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A previous study on neuropeptide FF receptor 2 (NPFFR2)-deficient mice has demonstrated
that NPFFR2 is involved in the control of energy balance and thermogenesis. Here, we report
on the metabolic impact of NPFFR2 deficiency in male and female mice that were fed either
a standard diet (STD) or a high-fat diet (HFD) and each experimental group consisted of ten
individuals. Both male and female NPFFR2 knockout (KO) mice exhibited severe glucose
intolerance that was exacerbated by a HFD diet. In addition, reduced insulin pathway sig-
naling proteins in NPFFR2 KO mice fed a HFD resulted in the development of hypothalamic
insulin resistance. HFD feeding did not cause liver steatosis in NPFFR2 KO mice of either
sex, but NPFFR2 KO male mice fed a HFD had lower body weights, white adipose tissues,
and liver and lower plasma leptin levels compared with their wild-type (WT) controls. Lower
liver weight in NPFFR2 KO male mice compensated for HFD-induced metabolic stress by in-
creased liver PPARx and plasma FGF21 hepatokine, which supported fatty acid (3-oxidation
in the liver and white adipose tissue. Conversely, NPFFR2 deletion in female mice attenuated
the expression of Adra33 and Ppary, which inhibited lipolysis in adipose tissue.

Introduction

Neuropeptide FF (NPFF) belongs to the RF-amide peptide family, which is characterized by their con-
served Arg-Phe-NH, sequence in the C-terminus. Although NPPF was originally found to regulate no-
ciception, multiple studies have implicated its ability to reduce food intake in rodents or chicks after in-
tracerebroventricular injection [1-4]. NPFF has recently been reported to directly control glucose home-
ostasis, and the deletion of NPFF improves glucose tolerance and lowers blood glucose levels in mice fed
a high-fat diet (HFD) without any effect on blood insulin levels [5]. NPFF may influence glucose home-
ostasis by affecting the 3-adrenergic system, which not only activates lipolysis and thermogenesis but also
negatively controls lipogenesis and glucose transport [6].

NPEFF acts through the G-protein coupled receptors, NPFFR1 (GPR147) and neuropeptide FF recep-
tor 2 (NPFFR2; GPR74), but it shows higher affinity and activity toward NPFFR2. Another RF-amide
peptide, prolactin-releasing peptide (PrRP), binds with high affinity to and activates not only its recep-
tor, GPR10, but also NPFFR2 and NPFFR1 [7]. The receptors of other food intake-regulating peptides,
such as orexin, neuropeptide Y (NPY), cholecystokinin, and PrRP, share high amino acid sequence ho-
mology with NPFFR2. Moreover, the human Npffr2 gene is localized near the gene cluster of the NPY
receptors, Y5, Y1, and Y2, on chromosome 4q31, suggesting its importance in energy homeostasis and
regulation of food intake. Additionally, it has been discovered that NPFFR2 signaling plays a significant
role in maintaining the basal expression of NPY [8-10].

NPFF and both NPFFR2 and NPFFR1 are highly expressed in the central nervous system (CNS), and
NPFFR?2 expression is more abundant than NPFFR1 expression in the CNS [8,11]. The highest density
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of NPFFR?2 exists in the amygdala, spinal cord, and dorsomedial hypothalamic nucleus. Lower NPFFR2 expression is
present in various regions of the hypothalamus, such as the paraventricular nucleus, ventromedial nucleus, or lateral
hypothalamus [8,12-14]. Even though NPFF and NPFFR?2 are expressed predominantly in the CNS, high Npffr2
mRNA expression is detected in the placenta and adipose tissue, and low levels of mRNA are found in the heart,
kidney, or lung in rats [8]. Recently, Waqas et al. reported that NPFFR2, but not NPFFR1, is expressed in human
and mouse white adipose tissue macrophages, which may influence the development of obesity-induced metabolic
diseases [15].

When fed a HFD, it has been shown that NPFFR2 deficiency results in the development of obesity associated
with a failure to activate brown adipose tissue (BAT) as well as decreased thermogenesis and significantly lowered
mRNA expression of uncoupling protein-1 (UCP1) in BAT [9]. This finding demonstrates that HFD-induced adaptive
thermogenesis is dependent on functional NPFFR2 signaling. NPFFR2 receptor colocalization with NPY neurons
indicates the importance of NPFFR2 signaling in the regulation of the NPY system. Moreover, NPY expression in the
arcuate nucleus is significantly down-regulated in NPFFR2 knockout (KO) mice, resulting in the inability to regulate
energy balance in mice fed a HFD [9].

In our previous studies, we reported that PrRP and its palmitoylated analogs bind with a high affinity to both GPR10
and NPFF2 receptors [16,17]. Palmitoylation of PrRP increased its stability and enabled PrRP to accomplish its central
anorexigenic effect after peripheral administration [18]. After producing and characterizing GPR10 KO mice [19],
we produced NPFFR2 KO mice in order to distinguish participation of the particular receptors in anorexigenic and
antidiabetic effects of palmitoylated PrRP analogs. In the present study, metabolic phenotyping was performed with
NPFFR2-deficient and age-matched wild-type (WT) control mice (both males and females at the age of 6 months) fed
a standard diet (STD) or HFED. Strong glucose intolerance was observed in NPFFR2 KO mice, which was exacerbated
by an HFD diet. In NPFFR2-deficient mice, HFD worsened insulin signaling in the hypothalamus and brainstem,
and it induced liver metabolic stress and impacted lipid metabolism in adipose tissue.

Materials and methods

Animals and experimental design

Mice carrying a null mutation in the Npffr2 gene (Supplementary Figure 1) were generated in Czech Centre for
Phenogenomics, Institute of Molecular Genetics of the Czech Academy of Sciences, Czech Republic on a C57BL/6N
background using a CRISPR genome-editing system. Specific guide RNAs (gRNAs) recognizing Npffr2 exon 2
(5'-CCAGTAAATCACTTATGGCA -3" and 5'-ATGAAGACAGCTGCCACTTG -3') were designed, and off-target
analyses were performed using the online CRISPOR design tool. spCas9 protein (500 ng/pl) and gRNAs (50
ng/ul each) were used for zygote electroporation according to a previously described protocol [20]. The correct
genome editing was confirmed by PCR amplification in the founder mice using the following primers: Npffr2-F,
5'-CTTCCGATGTCCACCTGTCT-3'; and Npffr2-R, 5-GGTGGTACCAGCGAAGTGAT-3'.

The animals (#=80 in total) were handled in accordance with good animal practices, and all experiments were ap-
proved by the Committee for Experiments with Laboratory Animals of the Czech Academy of Sciences and followed
the ethical guidelines for animal experiments as provided in the Czech Republic Act Nr. 246/1992. All animals exper-
iments took place in the Animal Facility of the Institute of Organic Chemistry and Biochemistry, Czech Academy of
Sciences (CAS), Prague, Czech Republic. The animals were housed under controlled conditions at 22°C and under a
12 h light cycle (lights on at 6:00 a.m.). Mice had free access to water and a STD (Ssniff R/M-H diet; 8% kcal from fat,
21% kcal from protein, and 71% kcal from carbohydrate; Ssniff Spezialdieten GmbH, Soest, Germany).

Mice of both sexes and genotypes were exposed to either a STD or HED (60% kcal from fat, 13% kcal from protein,
and 27% kcal from carbohydrate [21]) from the age of 9 weeks (Figure 1). In each experimental group, the sample size
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of mice was comprised of ten individuals, with n=10. At the end of the experiment at 26 weeks of age, tail blood was
collected for plasma leptin detection. The mice in a randomly fed state were deeply anesthetized with pentobarbital
(120 mg/kg of body weight, Sigma-Aldrich, St. Louis, MO, U.S.A.) and transcardially perfused with ice-cold 0.01
M phosphate-buffered saline (PBS) pH 7.4 supplemented with heparin (20 U/ml, Zentiva, Prague, CzechRepublic).
Interscapular BAT, subcutaneous white adipose tissue (scWAT), gonadal white adipose tissue (gWAT), the liver, the
hypothalamus, and the brainstem were dissected. Tissue samples were frozen in liquid nitrogen and then stored at
—80°C until further analysis. Samples were evaluated by morphometric analysis, biochemical analysis, liver histology,
western blot analysis, and mRNA analysis.

Behavioral experiments and nociception

Male and female mice on a STD or HFD at 24 weeks of age (Figure 1) were subjected to the open field (OF) test and
elevated plus maze (EPM) to assess locomotor activity, exploration of a novel environment, and anxiety-like behavior.
Nociception (pain sensitivity) was determined by a hot plate (HP) test. The experiments were conducted between 8:00
a.m. and 12:00 p.m. to minimize the influence of circadian fluctuations, despite the fact that it was during the sleep
phase of the mice. The surfaces of the mazes were wiped with 70% ethanol after each measurement to eliminate odor
trails.

OF test

Mice were placed individually in the corner of the square arena (50 x 50 cm), and their locomotor activity was
recorded for 10 min [22]. We designed the central area square as half of the size of the arena to track time spent
and the number of entries in the central area to measure anxiety-like behavior and tendency to explore open areas.
The total track length was monitored. The obtained record was analyzed using EthoVision XT software (Noldus,
Wageningen, Netherlands).

EPM
Mice were placed individually in the center of the maze, and their activity was recorded for 10 min. The time spent
in the arms and the number of entries into the open or closed arms was calculated using EthoVision XT software.

HP test

The pain threshold to thermal stimulation was measured using a HP system (TSE Systems, Bad Homburg, Germany)
set at 53°C. The HP latency was defined as the period between placing the animal on the HP surface and the occur-
rence of nociceptive behavior (front paw licking). After every trial session, the mice were immediately removed from
the plate and returned to the cage.

Determination of the mRNA expression of genes in the brain and organs
Samples from the BAT, scWAT, gWAT, and liver were processed as previously described [23]. Samples were analyzed
from WT and NPFFR2 KO mice of both sexes fed either a STD or HFD (n=4-5), and the mRNA expression of genes of
interest (Supplementary Table 1) was determined using an ABI PRISM 7500 instrument (Applied Biosystems, Foster
City, CA, US.A.). The expression of beta-2-microglobulin (b2M) was determined for variations in the amounts of
input RNA and normalization of the efficiency of reverse transcription. All mRNA probes were purchased from
Thermo Fisher Scientific (MA, U.S.A.).

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was performed in 24-week-old (Figure 1) WT and NPFFR2 KO mice of both
sexes and diets after 6 h of fasting. At 0 min, fasted blood was collected from the tail veins to assess the levels of
insulin, glucagon, triacylglycerol (TAG), free fatty acid (FFA), cholesterol, and fibroblast growth factor 21 (FGF21),
and glucose at a dose of 2 g/kg of body weight was administered orally by gavage. Blood glucose concentrations in the
whole blood were determined at 15, 30, 60, 90, 120, and 180 min after glucose gavage using a glucometer (LifeScan,
Inc., Milpitas, CA, U.S.A.).

Biochemical analyses of the plasma

Fasted plasma was used to detect insulin and glucagon using radioimmunoassays (Millipore Sigma, Burlington, MA,
U.S.A.). FFA (Roche, Mannheim, Germany), FGF21 (Millipore Sigma), and cholesterol with TAG (Erba Lachema,
Brno, Czech Republic), were detected using using a colorimetric assay. Free-fed plasma was used to detect leptin
(Millipore Sigma).
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Hematoxylin and eosin staining of the liver

The right lobe of the liver was fixed in 4% PFA, embedded in paraffin, and cut into sections with a 5-pum thickness.
Liver sections were processed as previously described [19]. The samples were covered with DPX mounting medium
(Millipore Sigma), and representative photomicrographs of the liver sections were acquired using an Olympus IX83
microscope (Olympus Europa SE & Co. KG, Hamburg, Germany).

Western blot analysis

Samples from the hypothalamus, brainstem, and liver were processed and stored at —20°C. Western blot analysis
was performed as previously described [24]. Membranes were blocked for 1 h and then incubated with primary
antibodies (Supplementary Table 2) overnight at 4°C. The protein level was normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

Statistical analysis

Differences between WT or NPFFR2 KO mice on either a STD or HFD were statistically analyzed by ordinary one-way
or two-way ANOVA with Bonferroni post hoc test using GraphPad Prism 8 software (GraphPad Software, Inc., San
Diego, CA, U.S.A.). Data are presented as the mean + SEM and assume normal (Gaussian) distribution of data.

Results

Generation and validation of NPFFR2 KO mice

We used CRISPR/Cas9 technology to generate mice carrying a mutation in exon 2 of the Npffr2 gene. PCR genotyping
revealed a founder mouse carrying 137 bp deletion in Npffr2 coding sequence (Supplementary Figure 1A) leading
to a frameshift and premature STOP codon, presumably resulting in a nonfunctional protein product. Germ-line
transmission of the null mutation (Supplementary Figure 1B) allowed the establishment of NPFFR2 KO mouse line.

NPFFR2 deletion does not alter behavior or pain perception

NPFFR2 KO and WT mice were tested using OF and EPM tests to identify potential changes in behavior (Figure 2).
The track length traveled in the OF arena was comparable in WT and NPFFR2 KO mice (Figure 2A-D). NPFFR2 KO
mice and their WT controls on a HFD tended to explore less, and they avoided open areas in the OF (Figure 2A-H).
NPFFR2 KO male mice did not reveal any anxiety-like behavior in either the OF or EPM (Figure 2A,B,E,ELJ,M).
NPFFR2 KO females, but not males, fed a HFD spent significantly more time in the junction area of the EPM than
those fed a STD (Figure 2L). In addition, NPFFR2 KO mice exhibited unaltered pain perception in the HP test com-
pared with WT mice (Figure 2N,P).

STD-fed NPFFR2 KO mice exhibit a lean phenotype, and HFD-fed NPFFR2

KO males gain less weight than their WT controls

On a standard chow diet, NPFFR2 KO mice, both males and females, displayed a growth curve similar to that of
WT mice (Figure 3A,G). The HFD was started from the 9th week of age, and body weight and food intake were
monitored. The HFD significantly increased body weight in both NPFFR2 KO and WT mice (Figure 3A,B,G,H).
However, HFD-fed NPFFR2 KO males, but not females, had significantly lower body weights compared with their
WT controls (Figure 3B,H).

Dissected organs were weighed at the end of the experiment when mice were 6 months old in a freely fed state. The
weights of both adipose tissues dissected (scWAT and gWAT) (Figure 3D,]) followed the body weight trend (Figure
3B,H) in all mice. HFD-fed NPFFR2 KO males, but not females, had significantly lower weights of both adipose
tissues (Figure 3B,D) compared with their WT controls.

As expected, HFD generally caused a significant increase in plasma leptin levels (Figure 3E,K) and leptin mRNA
expression (Figure 3EL). However, HFD-fed NPFFR2 KO mice had a lower leptin level than WT control mice (Figure
3E), which was in line with the body weights and adipose tissue weights.

The HFD increased plasma cholesterol and TAG in both NPFFR2 KO and WT mice (Table 1). NPFFR2 KO females
fed a STD had lower plasma cholesterol and TAG levels than their WT controls (Table 1). Plasma FFA did not differ
among groups (Table 1).

Complete morphometric analysis in NPFFR2 KO and WT mice at 26 weeks and plasma metabolic profile at 24
weeks is described in Supplementary Table 3.
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Figure 2. Behavioral experiments and pain perception of NPFFR2 KO and WT mice

Impact of NPFFR2 deletion on behavioral changes in locomotor activity and anxiety-like behavior in the OF arena (A-H) and EPM
(I-M,0). For the OF test, track length for (A) males and (C) in females, and track during the test for (B) males and (D) in females.
Percentage (%) of time spent in the center zone (10 min total test time) for (E) males and (G) females, and the number of entries
to the center zone for the (F) males and (H) females. For the EPM, percentage (%) of time spent in closed arms (10 min total test
time) for (I) males and (K) females. Percentage (%) of time spent in the junction zone (10 min total test time) for (J) males and (L)
females. Frequency of open arms visits for (M) males and (O) females. For the HP test, latency to pain perception (paw licking) for
(N) males and (P) females. Data are expressed as the mean + SEM (n=10) as determined by one-way ANOVA with Bonferroni post
hoc test. *P<0.05 and **P<0.01 for HFD versus STD mice of the same genotype.

NPFFR2 KO mice have strong glucose intolerance enhanced by HFD and
disrupted insulin signaling in the brain

Tolerance to glucose was determined by OGTT in NPFFR2 KO and WT mice of both sexes fed a STD or HFD. The
fasted glucose before the OGTT was higher in HFD-fed WT mice of both sexes and NPFFR2 KO females than in
their respective STD-fed controls (Figure 4C,H). As expected, fasted plasma insulin was higher in HFD-fed NPFFR2
KO and WT mice of both sexes (Figure 4D,I) than in their respective STD-fed controls. Interestingly, fasted plasma
glucagon levels were lower in HFD-fed NPFFR2 KO females than in their WT controls (Figure 4]), but no significant
difference was observed among the male groups (Figure 4E).
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Figure 3. NPFFR2 KO mice reveal a lean phenotype on a STD, and males on a HFD show a lower BW than WT controls
Time course of body weight gain in (A) males and (G) females. Final body weight (B,H). Average energy intake of NPFF2 KO mice
on a STD or HFD in (C) males and (I) females. Weights of dissected scWAT and gWAT in (D) males and (J) females. Serum leptin
levels in (E) males and (K) females. All data are expressed as the mean + SEM (n=10). mRNA expression of /eptin in white adipose
tissues in (F) males and (L) females. Data are expressed as the mean + SEM (n=5). Data were determined by one-way ANOVA
with Bonferroni post hoc test. “P<0.05, **P<0.01, and ***P<0.001 for HFD versus STD of the same genotype; ##P<0.01 and
###P<0.001 for NPFFR2 KO versus WT mice on the same diet.

Surprisingly, in the OGTT, NPFFR2 deficiency resulted in a higher area under the curve (AUC) in both HFD- and
STD-fed mice of both sexes (Figure 4B,G). Furthermore, HFD-fed NPFFR2 KO mice showed substantially greater
glucose excursions than their WT controls (Figure 4A,F). As expected, HFD-fed NPFFR2 KO mice of both sexes
had a significantly higher AUC than their respective STD-fed controls (Figure 4B,G). Only HFD-fed WT males, but
not females, had a higher AUC than mice fed a STD (Figure 4B,G). Severe glucose intolerance in NPFFR2 KO mice
indicated potential insulin resistance in tissues.

Glucose intolerance in NPFFR2 KO mice negatively affected brain insulin signaling. HFD-fed NPFFR2 KO mice
displayed significantly decreased hypothalamic insulin signaling proteins, namely, phosphoinositide 3-kinase (PI3K)
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Table 1 Plasma metabolic profile of NPFFR2 KO and WT mice at 24 weeks of age

Group TAG [mmol/1] FFA [mmol/I] Cholesterol [mmol/I]
WT male STD 0.45+0.02 0.73+0.10 1.95 +0.12

WT male HFD 0.54 +0.04 0.60 + 0.04 3.98 +£0.07 ***

NPFFR2 KO male STD 0.43+0.03 0.57 + 0.06 1.89 +£0.12

NPFFR2 KO male HFD 0.55+0.04 * 0.61 +0.06 3.87 +0.18 ™

WT female STD 0.45+0.03 0.47 +0.06 3.36 + 0.21

WT female HFD 0.58 +0.02 ** 0.39 +0.08 549 +0.23 ™

NPFFR2 KO female STD 0.356+0.01 # 0.44 +0.04 217 +0.18 ##

NPFFR2 KO female HFD 0.51 +0.04 ** 0.38 + 0.04 6.14 +0.28 ***

Data are expressed as the mean + SEM (n=8-10) as determined by one-way ANOVA with Bonferroni post hoc test. “P<0.05, **P<0.01, and ***P<0.001
for HFD versus STD of the same genotype; #P<0.05, ##P<0.01, and ###P<0.001 for NPFFR2 KO versus WT mice on the same diet. Abbreviations:

TAG, triglyceride; FFA, free fatty acid.

regulatory subunit p85, PI3K regulatory subunit p110«, total protein kinase B (Akt), and total AS160 (Akt substrate),
compared with their respective WT controls. In addition, the levels of p-AS160 (Ser588) in HFD-fed NPFFR2 KO
males and p-Akt (Ser473) in HFD-fed NPFFR2 KO females were lower than those in their respective WT controls
(Figure 5A,B). In the brainstem, insulin-signaling proteins in HFD-fed NPFFR2 KO males followed a similar trend
as those in the hypothalamus (Figure 5A,C). In addition, insulin-signaling proteins, namely, PI3K regulatory sub-
unit p85, p-Akt (Ser473), and p-AS160 (Ser588), were diminished in STD, but not HED, fed NPFFR2 KO females
compared with their WT controls (Figure 5D).

HFD-fed NPFFR2 KO mice do not develop fatty liver, and males produce

FGF21 as a compensator for metabolic stress

The liver weights of NPFFR2 KO and WT mice fed a STD did not differ (Figure 6A,D). NPFFR2 KO males fed a HFD
had a lower liver weight than their WT controls (Figure 6A), which was similar to their body weight (Figure 3B). The
HFD significantly increased the liver weight in WT males and NPFFR2 KO females but not in NPFFR2 KO males or
WT females (Figure 6A,D),

The liver histology for NPFFR2 KO and WT mice is shown in Figure 6C,E There were no significant changes
regarding the accumulation of fat droplets in the livers of NPFFR2 KO mice of both sexes fed a STD compared with
their WT controls. The HFD increased the fat droplet area only in WT mice of both sexes (Figure 6B,E). Overall,
deletion of NPFFR2 had no effect on lipid accumulation in the liver.

NPFFR2 deficiency in female mice indirectly affected hepatic insulin signaling even though the Npffr2 gene was
not expressed in the liver (Figure 6G,H). HFD-fed NPFFR2 KO females, but not males, displayed significantly de-
creased hepatic insulin-signaling proteins, namely, PI3K regulatory subunit p85, phosphoinositide-dependent protein
kinase (PDK), and total Akt, compared with their WT controls (Figure 6H); in addition, p-Akt had a similar trend
as total Akt but a nonsignificant outcome. As expected, the HFD lowered insulin signaling in NPFFR2 KO and WT
mice of both sexes (Figure 6G,H).

The HFD did not affect total liver c-Jun NH2-terminal kinase (JNK) protein in WT males and females but caused
a decrease in total JNK protein in both NPFFR2 KO males and females (Figure 7A,B). Generally, JNK negatively
affects hepatic Pparo expression. A decrease in JNK expression in HFD-fed NPFFR2 KO males, but not females,
may contribute to the increased hepatic PPAR« protein (Figure 7A,B), and the Pparoc mRNA gene expression had a
similar trend as the protein expression (Figure 7C,D). PPAR«x acts as a transcription factor of the FGF21 hepatokine.
Even though Fgf21 mRNA expression was not elevated, FGF21 protein in fasted plasma was significantly elevated in
HFD-fed NPFFR2 KO males compared with their WT controls (Figure 7E,F).

NPFFR2 KO affects adipose tissue mRNA expression of several genes

involved in lipid metabolism

First, we compared BAT mRNA expression in NPFFR2 KO and WT mice of both sexes and diets. HFD-fed NPFFR2
KO males had decreased mRNA expression of Vegfo and Tnfo compared with their WT controls, while HFD-fed
NPFFR2 KO females displayed significantly lower mRNA expression of Prdm 16 than their WT controls. Interest-
ingly, the HFD augmented the mRNA expression of Ucpl, Prdm16, Vegfo Pparycla, Adr3f3, and Tnfx in both

(© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 4. NPFFR2 KO mice fed a HFD have strong glucose intolerance

Blood glucose excursions in (A) males and (F) females after oral glucose gavage (dose 2 g/kg). OGTT data are expressed as the
mean + SEM (n=10) and were determined by two-way ANOVA with Bonferroni post hoc test. {P<0.05 and {{1P<0.001 for WT
mice fed a STD versus HFD; x xP<0.01 for NPFFR2 KO versus WT mice fed a STD; #P<0.05, ##P<0.01, and ###P<0.001 for WT
mice versus NPFFR2 KO mice fed a HFD; **P<0.01 and ***P<0.001 for NPFFR2 KO mice fed a HFD versus NPFFR2 KO mice fed
a STD. Area under the OGTT curves for (B) males and (G) females. Levels of fasted glucose in (C) males and (H) females. Fasted
insulin levels in (D) males and (I) females. Fasted glucagon levels in (E) males and (J) females. Data are expressed as the mean +
SEM (n=7-10) and were determined by one-way ANOVA with Bonferroni post hoc test. #P<0.05, ##P<0.01, and ###P<0.001 for
NPFFR2 KO versus WT mice on the same diet; *P<0.05, **P<0.01, and ***P<0.001 for HFD versus STD mice of the same genotype.

NPFFR2 KO and WT females, but the HFD only augmented the mRNA expression of Tnfo in males (Supplementary
Figure 2A,B).

The impact of NPFFR2 deficiency on the mRNA expression of genes mostly involved in lipid metabolism in gWAT
and scWAT is shown in Supplementary Figures 3 and 4, respectively. The HFD influenced the mRNA expression of
most genes, but NPFFR2 deletion caused only a few changes. STD-fed NPFFR2 KO females displayed consistently
lower mRNA expression of Ppary, adiponectin, and Adr3f3 than their WT controls in both eWAT and scWAT
(Supplementary Figures 3D,H and 4D,H). In the gWAT of STD-fed NPFFR2 KO males, the mRNA expression of the
lipogenic genes, Acaca and Fasn, in the eWAT was higher compared with their respective WT controls, and there was
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Figure 5. NPFFR2 KO mice fed a HFD have disrupted insulin signaling in the brain

WB analysis of hypothalamic (A,B) or brainstem (C,D) signaling. Densitometric quantification of the western blots normalized to
GAPDH. Data are expressed as the mean + SEM (n=4-5) and were determined by one-way ANOVA with Bonferroni post hoc test.
#P<0.05, ##P<0.01, and ###P<0.001 for NPFFR2 KO versus WT mice on the same diet; *P<0.05, **P<0.01, and ***P<0.001 for
HFD versus STD mice of the same genotype.

alower Tnfoe mRNA expression level in the eWAT in HFD-fed NPFFR2 KO males compared with their respective WT
controls (Supplementary Figure 3E,G). In the scWAT of STD-fed NPFFR2 KO males, the Pnpla2 mRNA expression
was lower compared with their respective WT controls.

NPFFR2 KO only altered the liver expression of a few genes related to lipid metabolism regulation (Supplementary
Figure 5). STD-fed NPFFR2 KO females had higher Irs2 and lower Hmgcs1 mRNA expression than their WT controls
(Supplementary Figure 5). A low impact of the HFD on mRNA gene expression was observed with only a robust
decrease in Scd1 mRNA expression in both NPFF2R KO and WT males.

There were no changes found in GPR10 and NPFFRI1 expression in hypothalami between genotypes (Supplemen-
tary Figure 6).
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Figure 6. NPFFR2 KO mice do not show changes in liver histology but show worsened hepatic insulin signaling when fed
a HFD

Weights of dissected liver in (A) males and (D) females. Data are expressed as the mean + SEM (n=10). Liver histology quantification
represented by percentage (%) of fat droplets in the liver area in (B) males and (E) females. Data are expressed as the mean + SEM
(n=4-5). Representative photomicrographs of H&E staining of liver sections with 200x magnification in (C) males and (F) females.
Western blots of the insulin signal transduction pathway in (G) males and (H) females in the liver. Densitometric quantification of the
western blots normalized to GAPDH. Data are expressed as the mean + SEM (n=5). All data were analyzed by one-way ANOVA
with Bonferroni post hoc test. #P<0.05, ##P<0.01, and ###P<0.001 for NPFFR2 KO versus WT mice on the same diet; *P<0.05,
**P<0.01, and ***P<0.001 for HFD versus STD mice of the same genotype.

Discussion

Anorexigenic peptides are promising tools for the treatment of obesity and related insulin resistance due to their
minimal side effects during long-term treatment [25-27]. Our previous studies reported that the peripheral injection
of lipidized PrRP31 enables its central anorexigenic effects, and repeated administration of lipidized PrRP31 reveals
strong antiobesity features [16,21]. Lipidized PrRP31 not only has anorexigenic and body weight-lowering effects in
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Figure 7. JNK-regulated PPARx-FGF21 axis disruption in NPFFR2 KO males fed a HFD
Western blots for JNK and PPARwx in the liver of (A) males and (C) females. Densitometric quantification of the western blots
normalized to GAPDH. mRNA expression of Pparx in (B) males and (D) females. Data are expressed as the mean + SEM (n=5).
FGF21 levels in fasted plasma in (E) males and (G) females. Data are expressed as the mean + SEM (n=10). mRNA expression of
Fgf21 in the liver in (F) males and (H) females. Data are expressed as the mean + SEM (n=4-5). All data were analyzed by one-way
ANOVA with Bonferroni post hoc test. #P<0.05, ##P<0.01, and ###P<0.001 for NPFFR2 KO versus WT mice on the same diet;
*P<0.05, *P<0.01, and **P<0.001 for HFD versus STD mice of the same genotype.

rodent models of obesity but also improves tolerance to glucose in obese Koletsky rats with a mutation in the leptin
receptor [28]. PrRP is a promiscuous ligand of two receptors, namely, GPR10 and NPFFR?2, and it has a high affinity
for NPFFR1 [7]. Our recent study showed that the most potent dual agonists with stabilized N- and C-termini and
palmitoylated through the different linkers to Lys!! reveal strong antiobesity properties in mouse model of obesity
[29]. Therefore, GPR10, NPFFR2, or both may be responsible for the ability of natural PrRP and the lipidized PrRP
to reduce body weight and increase glucose tolerance.

The present study was connected to our previous study on GPR10-deficient mice of both sexes fed either a STD or
HFD [19] as well as other studies [30,31]. GPR10 gene deletion results in sex-specific changes in lipid metabolism and
enhances adipose tissue only in GPR10 KO males but not females, in which the gene expression of proteins regulating
lipid metabolism is augmented [19].

Recently, NPFF-deficient mice have been produced and show reduced repetitive and anxiety-like behavior
with unchanged energy expenditure, feeding behavior, and body weight [32]. NPFFR2 directly stimulates the
hypothalamic-pituitary—adrenal (HPA) axis through the paraventricular nucleus, and deletion of NPFFR2 reduces
anxiety-like behavior in response to a single prolonged stress [33,34]. In the present study, although both NPFFR2
KO and WT mice fed a HFD showed reduced tendencies to explore the arena and avoided open regions in the OF
we did not observe anxiety-like behavior caused by NPFFR2 deletion.

In the present study, we did not observe increased adipose tissue mass or increased body weight owing to NPFFR2
deficiency in STD- or HFD-fed mice of both sexes. Surprisingly, HFD-fed NPFFR2 KO males had lower body weight,
gWAT weight, scWAT weight, leptin plasma levels, and liver weight compared with their WT controls. By the produc-
tion of nitric oxide, leptin could directly stimulate lipolysis in adipocytes by an autocrine action on adipocyte leptin

(© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 857
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receptors [35,36]. We could conclude that a lower plasma leptin in HFD fed NPFF2 KO males could result in a lower
lipolysis, but not at the level of mRNA expression of lipolytic enzymes that did not show genotype-related changes in
both scWAT and gWAT. In contrast, Zhang et al. reported that NPFFR2 deficiency does not affect the growth curve
of STD-fed mice but instead increases body weight in HFD-fed mice [9]. Moreover, mRNA expression of PrRP did
not change in NPFF-/- model by Zhang et al. [9], but our model did not show any difference between genotypes.

The present study clearly demonstrated that NPFFR2 deficiency led to strong glucose intolerance in both STD-
and HFD-fed mice of both sexes. Furthermore, NPFFR2 KO mice fed a HFD showed substantially greater glucose
excursions than their WT controls.

Recently, Zhang et al. reported that NPFF deficiency improves glucose tolerance without insulin excursions and that
HFD-induced glucose intolerance is ameliorated by NPFF deficiency [5]. As NPFFR2 also has another high-affinity
ligand, PrRP, it should be taken into account that NPFFR2 may be activated by PrRP in NPFEF-deficient mice. In the
dorsal vagal complex (DVC), namely, the nucleus of the tractus solitarius and the area postrema, colocalization of
PrRP and GPRI10 has been reported [37]. Similar to NPFE, NPFFR2 has been found to colocalize in another DVC
domain, the subpostrema area [5]. Thus, in the DVC of NPFF-deficient mice, PrRP, another NPFFR2 ligand, may
be available to compensate for the absence of NPFF and fulfill the role in glucose metabolic control suggested by
Zhang et al. [5]. Severe intolerance to glucose in NPFFR2 KO mice suggested the development of insulin resistance.
NPFFR2 KO mice showed worsened glucose intolerance when fed a HFD and displayed a significant decrease in the
total protein levels of the PI3K p85 subunit and Akt in the hypothalamus of both sexes and in the liver of females.
These results suggested that NPFFR2 deficiency causes dysregulation of central insulin signaling.

Even short-term HFD feeding causes structural and functional changes in the mediobasal hypothalamus, thus
affecting caloric intake, energy expenditure, and systemic glucose tolerance [38,39]. Diet-induced obesity has been
shown to be associated with a decrease in both leptin and insulin signaling in the hypothalamus [40,41]. Even though
NPFFR2 deletion did not alter plasma insulin in fasted animals in the present study, NPFFR2 KO mice displayed
imperfect brain PI3K/Akt signaling owing to decreased insulin signaling proteins in the hypothalamus and brainstem,
two essential regions regulating energy metabolism, after feeding a HFD for 17 weeks. This finding highlighted the
important role of NPFFR2 in the sensitivity to insulin.

The resistance against the development of fatty liver in HFD-fed males, which was even more pronounced in
NPFFR2 KO males, led to the determination of PPAR«x as a positive regulator of fatty acid (3-oxidation in peroxi-
somes and mitochondria. The metabolic stress generated by HFD in the liver relates to hepatic JNK. JNK signaling
plays an important role in the regulation of glucose tolerance and TAG accumulation in the liver [42—44]. It has been
shown that HFD-fed JNK1 null mice have enhanced insulin sensitivity and attenuated hepatic steatosis [42,43], and
HFD-fed mice with liver-specific JNK2 KO show improved glucose tolerance and lowered hepatic insulin resistance
[45]. Hepatic JNK activation suppresses Pparx gene expression, which promotes fatty liver and insulin resistance
[46]. In the present study, we found a significant reduction in JNK in HFD-fed NPFFR2 KO mice of both sexes com-
pared with their respective WT controls. This finding suggested that a decrease in JNK led to increased total PPARx
protein in NPFFR2 KO males fed a HED, resulting in a significantly elevated FGF21 level in fasted plasma. PPARx
acts as a transcription factor of the FGF21 hepatokine that then acts as a paracrine hormone in the liver and as a cir-
culating hormone-targeting adipose tissue. In both liver and adipose tissue, FGF21 promotes fatty acid (3-oxidation
in peroxisomes and mitochondria, thus ultimately acting against lipid deposition in the liver and lower the weight
of gWAT and scWAT. The decreased liver metabolic stress in NPFFR2 KO males cannot be attributed to NPFFR2
deficiency in the liver as WT mice do not express Npffr2 in the liver [8]. In contrast, adipose tissue, which generally
affects liver metabolism to a great extent, has high levels of Npffr2 mRNA. However, NPFFR2 deletion had only a
few effects on adipose tissue.

Decreased mRNA expression of the proinflammatory cytokine, Tnfw, in BAT and eWAT of HFD-fed NPFFR2 KO
males is not related to their lower body weight [47]. Adipose tissue lipolysis is decreased in NPFFR2 KO females,
but not in males, owing their reduced mRNA expression of Adra3(3 in both the gWAT and scWAT [48]. In rodents,
Adra33 controls BAT thermogenesis and has a protective effect against obesity development. Similar to Adra3f3,
adiponectin and Ppary mRNA expression was lowered only in females. As both Adra3[3 and Ppary support lipolysis,
lipolysis in adipose tissue was attenuated by NPFFR2 deficiency only in females. However, in males, adipose tissue
lipolysis was enhanced by FGF21 action.

In conclusion, metabolic phenotyping in the present study showed that deletion of NPFFR2 did not alter normal
behavior or pain perception. Both male and female NPFFR2 KO mice fed a STD revealed a lean phenotype, but
HFD-fed NPFFR2 KO males had lower body, gWAT, scWAT, and liver weights as well as lower plasma leptin levels
compared with their WT controls. In contrast, deletion of the NPFFR2 gene resulted in strong glucose intolerance in
both males and females fed a HFD and was accompanied by disturbed brain insulin signaling. In HFD-fed NPFFR2
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Figure 8. Overview of changes as a consequence of NPFFR2 gene deletion

KO males, the hepatic JNK-regulated PPAR-FGF21 axis was up-regulated, probably to compensate for metabolic

stress. The most significant changes are summarized in Figure 8.
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e Lipidized PrRP analogs showed dual GPR10-NPFFR2 agonist properties, but the mechanism by
which PrRPs analogs control food intake and glucose homeostasis remains unclear; hence, NPFFR2
deletion may provide insight into the antidiabetic mechanisms of action of PrRPs analogs.

e The present study demonstrated augmented glucose intolerance and disrupted central insulin sig-
naling in the absence of NPFFR2.

e Targeting NPFFR2 signaling may provide a new approach for the treatment of obesity and type 2

diabetes.
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