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ABSTRACT Humanin (HN) is a mitochondrial peptide that exhibits cytoprotective ac-
tions against various stresses and diseases. HN has been shown to induce the phos-
phorylation of AMP-activated protein kinase (AMPK), which is a negative regulator
of receptor activator of nuclear factor-xB ligand (RANKL). However, the role of HN in
osteoclastogenesis or other skeletal disorders remains unknown. Here, we examined
whether HN regulates osteoclastogenesis via AMPK activation using bone marrow-
derived macrophage (BMM) cultures. Our results show that HN inhibited RANKL-in-
duced osteoclast formation and reduced the expression of genes involved in osteo-
clastogenesis, including nuclear factor of activated T-cells cytoplasmic 1, osteoclast-
associated receptor, cathepsin K, and tartrate-resistant acid phosphatase. Moreover,
HN increased the levels of phosphorylated AMPK protein; compound C, an AMPK
inhibitor, recovered HN-induced osteoclast differentiation. In addition, we found that
HN significantly decreased the levels of RANKL-induced reactive oxygen species in
BMM:s. Therefore, these results indicate that HN plays an important role in osteoclas-

togenesis and may function as an inhibitor of bone disorders via AMPK activation.

INTRODUCTION

Bone is a mineralized connective tissue that is made up of
cells, vessels, and calcium-containing crystals; it provides shape,
protection, and support for body structures [1]. Bone undergoes
continuous remodeling for healing and adaptation. Bone remod-
eling is continuously replaced by new tissue, requires interactions
between bone-resorbing osteoclasts and bone-forming osteo-
blasts [2,3]. An imbalance between these cell types can result in
several bone diseases, including Paget’s diseases, osteoporosis,
and osteopetrosis [4].

Osteoclasts are derived from hematopoietic cells of a mono-
nuclear lineage and mediate bone loss. Both osteoclast formation
and function are regulated by macrophage colony-stimulating
factor (M-CSF) and receptor activator of nuclear factor-kB ligand

(RANKTL) [5]. M-CSF is critical for the proliferation of osteoclast
progenitors, whereas RANKL binds to its receptor (RANK) in os-
teoclast precursors, inducing osteoclast differentiation [1]. Thus,
the osteoclast remains a potential therapeutic target for the treat-
ment of osteoporosis and other resorptive bone diseases.
AMP-activated protein kinase (AMPK) is a cellular energy
sensor in eukaryotes that is activated when intracellular ATP
production decreases [6]. Previous studies have indicated that
AMPK is a negative regulator of RANKL-induced osteoclast dif-
ferentiation [7,8]. Moreover, the mitochondria-derived peptide
(MDP), MOTS-c, suppresses ovariectomy-induced bone loss via
AMPK activation [9]. MDPs are retrograde signaling molecules
that include humanin (HN), MOTS-c, and small humanin-like
peptides. HN, the first MDP discovered, is a potential therapeu-
tic agent for Alzheimer’s disease [10]. In pancreatic B-cells, HN
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induces the phosphorylation of AMPK-like MOTS-c [11]. HN
also regulates cellular processes via the CNTFR/WSX-1/gp130
trimeric receptor. Interestingly, activation of this receptor leads to
stimulation of the STAT3 signaling pathway, which plays a nega-
tive role in regulating osteoclastogenesis [12,13]. In addition, HN
protein levels in skeletal muscle increase after resistance training
in the men with prediabetes and patients with coronary endothe-
lial dysfunction have reduced levels of HN [14,15]. These stud-
ies suggest a physiological significance to study the role of HN
in various conditions, but endogenous regulation of HN under
physiological conditions in bone is not yet established.

Previous studies report that stimulation of bone marrow-
derived macrophages (BMMs) by RANKL transiently induces the
production of intracellular reactive oxygen species (ROS). More-
over, ROS mediate RANK signaling during osteoclast differentia-
tion [16,17]. HN is known to protect against mitochondrial dys-
function induced by endoplasmic reticulum stress. HN directly
inhibits oxidative stress at the mitochondrial membrane [18].
However, no studies have examined the relationship between HN
and osteoclasts. We therefore investigated the regulatory mecha-
nism by which HN exerts its effects on RANKL-induced osteo-
clast differentiation.

METHODS
Reagents

HN were synthesized by Anygen (Gwangju, Korea) and were
characterized as having > 99% purity by high-performance liquid
chromatography. The amino acid sequence of HN was followed
as: Met Ala Pro Arg Gly Phe Ser Cys Leu Leu Leu Leu Thr Ser Glu
Ile Asp Leu Pro Val Lys Arg Arg Ala. The peptides were dissolved
in double-distilled H,O and aliquots were frozen at -20°C. Cell
culture media, alpha-minimum essential medium (o.-MEM) was
obtained from GE Healthcare Life Sciences (Marlborough, MA,
USA). Fetal bovine serum (FBS) and antibiotic-antimycotic were
purchased from Gibco (Grand Island, NY, USA). M-CSF was
purchased from PeproTech (Rocky Hill, NJ, USA) and RANKL
was purchased from R&D Systems (Minneapolis, MN, USA).
Compound C was purchased from Cayman Chemical (Ann Ar-
bor, MI, USA). Specific antibody against NFATcl was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), Tubulin
was obtained from Developmental Studies Hybridoma Bank (Iowa
City, IA, USA), and Actin was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Antibodies against AMPK, phosphor (p)-
AMPK were obtained from Cell Signaling (Beverly, MA, USA).

Cell culture

Mouse bone marrow cells were isolated from 4-6 week old
male ICR mice (Nara Biotech, Seoul, Korea) by flushing the fe-
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murs and tibias with a-MEM. The cells were cultured overnight
in a-MEM with 10% FBS and 1% antibiotic-antimycotic reagent
and incubated in 5% CO, incubator. Non-adherent cells were col-
lected and seeded on adequate number of plates with M-CSF. Af-
ter 3 days, non-adherent cells were washed out with fresh media,
and the adherent cells were used as BMMs. M-CSF was treated at
30 ng/ml and RANKL was treated at 50 ng/ml concentration in
o-MEM.

Tartrate-resistant acid phosphatase (TRAP) staining

BMMs were seeded in 48-well plates at a concentration of 3 x
10" cells per well and cultured in o-MEM containing 10% FBS
with M-CSF, RANKL and with or without different concentra-
tions of HN (0, 1, 5 uM). The culture medium was replaced every
2 days. After 6 days, a TRAP staining was performed to confirm
the cell differentiation rate. TRAP" cells were stained using a Leu-
kocyte Acid Phosphate Assay Kit (Sigma-Aldrich) by following
the manufacturer’s procedure. TRAP" multinucleated cells (con-
taining > 3 nuclei) were counted.

Cell viability assay

BMMs were cultured in the medium with 30 ng/ml of M-CSF
and 50 ng/ml of RANKL with or without HN at indicated con-
centrations in a 96-well plate. CellTiter 96 AQ,cous
(Promega, Madison, WI, USA) was used to determine the cell
viability following the manufacturer's instructions. Cell viability
was measured at the wavelength of 490 nm using a 96-well plate
reader.

One Solution

Western blot

Cellular proteins were extracted in RIPA buffer (Tech & In-
novation, Seoul, Korea) and the amounts were measured by
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Proteins were separated with 8% or 10%
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Immobilon-P; Millipore Corp., Bedford, MA, USA). The
membranes were blocked for 1 h at room temperature with 5%
nonfat skim milk in Tris-buffered saline (TBS) containing 0.1%
Tween-20 (TBS-T) and then probed with specific antibodies in
5% BSA in TBS-T overnight at 4°C. The primary specific anti-
bodies used were as follows: NFATcl (1 : 750), AMPK (1 : 2,000),
p-AMPK (1 : 2,000), Actin (1 : 1,000), and Tubulin (1 : 5,000).
Membranes were then incubated for 1 h at room temperature
with horseradish peroxidase-conjugated secondary antibodies.
The antigen-antibody complexes were detected with an ECL
Prime Western Blotting Detection Reagent (Amersham Biosci-
ences, Piscataway, NJ, USA). Quantification was performed by
densitometry using Image] (National Institutes of Health, https:/
imagej.nih.gov/ij/) .
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Real-time PCR analysis

Total RNA was isolated by using Trizol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instruction.
cDNA was reverse transcribed from 2 pg of RNA using the Mul-
tiScribe Reverse Transcriptase (Applied Biosystems, Foster City,
CA, USA). PCR amplification was performed in a 20-pl reaction
mix containing cDNA, 0.2 uM primers, and 10 ul of SensiFAST
SYBR Hi-ROX Kit (Bioline, London, UK). Gene expression levels
were measured using real-time RT-PCR with an StepOnePlus Re-
al-Time PCR System (Applied Biosystems). The relative amount
of mRNA normalized to HPRT was calculated using the delta-
delta method. The following primers were used: NFATcl forward:
5-CAAGTCTCACCACAGGGCTCACTA-3', reverse: 5-GC-
GTGAGAGGTTCATTCTCCAAGT-3"; osteoclast-associated
receptor (OSCAR) forward: 5-CCTAGCCTCATACCCCCAG-3/,
reverse: 5-CGTTGATCCCAGGAGTCACAA-3’; cathepsin K
(CTSK) forward: 5'-AAGAAGACTCACCAGAAGCA-3/, re-
verse: 5 TCCAGGTTATGGGCAGAGATT-3; TRAP forward:
5’-GCAACATCCCCTGGTATGTG-3', reverse: 5'-GCAAACG-
GTAGTAAGGGCTG-3"; HPRT forward: 5-GCCTAAGAT-
GAGCGCAAGTTG-3', reverse: 5" TACTAGGCAGATGGCCA-
CAGG-3".

ROS generation assay

The cells were seeded in 12-well plate with cover glass at a den-
sity of 0.15 x 10°/ well. ROS was detected using the fluorescent
probe 5-(and 6)-carboxy-2',7"-dichlorofluorescin diacetate (DCF-
DA). The cells were exposed to 10 uM DCEF-DA for 20 min and
examined with a laser-scanning confocal microscope (model

LSM 510; Carl Zeiss, Jena, Germany) with a green fluorescent
protein filter set. The mean relative fluorescence intensity for each
tield was measured with a Zeiss vision system and averaged.

Statistical analysis

Data were expressed as mean + standard deviation from at
least 3 independent experiments. Statistical significance was de-
termined by using a paired Student’s t-test. Statistical significance
was set at p < 0.05 level.

RESULTS
HN inhibits RANKL-induced osteoclast differentiation

To investigate the effects of HN on RANKL-induced osteoclast
differentiation, BMMs were incubated with the indicated concen-
trations of HN in the presence of 30 ng/ml M-CSF and 50 ng/ml
RANKL for 5 days. HN treatment of BMMs dramatically inhib-
ited the formation of TRAP" osteoclasts (Fig. 1A). The number of
TRAP' osteoclasts (> 3 nuclei) was decreased by HN in a dose-
dependent manner. In addition, using an MTS assay, we observed
that there were no cytotoxic effects if the concentration of HN
used was less than 5 uM (Fig. 1B). These results demonstrate that
HN suppresses osteoclast differentiation.

HN inhibits osteoclast-specific gene expression

To further assess the inhibitory activity of HN on osteoclas-
togenesis, we assessed the mRNA expression levels of osteoclast

Fig. 1. Effects of humanin (HN) on
receptor activator of nuclear factor-
KB ligand (RANKL)-induced osteoclast
differentiation. (A) Bone marrow-
derived macrophages (BMMs) were
cultured in the presence of macrophage
colony-stimulating factor (M-CSF) (30
ng/ml), RANKL (50 ng/ml), and the indi-
cated concentrations of HN for 6 days.
Cells were stained for tartrate-resistant
acid phosphatase (TRAP). Scale bar, 500
um. (B) Numbers of TRAP" multinucle-
ated cells were counted (= 3 nuclei).
BMMs were seeded into 96-well plates
and incubated with various concentra-
tions of HN. Cell viability was measured
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markers. Results of RT-PCR analysis revealed that HN caused a
reduction in the mRNA levels of NFATcl, which is an important
nuclear transcriptional factor in osteoclastogenesis. Furthermore,
the mRNA levels of molecules downstream of NFATcl, such as
OSCAR, CTSK, and TRAP, were significantly reduced by HN
during osteoclast differentiation (Fig. 2A). Next, we investigated
NFATc1 protein levels during osteoclast differentiation; the pro-
tein levels of NFATcl were significantly reduced in HN-treated
osteoclasts (Fig. 2B). Together, these results suggest that HN has
the potential to suppress osteoclast formation.

HN increases p-AMPK protein levels during osteoclast
differentiation

Based on previous findings that HN induces the phosphory-
lation of AMPK [11] and that AMPK is a negative regulator of
RANKL-induced osteoclast differentiation [7,8], we investigated
whether AMPK links osteoclastogenesis with HN. HN treatment
significantly induced the phosphorylation of AMPK protein and
increased the p-AMPK:AMPK ratio during RANKL-induced os-
teoclastogenesis (Fig. 3A). To confirm whether AMPK signaling
regulates HN-induced osteoclast differentiation, we used com-
pound C, a known AMPK inhibitor [19]. The number of TRAP*
osteoclasts cultured with compound C recovered to the level of
control that treated with RANKL only (Fig. 3B). These results
suggest that HN suppresses osteoclast differentiation via AMPK

activation.

HN decreases ROS release during osteoclast
differentiation

RANKL increases the levels of intracellular ROS in BMMs [16].
We thus assessed whether HN could affect ROS production in
osteoclast precursors after RANKL treatment. RANKL-induced
ROS production, as measured using DCF-DA, was significantly
diminished in HN-treated BMMs (Fig. 3C). These data indicate
that RANKL-generated ROS production in osteoclast precursors
is downregulated by HN.

DISCUSSION

HN, a novel MDP, was discovered by screening a cDNA library
obtained from the brain of an Alzheimer’s disease patient in
2001 [10]. HN acts as an extracellular ligand for a trimeric recep-
tor consisting of CNTFR, the cytokine receptor WSX-1, and the
transmembrane glycoprotein gp130 [20]. Via this trimeric recep-
tor, HN regulates important cellular processes such as STAT3
activation, which is a negative regulator of osteoclast differentia-
tion [13]. Moreover, HN protects cells from oxidative stress and
hypoxia and is a promising therapeutic agent for the treatment of
cardiovascular and Alzheimer’s diseases in previous studies [21].
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Fig. 2. Effects of humanin on the mRNA and protein levels of osteoclastogenesis-related genes. (A) The mRNA levels of receptor activator of
nuclear factor-kB ligand (RANKL)-induced osteoclast differentiation markers were evaluated by quantitative RT-PCR. (B) NFATc1 protein levels were
examined by Western blot analyses. OSCAR, osteoclast-associated receptor; CTSK, cathepsin K; TRAP, tartrate-resistant acid phosphatase. *p < 0.05

compared with control.
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However, the role of HN in osteoclastogenesis remains unknown.
In the present study, we found that HN inhibited osteoclast dif-
ferentiation in BMMs (Fig. 1A).

The skeleton is continuously remodeled via bone resorption
by osteoclasts and bone formation by osteoblasts [2]. An imbal-
ance in these cell types is a cause of bone diseases such as Paget’s
diseases, osteoporosis, and osteopetrosis [3,22]. Osteoclasts are
multinucleated cells that are specialized in bone resorption and
derived from hematopoietic cells of a mononuclear lineage [23].
Osteoclast differentiation is initiated by M-CSF and RANKL,
which activate osteoclastic transcription factors [24]. M-CSF
promotes the proliferation and survival of osteoclast precursors,
and RANKL, which is expressed by osteoblasts, regulates the
signaling pathway for osteoclast precursors to differentiate into
osteoclasts [25]. RANKL/RANK binding initiates tumor necrosis
factor receptor-associated factor 6 and downstream signaling
pathways that include nuclear factor-«B, c-Jun N-terminal kinase,

www.kjpp.net

control.

and extracellular signal-regulated kinase [26,27]. Additionally,
NFATcl is a downstream target of RANK and a master regulator
of osteoclast differentiation [28,29]. NFATCcl regulates osteoclast-
specific genes, including OSCAR, CTSK, and TRAP [30]. Briefly,
NFATcl cooperates with PU.1 and microphthalmia-associated
transcription factor to elicit effects on the CTSK and OSCAR pro-
moters [31]. In addition, the NFAT:AP-1 complex activates
TRAP [32]. NFATcI is an essential regulator, induced by RANKL
signaling, of osteoclast differentiation. We thus confirmed the in-
hibition of NFATcl protein and mRNA expression in HN-treated
BMMs (Fig. 2). RANKL stimulation induced a signaling pathway
that leads to generation of ROS during osteoclastogenesis [16,17].
Additionally, AMPK was known to suppress ROS in acute my-
eloid leukemia cells obtained from bone marrow [33]. Therefore,
these findings and our data (Fig. 3C) suggest that ROS increased
by RANKL is reduced via AMPK activation in HN treated BMMs
and HN may have a protective role in osteoclast differentiation.

Korean J Physiol Pharmacol 2019;23(5):411-417
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AMPK is a central regulator of cellular energy homeostasis and
is activated by the depletion of intracellular ATP [34]. AMPK has
been studied as a possible therapeutic target for preventing diabe-
tes and cancer over the last decade. For example, AMPK mediates
the tumor-suppressor effects of LKBI, and its activation improves
insulin sensitivity and glucose homeostasis [35]. Moreover, as
AMPXK consists of an ¢ catalytic subunit (o1 and ), a § subunit
(B1 and B2), and a regulatory y subunit (y1, y2, and y3) [36], the de-
letion of the AMPK o and 8 subunits in mice has been reported
to decrease bone mass in vivo. Additionally, a number of in vitro
studies of AMPK have been conducted in bone cells [9,37,38].
Thus, AMPK is activated by osteoclast differentiation and plays a
negative role in TRAP" osteoclast formation. Further, compound
C has been used as a selective inhibitor of AMPK in cellular sys-
tems [19]. Our results show that the number of TRAP" osteoclasts
cultured with compound C recovered to the level of control (Fig.
3B). These results suggest that HN suppresses osteoclast differen-
tiation via AMPK activation.

In this study, we demonstrated that HN inhibited osteoclast
differentiation and osteoclast-specific expression of the NFATcI,
OSCAR, CTSK, and TRAP genes. Furthermore, our results
revealed that HN increased the phosphorylation of AMPK in
BMMs, suggesting that HN suppresses RANKL-induced osteo-
clast differentiation via AMPK activation. Therefore, our findings
support the hypothesis that HN is potential therapeutic target
for the treatment of bone loss in osteoporosis and bone diseases
caused by osteoclasts.
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