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A B S T R A C T   

The secreted bioactive peptide prokineticin 2 (PK2) is a potent adipokine and its central and peripheral 
administration reduces food intake in rodents. The pk2 gene has two splice variants, PK2 and PK2L (PK2 long 
form), which is cleaved into an active peptide, PK2β, that preferentially binds prokineticin receptor 1 (PKR1). We 
investigated the role of PK2β in the regulation of food intake. We demonstrated that intraperitoneal injection of 
PK2β, in contrast to PK2, did not reduce food intake in mice. Exposure of hypotalamic explants to PK2, but not 
PK2β, induced phosphorylation of STAT3 and ERK. We also evidenced that in adipocytes from PKR1 knock-out 
mice, a model of obesity, there were higher PK2β levels than PK2 inducing a decreased activation of STAT3 and 
ERK. Our results suggest that variations in PK2 and PK2β levels, due to modulation of pk2 gene splicing pro
cesses, affect food intake in mice.   

Introduction 

Regulation of food intake, involving reciprocal signals between the 
central nervous system and the periphery, allows the storage of an 
adequate amount of triglycerides in adipose tissue and allows survival 
during periods of food deprivation. Dysregulation of the hypothalamic 
mechanisms that control food intake and energy expenditure, and thus 
energy homeostasis, is currently known to play an important role in 
weight gain and the development of obesity [1]. The hypothalamic 
neuropeptide-related effects on feeding behavior can be divided into 
anorexigenic neuropeptides that reduce food intake, such as α-melano
cyte-stimulating hormone (α-MSH) and oxytocin, and orexigenic neu
ropeptides that stimulate food intake, such as neuropeptide Y (NPY), 
galanin, agouti-related protein (AgRP), and orexin [2]. 

Specific adipokines, cytokines secreted by adipocytes, direct the 
hypothalamus in maintaining energy homeostasis and food intake. In 
particular, leptin binding to its hypothalamic receptors, activates STAT3 
transcription and modulates the expression of α-MSH, NPY and AgRP [3, 
4]. 

Prokineticin 2 (PK2) and prokineticin 2β (PK2β) are signaling 

molecules generated by alternative splicing of the pk2 gene. They bind 
two G-coupled receptors, PKR1 and PKR2, with different selectivity: 
while PK2 binds both receptors with the same affinity [5], PK2β binds 
preferentially to PKR1 and, unlike PK2 [6,7], does not induce STAT3 
phosphorylation [5]. 

The prokineticin system is expressed in various tissues and is 
involved in numerous essential physiological processes such as: neuro
genesis, angiogenesis, tissue development, regulation of circadian 
rhythm, inflammation, and nociception [8]. 

Recently, has been demonstrated that PK2, acting as an adipokine, 
binds PKR1 and, via the hypothalamic ARC melanocortin system, re
duces food intake and adipose tissue proliferation [9,10]. Global abla
tion of PK2 or PKR1 in mice leads to obesity [11,12]. 

The aim of this study was to investigate whether PK2, acting as an 
adipokine, reduces STAT3 activation triggered by food intake. We also 
investigated the role of PK2β in the regulation of feeding and how the 
concentration ratios between PK2 and PK2β can modulate the activation 
of the transcription factor STAT3, which affects food intake. 
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Materials and methods 

Expression of PK2 and PK2β in Pichia pastoris 

The expression of PK2 and PK2β in yeast Pichia pastoris strain GS115 
was performed as described in our previous article [5]. In brief, induc
tion of PK2L synthesis was performed in BMMY for 120 h, with daily 
addition of 1% methanol. The recombinant proteins were purified from 
the crude culture supernatants by CM-Sephadex, followed by 
reverse-phase HPLC on a Vydac C-18 column, as described [13]. Protein 
concentration was measured by integrating the area of two peaks 33–35 
min from the C-18 reverse column and comparing with a natural Bv8 
standard. 

Animals 

Experiments were carried out in male wild-type (WT) and PKR1 
knock-out (PKR1-KO) C57BL/6 J mice (generated by Lexicon Genetics 
the Woodlands, TX) weighing 25–30 g. Mice were housed in individual 
plastic cages, with light/dark cycle of 12 h, in a temperature-controlled 
environment (22 ± 2 ◦C), humidity of 55 ± 10%, with food and water ad 
libitum. All procedures involving the care or treatment of animals were 
performed in accordance with EU Directive 2010/63/EU and approved 
by the Animal Care and Use Committee of the Italian Ministry of Health 
(approval number 116/2015-PR). Every effort was made to minimize 
animal suffering and to reduce the number of animals use. 

Food intake evaluation 

The effects of PK2β and PK2 on food intake were studied in mice at 
the beginning of the dark phase. Prior to drug administration mice were 
singly housed in individually ventilated cages and fasted for 24 h. One 
hour after the light went out, saline, PK2 60 nmol kg− 1 and PK2β 60 
nmol kg− 1 were intraperitoneally (i.p.) administrated in mice (n = 7). 
After drug administration, a known amount of food returned to the 
cages, and the food was reweighed 1, 2, 4 and 12 h after injection. The 
PK2 dose of 60 nmol kg− 1 was chosen because it had previously been 
shown to significantly reduce acute food intake [9]. 

Adipose tissue and hypothalamus explants 

Epididymal adipose tissue was collected from 10 month old WT (n =
4) and PKR1-KO (n = 4) mice, rapidly frozen on dry ice and stored at 
− 80 ◦C until RNA or protein was extracted. Mouse hypothalami were 
collected from male 4 month old WT mice (n = 12) immediately 
following decapitation and placed in oxygenated ice-cold Krebs–Ringer 
bicarbonate buffer (pH 7.4; 4 ◦C). Hypothalami were successively cut 
into 300 μm thick slices using a vibratome and each hypothalamic slice 
was incubated separately at 37 ◦C, 5% CO2 and 95% O2 in Dulbecco’s 
Modified Eagle Medium (DMEM, Merck KGaA, Darmstadt, Germany) 
containing 1% of Fetal Bovine Serum (FBS, Merck KGaA, Darmstadt, 
Germany) for 2 h [14,15]. Slices were then serum-starved and treated 
with PK2 (100 nM), PK2β (100 nM) or PK2 plus STAT-3 inhibitor 
WP1066 (Merck KGaA, Darmstadt, Germany) for 1 h. WP1066 (5 μM) 
was added 1 h before the addition of PK2 [6]. At the end of the incu
bation period, the explants were quickly frozen on dry ice and stored at 
− 80 ◦C until RNA or protein was extracted. 

RNA extraction and real time-PCR 

Total RNA was isolated from adipose tissue and hypothalamus after 
homogenization with Trizol reagent (Thermo Fisher Scientific) as shown 
in the manufacturer’s instructions. The RNA concentration was deter
mined spectrophotometrically, and purity was evaluated with 260/280 
and 260/230 ratios. The RNA was reverse transcribed using SensiFAST 
cDNA Synthesis Kit (Meridian Bioscience, Cincinnati, USA) and the 

cDNA was used to perform Real-Time PCR (iCycler; Bio-Rad, Hercules, 
California, USA). All reactions were performed with 25 ng cDNA and 
blank in triplicate using iQ SYBR Green Supermix (Meridian Bioscience, 
Cincinnati, USA), under the same conditions: polymerase activation at 
95 ◦C for 10 min followed by 40 cycles at 95 ◦C for 30 s for the dena
turation phase, 56–60 ◦C (depending on the melting temperature of the 
primer used) for 30 s for the annealing phase and the extension phase at 
72 ◦C for 30 s. 

Comparative threshold method was used to quantify the result. The 
Ct value of the specific gene of interest (Table 1) was normalized to the 
Ct value of the endogenous control, glyceraldehydes-3-phosphate de
hydrogenase (GAPDH), then the comparative Ct method (2− ΔΔCt) was 
applied using WT mice as the reference. 

Western blotting analysis 

Tissue was lysed, proteins were extracted and quantified by the 
Bradford method. 20 μg of total proteins were mixed with standard 
Laemmli buffer, heated at 95 ◦C for 3 min and loaded onto a 10% SDS- 
PAGE gel which was analyzed by Western Blotting as described above. 
Experiments were performed using rabbit anti-ERK (Santa Cruz, sc-153) 
and mouse anti-p-ERK (Cell Signaling Technology, #9106S), mouse 
anti-STAT3 (MA1–13,042) and rabbit anti-p-STAT3(Tyr705) (# 44–380 
G) (Invitrogen-Thermo Fisher Scientific). Quantification of the signal 
intensity of the western blotting bands was performed using ImageJ 
software and relative protein expression was calculated after normali
zation to total protein of interest. Data were obtained from three sepa
rate experiments. 

Data analysis 

All data are represented as mean ± SEM. One-way ANOVA followed 
by Tukey’s post test and Student’s t-test were performed when appro
priate, using GraphPad Prism 6. Differences were considered significant 
at p <0.05. 

Results 

PK2β peripheral administration does not reduce food intake 

As previously demonstrated, intraperitoneal administration of 60 
nmol kg− 1 PK2 significantly reduced 0–1 h food intake in WT mice [10]. 
The same dose of PK2β was ineffective at 0–1 h and showed a 
non-significant trend to increase at 2–4 h compared to saline controls 
(Fig. 1). 

PK2 but not PK2β activates STAT3 in hypothalamus explants 

We evaluated STAT3 phosphorylation by Western Blot analysis in 
hypothalamic ex vivo explants incubated with PK2, PK2 plus WP1066 
(STAT3 inhibitor) or PK2β. PK2 exposure significantly increased STAT3 
phosphorylation and this activation was abolished by pretreatment with 
the STAT3 inhibitor WP1066 (Fig. 2). Conversely, p-STAT3 levels after 
incubation with PK2β were comparable to those observed in control 

Table 1 
Primers used for quantitative real-time PCR.  

Gene Forward Reverse 
PK2 5′-CTC GGA AAG TTC CAT TTT GG- 

3′

5′-TTC CGG GCC AAG CAA ATA 
AAC C-3′

PK2L 5′-CAA ATG GAA GGC AGG AAA 
GAA G-3′

5′-TTC CGG GCC AAG CAA ATA 
AAC C-3′

SOCS-3 5′-ACC TTC AGC TCC AAA AGC 
GAG TAC-3′

5′-CGC TCC AGT AGA ATC CGC 
TCT C-3′

GAPDH 5′-GCC AAG GCT GTG GGC AAG 
GT-3′

5′-TCT CCA GGC GGC ACG TCA 
GA-3′ .  
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explants (Fig. 2). 

PK2 but not PK2β activates ERK in hypothalamus explants 

We analyzed, by Western Blot, ERK activation in hypothalamic ex 
vivo explants treated with PK2 or PK2β. Exposure to PK2 significantly 
increased ERK phosphorylation compared to control explants. 
Conversely, p-ERK levels after incubation with PK2β were comparable to 
those observed in control explants (Fig. 3). 

Adipocytes from PKR1-KO mice show impaired levels of STAT3 and ERK 
activation 

In adipose tissue from WT and PKR1-KO mice, we examined the 
phosphorylation of STAT3 and ERK. We performed western blotting 
experiments on total proteins using anti-STAT3/p-STAT3 and anti-ERK/ 
p-ERK antibodies. As shown in Fig. 4, we demonstrated that there was 

activation of STAT3 and ERK proteins in adipocytes of WT mice (Fig. 4A, 
B). Conversely, in PKR1-KO mice the levels of p-STAT3 and p-ERK were 
significantly reduced. Experiments were performed in animals at 40 
weeks of age, as this is the known age at which the obese phenotype is 
achieved [16]. 

STAT3 regulates the transcription of the Socs-3 gene [17]. A decrease 
in SOCS-3 mRNA levels was observed in the adipose tissue 40 week old 
PKR1-KO mice compared to WT mice. Conversely, SOCS-3 mRNA levels 
in adipose tissue of 15 week old PKR1-KO mice are significantly higher 
compared to WT mice (Fig. 4C). 

PKR1-KO mice adipocytes present variation of pk2 splicing gene 

The expression levels of PK2 are comparable in the adipose tissue of 
WT and PKR1-KO mice whereas the levels of PK2L mRNA increase 
significantly in the adipocytes of PKR1-KO mice (Fig. 5). PK2L mRNA is 
the longer transcript of the pk2 gene. The PK2L protein produced un
dergoes rapid to proteolytic cleavage generating PK2β [18]. Thus, it is 
possible to quantify PK2β transcriptional expression by evaluating PK2L 
mRNA levels. 

The increase in PK2β levels was found only in 40 week old PKR1-KO 
mice, in agreement with published data [16]. 

Discussion 

Alternative splicing is an important mechanism for the expansion of 
proteome diversity, and incorrect splicing is associated with a large 
array of human diseases; in particular, significant changes in exon 
skipping and in splicing factor expression are observed in pathological 
conditions of obesity [19]. 

Alternative splicing of the pk2 gene generates two splice variants 

Fig. 1. Evaluation of food intake in WT mice following i.p. injection of saline, 
PK2 (60 nmol kg− 1) or PK2β (60 nmol kg− 1). Data are expressed as mean ±
SEM. Statistical analyses were performed using One-way ANOVA followed by 
Tukey’s post test. **p < 0.01 vs saline, n = 7 mice per group. 

Fig. 2. STAT3 activation in hypothalamic explants treated with PK2 (100 nM), 
PK2 (100 nM) plus STAT3 inhibitor WP1066 (5 μM) and PK2β (100 nM). 
Representative Western Blot analysis shows phospho-STAT3 (p-STAT3) and 
STAT3 protein. Bar graphs show densitometric analysis of p-STAT3/STAT3 
protein ratio expressed as percentage of controls. Data are expressed as mean ±
SEM of three separate experiments (n = 3 per group). Statistical analyses were 
performed using One-way ANOVA followed by Tukey’s post test where ***p <
0.001 vs CTRL; ◦◦p < 0.01 vs PK2. 

Fig. 3. ERK activation in hypothalamic explants treated with PK2 (100 nM) 
and PK2β (100 nM). Representative Western Blot analysis shows p-ERK and 
ERK protein. Bar graphs show densitometric analysis of p-ERK/ERK protein 
ratio expressed as a percentage of controls. Data are expressed as mean ± SEM 
of three separate experiments (n = 3 per group). Statistical analyses were 
performed using One-way ANOVA followed by Tukey’s post test where **p <
0.01 vs CTRL. 
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with different specificity and activity: PK2 consists of 81 amino acids 
and binds with the same affinity to both prokineticin receptors PKR1 and 
PKR2, while the PK2β peptide of 57 amino acids, derived from proteo
lytic cleavage of the long-form PK2L, binds explicitly to PKR1 [5,18]. 
PK2β is a biased agonist compared to PK2 as it is unable to couple Gαi 
and to activate STAT3 [5–7]. 

The aim of this work was to establish the role of PK2β in the regu
lation of food intake. It has been previously shown that intraperitoneal 
and intracerebroventricular injection of PK2 strongly inhibits food 
intake in rodents [9,10]. In contrast, our results show that in mice, 
intraperitoneal injection of PK2β does not reduce food intake. 

Leptin regulation of food intake in the hypothalamus is modulated by 
STAT3, which induces the expression of anorectic peptides, such as 
α-MSH, and downregulates orexigenic peptides [20]. PK2 has been 
shown to increase the release of α-MSH from ex vivo hypothalamic ex
plants [9,10]. 

Our results from ex vivo hypothalamic explants suggest that PK2 
triggers STAT3 activation. Conversely, treatment of hypothalamic ex
plants with PK2β does not induce STAT3 phosphorylation. These results 
suggest that STAT3 regulates the PK2-induced anorectic action and 
explain the inability of PK2β to induce a comparable effect. Indeed, a 
reduction in STAT3 activation has been shown to lead to dysregulation 
of energy metabolic pathways that promote obesity [21,22]. 

Since in some pathological conditions, such as obesity, the splicing 
process is dysregulated, as mentioned above, we investigated the mod
ulation of pk2 gene splicing. As a model for obese adipocytes, we used 
adipocytes from PKR1-KO mice because they exhibit a hypoxic state 
with a high concentration of HIF-1α [16]: the increased size of adipo
cytes reduces oxygen diffusion from the vasculature. 

PKR1-KO mice show a diabetic phenotype: in particular, reduced 

glucose tolerance in the 15-week-old mice [16], low expression of in
sulin receptors and low levels of insulin-stimulated Akt phosphorylation 
[23]. Based on our results, we can hypothesize that the low insulin 
response may also be due to an increase in SOCS3 levels in adipocytes 
from 15-week-old PKR1-KO mice. SOCS-3 inhibits IR-dependent IRS-1 
tyrosine phosphorylation, thereby suppressing insulin-stimulated 
glucose uptake [24], leading to local insulin resistance in adipose tis
sue [25]. The induction of SOCS-3 transcription is likely due to the 
increased TNFa levels that determine NFκB activation in PKR1-KO mice 
[16]. We have shown that in adipocytes from PKR1-KO mice, PK2β 
concentration is increased compared to PK2. This increase in PK2β levels 
may explain the decreased activation of STAT3 and ERK in PKR1-KO 
mice. The decreased activation of STAT3, a key factor in the regula
tion of metabolic pathways in the cell [23], which is also affected by a 
decrease in leptin levels [23], may explain why PKR1-KO mice show 
dysregulation in lipid and carbohydrate metabolism, as reflected by high 
FFA and glucose levels in the blood [16,23]. 

The regulation of fuel stores and energy balance is a complex phys
iological system, coordinated by the action of numerous transcription 
factors acting at different levels. Under normal physiological conditions, 
PK2 and PK2β levels are balanced and PK2 expression is cell-specific and 
regulated by STAT3 and HIF-1α [6,7,26], but in obesity, alterations in 
pk2 gene expression and splicing processes could increase the levels 
concentration of either splice variant, affecting food intake. 

Previously, an increase in PK2/PK2β levels has been demonstrated in 
adipocytes of human obese individuals [16], without distinguishing the 
prevalence of either form. 

In this study, we analyzed for the first time, the expression levels 
ratio between PK2 and PK2β, demonstrating a strong increase of PK2β 
levels in the adipocytes of obese mice. 

Conclusion 

In this study, we brought evidence that peripheral administration of 
PK2β shows a tendency to increase food intake, likely due to its impaired 
ability to induce STAT3 phosphorylation in the hypothalamus. In adi
pocytes from PKR1-KO mice, we detected a high level of PK2β compared 
with PK2, which correlates with impaired STAT3 and ERK activation. In 
summary, our data show that changes in pk2 gene splicing processes 
with variations in PK2 and PK2β expression levels in the hypothalamus 
and adipocytes play a role in appetite regulation. 
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Fig. 4. STAT3 and ERK activation in adipocytes from WT and 
PKR1-KO mice. Representative western blot analysis showing 
the ratio of protein levels of p-STAT3/STAT3 (A) and p-ERK/ 
ERK (B), performed on adipose tissue collected from 40 week 
old mice. Bar graphs show densitometric analysis of the ratio of 
p-STAT3/STAT3 and p-ERK/ERK proteins expressed as per
centage of controls. Real Time RT-PCR analysis of SOCS-3 
mRNA levels in adipose tissue from 15- and 40 week old WT 
and PKR1-KO mice (C). Data are expressed as mean ± SEM of 
three separate experiments (n = 4 per group). Statistical ana
lyses were performed using Student’s t-test where *p< 0.05; 
**p < 0.01 vs WT.   

Fig. 5. Real Time RT-PCR analysis showing PK2 and PK2L mRNA levels in 
adipocytes from WT and PKR1-KO mice. Data are expressed as mean ± SEM of 
three separate experiments (n = 4 per group). Statistical analyses were per
formed using Student’s t-test where *p < 0.05 vs WT. 
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agencies in the public, commercial, or not-for-profit sectors. 
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