of the mech-
anisms underlying the beneficial metabolic effects of the
activation of GPR120 and GPR40, we decided to evalu-
ate their expression and function in the hypothalamus.
We show that GPR120 was predominantly expressed in
microglia, whereas GPR40 was predominantly expressed
in neurons. Furthermore, their activation reduced
obesity-associated hypothalamic inflammation and re-
duced whole-body energy efficiency.

Methods
GPR120 and GPR40 synthetic agonists
GW9508 was purchased from Tocris Bioscience (Ellis-
ville, MO, USA). TUG905 [29] and TUG1197 [30] were
synthesized as previously described.

Chemicals and reagents
All of the reagents for SDS-polyacrylamide gel electrophor-
esis and immunoblotting were from Bio-Rad (Richmond,
CA, USA). HEPES, phenylmethylsulfonyl fluoride, aprotinin,
dithiothreitol, Triton X-100, Tween 20, glycerol, and bovine
serum albumin (fraction V) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). The antibodies against
GPR120 (sc99105), GPR40 (sc32905), neuropeptide-Y (NPY)
(sc133080), proopiomelanocortin (POMC) (sc18263), Iba1
(sc28530), �-arrestin-2 (sc13140), vimentin (sc373717),
insulin-like growth factor binding protein-2 (IGFBP2)

Table 1 Macronutrient composition of diets
Chow diet HFD

Macronutrients g/100 g Kcal% g/100 g Kcal%

Protein 20 80 20 80

Carbohydrates 62 248 45 180

Lipids 4 36 35 315

Kcal/100 g 364 575
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(sc365368), and p-IKK�/� (Thr 23) (sc21660) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The �-
tubulin (T5168) antibody was from Sigma-Aldrich (St.
Louis, MO, USA). The antibodies against mannose receptor
(ab8918) and beta-actin (ab8227) were from Abcam (Cam-
bridge, MA, USA). The reagents for chemiluminescence la-
beling of proteins in immunoblots were from Amersham
(Aylesbury, UK). Fluorescein-isothiocyanate (FITC)-conju-
gated anti-rabbit (sc2012), FITC-conjugated anti-goat
(sc2024), rhodamine-conjugated anti-rabbit (sc2091), and
rhodamine-conjugated anti-goat (sc094) antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Reagents for real-time polymerase chain reaction (PCR)
analysis were from Invitrogen (Carlsbad, CA, USA) and
Applied Biosystems (Foster City, CA, USA). Primers for
tumor necrosis factor-alpha (TNF-�) (Mm00443258_m1),
interleukin-1 beta (IL1�) (Mm00434228_m1), interleukin-6
(IL6) (Mm00446190_m1), interleukin-10 (IL10)
(Mm01288386_m1), GPR120 (Mm00726193_m1), GPR40

(Mm00809442_s1), peroxisome proliferator activator
gamma coactivator 1 alpha (PGC1�) (Mm00447183_m1),
uncoupling protein-1 (UCP1) (Mm01244861_m1), cyto-
chrome c (Mm01621044_g1), and glyceraldehyde-3-
phosphate dehydrogenase (GAPD) (#4352339E) were ob-
tained from Applied Biosystems.

Experimental animals
Male Swiss mice originally imported from the Jackson
Laboratory and currently bred at the University of Cam-
pinas Breeding Center were used in the study. The ani-
mals were maintained at 21 ± 3 °C on a 12-h artificial
light/dark cycle and were housed in individual cages. At
the fifth week of life, mice were randomly assigned to ei-
ther a standard rodent chow diet (Chow) or high-fat diet
(HFD, 60% of energy value from fat, Table 1, at the end
of the document text file.) for 4 weeks or 10 weeks, de-
pending on the protocol.

Fig. 1 Cellular distribution of GPR120 in the hypothalamus of mice. Tissue sections (5.0 �m) were prepared from the hypothalamic region of lean
Swiss mice and were evaluated by indirect immunofluorescence staining using antibodies against GPR120 (a–c, green), NPY (a, red), POMC (b, red), and
mannose receptor (c, red). Nuclei were stained with DAPI (blue). In the captions, the arrowsindicate cells co-expressing GPR120 and mannose receptor
(c). Images are representative of three independent experiments
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