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A B S T R A C T

We recently identified a novel small secretory protein, neurosecretory protein GL (NPGL), in the vertebrate hy-
pothalamus. We revealed that NPGL is involved in energy homeostasis using intracerebroventricular infusion in
rodents. However, the effect of NPGL through peripheral administration remains to be elucidated and may be
important for therapeutic use. In this study, we performed subcutaneous infusion of NPGL in mice for 12 days and
found that it accelerated fat accumulation in white adipose tissue (WAT) without increasing in body mass gain
and food intake. The mass of the testis, liver, kidney, heart, and gastrocnemius muscle remained unchanged.
Analysis of mRNA expression by quantitative reverse transcription-polymerase chain reaction showed that
proopiomelanocortin was suppressed in the hypothalamus by the infusion of NPGL. We observed a decreasing
tendency in serum triglyceride levels due to NPGL, while serum glucose, insulin, leptin, and free fatty acids levels
were unchanged. These results suggest that the peripheral administration of NPGL induces fat accumulation in
WAT via the hypothalamus.
1. Introduction

Recently, the World Health Organization (WHO) reported that 400
million people are obese, and over 1.6 billion adults are overweight
worldwide [1]. Obesity is caused by fat accumulation due to excess cal-
orie intake or inadequate energy consumption and has been shown to
increase the risk of developing various diseases, including diabetes, hy-
pertension, and hyperlipidemia [2, 3, 4, 5, 6]. On the other hand, lack of
fat depots also leads to severe diabetes [7]. Thus, there is a strong focus
on researching energy homeostasis, including in feeding behavior and
lipid metabolism. The regulation of feeding behavior is intricately
regulated by neuropeptides in the hypothalamus. Neuropeptide Y (NPY)
and agouti-related peptide (AgRP) are orexigenic [8]. It is also known
that AgRP competitively inhibits melanocortin receptor 4 (MC4R), the
receptor of α-melanocyte-stimulating hormone (α-MSH) derived from
proopiomelanocortin (POMC) [9]. In addition, galanin (GAL) controls
food intake through GAL receptors, the 5-HT1A receptor, and the
adrenergic α-2 receptor [10]. In addition to neuropeptides, peripheral
hormones regulate feeding behavior. Insulin, a hormone secreted by the
pancreas, suppresses feeding behavior, mediated by cocaine- and
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amphetamine-regulated transcript (CART) in the hypothalamus [11].
Orexigenic/anorexigenic factors and their signaling pathways regulate
not only feeding behavior but also lipid metabolism. Central MC4R
signaling suppresses lipogenesis in the peripheral adipose tissue by
activating the sympathetic nervous system [12]. Insulin promotes lipo-
genesis by inhibiting lipolysis [13]. Moreover, ghrelin, a hormone
secreted by the stomach, stimulates fat accumulation by reducing fat
utilization [14]. Additionally, leptin plays an important role in the
regulation of lipolysis [15]. The mechanism of lipid metabolism is not
fully understood, and further research is required to regulate fat mass in
various tissues.

We recently identified a novel cDNA-deduced precursor of a small
hypothalamic secretory protein as a regulator of energy homeostasis in
chickens, rats, mice, and humans [16, 17, 18]. The precursor protein
includes a signal peptide sequence, a glycine amidation signal, and a
cleavage site. A mature small protein was termed neurosecretory protein
GL (NPGL) because it contains 80 amino acid residues with a specific
sequence of Gly-Leu-NH2 in the C-terminus [16]. Similar to NPGL, we
have also identified the neurosecretory protein GM (NPGM), a paralo-
gous protein of NPGL in vertebrates [16]. We found that chronic
ly 2021
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Table 1. Abbreviation.

Gene Name

Acc Acetyl-CoA carboxylase

Fas Fatty acid synthase

Scd1 Stearoyl-CoA desaturase 1

Gpat1 Glycerol-3-phosphate acyltransferase 1

Chrebpα Carbohydrate-responsive element-binding protein α
Cpt1a Carnitine palmitoyl transferase 1a

Atgl Adipose triglyceride lipase

Hsl Hormone-sensitive lipase

Gapdh Glyceraldehyde 3-phosphate dehydrogenase

Slc2a4 Solute carrier family 2 member 4

Cd36 Cluster of differentiation 36

Pparα Peroxisome proliferator-activated receptor α
Pparγ Peroxisome proliferator-activated receptor γ

Tnfα Tumor necrosis factor α
Rps18 Ribosomal protein S18

Npgl Neurosecretory protein GL

Npgm Neurosecretory protein GM

Npy Neuropeptide Y

Agrp Agouti-related peptide

Pomc Proopiomelanocortin

Gal Galanin

Actb β-Actin
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intracerebroventricular (i.c.v.) infusion of NPGL induced feeding
behavior and fat accumulation in rats and mice [17, 19]. In addition, our
previous study revealed that NPGL was specifically expressed in the
hypothalamus of mice [18]. The effect of subcutaneous NPGL infusion is
unknown, and understanding the effect of NPGL on the periphery is
necessary for its potential therapeutic use.

In this study, we subcutaneously infused NPGL and investigated its
peripheral impact on body composition, feeding behavior, and serum
levels of biochemical parameters in mice. Furthermore, mRNA expres-
sion of lipid metabolism-related factors in white adipose tissue (WAT)
and neuropeptides in the hypothalamus was examined using quantitative
reverse transcription-polymerase chain reaction (qRT-PCR).

2. Materials and methods

2.1. Animals

Male C57BL/6J mice (7 weeks old) were purchased from Nihon SLC
(Hamamatsu, Japan) and housed under standard conditions (25 � 1 �C
under a 12-hr light/dark cycle) with ad libitum access to water and a high-
calorie diet (32% of calories from fat/20% of calories from sucrose,
D14050401; Research Diets, New Brunswick, NJ, USA). All animal ex-
periments were performed according to the Guide for the Care and Use of
Laboratory Animals prepared by Hiroshima University (Higashi-Hir-
oshima, Japan), and these procedures were approved by the Institutional
Animal Care and Use Committee of Hiroshima University (permit num-
ber: C19-8).

2.2. Production of AGIA-NPGL

NPGL is a hydrophobic protein and the AGIA tag, a hydrophilic af-
finity tag [20], was labeled at the N-terminus of NPGL. AGIA-NPGL,
containing 89 amino acid residues, was synthesized by
microwave-assisted solid-phase peptide synthesis using an automated
peptide synthesizer (Initiatorþ Alstra; Biotage, Uppsala, Sweden) as
previously described [21].

2.3. Subcutaneous infusion of NPGL

For the 12-day chronic subcutaneous infusion of NPGL, we used an
Alzet mini-osmotic pump (model 2001, delivery rate 1.0 μL/h; DURECT
Corporation, Cupertino, CA, USA). NPGL (24 nmol/day) was dissolved in
30% propylene glycol and adjusted to pH 8.0 with NaOH. For control
animals, a vehicle solution was used. The dose of NPGL was determined
based on our previous study that subcutaneous administration of 24
nmol/day NPGMwas effective on body mass gain, while that of low dose
(2.4 nmol/day) did not show any effects in chicks [22]. Prior to subcu-
taneous pump implantation onto the back of mice, pumps were filled
with vehicle or NPGL solution and soaked in 0.9% NaCl at 37 �C over-
night. The pumps were replaced with new ones 6 days after their first
implantation. We confirmed correct infusion by examining the remaining
solution in the pump after its removal.

2.4. Measurement of body mass, food intake, and body composition

Body mass and food intake were recorded every day. After 12 days of
the first implantation of the osmotic pumps, mice were immediately
decapitated between 13:00–15:00. The adipose tissues, organs, skeletal
muscles, and hypothalamus were collected, weighed, and frozen in liquid
nitrogen. Blood was collected at the same time when mice were
sacrificed.

2.5. Serum biochemical analysis

Serum levels of glucose, lipids, and hormones were measured. The
GLUCOCARD Gþ meter (Arkray, Kyoto, Japan) was used to measure
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glucose content. The Rebis Insulin-mouse T ELISA kit (Shibayagi, Gunma,
Japan) was used to measure insulin levels. The Leptin ELISA kit (Mor-
inaga Institute of Biological Science, Yokohama, Japan) was used to
measure leptin levels. The NEFA C-Test Wako (Wako Pure Chemical In-
dustries, Osaka, Japan) was used to measure free fatty acid levels. Tri-
glyceride E-Test Wako (Wako Pure Chemical Industries) was used to
measure triglyceride levels.

2.6. qRT-PCR

The inguinal WAT and the hypothalamus were dissected from mice
and snap frozen in liquid nitrogen for RNA processing after NPGL infu-
sion. Total RNA was extracted using QIAzol lysis reagent for WAT
(QIAGEN, Venlo, Netherlands) or TRIzol reagent for the hypothalamus
(Life Technologies, Carlsbad, CA, USA) according to the manufacturer's
instructions. First-strand cDNA was synthesized from total RNA using a
ReverTra Ace kit (TOYOBO, Osaka, Japan). We analyzed the following
factors in WAT: acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS),
stearoyl-CoA desaturase 1 (SCD1), and glycerol-3-phosphate acyl-
transferase 1 (GPAT1) as lipogenic enzymes; carbohydrate-responsive
element-binding protein α (ChREBPα) as a lipogenic transcription fac-
tor; carnitine palmitoyltransferase 1a (CPT1a), adipose triglyceride
lipase (ATGL), and hormone-sensitive lipase (HSL) as lipolytic enzymes;
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a carbohydrate
metabolism enzyme; solute carrier family 2 member 4 (SLC2A4) as a
glucose transporter; cluster of differentiation 36 (CD36) as a fatty acid
transporter; peroxisome proliferator-activated receptor (PPAR) α and γ as
lipid-activated transcription factors; and tumor necrosis factor α (TNFα)
as an inflammatory cytokine. We analyzed the following factors in the
hypothalamus: NPGL, NPGM, NPY, and AgRP as orexigenic neuropep-
tides; POMC as an anorexigenic neuropeptide; GAL as a neuropeptide
that enhances fat intake. The abbreviations for genes and primer se-
quences used in this study are listed in Table 1 and Table 2, respectively.
PCR amplifications were conducted with THUNDERBIRD SYBR qPCR
Mix (TOYOBO) using the following conditions: 95 �C for 20 s, followed
by 40 cycles of 95 �C for 3 s, and 60 �C for 30 s. The PCR products in each
cycle were monitored using Bio-Rad CFX Connect (Bio-Rad Laboratories,
Hercules, CA, USA). Relative quantification of each gene was determined



Table 2. Sequences of oligonucleotide primers for qRT-PCR.

Gene Sense primer (5' to 3') Antisense primer (5' to 3')

Acc TCCGCACTGACTGTAACCACAT TGCTCCGCACAGATTCTTCA

Fas AGGGGTCGACCTGGTCCTCA GCCATGCCCAGAGGGTGGTT

Scd1 CTGTACGGGATCATACTGGTTC GCCGTGCCTTGTAAGTTCTG

Gpat1 TCATCCAGTATGGCATTCTCACA GCAAGGCCAGGACTGACATC

Chrebpα CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC

Cpt1a CCTGGGCATGATTGCAAAG GGACGCCACTCACGATGTT

Atgl AACACCAGCATCCAGTTCAA GGTTCAGTAGGCCATTCCTC

Hsl GCTGGGCTGTCAAGCACTGT GTAACTGGGTAGGCTGCCAT

Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA

Slc2a4 GTAACTTCATTGTCGGCATGG AGCTGAGATCTGGTCAAACG

Cd36 TCCTCTGACATTTGCAGGTCTATC AAAGGCATTGGCTGGAAGAA

Pparα TCGAATATGTGGGGACAAGG GACAGGCACTTGTGAAAACG

Pparγ GCCCTTTGGTGACTTTATGGA GCAGCAGGTTGTCTTGGATG

Tnfα GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT

Rps18 CCTGAGAAGTTCCAGCACAT TTCTCCAGCCCTCTTGGTG

Npgl TATGTAGACTGTGTCCTCTC TCTAAGGAGCTGAGAATATGCA

Npgm CTCTCTGACGCTGATAGACC AGATACTGTAATGCCCAGGA

Npy TATCTCTGCTCGTGTGTTTG GATTGATGTAGTGTCGCAGA

Agrp TGTTCCCAGAGTTCCCAGGTC GCATTGAAGAAGCGGCAGTAGCAC

Pomc AGCTGCCTTTCCGCGACA ATCTATGGAGGTCTGAAGCA

Gal GAGCCTTGATCCTGCACTGA AGTGGCTGACAGGGTCACAA

Actb GGCACCACACCTTCTACAAT AGGTCTCAAACATGATCTGG
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by the 2�ΔΔCt method using ribosomal protein S18 (RPS18) for WAT or
β-actin (ACTB) for the hypothalamus as internal controls [23].
2.7. Statistical analysis

Group differences between NPGL and vehicle-treated animals were
assessed using Student's t-tests for tissue mass, mRNA expression, and
serum parameters. Two-way analysis of variance (ANOVA) followed by
Bonferroni's test, as appropriate, was used for analyzing group differ-
ences regarding body mass and food intake. P values of <0.05 were
considered statistically significant.

3. Results

3.1. Effects of subcutaneous infusion of NPGL on body mass gain, food
intake, and body composition

Chronic subcutaneous administration of NPGL (24 nmol/day) was
conducted using osmotic pumps in mice fed a high-calorie diet. Although
NPGL slightly increased body mass gain and cumulative food intake
Figure 1. The effects of subcutaneous infusion of NPGL on body mass gain and food i
mean � standard error of the mean (n ¼ 9/group). CTL, control animal group tr
neurosecretory protein GL.
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without significant differences (Figure 1A and B), it significantly
increased the mass of inguinal WAT and perirenal WAT (Figure 2A). In
contrast, the mass of epididymal WAT, retroperitoneal WAT (Figure 2A),
and interscapular BAT (Figure 2B) did not increase. Moreover, the mass
of the testis, liver, kidney, heart (Figure 2C), and gastrocnemius muscle
(Figure 2D) remained unchanged.

3.2. Effects of subcutaneous infusion of NPGL on mRNA expression of lipid
metabolism-related genes

After observing subcutaneous infusion of NPGL-stimulated fat accu-
mulation in inguinal WAT and perirenal WAT, we analyzed mRNA
expression of genes involved in lipid metabolism by qRT-PCR. qRT-PCR
showed that subcutaneous infusion of NPGL induced no change in the
mRNA expression of these genes in inguinal WAT (Figure 3A). To
examine the effect of NPGL on the hypothalamus after subcutaneous
infusion, we measured the mRNA expression for several neuropeptides
and found that POMC mRNA was downregulated (Figure 3B).

3.3. Effects of subcutaneous infusion of NPGL on serum parameters

Because the mass of WAT increased by infusion of NPGL, we analyzed
serum levels of glucose, hormones, and lipids. Although the serum level
of triglycerides tended to decrease with NPGL (Figure 4D), the levels of
glucose, insulin, leptin, and free fatty acids remained unchanged
(Figure 4A, B, C, E).

4. Discussion

We have reported that NPGL is involved in fat accumulation using
chronic i.c.v. infusion and/or overexpression of the precursor gene in
chickens, rats, and mice [16, 17, 19, 24]. However, the peripheral effect
of NPGL in mammals has not been elucidated. In this study, we
demonstrated that subcutaneous infusion of NPGL stimulated fat accu-
mulation inWAT, corresponding to our previous study showing that i.c.v.
infusion of NPGL enlarged adipocytes in WAT [17, 19]. In contrast, body
mass gain, food intake, and blood parameters seemed to be hardly
affected by NPGL. These data suggest that NPGL stimulates fat accumu-
lation in WAT through peripheral infusion, as well as through central
action.

The present study also showed that mRNA expression of POMC, the
precursor protein of anorexigenic α-MSH, was significantly decreased in
the hypothalamus after peripheral administration of NPGL. Morpholog-
ical analysis revealed that NPGL neurons were localized in the later-
oposterior part of the arcuate nucleus (Arc), and their fibers projected to
the rostral region of the Arc [18]. The Arc is located close to the median
eminence (ME), which is deficient in the blood-brain barrier (BBB) [25].
Indeed, it is well known that some peripheral hormones act on the
ntake. (A) Body mass gain. (B) Cumulative food intake. Each value represents the
eated with a vehicle solution; NPGL, experimental animal group treated with



Figure 2. The effects of subcutaneous infusion of NPGL on
body composition. (A) Mass of inguinal, epididymal, retro-
peritoneal, and perirenal white adipose tissue (WAT). (B)
Mass of interscapular brown adipose tissue (BAT). (C) Mass of
testis, liver, kidney, and heart. (D) Mass of gastrocnemius
muscle. Each value represents the mean � standard error of
the mean (n ¼ 9/group). *P < 0.05, **P < 0.01. CTL, control
animal group treated with a vehicle solution; NPGL, experi-
mental animal group treated with neurosecretory protein GL.

Figure 3. The effects of subcutaneous infusion of NPGL on mRNA gene expression. (A) mRNA expression levels related to lipid metabolism for inguinal WAT. (B)
mRNA expression levels of neuropeptides in the hypothalamus. Each value represents the mean � standard error of the mean (n ¼ 9/group). *P < 0.05. CTL, control
animal group treated with a vehicle solution; NPGL, experimental animal group treated with neurosecretory protein GL.
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neurons in the Arc [26, 27, 28]. For instance, peripheral leptin decreases
lipid deposition in adipose tissues through regulation of POMC neurons
in the Arc [29]. In addition, we have found that NPGL fibers innervate to
POMC neurons and i.c.v. infusion of NPGL decreased energy expenditure
in mice [18, 19]. Thus, it is possible that subcutaneous infusion of NPGL
may decrease energy expenditure by inhibiting POMC neurons in the Arc
through the ME, resulting in fat accumulation in WAT. To date, the re-
ceptor for NPGL has not been identified. Further work is needed to
characterize the NPGL receptor and its binding site in the brain, including
POMC neurons.

NPGL stimulated fat accumulation in WAT, while a decrease in serum
triglyceride levels was observed (Figures 2A, 4D). It has been reported
that serum triglyceride levels are regulated by a neuronal relay of liver-
brain-adipose tissue [30]. When the liver detects circulating amino
acids in an energy-rich state, it transmits a signal to the brain through the
4

vagal afferent pathway [30]. Subsequently, the brain activates the sym-
pathetic nervous system to suppress mRNA expression of lipoprotein
lipase (LPL) in WAT [30]. Finally, serum triglyceride levels are increased
by inhibiting the degradation of triglycerides [30]. In this way, serum
triglyceride is increased by activation of sympathetic nerve from the
brain to the adipose tissue [30]. Indeed, our recent work suggests that
NPGL suppresses sympathetic nerve activity promoting lipogenesis in
rats (unpublished data). Therefore, the decrease in serum triglyceride
levels may be due to the suppression of sympathetic nerve activity by
NPGL. Future studies are needed to investigate in detail the impact of
NPGL on sympathetic regulation in mice.

While we expanded the potential of NPGL as a therapeutic agent for
metabolic diseases, there were several limitations to the present study.
First, we could not validate the effect of subcutaneous infusion of NPGL
on lipid metabolism in a dose-dependent manner in the present study,



Figure 4. Serum parameters during subcutaneous infusion of NPGL. (A) Serum glucose. (B) Serum insulin. (C) Serum leptin. (D) Serum triglyceride (TG). (E) Serum
free fatty acids (FFA). Each value represents the mean � standard error of the mean (n ¼ 9/group). CTL, control animal group treated with a vehicle solution; NPGL,
experimental animal group treated with neurosecretory protein GL.
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while we previously reported the dose-dependent effects of NPGM in
chicks [22]. Further study is required to address the dose-dependent
effect of NPGL in mice. Second, the present study revealed that NPGL
stimulated fat accumulation without changing the mRNA expression
involved in lipid metabolism. Further analysis of the effects of NPGL on
lipid-metabolic enzymes at translational and phosphorylational levels
will help understand the molecular mechanisms underlying fat accu-
mulation induced by NPGL. Third, we could not address the effects of
dietary nutrition on NPGL activity in the present study, although sub-
cutaneous infusion of NPGL induced fat accumulation in mice fed a
high-calorie diet. Indeed, several previous studies implied that NPGL
exhibited multiple effects on energy metabolisms [31, 32]. Therefore,
future studies using various diets, including a normal diet, will open up a
new avenue for the therapeutic use of subcutaneous infusion of NPGL in
different nutritional conditions.

5. Conclusion

Besides i.c.v. injection, subcutaneous infusion of NPGL also promotes
fat accumulation in WAT in mice. The infusion of NPGL did not increase
body mass and food intake. Despite fat accumulation, we observed a
tendency for serum triglyceride levels to decrease; however, serum levels
of glucose, insulin, leptin, and free fatty acids did not change. Further-
more, the peripheral administration of NPGL decreased the mRNA
expression of POMC, one of precursors of catabolic factors, in the hypo-
thalamus, while that of NPGL did not affect the mRNA expression of lipid-
metabolic factors in WAT. These results suggest that the peripheral infu-
sion of NPGL may inhibit the activity of POMC neurons through the BBB
and induce fat accumulation in WAT. This is the first report describing a
biological action of peripheral administration of NPGL in mammals.

Declarations

Author contribution statement

Yuki Narimatsu, Keisuke Fukumura: Conceived and designed the
experiments; Performed the experiments; Analyzed and interpreted the
data; Wrote the paper.
5

Eiko Iwakoshi-Ukena, Ayaka Mimura, Megumi Furumitsu: Conceived
and designed the experiments; Analyzed and interpreted the data;
Contributed reagents.

Kazuyoshi Ukena: Conceived and designed the experiments; Wrote
the paper.

Funding statement

This work was supported by JSPS KAKENHI Grant (JP18K19743,
JP19H03258, JP20K21760, and JP20H03296 to Kazuyoshi Ukena,
JP19K06768 to Eiko Iwakoshi-Ukena, and JP20K22741 to Keisuke
Fukumura.

Kazuyoshi Ukena was supported by the Takeda Science Foundation,
the Uehara Memorial Foundation, the Ono Medical Research Foundation
and the Electric Technology Research Foundation of Chugoku.

Data availability statement

Data will be made available on request.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

We are grateful to Mr. Atsuki Kadota and Ms. Mana Naito for the
experiment support.

References

[1] M. Wici�nski, J. Gębalski, J. Gołębiewski, B. Malinowski, Probiotics for the treatment
of overweight and obesity in humans—a review of clinical trials, Microorganisms 8
(2020) 1148.

http://refhub.elsevier.com/S2405-8440(21)01605-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01605-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01605-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01605-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01605-4/sref1


Y. Narimatsu et al. Heliyon 7 (2021) e07502
[2] U. Jung, M.-S. Choi, Obesity and its metabolic complications: the role of adipokines
and the relationship between obesity, inflammation, insulin resistance,
dyslipidemia and nonalcoholic fatty liver disease, Int. J. Mol. Sci. 15 (2014)
6184–6223.

[3] J.I. Malone, B.C. Hansen, Does obesity cause type 2 diabetes mellitus (T2DM)? Or is
it the opposite? Pediatr. Diabetes 20 (2019) 5–9.

[4] G. Seravalle, G. Grassi, Obesity and hypertension, Pharmacol. Res. 122 (2017) 1–7.
[5] P.W. Sullivan, V.H. Ghushchyan, R. Ben-Joseph, The impact of obesity on diabetes,

hyperlipidemia and hypertension in the United States, Qual. Life Res. 17 (2008)
1063–1071.

[6] S.L. Faria, O.P. Faria, C.S. Menezes, H.R. De Gouvêa, M. De Almeida Cardeal,
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