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Biglycan reduces body weight by regulating food intake in mice
and improves glucose metabolism through AMPK/AKT dual
pathways in skeletal muscle
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Abstract

While biglycan (BGN) is suggested to direct diverse signaling cascades, the effects
of soluble BGN as a ligand on metabolic traits have not been studied. Herein, we
tested the effects of BGN on obesity in high-fat diet (HFD)-induced obese animals
and glucose metabolism, with the underlying mechanism responsible for observed
effects in vitro. Our results showed that BGN administration (1 mg/kg body weight,
intraperitoneally) significantly prevented HFD-induced obesity, and this was mainly
attributed to reduced food intake. Also, intracerebroventricular injection of BGN
reduced food intake and body weight. The underlying mechanism includes modulation
of neuropeptides gene expression involved in appetite in the hypothalamus in vitro
and in vivo. In addition, BGN regulates glucose metabolism as shown by improved
glucose tolerance in mice as well as AMPK/AKT dual pathway-driven enhanced

glucose uptake and GLUT4 translocation in L6 myoblast cells. In conclusion, our

Abbreviations: AKT, protein kinase B; AMPK, AMP-activated protein kinase; AUC, area under curve; BGN, biglycan; DMEM, Dulbecco's modified
Eagle's medium; ECM, extracellular matrix; FBS, fetal bovine serum; GLUT4, glucose transporter type 4; GTT, glucose tolerance test; HFD, high-fat diet;

PBS, phosphate-buffered saline; RT-PCR, reverse transcription-polymerase chain reaction.
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1 | INTRODUCTION

Biglycan (BGN), encoded by the human bgn gene located on
the X chromosome, is in the class I family of small leucine-
rich proteoglycans.1 BGN was first discovered to comprise
part of the extracellular matrix (ECM)* and thereby sustain
the proper structure and function of tissues. Currently, its sol-
uble form is considered responsible for diverse signaling cas-
cades such as TGF-B and Wnt/B-catenin pathways.>* Binding
of BGN to its receptor, TLR2/4, results in the synthesis of
pro-inflammatory cytokines such as TNF-a, pro-IL-l[S,5 and
cluster purinergic P2X7 receptor-mediated IL-1f matura-
tion,” indicating its involvement in inflammatory diseases. In
addition, BGN has been suggested to contribute to diverse
pathological conditions such as osteoporosis and muscular
dystrophy because it stimulates osteoblastic gene transcrip-
tion’ and utrophin expression.8

Emerging evidence has shown that ECM remodeling is
associated with insulin resistance, diabetic nephropathy, and
cancers,”!! indicating that it displays potential metabolic
functions in different tissues.'” For example, accumulated
ECM attenuates vascular insulin delivery in a high-fat diet
(HFD)," and a reduced hyaluronan level is largely correlated
with a robust increase in glycolytic rate.'* Under stress, BGN
spontaneously is released and triggers a danger signal as a
part of the immune process.6 This raises the possibility as to
whether BGN is potentially responsible for metabolic alter-
ations in the ECM. In support of this, a possibility has been
recently raised that BGN is a myokine which is secreted from
skeletal muscle cells during differentiation regulating multi-
ple cellular processes.'> However, the effects of circulating
BGN as a ligand governing metabolic traits require further
elucidation.

In this study, we tested the effects of BGN, as a potential
candidate for myokine, on metabolic risk factors for type 2
diabetes such as obesity and glucose metabolism in HFD-
induced obese animals and the underlying mechanism
responsible for the observed effects in vitro. Here, we
report that the levels of BGN are increased after exercise
in vitro and in vivo, and soluble BGN induces pro-
opiomelanocortin (POMC) expression while attenuating
agouti-related peptide (Agrp)/neuropeptide Y (NPY)
expression in the hypothalamus both in vitro and in vivo.
In addition, BGN stimulated glucose uptake in skeletal

results suggest BGN as a potential therapeutic target to treat risk factors for metabolic

AKT, AMPK, biglycan, food intake, glucose uptake, obesity

muscles through GLUT4 translocation, which requires an
increase in intracellular Ca’* and a subsequent 5" AMP-
activated protein kinase (AMPK)/AKT-dependent AS160
(T642) phosphorylation. Our results indicate that BGN
may be a new strategic target in preventing risk factors for
metabolic diseases such as type 2 diabetes mellitus.

2 | MATERIALS AND METHODS

2.1 | Reagents

BGN was purchased from Flarebio (College Park, MD, USA).
STO-609 (an inhibitor of calcium/calmodulin-dependent pro-
tein kinase kinase, CAMKK) was purchased from SignalChem
(St. Louis, MO, USA). 5-aminoimidazole-4-carboxamide
ribonucleotide was purchased from Toronto Research
Chemical Incorporation (Toronto, ON, Canada). Polyclonal
antibodies against phosphorylated AMPKa, acetyl-CoA
carboxylase (ACC), phosphorylated ACC, and f-actin were
purchased from Millipore (Billerica, MA, USA). AMPKa,
AKT, phosphorylated AKT, forkhead box protein Ol
(FoxO1), phosphorylated FoxO1, AKT substrate of 160 kDa
(AS160), and phosphorylated AS160 were purchased from
Cell Signaling Technology (Beverly, MA, USA). GLUT4
was purchased from Abcam (Cambridge, UK). Compound
C (an AMPK inhibitor) was provided by Merck (Rahway,
NJ, USA). LY-294002 (an AKT inhibitor), Fluo-3 AM,
Ionomycin, forskolin, and Verapamil (a calcium chan-
nel blocker) were purchased from Sigma (St. Louis, MO,
USA). Hybond electrochemiluminescence (ECL) nitrocel-
lulose membranes were obtained from GE Healthcare (Little
Chalfont, Buckinghamshire, UK).

2.2 | Cell culture

Rat L6 myoblasts were maintained in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin at 37°C in 5% CO,. For myo-
tube differentiation, L6 cells were seeded and grown until
confluency. Medium was then supplemented with 2% (v/v)
FBS in DMEM. After seven days, the myotube cells were
used for further study. Embryonic mouse hypothalamic cell
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lines N41 (CLUI121) and N43/5 (CLU127) were purchased
from Cellutions Biosystems and maintained in DMEM
media (Sigma-Aldrich, D5796) supplemented with 10% FBS
(Hyclone Laboratories, SH30919.03) and 1% penicillin-
streptomycin (Hyclone Laboratories, SV30010) at 37°C and
5% CO,.

2.3 | Electric pulse stimulation

EPS was applied to myotubes using a C-Pace EP culture
pacer (IonOptix, Westwood, MA, USA), which is a multi-
channel stimulator designed for chronic stimulation of bulk
quantities of cells in culture. The instrument emits bipolar
pulses to carbon electrodes of a C-dish. EPS was applied to
L6 cells under electrical field of 25 V/cm, with a 5 ms dura-
tion and 1 Hz frequency. At the indicated time points, L6
cells were harvested to perform further studies.

2.4 | Western blot analysis

For the in vitro assay, cells were serum-starved for 24 hours
and treated with desired time, concentration of BGN. After
treatment, cells were lysed in 100 pL RIPA buffer and super-
natants were briefly sonicated.

Alternatively, for hypothalamic cell lines, cells were lysed
in buffer containing 50 mM Tris-HCI, pH 7.4, 250 mM su-
crose, 5 mM sodium pyrophosphate, | mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.1 mM benzamidine, 1 mM dith-
iothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 50 mM
sodium fluoride, protease inhibitor cocktail (Millipore,
535140), and phosphatase inhibitor cocktail (Sigma-Aldrich,
P5726).

After separating on a 10% SDS-polyacrylamide gel, pro-
teins were transferred onto polyvinylidene difluoride mem-
branes. The membranes were incubated at 4°C overnight
with desired primary antibodies and probed by horseradish
peroxidase (HRP)-conjugated secondary antibodies. The
blots were visualized using an ECL solution (Thermo Fisher
Scientific). Quantification was performed by densitometry
using Image J software.

2.5 | RNA extraction

RNA extraction was performed by using TRIzol reagent
(Invitrogen, 15596018). All steps were accomplished under
the manufacturer's suggested protocol. RNA concentration
and quality were immediately determined using a Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA), and
aliquots of the total RNA were stored at —80°C until further
use.

%ASEBJOURNALJ—

2.6 | Reverse transcription-polymerase
chain reaction

Total RNA (500 ng) was reverse transcribed using AMV
Reverse Transcriptase (Promega, Wisconsin, USA). The
cDNA was amplified using a GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA, USA) and then heated
to 95°C for 5 minutes to inactivate the reverse transcriptase.
PCR was performed using 30 cycles of denaturation at 94°C
for 30 seconds, annealing at 55°C for 30 seconds, and ampli-
fication at 72°C for 60 seconds, followed by final elongation
at 72°C for 10 minutes. The following primers were used for
amplification: BGN sense (5'-TGT GGC TAC TCA CCT
TGC TG-3’), antisense (5'-ACT TTG CGG ATA CGG TTG
TC —3’); B-actin sense (5'-CAG GAG GAG CAA TGA TCT
TGA-3’), antisense (5'-ACT ACC TCA TGA AGA TCC
TCA-3"). The amplification steps were as follows: 30 cycles
of denaturation at 94°C for 30 seconds, annealing at 55°C for
30 seconds, and amplification at 72°C for 60 seconds, fol-
lowed by final elongation at 72°C for 10 minutes. A 12 pL of
PCR product was analyzed by 1.5% agarose gel electrophore-
sis. The bands obtained were stained with ethidium bromide
and visualized under ultraviolet light.

2.7 | Animal and study design
For the exercise model, 10-week-old male ICR mice (24-
28 g, Koatech, Gyeonggido, Korea) were used. The mice
had ad libitum access to water and food pellets (Cargill Agri
Furina, Gyeonggido, Korea), and were housed in a room
maintained at 23 + 2°C with a 12 hours light-dark cycle.
After acclimatization for one week, mice were randomly di-
vided into two groups (n = 6/group): control, acute exercise.
Acute exercise group mice were subjected to acute forced
exercise using a motorized running wheel (20 cm diameter
by 5 cm width; Shandong Yiyuan Technology Development
Co., Shandong, Binzhou, China). The exercise procedure
was performed at a velocity of 10 m/minutes for 60 minutes.
When mice failed to run, they were given up to 10 immediate
2.0 mA electric shocks. After a day of exercise, mice were
sacrificed, and blood samples were collected for determin-
ing serum BGN levels. Detection of serum BGN level was
performed using Mouse BGN ELISA kit from Elabscience
(Wuhan, Hubei Province, China) according to the manufac-
turer's instructions. All related protocols were approved by
the Institutional Animal Care and Use Committee of Korea
University (Korea-2016-0252), and the study was con-
ducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH).

To investigate the effect of BGN administration on food
intake and body weight, wild-type C57BL/6J male mice were
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used and obtained from the Central Lab Animal INC (Seoul,
Korea) and Koatech Technology Corporation (Pyeongtaek,
Korea). Animals were maintained according to the guidelines
of the Institutional Animal Care and Use Committee of Korea
University (KUIACUC-2018-63). All mice were housed at
18-24°C with a 12-hours light/dark schedule and access to
food and water ad libitum. After a week of acclimatization,
five-week-old C57BL/6J mice were randomly assigned to
normal diet (Normal, n = 10), a HFD (60% fat) (n = 8), and
a HFD treated with BGN (HFD + BGN, n = 9) groups. The
BGN group was IP injected in every other day for four weeks
with BGN (1 mg/kg); Normal and HFD groups received the
same volume of phosphate-buffered saline (PBS). For glu-
cose tolerance test, C57BL/6J mice were fasted overnight and
injected intraperitoneally (IP) with glucose (diluted in PBS,
1 g/kg). Tail veins were slightly cut to measure blood glucose
using a glucometer (Accu-Check, Roche, Germany) at 0, 15,
30, 45, 60, 90, and 120 minutes after glucose injection.

To study the central inhibitory effect of BGN on food
intake, five-week-old C57BL/6] mice were anesthetized
with a mixture of zoletil (30 mg/kg bodyweight) and rom-
pun (10 mg/kg bodyweight) in NaCl (0.9%) by IP injection.
After the loss of reflexes, animals were fixed in a stereotaxic
frame (David Kopf Instruments, Tujunga, CA, USA). At
the defined positions, small holes were made into the skull
using a dental drill. Next, a 26-gauge guide cannula (Plastics
One, Roanoke, VA, USA) was implanted into the third ven-
tricle (1.3 mm posterior to the bregma, 5.2 mm below the
bregma). The guide cannula was secured to the skull with
dental cement (Dentsply, Poly F plus/BONDEX) and covered
by a dust cap (Plastics One). After a week of recovery, mice
were randomly assigned to 3 groups and administrated with
2 pL of saline (control, n = 5), 0.25 mg/mL BGN (n = 5),
and 1 mg/mL BGN (n = 5), respectively. Injection was per-
formed on the third ventricle 1 hour prior to the beginning
of the dark cycle. Food intake and body weight change were
measured at 3, 6, 12, and 24 hours after BGN administra-
tion. During the assay, all mice were allowed to access to
food (normal diet) and water ad libitum. All related proto-
cols followed National Institutes of Health guidelines and
were approved by the Institutional Animal Care and Use
Committees at DGIST Laboratory Animal Resource Center
(DGIST-IACUC-17112801-00).

2.8 | Reverse transcription
quantitative PCR

Obtained RNA (1 pg) was reverse-transcribed, and qPCR
was performed using SYBR-Green and quantified by
QuantStudio 6 flex (Thermo Fisher Scientific) and the CFX
96 Real-Time system (Bio-Rad, Hercules, CA, USA). All
reactions were performed by the following conditions: 40

cycles of denaturation at 94°C for 60 seconds, annealing at
55°C for 30 seconds, and amplification at 72°C for 60 sec-
onds, followed by final elongation at 72°C for 10 minutes.
The expression level of each gene was normalized to that of
Gapdh as an endogenous control. Primers used were as fol-
lows: Agrp sense (5'-CTGCAGACCGAGCAGAAGA-3),
antisense (5'-TGCGACTACAGAGGTTCGTG-3"); NPY
sense (5'-CAGAAAACGCCCCC-AGAA-3"), antisense
(5'-AAAAGTCGGGAGAACAAGTTTCATT-3"); POMC
sense  (5'-GAACAGCCCCTGACTGAAAA-3’),  anti-
sense  (5'-ACGTTGGGGTACACCTTCA-C-3'); Gapdh
sense (5'-ATCACTGCCACCCAGAAGAC-3’), antisense
(5'-ACACATT-GGGGGTAGGAACA-3").

2.9 | Uptake of 2-deoxy-p(H>)-glucose

Glucose uptake was determined by detecting the intracellular
level of 2-deoxy-p(H*)-glucose (2-DG) in differentiated L6
myotubes. First, cells were starved in serum-free DMEM for
3 hours. The cells were then stimulated with BGN and in-
cubated in Krebs—Ringer bicarbonate (KRB) buffer (20 mM
HEPES [pH 7.4], 130 mM NaCl, 1.4 mM KCl, 1 mM CaCl,,
1.2 mM MgSO,, and 1.2 mM KH,PO,) buffer containing
0.5 pCi 2-DG at 37°C for 15 minutes. Cells were lysed in
0.5 N NaOH, and lysates were mixed with 3.5 mL of scintil-
lation cocktail. Radioactivity was measured by scintillation
counting.

210 | Myc-GLUT4 translocation assay

Cell surface expression of Myc-GLUT4 was quantified by
performing an antibody-coupled colorimetric absorbance
assay. L6 myotubes stably expressing Myc-GLUT4 were
stimulated with BGN and simultaneously incubated with
polyclonal anti-Myc antibody (1:1000) for 60 minutes. Cells
were fixed with 4% paraformaldehyde in PBS for 10 minutes
and incubated with HRP-conjugated goat anti-rabbit anti-
body (1:1000) for 1 hour. After washing with PBS six times,
cells were incubated in 1 mL o-phenylenediamine (0.4 mg/
mL) for 30 minutes. The absorbance of the supernatant was
measured at 492 nm.

211 | Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.2% Triton-X 100. After incubation with 0.2%
bovine serum albumin for 30 minutes, cells were incubated
with an anti-GLUT4 antibody at a 1:500 dilution for 60 min-
utes and probed with a Cy3-labeled secondary antibody
(Molecular Probes, Eugene, OR, USA). For counterstaining
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the nuclei, samples were incubated with 0.5 pg/mL DAPI
(4',6-diamidino-2-phenylindole) for 10 minutes. Cells were
visualized under confocal microscopy (Zeiss LSM 510 Meta;
Zeiss, Oberkochen, Germany).

2.12 | Intracellular Ca** measurement

To determine intracellular Ca>* concentrations, L6 cells were
incubated with 5 mM Fluo-3 AM for 45 minutes at 37°C in
a 5% CO, incubator. After washing briefly with PBS, the
cells were observed by confocal microscopy (Zeiss LSM 510
Meta). The wavelength for excitation was 488 nm and emis-
sion 515 nm.

2.13 | siRNA transfection

L6 cells were transfected with siRNAs targeting AMPKa?2
(L-100623, Dharmacon, GE Healthcare) and AKT2 (L-
091136, Dharmacon, GE Healthcare) according to the man-
ufacturer's protocol. In brief, siRNAs and Lipofectamine
2000 were diluted in reduced serum medium (Opti-MEM;
Invitrogen, Carlsbad, CA USA) and mixed. The mixture
was incubated for 30 minutes at room temperature and then
added dropwise until the final siRNA concentration reached
100 nM. The medium was replaced with fresh complete me-
dium after 6 hours of transfection.

2.14 | Statistical analyses

The results are presented as means + standard error of the
mean (SEM), and the differences among the experimen-
tal groups were analyzed using the Student's #-test (for the
in vitro experiments) and one-way analysis of variance
(ANOVA) with Fisher's least significant difference post-hoc
test (for the animal experiments). To compare means among
the three groups for body weight change and glucose toler-
ance test in mice, two-way ANOVA with repeated measures
was performed with Bonferroni post-hoc test was performed.
Differences with values of P < .05 were considered statisti-
cally significant.

3 | RESULTS
3.1 | BGNisinduced with exercise and
present in mouse serum

The ability of skeletal muscle to effect on mechanistic
properties by releasing extracellular components during the
exercise is already well-known. However, when it is transited
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to soluble form as cleaved from extracellular matrix (ECM),
BGN acts to initiate diverse signaling cascades unlike other
ECM components. This allowed us to investigate the relevant
physiological effects of increase in BGN secretion under
exercise. We, then first tested whether exercise actually
contributes to skeletal muscle cells to secret BGN into blood.
Under electrical pulse stimulation system (EPS), in vitro
exercise model, L6 myotubes appeared to elevate AMPK
phosphorylation (Figure 1 A) whichis occurred during exercise. 16
In the same condition, we observed the increase in mRNA level
of bgn in early response from 1 to 6 hours (Figure 1B). This was
further confirmed by introducing combination of ionomycin
and forskolin to L6 myotubes regarding such compounds
are reported to mimic exercise condition."’ Ionomycin and
forskolin cause an increase in AMPK phosphorylation for
6 hours (Figure 1C) and bgn mRNA expression which peaked
at 0.5 hours and retained for 3 hours (Figure 1D), compared to
control. Consistently, we observed the similar results in primary
cultured myoblasts (see Figure S1A,B). Upon this, we assessed
the level of BGN mRNA in skeletal muscle by using exercised
mice model and there was elevation of mRNA expression (See
Figure S2A). To validate the direct exercise-BGN secretion
mechanism, we utilized animal study using ICR mice acutely
exercised and observed a significant increase in serum BGN
levels (Figure 1E). Thus, exercise derives increased secretion
of BGN on skeletal muscle.

3.2 | BGN prevents weight gain in HFD-
induced obese mice by reducing food intake

Next, we tested whether BGN contributes to mediate meta-
bolic disturbances by injecting soluble BGN into HFD-
induced obesity mice model. As shown in Figure 2A, after
four weeks of obesity induction and five additional weeks,
significant differences in body weight gains arose between
the HFD and HFD + BGN (1 mg/kg body weight) groups.
Final body weights were significantly lower in the HFD +
BGN group than that in HFD group (Figure 2B). In addition,
the HFD + BGN group consumed significantly less food than
the HFD group (Figure 2C,D). While differences in total fat
weight (calculated as the sum of epididymal fat and subcuta-
neous fat) between the HFD and HFD + BGN groups were
not significant (Figure 2E), interestingly, the average amount
of quadriceps muscle was significantly higher in the HFD +
BGN group compared with that of the HFD group (Figure 2F).

3.3 | BGN regulates hypothalamic
neuropeptide gene expression

To elucidate the mechanism by which BGN administration re-
duces food intake, we first hypothesized that BGN modulates
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FIGURE 1 Increase in AMPK activity and circulating BGN during exercise. A-D, L6 myoblasts were differentiated for seven days and

then stimulated with an electrical pulse stimulation system (EPS) for 6 hours while (C, D) co-stimulation of ionomycin (0.5 pM) and forskolin
(1 pM) served as control. A and C, Cells were subjected to western blotting against p-AMPKa2, AMPKa2, and B-actin. B and D, Total mRNA
was extracted from cells, and reverse transcription-polymerase chain reaction was performed using BGN. p-actin mRNA levels were used for
normalization. E, Serum BGN levels in acutely exercised mice and not exercised control mice were measured. *P < .05. Data are expressed as
mean + SEM
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FIGURE 2 BGN reduces food intake and prevents weight gain in high-fat diet-induced obese animals. A-F, C57BL/6] mice were fed a
normal diet (ND; n = 10) or a high-fat diet (HFD) and injected intraperitoneally (IP) with PBS (n = 8) or BGN (n = 9). A, Body weights of
mice were measured daily and (B) final body weights, (C) average daily food intake (g/day), (D) food efficiency ratio (FER, food intake/weight
gain), (E) total fat mass, and (F) muscle (quadriceps femoris) mass were determined at the day of sacrifice. *P < .05, **P < .01, ***P < .001,
wEkp < 0001, *P < .05, compared with HFD control. ns; not significant. All data are expressed as mean =+ standard error of the mean (SEM)

the gene expression of neuropeptides involved in appetite
regulation in the hypothalamus. The mouse embryonic hy-
pothalamic cell lines N41 (expressing Agrp/NPY) and N43/5
(expressing POMC) were used to measure orexigenic and
anorexigenic neuropeptides expression, respectively. Upon
BGN treatment in N41 cells for 1 hour, mRNA expression
of Agrp and NPY was significantly decreased (Figure 3A,B).
By contrast, significantly elevated POMC expression was

observed in N43/5 cells at 12 hours after BGN treatment
(100 ng/mL) (Figure 3C). These results suggest that BGN
reduces the appetite through hypothalamic regulation by up-
regulating the expression of anorexigenic neuropeptides and
downregulating the expression of orexigenic neuropeptides.

We next investigated whether intracerebroventric-
ular (ICV) injection of BGN influences food intake to
test whether the effect of BGN on appetite regulation is
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FIGURE 3 BGN modulates expression of genes involved in appetite in vitro and in vivo while not affecting AKT/FoxO signal. A-C, Real-
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intracerebroventricular (ICV) injections of BGN as indicated for dose and time. D, Food intake and (E) body weight change were measured
before and after BGN administration. F-H, Relative gene expression changes from mouse hypothalamus tissues. Bar graph shows the relative
mRNA expression against (F) Agrp, (G) NPY, and (H) POMC. *P < .05, **P < .01, ***P < .001. A and B, BGN (100 ng/mL) was treated in
hypothalamic cell line (A) N41 and (B) N43/5 for indicated time. Lysates were used for western blot against P-AKT, AKT, P-FoxO1, FoxO1, and

GAPDH. A-C, Data are expressed as mean + SEM (n = 3)

biologically relevant. Consistent with the observed effect in
vitro, mice injected with BGN consumed significantly less
food than mice injected with saline until 24 hours after injec-
tion (Figure 3D). Body weight was decreased in a time- and
dose-dependent manner (Figure 3E). Notably, hypothalamic
expression of Agrp/NPY in mice was reduced at all time
points until 6 hours, when POMC expression was increased.
However, at 24 hours, expression of these neuropeptides was
reversed, perhaps as a rebound effect to maintain homeosta-
sis (Figure 3F-H). To determine which molecular pathway is
responsible for BGN-mediated reduction of food intake, we
targeted the AKT and its downstream FoxO1 which is a well-
known regulatory pathway for hypothalamic neuropeptide

expression.'® Unexpectedly, BGN treatment did not affect the

phosphorylation of AKT and FoxO1 in N41 and N43/5 cells
(Figure 3LJ).

3.4 | Effects of BGN on glucose metabolism
in HFD-induced obese animals and skeletal
muscle cells

Because POMC neurons are glucose-excited neurons and re-
sponsible for glucose control," an increase in POMC expres-
sion by BGN treatment raises the question of whether BGN
also regulates glucose metabolism. We performed an intra-
peritoneal glucose tolerance test to determine the peripheral
effects of BGN on glucose metabolism in HFD-induced
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obese mice. Following IP injection of 1 mg/kg BGN, the
HFD + BGN group demonstrated significant improvement
in glucose metabolism, as measured by glucose area under
curve, than that of the HFD mice (Figure 4A,B).

Our observation of increased muscle mass upon BGN
treatment potentiates an uncharacterized effect of soluble
BGN on muscle tissue under physiological condition. As
tested in L6 myoblast cells, BGN markedly increased up-
take of various concentrations of glucose compared with
controls (Figure 4C). Glucose uptake peaked at 0.3 pg/
mL BGN, and BGN-induced glucose uptake was sustained
until 18 hours post-stimulation (Figure 4D). Additionally,
we observed that over 0.1 pg/mL of BGN had a greater
impact on glucose uptake than insulin alone (positive con-
trol). Because glucose enters into muscle cells facilitated
through the GLUT4 transporter, we then tested whether
BGN stimulation promotes the translocation of the GLUT4
protein into the cell membrane. As expected, BGN ad-
ministration resulted in following significant increase of
translocation of GLUT4 (Figure 4E) and this was visu-
ally confirmed by using confocal microscopy (Figure 4F).
Together, these results indicate that BGN improves glu-
cose homeostasis by enhancing GLUT4 translocation and
glucose uptake.
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3.5 | BGN stimulates AMPK activation and
promotes Ca2+-dependent glucose uptake in
skeletal muscle

Expression of BGN has been reported to increase in the
skeletal muscle of Duchenne muscular dystrophy patients
and binds to the dystrophin-glycoprotein (DGC) complex,
suggesting BGN's role in muscle regeneration and integ-
rity.20 The function of soluble BGN in the skeletal muscle,
however, is currently unknown. To elucidate the underly-
ing mechanism by which BGN regulates glucose uptake,
we tested whether BGN influences the AMPK intracellular
pathway in skeletal muscles. It has been widely known that
AMPK sense the glucose molecule and promote glucose
uptake during exercise.”’ Our results showed that BGN
promoted phosphorylation of AMPK and its downstream
effector ACC in a dose-dependent manner (Figure 5A),
which was also confirmed in primary cultured myoblast
cells (see Figure S1C). Notably, AMPK activation peaked
at 0.5 hour and slowly declined, implying BGN's early ef-
fects in cell systems (Figure 5B) and this was significantly
blocked by compound C (an AMPK inhibitor) (Figure 5C).
Given that AMPK promotes glucose uptake with CAMKK
under stimulation with diverse hormones,22 we investigated
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FIGURE 4 BGN improves glucose metabolism in high-fat diet-induced obese animals and L6 cells. A-B, Effect of BGN on glucose
metabolism was evaluated in high-fat diet (HFD)-induced obese mice. A, Glucose tolerance test (GTT) was performed on normal diet (ND;
n = 10), HFD (n = 8), and HFD + BGN (n = 9) mice and (B) quantified as the area under curve (AUC). C-E, L6 cells were differentiated to

myotubes for seven days to determine whether BGN affects glucose uptake in skeletal muscle. C and D, Relative glucose uptake value in myotubes
treated with (C) BGN (0-1 pg/mL) for 1 hour or (D) 18 hours with a fixed dose (0.3 pg/mL). E, Relative value of surface myc-GLUT4 in myotubes
treated with BGN (0.3 pg/mL). F, Representative confocal images of L6 myoblast cells treated with BGN (0.3 pg/mL). Green; GLUT4, Blue; DAPI
(nuclei). Insulin was introduced as a positive control. A and B, *P < .05, ****P < .0001. P< .05, #p < .01, #p < .001, compared with HFD
control. Data are expressed as mean =+ standard error of the mean (SEM). C-E, *P < .05, **P < .01. Data are expressed as mean + SEM (n = 3)
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FIGURE 5 BGN stimulates glucose uptake through AMPK in a Ca2+—dependent manner in L6 myoblast cells. L6 rat myoblast cells were
incubated with (A) BGN (0-1 pg/mL) for 1 hour or (B) 3 hours with a fixed dose of BGN (0.3 pg/mL). Lysates were used for western blot against
AMPKa2, p-AMPKa2, ACC, p-ACC, and p-actin. C, F, I, L6 cells were differentiated to myotubes for seven days to determine whether BGN
affects glucose uptake or myc-GLUTH4 translocation in skeletal muscle. C, Myotubes incubated with BGN (0.3 pg/mL) for 1 hour in the presence

of the compound C (AMPK inhibitor, 30 uM) were then assayed for glucose uptake. For intracellular calcium detection, (D) L6 cells were pre-
incubated in Fluo-3AM (5 pM) for 45 minutes and then treated with BGN (0.3 pg/mL), left upper panel. To compare, L6 cells were cultured in only
calcium-free medium (left lower panel) or pre-incubated with thapsigargin (intracellular calcium chelator, 1 mM) for 3 hours (right upper panel).
Images were analyzed for fluorescence intensity and presented as intracellular calcium levels (right lower panel). E and F, The role of CAMKK was
assessed by incubating STO-609 (CAMKK inhibitor, 5 pM) for 1 hour, following 1 hour stimulation of BGN (0.3 pg/mL) in (E) L6 cells and (F)
myotubes. Levels of activated AMPK and glucose uptake are shown, respectively. G, L6 cells were pre-treated for 1 hour with verapamil (calcium
channel blocker, 10 pM) and incubated with 0.3 pg/mL BGN for an additional 1 hour. Obtained cell lysates were analyzed by western blotting. H,
L6 cells were pre-incubated with verapamil (10 pM) for 30 minutes and treated with Fluo-3AM (5 pM) and BGN (0.3 pg/mL). Obtained images

are shown (left panel) and were analyzed for fluorescence intensity (right panel). I, To compare surface myc-GLUT4 levels, myotubes were treated
with BGN (0.3 pg/mL) in the presence of 30 pM compound C (left panel) or 5 pM STO-609 (right panel). Myotubes lacking AMPK were treated
with BGN (0.3 pg/mL), middle panel. Surface myc-GLUT4 level was quantified using an antibody-coupled colorimetric absorbance assay.
Non-target antibody was used as a negative control. *P < .05, **P < .01. All data are expressed as mean + SEM (n = 3)

the role of Ca*" in regulating the function of BGN. As compound C, AMPK-specific siRNA, and STO-609 suc-
shown in Figure 5D, BGN increases fluorescence inten- cessfully blocked BGN-mediated GLUT4 translocation
sity, indicating that BGN increases intracellular Ca*t lev- (Figure 5I).

els. The increase of fluorescence intensity is not affected

by thapsigargin, an inhibitor of sarco/endoplasmic reticu-

lum Ca®* ATPase (SERCA), implying that this is mediated 3.6 | BGN stimulates glucose uptake via

by cellular uptake of Ca®*. Increases in intracellular Ca>*  AKT activation in skeletal muscles

levels by BGN treatment were also confirmed in primary

cultured myoblast cells (see Figure S1D). In response Because AMPK-mediated glucose uptake is reported to
to Ca** uptake, CAMPKK combines with AMPK, and be insulin-independent, we next investigated whether
this was confirmed using STO-609, a CAMKK inhibitor =~ AKT, a crucial regulatory factor of insulin signal on glu-
(Figure 5E,F). Interestingly, inhibition of CAMKK signifi- cose metabolism and muscle growth,23 is responsible for
cantly abrogates BGN-induced glucose uptake, implicating improved glucose metabolism after BGN treatment. BGN
Ca*"asa key factor in this phenomenon. Importantly, we successfully increased AKT phosphorylation in the ab-
also observed the ineffectiveness of BGN in the presence sence of insulin in L6 myoblast cells (Figure 6A,B) as
of verapamil, a calcium channel antagonist (Figure 5G,H). well as primary-cultured muscle cells (see Figure S1A),
These results collectively suggest that the action of BGN is while it was reversed at 3 hours. Phosphoinositide 3-kinase
mediated by the AMPK-CAMKK complex and is initiated (PI3K) is an upstream effector of AKT upon insulin stimu-
with cellular Ca** uptake. This was further confirmed as lation, and inhibition of PI3K by LY-294002 attenuated
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FIGURE 6 BGN induces glucose uptake via PI3K/AKT signaling-dependent AS160 activation. L6 cells were stimulated with (A) BGN

(0-1 pg/mL) for 1 hour or (B) for the indicated times with a fixed dose (0.3 pg/mL) of BGN. Lysates were used for western blot against AKT and
p-AKT. C, L6 cells and (D) myotubes were pre-treated with LY-294002 (PI3K inhibitor, 20 pM) and then incubated with BGN (0.3 pg/mL) for

1 hour, and western blot and glucose uptake assays were performed. E, Myotubes were treated with BGN (0.3 pg/mL) in the presence of 20 pM
LY-294002. F, Myotubes lacking AKT2 were treated with BGN (0.3 pg/mL). Surface myc-GLUT4 level was quantified using an antibody-coupled
colorimetric absorbance assay. Non-target antibody was used for negative control. G-K, Western blot images of AS160, p-AS160, and p-actin from
L6 cells. G, Cells were treated with BGN in various concentrations for 1 hour. To confirm whether AMPK is involved in BGN-mediated AS160
phosphorylation, cells were pre-incubated with (H) 30 pM compound C or (I) transfected with AMPK-specific siRNA and stimulated with BGN
(0.3 pg/mL). To test whether AKT is responsible for BGN-mediated AS160 phosphorylation, cells were pre-incubated with (J) 20 pM LY-294002
or (K) transfected with AKT2-specific siRNA and stimulated with BGN (0.3 pg/mL). * P < .05, **P < .01. All data are expressed as mean + SEM

(n=3)

BGN-mediated AKT activation (Figure 6C) and glucose
uptake (Figure 6D). Furthermore, significantly attenu-
ated GLUTH4 translocation was observed in the presence
of LY-294002 (Figure 6E) or siRNA targeting of AKT2
(Figure 6F). Overall, these results show that PI3K/AKT is
the underlying molecular mechanism for the action of BGN
in glucose control.

3.7 | BGN activates AS160 phosphorylation
in L6 myoblast cells

AMPK and AKT have been reported to phosphorylate
AS160, also known as TBC1 domain family member 4
(TBC1D4), at T642, designating GLUT4 to the plasma
membrane.”* In this study, BGN increased phosphorylation
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of AS160 in L6 myoblast cells (Figure 6G). To investigate
the pathway responsible for AS160 phosphorylation, we
tested whether BGN treatment affects AS160 phosphoryla-
tion with inhibition of either AMPK or AKT signaling in L6
myoblast cells (Figure 6H-K). Compound C and AMPK-
specific siRNA blocked BGN-mediated AS160 phosphoryla-
tion (Figure 6H,I); the same was found with LY-294002 and
siRNA targeting AKT2 in L6 myoblast cells (Figure 6J,K).
These findings indicate that BGN affects AS160 phosphoryl-
ation and subsequent GLUT4 translocation through AMPK/
AKT dual pathways.

4 | DISCUSSION
Obesity and impairment in glucose metabolism have been
established as risk factors for type 2 diabetes,”*° of which
the age standardized prevalence worldwide has increased
since 1980.>” BGN has recently been suggested as a signal-
ing molecule distinct from its role as an ECM component.28
Nevertheless, the metabolic effects of BGN as a ligand have
remained unknown. In this study, we observed multiple
metabolic effects of BGN including regulation of energy me-
tabolism (appetite, body weight, and muscle synthesis) and
glucose metabolism. More specifically, we demonstrated that
BGN effectively reduces food intake by modulating hypo-
thalamic gene expression involved in appetite, which was
associated with the prevention of body weight gain in diet-
induced obese animals. In addition, we showed that BGN
treatment improves glucose metabolism in vitro and in vivo.
In this study, BGN-reduced body weight gain in HFD
mice was attributable to reduced food intake. Regulation of
appetite is primarily mediated by the arcuate nucleus neu-
rons that reside in the hypothalamus”; thus, we tested the
direct effects of BGN on the expression of neuropeptides
regulating food intake in both hypothalamic cell lines and
the hypothalamus of animals. In hypothalamic neuronal cell
lines, anorexigenic POMC and orexigenic Agrp/NPY expres-
sion were shown to be acutely modulated by BGN treatment.
This was further demonstrated in mice ICV administered
with BGN, showing that hypothalamic regulation on appetite
genes is also active under physiological conditions. By con-
trast, we also found that these modulations in the expression
of hypothalamic neuropeptides were reversed 24 hours after
ICV injection of BGN. This may be due to a negative mech-
anism to compensate for the hyperactivity of BGN. In vivo,
the arcuate nucleus neurons receive hormonal signals such as
insulin and leptin, from the pancreas and adipose tissues, re-
spectively, upregulating the anorexigenic neuropeptides and
downregulating the orexigenic neuropeptides expressions.30
One possible explanation might be that the insulin or leptin
could be reduced by 24 hours treatment of BGN, restrain-
ing the POMC expression to restore a sustained and severely
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reduced supply of energy under the circumstances of nega-
tive energy balance. Although this rebounded action for en-
ergy balance happens, it is clear that BGN increases POMC
and decreases Agrp/Npy gene expression in vivo and vitro.
To investigate molecular mechanism underlying appetite-
related gene expression by BGN, we explored whether acti-
vation of the hypothalamic AKT-FoxO1-mediated signaling
pathway affects this in vitro. Phosphorylated AKT enters the
nucleus and phosphorylates the transcription factor FoxOl,
resulting in the modulation of appetite-related gene expres-
sion.”! In this study, no changes in the phosphorylation of
AKT and FoxOl1 were at the time points where the NPY and
POMC were changed by BGN treatment in N41 and N43/5.
One study using transcriptome profiling reported that the
signaling pathways related to oxidative phosphorylation,
glucose and lipid metabolism, and neurotrophin were highly
altered in the hypothalamus of Bgn knockout mice.”> The
data showing differentially expressed genes and pathways in
the hypothalamus by Bgn knockout might be helpful to find
candidates responsible for BGN-mediated regulation of hy-
pothalamic neuropeptide expression for future studies. While
the exact mechanism responsible for the modulation of neu-
ropeptide expression by BGN treatment remains unclear, it
is also unknown whether BGN can cross blood-brain barrier
(BBB). In our data of Figures 2 and 3, IP or ICV injection of
BGN decreases food intake and bodyweight. Although it is
unclear whether the changes in food intake and body weight
by IP injection are due to the passage of BGN to BBB, the
central effect of BGN by ICV injection suggests that BGN
might cross BBB through an unknown transporter and lead
to changes in food intake and bodyweight. Despite the lack
of information how peripherally derived BGN reaches brain
to participate in its CNS actions, our results clearly showed
that BGN administration elicits reductions in body weight by
regulating food intake in diet-induced obese animals and in
mice ICV administered with BGN (Figure 7).

Because obesity is associated with abnormalities in glu-
cose metabolism, we next tested whether BGN influences
glucose homeostasis. We observed herein that BGN success-
fully improved glucose metabolism in HFD-fed mice, but this
should be carefully interpreted as DIO is not fully correspond-
ing to diabetes-mediated changes in glucose metabolism.
Furthermore, based on the fact that skeletal muscle contrib-
utes largely to glucose homeostasis by facilitating glucose up-
take,”* we evaluated the effect of BGN on glucose uptake and
GLUT4 translocation in L6 myoblast cells. In this study, BGN
effectively stimulated phosphorylation of AMPK and AKT,
thereby enhancing glucose uptake and GLUT4 translocation.
Indeed, AMPK and AKT are generally accepted to respond
to exercise/muscle contraction and insulin/PI3K, respec-
tively.34'36 At a cellular level, BGN spontaneously induced
intracellular Ca®* release and CAMKK-dependent AMPK
activation while PI3K-dependent AKT phosphorylation was
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also detected. Importantly, BGN-mediated glucose uptake
was significantly attenuated by both AMPK and AKT inhibi-
tors. This suggests that BGN acts through multiple pathways.
Furthermore, BGN phosphorylates a known downstream ef-
fector of AMPK and AKT, AS160 (also known as TBC1D4),
at T642. AMPK and AKT increase glucose uptake via phos-
phorylation of AS160 and promotion of GLUT4 transloca-
tion to plasma membrane.”’ In line with this, our data showed
that AKT2- or AMPK-specific silencing by siRNA or inhibi-
tion by compound C or LY-294002 abolished the effects of
BGN on AS160 phosphorylation and GLUT4 translocation.
Taken together, our results demonstrate that BGN is effective
in the improvement of glucose metabolism in skeletal muscle
cells in vitro and in vivo.

We speculate that the mechanism by which BGN controls
body weight and glucose metabolism is that BGN may act as
a myokine regulates whole-body metabolism via autocrine
or paracrine mechanisms. Indeed, bgn mRNA expression
levels increased after electrical pulse stimulation system in a
time-dependent manner in addition to an increase in AMPK
phosphorylation. Also, circulating BGN levels were elevated
in mice exposed to acute exercise, and AMPK phosphoryla-
tion levels were higher in these mice than in controls. This
was further supported by the finding that BGN-treated HFD
mice had significantly higher muscle mass than HFD mice
alone, indicating its effect possibly via an autocrine func-
tion. This increased muscle mass may be partly explained by

phosphorylation of AKT and mTORCI1 being upregulated by
BGN treatment in L6 myoblast cells (Shin MJ, unpublished
data). Increased muscle mass is favorably associated with
cardiometabolic phenotypes such as obesity, insulin resis-
tance, and type 2 diabetes mellitus.®*? Therefore, these re-
sults collectively suggest that BGN is a myokine secreted by
muscle contraction; thus, BGN treatment, as a soluble ligand,
may contribute positively to metabolic processes through
communication with other organs. However, BGN has been
reported to be expressed in diverse tissues including adipose
tissues, kidney, muscle, etc**™* Whether the effects observed
in this study are exclusively derived by the action of BGN as
a myokine requires further investigation.

Alternatively, it is also possible that BGN may act as
insulin mimetic. It has been suggested that insulin stimu-
lates AKT-FoxO1 signaling, thereby regulating Agrp/NPY
and POMC in the hypothalamus.*® Indeed, in vitro data
in this study showed that BGN is involved in the regula-
tion of appetite in hypothalamic cell lines in the absence
of insulin although it was not mediated by AKT-FoxO1
signaling. In contrast, PI3K/AKT-dependent GLUT4 trans-
location in skeletal muscle cells was stimulated by BGN,
independently of insulin. In addition, specific inhibition of
the primary target of insulin, PI3K, disrupts BGN activity
on glucose uptake in L6 myoblast cells. Furthermore, BGN
activates the AKT phosphorylation site of AS160 (T462),
which is reported to play a critical role for insulin-mediated
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glucose uptake,47 indicating the role of BGN as an insulin
mimetic.

In conclusion, we report that BGN administration sig-
nificantly prevented diet-induced obesity, and this was
mainly accounted for by reduced food intake. BGN treat-
ment modulated genes involved in appetite in the hypothal-
amus. In addition, BGN regulates glucose metabolism as
shown by improved glucose tolerance in mice and enhanced
glucose uptake and GLUT4 translocation in L6 myoblast
cells as well as primary skeletal muscle cells. In this pro-
cess, BGN improved glucose metabolism through AMPK/
AKT dual pathways. Because obesity and glucose intoler-
ance are commonly found in metabolic disturbances*® and
are highly interrelated, it will be important to elucidate
whether the observed improvement in glucose metabolism
by BGN treatment is independently achieved or a secondary
effect of reductions in food intake and body weight. Our
results suggest that BGN acts as a novel candidate for ther-
apeutics in risk factors for metabolic diseases attributable to
physical inactivity.
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