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A B S T R A C T

In experimental obesity, the hypothalamus is affected by an inflammatory response activated by dietary satu-
rated fats. This inflammation is triggered as early as one day after exposure to a high-fat diet, and during its
progression, there is recruitment of inflammatory cells from the systemic circulation. The objective of the present
study was identifying chemokines potentially involved in the development of hypothalamic diet-induced in-
flammation. In order to identify chemokines potentially involved in this process, we performed a real-time PCR
array that determined Ackr2 as one of the transcripts undergoing differential regulation in obese-prone as
compared to obese-resistant mice fed a high-fat diet for three days. ACKR2 is a decoy receptor that acts as an
inhibitor of the signals generated by several CC inflammatory chemokines. Our results show that Ackr2 ex-
pression is rapidly induced after exposure to dietary fats both in obese-prone and obese-resistant mice. In im-
munofluorescence studies, ACKR2 was detected in hypothalamic neurons expressing POMC and NPY and also in
microglia and astrocytes. The lentiviral overexpression of ACKR2 in the hypothalamus reduced diet-induced
hypothalamic inflammation; however, there was no change in spontaneous caloric intake and body mass.
Nevertheless, the overexpression of ACKR2 resulted in improvement of glucose tolerance, which was accom-
panied by reduced insulin secretion and increased whole body insulin sensitivity. Thus, ACKR2 is a decoy
chemokine receptor expressed in most hypothalamic cells that is modulated by dietary intervention and acts to
reduce diet-induced inflammation, leading to improved glucose tolerance due to improved insulin action.

1. Introduction

Obesity results from a chronic anabolic state characterized either by
increased caloric intake or reduced energy expenditure, or yet, the as-
sociation of both conditions [1,2]. Experimental studies have shown
that dietary factors, particularly saturated fats, trigger an inflammatory
response in the hypothalamus, which impair the activity of key neurons
involved in the regulation of whole body energy status [3–7]. TLR4
signaling and the induction of endoplasmic reticulum stress are the
triggers of the molecular machinery that connect the increased con-
sumption of dietary fats with the installation of hypothalamic in-
flammation [4,6,7]. In addition, studies have provided evidence for the

involvement of resident microglia and astrocytes as the cellular com-
ponents of this inflammatory process [8–12]. The hypothesis that, upon
induction of hypothalamic inflammation, peripheral immune cells
could be recruited to the hypothalamus in order to expand the in-
flammatory response is currently under intense investigation. In this
context, it was demonstrated that the chemokine CX3CL1 (fractalkine)
is rapidly induced in the hypothalamus following the introduction of a
high-fat diet (HFD) and acts as a mediator for the recruitment of bone
marrow derived cells to expand the hypothalamic microglia involved in
the generation of inflammation [8]. Moreover, a recent study has pro-
vided a detailed characterization of the nature of peripheral monocyte
migration to the hypothalamus [9].
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In most chronic inflammatory conditions, a network of cytokines
and chemokines play important roles in the initiation and maintenance
of the inflammatory activity [13]. With this concept in mind, we hy-
pothesized that chemokines other than fractalkine could be induced in
the hypothalamus during early diet-induced obesity and play important
roles in the metabolic outcomes of obesity. To test this hypothesis, we
determined the landscape of cytokines/chemokines expressed in the
hypothalamus of mice fed a HFD, comparing obesity-resistant (OR)
versus obesity-prone (OP) mice. We identified the decoy chemokine
receptor Ackr2 as one of the transcripts with greatest difference be-
tween the two groups, becoming significantly reduced in the hypotha-
lamus of OP mice as early as three days after the introduction of a HFD.
The hypothalamic lentiviral overexpression of ACKR2 reduced diet-in-
duced hypothalamic inflammation and reduced obesity-associated
glucose intolerance. Thus, the abnormal expression of ACKR2 in the
hypothalamus of OP mice may contribute to defective whole body
glucose tolerance.

2. Results

2.1. Hypothalamic expression of Ackr2 is differentially regulated in obese-
prone and obese-resistant mice

In the first part of the study, we aimed at identifying transcripts
encoding for chemokine or chemokine-related proteins that could be
differentially regulated in the hypothalamus of OP and OR mice fed a
HFD. For that, mice were fed a HFD for three days, and hypothalamic
transcripts were evaluated using a real-time PCR array. Out of 84
transcripts (Supplementary Table 1) evaluated in the array, 18 pre-
sented at least a 2-fold differential expression as compared to control in
at least one of the conditions, OP or OR (Fig. 1A). Ackr2 expression
underwent a> 2-fold increase in OR mice and 1.5-fold increase in OP
mice (Fig. 1A). In real-time PCR experiments performed in OP and OR
mice fed either chow or HFD for three days, hypothalamic Ackr2
transcript was significantly lower in OP mice fed a HFD as compared to
respective control (Fig. 1B). CCL2 and CCL5 are chemokines known to
be potentially scavenged by ACKR2; in the PCR array, we detected an
increase in the expression of CCL5, but not CCL2, in the hypothalamus
of OP, but not OR mice fed on a HFD for three days (Supplementary
Table 2).

2.2. ACKR2 is widely expressed in the hypothalamus of mice

Because virtually no previous study has evaluated the expression of
ACKR2 in the hypothalamus, we employed immunofluorescence
staining to determine the cellular and anatomical distribution of ACKR2
in the hypothalamus. The experiments revealed that ACKR2 is ex-
pressed in neurons and glia. Specifically, ACKR2 was present in NPY

(Fig. 2A) and POMC (Fig. 2B) neurons and in astrocytes (Fig. 3A) and
microglia (Fig. 3B). Negative controls are depicted in Supplementary
Fig. 1.

2.3. Increased expression of ACKR2 in the hypothalamus does not modify
caloric intake and body mass of mice

In order to evaluate the impact of increasing hypothalamic ACKR2,
mice were submitted to the protocol as depicted in Fig. 4A and a
number of parameters were determined. The lentiviral approach pro-
moted a significant increase in the expression of Ackr2/ACKR2 tran-
scripts (Fig. 4B) and activation of signaling through cofilin (Fig. 4C) in
the hypothalamus of mice. However, this was not accompanied by
changes in daily caloric intake (Fig. 4D), cumulative caloric intake
(Fig. 4E), and body mass gain (Fig. 4F).

2.4. Increased expression of ACKR2 in the hypothalamus reduces diet-
induced inflammation

Because hypothalamic inflammation is an important outcome of the
consumption of a HFD, which contributes to neuronal dysfunction
leading to anomalous regulation of caloric intake and energy ex-
penditure, we evaluated the impact of the overexpression of ACKR2 in
the hypothalamus on the expression of inflammatory genes. Both in OR
and OP mice, the increased hypothalamic expression of Ackr2 reduced
the expression of TNF-α (Fig. 5A), IL-1β (Fig. 5B), IL-10 (Fig. 5D), F4/
80 (Fig. 5G), MCP1 (Fig. 5H) and, in OR mice, the receptor for frac-
talkine, CX3CR1 (Fig. 5J). No changes were detected in the expressions
of IL6 (Fig. 5C), IL17R (Fig. 5E), Cd11b (Fig. 5F), fractalkine, CX3CL1
(Fig. 5I) and CD36 (Fig. 5K). IL17 transcripts were not detected in the
hypothalamus (not shown).

2.5. Increased expression of ACKR2 in the hypothalamus improves glucose
tolerance in obesity-prone mice

In OP mice (but not in OR mice, not shown), increased expression of
ACKR2 in the hypothalamus was accompanied by reduction of blood
glucose levels during a GTT (Fig. 6A and B). This was also accompanied
by a reduction of blood insulin levels during the GTT (Fig. 6C). In ad-
dition, in OP mice (but not OR mice, not shown), the overexpression of
ACKR2 in the hypothalamus was accompanied by reduced insulin AUC
during an ITT (Fig. 6D and E) and improved insulin action as de-
termined by the determination of the kITT (Fig. 6F). In the liver, the
expression of G6pase was not affected, but Pepck was significantly re-
duced in OP mice treated with the lentivirus overexpressing ACKR2
(Fig. 6G and H). Insulin secretion from isolated pancreatic islets was
reduced in OP mice, but not OR mice treated with the lentivirus that
overexpressed Ackr2 in the hypothalamus (Fig. 6I). This was

Fig. 1. Transcript expression in the hypotha-
lamus. A, The cDNA prepared from hypotha-
lamic RNA was employed in a real-time PCR
array to measure transcript expression levels in
control mice fed chow, in obesity-prone (OP)
and obesity-resistant (OR) mice fed a high-fat
diet (HFD) for three days; only the transcripts
undergoing significant difference from control
are presented; the results are presented as fold-
change relative to chow; the identity of the
transcripts is presented in Supplementary
Table 1. B, The relative expression of Ackr2
transcript was determined by real-time PCR in
hypothalamic samples from control mice fed on
chow or OP and OR mice fed on chow (CT) or
HFD for three days; the results are presented as
fold-change relative to control mice. In A, n= 3;
in B, n= 5; *p < 0.05 vs. OP CT.
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accompanied (Fig. 7A–D) by a reduction in the proportion of small is-
lets (0–5 μm2) and an increase in the proportion of medium-size islets
(5–15 μm2) in OP mice overexpressing ACKR2 in the hypothalamus
(Fig. 7C and D). In OR mice, the overexpression of ACKR2 in the hy-
pothalamus resulted in no significant changes in pancreatic islet size

(Fig. 7A and B).

Fig. 2. The anatomical and cellular distribution of ACKR2 in the hypothalamus of mice. Frozen hypothalamic sections (5.0 μm) were prepared from 6-week-old mice
fed on chow. Immunofluorescence staining was performed using antibodies against ACKR2 (A-B), NPY (A), and ACTH (POMC precursor, B). Nuclei were labeled
using DAPI. In some panels, a high magnification image depicts details of cells (arrows). Color codes and magnifications are presented in the panels. Figures are
representative of three independent experiments.
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2.6. Bioinformatics analysis provides further evidence for the association of
hypothalamic Ackr2 and systemic glucose control

Using a public dataset, we compared the hypothalamic transcript
expression of Ackr2 with the hepatic expression of proteins involved in

the regulation of systemic glucose levels. As depicted in Fig. 8A, se-
lecting the mice families with the highest and lowest hypothalamic
Ackr2, we found concordance with enzymes involved in glycolysis and
glycogen synthesis, such as glycogen synthase 2 (Gys2), phosphoglu-
comutase 2 (Pgm2), glucokinase regulator (Gckr), and glucokinase

Fig. 3. The anatomical and cellular distribution of ACKR2 in the hypothalamus of mice. Frozen hypothalamic sections (5.0 μm) were prepared from 6-week-old mice
fed on chow. Immunofluorescence staining was performed using antibodies against ACKR2 (A–B), GFAP (A), and IBA-1 (B). Nuclei was labeled using DAPI. In some
panels, a high magnification image depicts details of cells (arrows). Color code and magnifications are presented in the panels. Figures are representative of five
independent experiments.
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(Gck); whereas discordance was found for phosphoenolpyruvate car-
boxykinase 1 (Pck1), which plays a pivotal role in gluconeogenesis.
Moreover, there was also discordance between hypothalamic Ackr2 and
the systemic glucose/insulin ratio. The inverse and direct correlations
of Ackr2 with Pck1 and Gys2, respectively, were further evidenced by
an expanded analysis including all families of mice with available data
(Fig. 8B). Finally, in Persons' rank analysis, we confirmed a high direct
correlation between hypothalamic Ackr2 and Gys2, Pgm2, Gckr, and
Gck (Fig. 8C), whereas a negative correlation was found for Pck1 and
the phenotype glucose/insulin ratio (Fig. 8C).

3. Discussion

Diet-induced hypothalamic inflammation is a hallmark of experi-
mental obesity [1,2]. Here, we investigated chemokine and chemokine-
related proteins that could be involved in obesity predisposition by
affecting the magnitude of the inflammatory process in the hypotha-
lamus of mice fed a HFD. We show that ACKR2, a decoy chemokine
receptor, is induced in the hypothalamus early after the introduction of
a HFD both in OP and OR mice; however, in OP mice, the increment of
ACKR2 is significantly smaller that in OR mice. Using a lentivirus, we
obtained significant increase in hypothalamic ACKR2, which was ac-
companied by reduced diet-induced hypothalamic inflammation and
improved systemic glucose tolerance without affecting caloric intake
and body mass.

ACKR2 belongs to a small subset of chemokine receptors identified
as atypical chemokine receptors, hence the acronym ACKR [14]. Ac-
cording to the HUGO Gene Nomenclature Committee (genenames.org),
currently, there are six genes encoding ACKR proteins, namely ACKR1-
4, CCRL2, and PITPNM3. Recently, it has been requested that CCRL2
and PITPNM3 be renamed as ACKR5 and ACKR6, respectively, but
approval is still pending [15]. Except for PITPNM3, all members of this
family exhibit a predicted seven-transmembrane-domain structure;
however, none of them is capable of activating signal transduction
through the Gi protein [14]. The lack of chemotactic activity and the

capacity of scavenging chemokines are the main functional features
that characterize the ACKRs [14,15]. Particularly for ACKR2, studies
have shown that it can scavenge CCL2-5, CCL3L1, CCL7-8, CCL11,
CCL13-14, CCL17, and CCL22 [14,15]. As an important outcome of
chemokine scavenging, reduction of inflammatory activity has been
reported in different tissues and different experimental and clinical
contexts [14,15].

Only a few studies have evaluated the roles of ACKR2 in neuroin-
flammatory conditions [16,17]. In experimental autoimmune en-
cephalomyelitis, there are controversial data regarding the involvement
of ACKR2 in the pathophysiology of the disease [16,17]. Thus, Hansell
and coworkers [16] have shown that in the absence of ACKR2, mice
develop a more pronounced clinical expression of the condition, which
is accompanied by increased expression of IL-17 and increased number
of B-lymphocytes expressing granulocyte-macrophage colony-stimu-
lating factor, which is strongly suggestive of enhanced inflammatory
activity; conversely, Liu and coworkers [17] have shown that ACKR2
knockout mice exhibit a protective phenotype against the development
of autoimmune encephalomyelitis, which was characterized by atte-
nuated interferon-gamma production. No previous study has evaluated
the expression and potential roles of ACKR2 in the hypothalamus.

In the present study, we showed that there were two major out-
comes of the increased expression of ACKR2 in the hypothalamus of
mice: i) reduction of diet-induced hypothalamic inflammation and ii)
improvement of systemic glucose tolerance. As a decoy receptor that
can scavenge a number of chemokines, it was expected that upon in-
creased ACKR2 expression, the inflammatory activity in the hypotha-
lamus could be dampened. Out of the chemokines that can potentially
be scavenged by ACKR2, only two, CCL2 and CCL5, have been reported
to play a role in hypothalamic function in obesity/diabetes [8,18].
CCL2 expression is increased in the hypothalamus of rodents fed a HFD
[8,18] and approaches aimed at reducing the inflammatory activity,
such as inhibition of fractalkine [8] or treatment with n3-poly-
unsaturated fatty acids (PUFAs) [18] result in the reduction of hy-
pothalamic CCL2. Similarly, CCL5 is increased in the hypothalamus of

Fig. 4. Body mass and caloric intake outcomes of overexpressing ACKR2 in the hypothalamus of mice. A, Schematic representation of the protocol employed to
overexpress ACKR2 in the hypothalamus of obese-prone (OP) and obese-resistant (OR) mice using a lentivirus (LV Ackr2) microinjected bilaterally in the arcuate
nucleus (ARC). B, The expression of Ackr2 transcript was determined by real-time PCR. C, The activation of ACKR2 was determined by immunoblot using an antibody
against p-cofilin. Spontaneous daily food intake (D); cumulative food intake during the experimental period (E); and, body mass during the experimental period (F) in
mice submitted to the ACKR2 overexpression protocol. In all experiments n=4–6; *p < 0.05 vs. respective control.
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Fig. 5. Impact of overexpressing hypothalamic ACKR2 on inflammatory markers. A–K, Real-time PCR was employed to determine the relative expression of tran-
scripts encoding for TNF-α (A), IL-1β (B), IL-6 (C), IL-10 (D), IL17R (E), Cd11b (F), F4/80 (G), MCP1 (H), CX3CL1 (I), CX3CR1 (J) and CD36 (K) in the hypothalamus
of obesity-prone (OP) and obese-resistant (OR) mice injected with a lentivirus designed to increase ACKR2 expression (LV Ackr2) or a control lentivirus (CT). In A–H,
n= 5; *p < 0.05 vs. CT.
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diet-induced obese mice, and treatment with n3-PUFAs reduces its ex-
pression [18]; however, at least one study has shown that genetic dis-
ruption of the hypothalamic CCL5/CCR5 system leads to systemic
glucose intolerance by a mechanism dependent on AMPK-dependent
insulin sensing in the hypothalamus [19], suggesting that CCL5 has a
beneficial effect on hypothalamic control of systemic metabolism. In
the present experimental setting, the increased expression of ACKR2 in
the hypothalamus resulted in reduction in the expression of two in-
flammatory cytokines, TNF-α and IL-1β; one marker of microglia, F4/
80; and two markers of chemotaxis, MCP1 and the receptor for frac-
talkine, CX3CR1. Interestingly, the expression of IL6 was not affected
by the overexpression of hypothalamic ACKR2. IL6 can have both pro-

and anti-inflammatory actions depending of the anatomical region and
context; and, particularly in the hypothalamus, studies have shown that
IL6 can act as a protective factor against diet-induced inflammation.
Thus, we believe that under increased expression of ACKR2, the fact
that IL6 expression was not down-regulated could be an additional
evidence of reduced inflammation.

Surprisingly, despite the fact that increasing hypothalamic ACKR2
reduced the expression of several markers of inflammation in the hy-
pothalamus, this was not accompanied by reduced caloric intake and
body mass. In many studies using genetic and/or pharmacological ap-
proaches to reduce hypothalamic inflammation in different experi-
mental models of obesity, the reduction of caloric intake and body mass

Fig. 6. Impact of overexpressing hypothalamic ACKR2 on systemic glucose tolerance. Mice were treated according to the protocol presented in Fig. 4A and para-
meters were determined at the end of the experimental period. In the glucose tolerance test (GTT), blood glucose variation was measured from time 0 to 120min (A)
and the area under the curve (AUC) for glucose was calculated (B); in addition, during the GTT, blood insulin was determined at times 0, 30, and 90min (C). In the
insulin tolerance test (ITT), blood glucose variation was measured from time 0 to 30min (D), the area under the curve (AUC) for glucose was determined (E), and the
constant for glucose decay (kITT) was calculated (F). In the liver, real-time PCR was employed to determine the relative expression of transcripts encoding for G6pase
(G) and Pepck (H). The static secretion of insulin was determined in isolated pancreatic islets exposed to 2.8, 11.1, or 22.2 mM glucose (I). In all experiments n= 5;
*p < 0.05 vs. respective control condition.
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was obtained [8–12]. However, it is currently known that the distinct
subpopulations of hypothalamic neurons involved in the control of
systemic metabolism and energy homeostasis exert specific functions
with a certain degree of specialization. Thus, whereas POMC neurons of
the arcuate nucleus are mostly involved in the control of postprandial
satiety and systemic glucose levels [20–22], AgRP neurons exert robust
control of long-term whole body energy stores [23]. Yan and coworkers
showed that both in obesity and ageing, the production of TGF-β by
hypothalamic astrocytes could affect POMC neurons by a mechanism
dependent on RNA stress leading to an abnormal neural regulation of
hepatic gluconeogenesis [22]. In addition, we have previously shown
that reduction of diet-induced hypothalamic inflammation by inhibiting
either TNF-α or TLR4 restores obesity-associated abnormal hepatic
gluconeogenesis by a mechanism dependent of parasympathetic sig-
naling to the liver [24]. Thus, it could be hypothesized that the pro-
tective effect of ACKR2 during the development of obesity-associated
hypothalamic inflammation is mostly reflected in the activity of neu-
rons involved in systemic glucose homeostasis rather than caloric in-
take and body mass.

Hypothalamic neurons can control systemic glucose levels by
modulating insulin secretion and hepatic glucose production through
autonomic connections [20,24]. Here, we showed that increasing hy-
pothalamic ACKR2 in experimental obesity resulted in improved glu-
cose tolerance due to enhanced insulin sensitivity. Thus, during the
GTT, there was a significant reduction of glucose levels accompanied by
reduced blood insulin; and, in the ITT, glucose levels were reduced
whereas the kITT was increased. Moreover, insulin secretion from

isolated pancreatic islets was reduced. Taken together, these results
suggest that the improved systemic insulin responsiveness promoted
increased glucose tolerance and impacted pancreatic islets due to the
reduced peripheral demand for insulin. Because attenuated hypotha-
lamic inflammation can reduce hepatic glucose production [20,24], we
determined the levels of enzymes that play pivotal roles in liver glu-
coneogenesis; in fact, we showed that increasing hypothalamic ACKR2
was accompanied by reduction of Pepck. To further explore this
finding, we took advantage of a bioinformatics analysis using a public
dataset from BXD mice families [25]. The analysis confirmed the ex-
istence of an inverse relation between hypothalamic Ackr2 and hepatic
gluconeogenic enzyme PEPCK, and also an inverse relation with sys-
temic glucose/insulin ratio. Furthermore, the analysis provided strong
evidence for a direct relation between hypothalamic Ackr2 and a
number of enzymes involved in hepatic glycogen synthesis.

In conclusion, this is the first study showing that the decoy che-
mokine receptor ACKR2 is increased in the hypothalamus during obe-
sity. The magnitude of its expression is smaller in mice that are prone to
obesity as compared to mice resistant to obesity. Upon induction of
ACKR2 in the hypothalamus of OP mice, there is reduction of hy-
pothalamic inflammation and improved systemic glucose homeostasis.
Thus, ACKR2 emerges as a new immunomodulatory player in the
context of diet-induced hypothalamic inflammation and methods aimed
at increasing its hypothalamic expression may be useful for improving
metabolic control in obesity.

Fig. 7. Impact of overexpressing hypothalamic ACKR2 on pancreatic islet size. Mice were treated according to the protocol presented in Fig. 4A and pancreases were
harvested for immunofluorescence staining with anti-insulin antibodies (red) followed by the determination of pancreatic islet area; DAPI (blue) was employed for
nuclear staining. A and C depict representative images of pancreatic islets in control (CT) and Ackr2 lentivirus (LV Ackr2) treated obese-resistant (OR) (A) and obese-
prone (OP) mice. Islets were categorized according to the area and the frequencies of islets in each area range are depicted in B (OR mice) and D (OP mice). In all
experimental conditions, a total of seven pancreatic sections from four pancreases were used in the experiments. In A and C, the numbers in the left-hand bottom
corners indicate the area of the islet depicted in the respective image. In D, *p < 0.05 vs. respective area range in OP CT.
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4. Methods

4.1. Experimental animals

Male Swiss mice were obtained from the University of Campinas
Breeding Center and the study was approved by the Ethics Committee
of the University of Campinas (Project #: CEUA 2926-1). In all ex-
periments, 5-week-old mice were maintained in individual cages with
controlled temperature (24–26 °C) under a 12 h light/dark cycle (lights
on at 6 AM; lights off at 6 PM). Mice had free access to water and food
ad libitum. To identify OP and OR mice, we employed a protocol pre-
viously described [26]. In summary, mice were fed a high-fat diet
(HDF) for 24 h and grouped into quartiles for total food intake. The top
of quartile was defined as OP and the bottom of quartile as OR mice.
Each group started with 20 mice and resulted in the selection of five OP
and five OR mice. Thereafter, mice were randomly selected for an in-
tracerebroventricular injection of a lentivirus containing the Ackr2
hairpin or a control lentivirus. Fifteen days after lentivirus delivery,
mice were transferred to a HFD (composition of diets in Table 1) and
experiments were performed after 15 days. Body mass and caloric

intake were determined every second day.

4.2. PCR array

The PCR array was performed using RNA prepared from the hy-
pothalami of OP and OR mice fed a HFD for three days. The kit used for
determination of gene expression was Chemokines & Receptors PCR
Array (PAMM-022Z, Qiagen). This is a 96-gene panel, with 84 genes for
chemokines/chemokine receptors.

4.3. Lentiviral production for Ackr2 overexpression

For the production of the lentivirus, HEK 293T cells were trans-
fected with the following protocol: 200 μL of DMEM was added with
12 μL of Fugene (in the Fugene:DNA ratio of 3:1); after 5min of in-
cubation, 2 μg of the hairpins for Ackr2 overexpression were added,
along with 1.8 μg of the ampicillin resistance plasmid VPR and 0.2 μg of
the VSV-G protein envelope. This mix was distributed on plates con-
taining HEK cells with confluence of 80% to 90% in DMEM with 10%
fetal bovine serum and penicillin/streptomycin. After 24 h, the culture
medium was replaced by a fresh medium with 30% fetal bovine serum.
After 48 h, the culture medium was collected and passed through a
0.45-μm filter and frozen for later use. The lentivirus for overexpression
of the chemokine Ackr2 is GFP+.

4.4. Hypothalamic microinjection of Ackr2 lentivirus

OP and OR mice were randomly selected for the treatment with
Ackr2 lentivirus (LV Ackr2) or control lentivirus (CT). For that, mice
were anesthetized with a mixture of ketamine (100mg/kg) and xilazin
(10mg/kg). An interparietal incision was performed, and the skull was

Fig. 8. Bioinformatics analysis of the correlation between hypothalamic Ackr2 transcripts and parameters related to systemic glucose regulation. A. Heatmap
showing the correlation between hypothalamic Ackr2 (Ccbp2) transcripts and liver proteins involved in glucose regulation; hypothalamic Ackr2 was also confronted
with the glucose/insulin ratio phenotype; the heatmap includes only the data from mice families presenting the highest and lowest levels of hypothalamic Ackr2. B,
Graphic representation of the correlation between hypothalamic Ackr2 transcripts and liver glycogen synthase 2 (Gys2) or phosphoenolpyruvate carboxykinase
(Pck1) in all mice families. C, Corrgram showing the positive (red) and negative (blue) correlations between hypothalamic Ackr2 and liver proteins involved in
glucose regulation and also with glucose/insulin ratio; data form all mice families. Gck, glucokinase; Gckr, glucokinase regulator; Pgm2, phosphoglucomutase 2.

Table 1
Macronutrient composition of the diets.

Control - chow High-fat diet - HFD

g% kJ% g% kJ%

Protein 19 18 19 12
Carbohydrates 77 73 45 27
Lipids 4 9 36 61
kJ/g 15.8 24.5
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exposed, allowing the identification of the bregma. Microinjection fol-
lowed the stereotaxic coordinates for the arcuate nucleus: depth
4.5 mm; lateral + and – 0.3mm; antero-posterior: – 1.7 mm. Lentivirus
(1.0 μL) were injected into both hemispheres of the hypothalamus.

4.5. Glucose tolerance test (GTT)

A 25% glucose solution was injected intraperitoneally in 4-h fasted
mice. Glucose measurements occurred at times 0, 15, 30, 60, 90, and
120min. The measurements were performed in blood from the tail
using a portable glucose meter (Optium Xceed - Abbott®). Thereafter,
the area under the curve (AUC) for glucose was calculated. To measure
blood insulin during the GTT, blood samples were collected at 0, 30,
and 90min. ELISA (EMD, Millipore) was employed to determine the
levels of insulin.

4.6. Insulin tolerance test (ITT)

The ITT was performed in 4-h fasted mice. Tail vein blood was
collected immediately before the intraperitoneal injection of insulin
(1.5 IU/kg body mass) and after 5, 10, 15, 20, 25, and 30min. Glucose
was determined using a portable glucose meter (Optium Xceed -
Abbott®). Thereafter, the area under the curve (AUC) for glucose and
the constant for glucose decay during the ITT (kITT) were calculated.

4.7. Real-time PCR

Reactions were performed using the TaqManTM System (Applied
Biosystems). The transcript of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was elected as the endogenous control for the re-
action. The expressions of Ackr2 (Mm00445551_m1), TNF-α
(Mm00443258_m1), interleukin (IL)-1β (Mm00434228_m1), IL-6
(Mm00446190_m1), IL-10 (Mm01288386_m1), IL17R
(Mm00434214_m1), CD11b (Mm00434455_m1), F4/80
(Mm00802529_m1), MCP1 (Mm99999056_m1), CX3CL1
(Mm0436454_m1), CX3CR1 (Mm00438354_m1) and CD36
(Mm01135198_m1) transcripts were quantified in the hypothalamus.
For the determination of relative transcript expression, real-time PCR
reactions were performed in duplicates, as follows: 3.0 μL TaqMan
Universal PCR Master Mix 2×, 0.25 μL of primers and probe solution,
2.75 μL water, and 4.0 μL cDNA. The values of relative gene expression
were obtained by analyzing the results in the 7500 System SDS software
(Applied Biosystems).

4.8. Immunohistochemistry

For hypothalamic analysis, six-week-old male Swiss mice fed on
chow were anesthetized with a mixture of ketamine (100mg/kg) and
xilazin (10mg/kg) perfused with saline and paraformaldehyde 4%. The
brain was totally removed and kept during 24 h in a paraformaldehyde
4% solution, followed by 48 h in a 30% sucrose solution to be cryo-
protected. The coronal sectioning, 20 μm-thickness, was performed
using a cryostat (LEICA Microsystems, CM1860, Buffalo Grove, IL,
USA). Sections were rinsed with PBS and blocked in a solution con-
taining 5% normal serum, 0.2% Tween in phosphate buffered saline for
1 h at room temperature, followed by incubation at 4 °C overnight with
antibodies against Ackr2 (sc67476, goat polyclonal, 1:100, Santa Cruz
Biotechnology, Inc.) with IBA-1 (ab178680, rabbit polyclonal, ABCAM,
1:500, Cambridge, UK) or GFAP (ab7260, rabbit polyclonal, 1:500,
ABCAM, Cambridge, UK) or ACTH (#Afp156102789, rabbit polyclonal,
1:1000) or NPY (sc133080, mouse monoclonal 1:200, Santa Cruz Bio-
technology, Inc.) in a blocking buffer (1% bovine serum albumin in
PBS-Tween). Next, it was incubated for 2 h with Donkey anti-goat Cy3
(ab6949, 1:500, ABCAM, Cambridge, UK) and Donkey anti-rabbit FITC
(ab6798, 1:500, ABCAM, Cambridge, UK) or Donkey anti-mouse FITC
(ab7057, 1:500, ABCAM, Cambridge, UK). Nuclei staining was obtained

using TO-PRO®-3 Iodide ((642/661) T3605, 1:1000, Life Technologies,
Carlsbad, CA, EUA) in PBS. In all experiments, negative controls per-
formed by excluding primary or secondary antibodies. Analysis and
documentation of the results were performed using fluorescence mi-
croscope confocal Leica TCS SP5 II.

4.9. Islet morphometry

For islet morphometric determination, pancreases (n=4) were re-
moved, fixed in paraformaldehyde and embedded in paraffin. From
each block, 5.0 μm serial sections were obtained (every 20th section)
and employed in reactions. The sections were incubated overnight with
an anti-insulin (1:100; Dako North America, Inc., CA, USA), antibody at
4 °C. Subsequently, the sections were incubated with a secondary rho-
damine antibody. Nuclei were stained with DAPI. We measured seven
slices of each mouse. The area of islet was analyzed using the free
software, Image J as previously described [27].

4.10. Insulin secretion

For static insulin secretion, four pancreatic islets per well were in-
cubated 30min with Krebs bicarbonate buffer (KBB) (115mM NaCl,
5 mM KCl, 2.56mM CaCl2, 1 mM MgCl2, 10mM NaHCO3, 15mM
HEPES, supplemented with 5.6 mM glucose, 0.3% BSA, and equili-
brated with a mixture of 95% O2/5% CO2 to obtain a pH 7.4). After
30min of pre-incubation time, the medium was removed and im-
mediately replaced with KBB containing different glucose concentra-
tions. After 1 h of incubation time, the medium was removed and stored
at −20 °C. For islet insulin content, the islets that were grouped into
batches of four were handpicked and incubated overnight in an
ethanol/HCl buffer at 4 °C. At the end of the incubation period, the
buffer was removed, and the insulin content was analyzed. Insulin le-
vels and total insulin content were measured by means of ELISA.

4.11. Bioinformatics analysis

Correlation analyses were performed using hypothalamic mRNA
(INIA Hypothalamus Affy MoGene 1.0 ST [Nov10]), proteomic (EPFL/
ETHZ BXD Liver, Chow Diet [Jun16] Top100 SWATH), and phenotypic
data (BXD Published Phenotypes) of BXD inbred mice as previously
published (Andreux, P.A. et al. Systems Genetics of Metabolism: The
Use of the BXD Murine Reference Panel for Multiscalar Integration of
Traits. https://doi.org/10.1016/j.cell.2012.08.012) and are accessible
on GeneNetwork (www.genenetwork.org). A correlation graph was
created using GraphPad Prism 5.0. Heatmaps were created using GENE-
E (The Broad institute, www.broadinstitute.org/cancer/software/
GENE-E/). The row values used are available in Supplementary Table 3.

4.12. Statistics analysis

Results are presented as the means ± standard error of the mean
(SEM). For the comparison of means between two groups we used the
Student t-test for independent samples. In GTT and ITT, curves were
analyzed by one-way ANOVA and area under curves were analyzed by
Student t-test. Linear regression test was utilized to calculate kITT
(based on ITT test). The significance level was set at p < 0.05. Graph
Pad Prism® was used to analyze the data.
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cell expressed and secreted
CD11b integrin alpha-M
CD36 fatty acid translocase
CT control
CX3CL1 fractalkine
CX3CR1 fractalkine receptor
DMEM Dulbecco-modified Eagle medium
ELISA enzyme-linked immunosorbent assay
F4/80 EGF-like module-containing mucin-like hormone receptor-

like 1
FITC fluorescein isothiocyanate
G6pase glucose 6-phosphatase
GAPDH glyceraldehyde-3-phosphate dehydrogenase
Gck glucokinase
Gckr glucokinase regulator
GFAP glial fibrillary acidic protein
GFP green fluorescence protein
GTT glucose tolerance test
Gys2 glycogen synthase 2
HEK human embryonic kidney
HFD high-fat diet
IBA-1 ionized calcium binding adaptor molecule 1
IL-10 interleukin 10
IL-1β interleukin 1 beta
IL-6 interleukin 6
IL-17 interleukin 17
IL-17R interleukin 17 receptor 1A
ITT insulin tolerance test
KBB Krebs bicarbonate buffer
KITT constant decay during the insulin tolerance test
LV lentivirus
MCP1 monocyte chemoattractant protein 1
NPY neuropeptide Y
OP obesity-prone
OR obesity-resistant
PBS phosphate-buffered saline
PCR polymerase-chain reaction
Pck1 phosphoenolpyruvate carboxykinase 1
Pepck phosphoenolpyruvate carboxykinase
Pgm2 phosphoglucomutase 2
POMC proopiomelanocortin
PUFA polyunsaturated fatty acid
TLR4 toll-like receptor 4
TNF-α tumor necrosis factor alpha
VSV-G vesicular stomatitis virus G
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