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A B S T R A C T

The mitogen-activated kinase phosphatase-3 (MKP-3) has gained great importance in the scientific community
by acting as a regulator of the cell cycle through dephosphorylation of FoxO1, an important transcription factor
involved in the insulin intracellular signaling cascade. When dephosphorylated and translocated to the nuclei,
FoxO1 can promote the transcription of orexigenic neuropeptides (NPY/AgRP) in the hypothalamus, whereas
insulin signaling is responsible for the disruption of this process. However, it is not understood if the hy-
pothalamic activation of MKP-3 affects FoxO1 phosphorylation, and we hypothesized that MKP-3 overexpression
reduces the capacity of the insulin signal to phosphorylate FoxO1. In the present study, we overexpressed the
DUSP6 gene through an injection of adenovirus directly into the hypothalamic third ventricle of Swiss mice. The
colocalization of the adenovirus was confirmed by the immunofluorescence assay. Then, MKP-3 overexpression
resulted in a significant reduction of hypothalamic FoxO1 phosphorylation after insulin stimulation. This effect
was independent of changes in Akt phosphorylation. Thus, the role of MKP-3 in the hypothalamus is closely
associated with FoxO1 dephosphorylation and may provide a potential therapeutic target against hypothalamic
disorders related to obesity and unbalanced food intake control.

1. Introduction

The hypothalamus acts as an important structure for metabolic
control by regulating energy homeostasis through stimuli from the
endocrine system [1–4]. In this context, insulin is an important reg-
ulator of energy homeostasis triggering a complex network of interac-
tions between intracellular proteins [3]. At the molecular level, insulin
receptor (IR) activation by insulin promotes tyrosine phosphorylation
of insulin receptor substrates-1 and 2 (IRS-1 and 2), increasing the
activity of the pathway phosphatidylinositol-3-kinase (PI3k)/Protein
kinase B (Akt) [1,3]. This pathway promotes the anorectic effect of
insulin through the phosphorylation and inactivation of Forkhead
transcriptional factor class O 1 (FoxO1), releasing it from the cellular
nucleus for further proteasomal degradation. This process inhibits the
transcriptional activity of orexigenic neuropeptides such as

Neuropeptide Y (NPY) and Agouti-related Protein (AgRP) [1,4,5].
On the other hand, the mitogen-activated kinase phosphatase-3

(MKP-3), also known as DUSP6, acts as an important regulator of the
cell cycle through its dephosphorylating activity [6]. Among the MKP-3
target proteins are FoxO1 [7–10], extracellular signal–regulated kinase
(ERK) [9,11,12] and c-Jun N-terminal kinase (JNK) [6,11], which are
involved in the insulin signaling pathway. Especially, FoxO1 phos-
phorylation has been demonstrated as one of the main mechanisms by
which insulin propagates the signs of satiety [10]. In the liver, it has
been previously described that MKP-3 is an important activator of
FoxO1, which increases the transcription of genes involved in hepatic
glucose production [7,8,12]. Thus, a fine interaction between MKP-3
activity and the insulin pathway may occur at the hypothalamic level,
which is an important insulin action site. Therefore, understanding the
phosphatase activity of MKP-3 is extremely important to develop new
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strategies against diseases associated with dysregulation of these mo-
lecular pathways, such as obesity and type 2 diabetes mellitus.

Nevertheless, studies investigating the activity of MKP-3 in vitro
indicated different substrate preferences according to the type of cell
and the physiological conditions [11]. Also, few tissues demonstrated
MKP-3 activity in vivo [7,8,12,13], which hampers the identification of
triggers for the activation of this protein and its behavior in different
tissues. The knowledge regarding MKP-3 action on the hypothalamus
under insulin stimuli is quite limited, despite the great importance of
this structure and hormone for metabolism. Thus, the objective of the
present study was to investigate the possible phosphatase activity ex-
erted by MKP-3 on FoxO1 in the mouse hypothalamus after insulin
administration. In this way, we hypothesized that MKP-3 over-
expression reduces the capacity of the insulin signal to phosphorylate
hypothalamic FoxO1.

2. Materials and methods

2.1. Cell culture

HEK293 cells were used for the production of the adenoviral vec-
tors. The cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM), supplemented with 10% Fetal Bovine Serum (FBS), 0.1 U/ml
penicillin and 0.1 μg/mL streptomycin, and then incubated at 37 °C in
an atmosphere containing 5% CO2.

2.2. Adenoviral vectors

The viral vectors used were replication-deficient type 5 adeno-
viruses and the MKP-3 gene was cloned between the NheI and BamHI
restriction sites in the pGEM vector (Promega). Then, the MKP-3 gene
was subcloned into the pShires vector (provided by Prof. Dr. Armando
Morais Ventura, University of São Paulo), which allows further cloning
into the adenoviral vector pAdeno-X (Clontech), using the I-CeuI and PI-
SceI sites. This vector ensures the co-expression of the GFP (enhanced
Green Fluorescent Protein) reporter gene though an IRES element, al-
lowing the identification of the transfected or transduced cells. Later,
the adenoviral vectors were constructed using the Adeno-X™ Expression
System 1 kit (Clontech). Briefly, the adenoviruses were obtained by
transfection of the linearized pAdeno-X vectors in HEK293 cells, fol-
lowed by purification of adenoviral particles by the Fast-Trap
Adenovirus Purification and Concentration Kit (Millipore) and the de-
termination of the number of adenoviral particles by the end-point
method. Cdc2-like kinase 2 in the hypothalamus is necessary to main-
tain energy homeostasis [22].

2.3. End-point dilution assay

To determine the number of viral particles by end-point dilution,
HEK293 cells spread in 96-well plates were used. The purified viruses
were diluted in culture medium and applied to the first wells of the
plates using a 1:100 ratio. Then, serial dilutions were performed using a
ratio of 1:10 to 1:1014, and for each adenovirus, eight replicates were
made. The virus titers were calculated using the formula: T = 10
[1 + (S − 0.5)], where S = sum of the proportions of cell death for
each dilution. The protocol was adapted from the guidelines in the
Adeno-X ™ Expression System 1 (Clontech) manual.

2.4. Animals

Four-week-old (15–20 g) Swiss male mice, were housed in in-
dividual cages with free access to water and standard commercial feed
(Presence®) in a controlled environment at a temperature of 21 °C ± 2
and a 12/12 h light/dark photoperiod. The experimental procedures
were approved by the Animal Use Ethics Committee of the State
University of Campinas (Process 4064-1).

2.5. Stereotaxic surgery and adenoviral vector injection

The animals were anesthetized with an intraperitoneal injection of
chlorohydrate of ketamine (100 mg/kg) and xylazine (5 mg/kg). After
this, the animals were positioned on the Stoelting stereotaxic apparatus.
Then, after trichotomy and antisepsis of the cranial region, we per-
formed an inter-parietal incision of approximately 1 cm extension. Also,
we utilized Hamilton 100 μL syringes to perform the injection (1 μL) of
the MKP-3 and GFP adenoviral vectors to reach the third hypothalamic
ventricle (1.8 mm posterior to the bregma and 5.0 mm below the sur-
face of the skull) [14]. At the end of the surgical procedure, the animals
received paracetamol diluted in water (78 mg/kg) and, after 5 days, a
new stereotaxic surgery was realized for intracerebroventricular (i.c.v.)
injection of insulin (200 mU) following the same coordinates. Five
minutes after insulin injection, the animals were euthanized for the
initiation of molecular analyses.

2.6. Immunofluorescence staining

The animals were deeply anesthetized using pentobarbital admin-
istration (50 mg kg−1) and perfused with PBS (0.1 M PBS, pH 7.4, 0.9%
saline), followed by 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The brain was extracted and placed in a solution containing 4%
paraformaldehyde and 0.1 M phosphate buffer at 4 °C for two hours and
transferred to solutions containing 20%, 30%, and 40% sucrose in
0.1 M phosphate buffer, pH 7.4. The brain was soaked in Tissue-Tek
OCT compound (Sakura Finetek, Torance, CA), sectioned in a cryostat
producing 30 μm slices, and placed in cryoprotectant solution (PBS
[0.1 M PBS, pH 7.4, 0.9% saline], Ethylene glycol, glycerol). The sec-
tions were incubated with specific primary antibodies, then with
fluorophore-tagged secondary antibodies and placed on pre-treated
poly-L-lysine slides for tissue adhesion. They were covered with cov-
erslips and visualized on a Leica DMI 4000 B immunofluorescence mi-
croscope using an image capture system.

2.7. Hypothalamus extraction and immunoblotting analysis

The immunoblotting method was previously described [15,16]. The
following antibodies were used: anti-Akt (rabbit, sc-8312, Santa Cruz
Biotechnology), anti-phospho-Akt (Ser473) (rabbit, sc-101629, Santa
Cruz Biotechnology), anti-β-actin (rabbit, 4967s, Cell Signaling Tech-
nology, MA), anti-FoxO1 (rabbit, 9454s, Cell Signaling Technology,
MA), anti-phospho-FoxO1 (Ser256) (rabbit, 9461s, Cell Signaling
Technology, MA), and anti-MKP-3 (rabbit, bs-11546R, Bioss). The
specific bands were detected by enhanced chemiluminescence reagent
(ECL) and consequent exposure on RX (Kodak®) films and quantified by
densitometry (UN-SCAN-IT gel 6.1).

2.8. Statistical analysis

Data were expressed as mean ± SEM followed by the indicated
number of experiments. For all analyses, a t-test was used with a sig-
nificance level of 0.05.

3. Results

3.1. Overexpression of MKP-3 on HEK293Cells

In order to characterize the dephosphorylating activity of the MKP-3
targeting other proteins, we overexpressed the MKP-3 in HEK293 cells.
The MKP-3 gene (DUSP6 gene) was cloned into the pGEM vector
(Promega) followed by subcloning the same genes into the pShires
vector. After observing in a fluorescence microscope the co-expression
of the GFP reporter gene in the analyzed samples, cloning of the MKP-3
genes in the pShires vectors was tested by immunoblotting (see Fig. 1A
in Overexpression of Mitogen-activated protein kinase phosphatase-3
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(MKP-3) reduces FoxO1 phosphorylation in HEK293 cells, Rodrigues
et al., Data in Brief, submitted). The next step was to perform the sub-
cloning of the MKP-3 genes into adenoviral vectors through the I-CeuI
and PI-SceI sites in the pAdeno-X vector. Thus, the expression of these
vectors was tested by transfection of pAdeno-X-MKP-3 into HEK293
cells (see Fig. 1B in Overexpression of Mitogen-activated protein kinase
phosphatase-3 (MKP-3) reduces FoxO1 phosphorylation in HEK293
cells, Rodrigues et al., Data in Brief, submitted). After the expression was
confirmed, the adenoviral vectors were purified. The adenoviral vectors
titers obtained were: 2.9 × 10−9 PFU/μL (Ad-MKP-3) and 1 × 109

PFU/μL (Ad-GFP).

3.2. Overexpression of MKP-3 in the hypothalamus of swiss mice

After the adenovirus purification, we performed a microinjection of
the adenoviral vectors in the hypothalamus of Swiss mice. To confirm
the injection, the localization of the GFP reporter protein was verified
in the region of the third ventricle confirming the increase of MKP-3
expression in the region of interest (Fig. 1). In relation to the phos-
phorylation of the proteins involved with MKP-3 phosphatase activity in
vivo, we verified that the injection of MKP-3 adenovirus reduced FoxO1
phosphorylation. This fact demonstrates an important role of MKP-3 on
the dephosphorylation of FoxO1, a key protein involved in energy
metabolism, in vivo (Fig. 2). In addition, there was no difference be-
tween the groups for Akt phosphorylation, indicating that there is no
interference of the increase of MKP-3 on Akt phosphorylation.

4. Discussion

This study evaluated the effects of MKP-3 overexpression in mice
hypothalamus targeting its phosphatase action on FoxO1. Transfection
of HEK293 cells with the pShires vector carrying MKP-3 was found to
increase the MKP-3 content (see Fig. 1A in Overexpression of Mitogen-
activated protein kinase phosphatase-3 (MKP-3) reduces FoxO1 phos-
phorylation in HEK293 cells,Rodrigues et al., Data in Brief, submitted).

Likewise, after the adenovirus purification was performed, Ad-MKP-3
and Ad-GFP were injected directly into the hypothalamus of Swiss mice.
Firstly, to confirm the microinjection in the region of interest, we
performed immunofluorescence analysis of the affected hypothalamic
region, whereby it was possible to observe the colocalization of Ad-GFP
and Ad-MKP-3 in the region of the third ventricle. Therefore, we in-
vestigated the effects of MKP-3 overexpression on FoxO1 phosphor-
ylation after insulin stimulus in the hypothalamus of mice that received
adenoviral vector microinjection carrying only GFP or MKP-3. There
was lower phosphorylation of FoxO1 in vivo after insulin stimulation of
the hypothalamus with MKP-3 overexpression. The reduction in
pFoxO1 occurred independently of changes in Akt phosphorylation,
suggesting the role of MKP-3 in dephosphorylating FoxO1. Activation of
Akt contributes to various biological processes including regulation of
FoxO1 and food intake. Akt can phosphorylate and exclude the FoxO1
from the nucleus and lead FoxO1 to proteasomal degradation, and these
molecular events can inhibit FoxO1-induced orexigenic signals in the
hypothalamus [12,14,17].

The knowledge about the hypothalamic action of MKP-3 is ex-
tremely important because there is limited evidence about the role of
this protein in the central nervous system. It has been shown that ani-
mals with a global deletion of MKP-3 and exposed to a high fat diet
reduced serum glucose levels, body weight and liver triglycerides, but
increased insulin sensitivity and energy expenditure when compared to
wild type animals kept on the same diet [13]. Due to the fact that MKP-
3 is increased in liver [7,8,18] and possibly in other tissues, including
the hypothalamus, under conditions of metabolic disorders such as
obesity, investigations regarding therapeutic interventions are neces-
sary.

According to our findings, a substrate of MKP-3 action is FoxO1,
which seems to play biological effects according to the population of
hypothalamic neurons investigated. It was evidenced that the deletion
of FoxO1 in Sf-1 neurons of the ventromedial nucleus of the hypotha-
lamus resulted in increased energy expenditure, glucose tolerance, and
insulin sensitivity [19]. In addition, other studies in POMC neurons,

Fig. 1. Immunofluorescence images of the colocalization of Ad-MKP-3 in the hypothalamus. The nuclei are stained blue using 4,6-diamidino-2-phenylindole (DAPI). Visualization of the
GFP (green staining) in nuclei near the third ventricle (3 V), MKP-3 (red) and merge (yellow) in Swiss mice. The white arrow indicates the third hypothalamic ventricle (magnification:
20×, scale bars represent 200 μm).

Fig. 2. Hypothalamus MKP-3 overexpression decreases FoxO1 phosphorylation in Swiss mice. (A) Bands representation of MKP-3 and β-actin, pAkt and Akt, pFoxO1 and FoxO1.
Presentation of the protein content of (B) MKP-3/β-actin, (C) pAkt/Akt and (D) pFoxO1/FoxO1 in insulin-stimulated GFP and MKP-3 animals via i.c.v. Data regarding the means and
standard deviation of each experimental group, of two experiments in triplicate, * P < 0.05 vs GFP (+); (GFP, n = 3); (MKP-3, n = 3).
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which are essential for food intake control [20], can provide substantial
evidence as to whether MKP-3 can modulate, through FoxO1, the
transcription of neuropeptides related to food intake control. This
possibility is supported by the demonstration that activation or over-
expression of FoxO1 in the hypothalamus increased food intake and
body weight [1,4]. Moreover, the inhibition of hypothalamic FoxO1
expression in rats with diet-induced obesity improved insulin sensi-
tivity, and reduced dietary intake, body mass, and insulinemia [21].
Thus, the role of MKP3 in this context is very important, because the
hypothalamus is a key organ for the maintenance of energy homeostasis
and FoxO1 deregulation occurs under conditions of metabolic syn-
drome, obesity and Type 2 diabetes mellitus (1–3).

In summary, the present study evidenced that the increase in MKP-3
content in the mouse hypothalamus is associated with a marked de-
crease in FoxO1 phosphorylation after insulin stimulation. This evi-
dence shows that MKP-3 protein may induce hypothalamic FoxO1 de-
phosphorylation. Therefore, further investigations should evaluate the
phosphatase activity of MKP-3 and the repercussions for energetic
homeostasis. Finally, the expression of MKP-3 should be investigated in
the condition of obesity and other metabolic syndromes (with insulin
and leptin resistance). The understanding of these mechanisms is ne-
cessary for the development of effective strategies in situations of
pathologies involving the deregulation of this molecular pathway. This
is a descriptive study that provides, for the first time, evidence of MKP-3
hypothalamic action in vivo, and FoxO1 can be a substrate for this
protein.
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