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Objectives: Bone may play a role in the modulation of insulin sensitivity. Insulin resistance can
be caused by increased resistin. However, whether osteoclasts affect the insulin resistance via
resistin remains unclear. In the present study, we show the expression of resistin in osteoclasts
and the possible underlying role of resistin on glucose uptake-related insulin resistance in vitro.
Methods: Conditioned mediums (CM) were collected from Raw264.7 cells treated without
(CCM) or with RANKL (CM3, treated with RANKL for 3 days; CMS5, treated with RANKL
for 5 days) and transfected with control or resistin siRNA (CMsiRNA). The osteoclast
formation was examined by tartrate resistant acid phosphatase (TRAP) staining. C2C12
myoblasts were cultured with the CM or CMsiRNA. Glucose uptake was evaluated by
2-NBDG fluorescence intensity. Resistin expression was evaluated by quantitative real-
time polymerase chain reaction (qRT-PCR) and enzyme-linked immunosorbent assay.
Statistical analysis was performed by an independent two sample #-test or one-way ANOVA.
Results: The 2-NBDG fluorescence intensity was higher in C2C12 cells treated with CCM
compared to those that received CM3 and CM5 (p < 0.05). Resistin mRNA and protein
expressions were both increased in RAW264.7 cells treated with RANKL for 3 days and 5
days compared with those cells without RANKL administration. The 2-NBDG fluorescence
intensities in C2C12 cells treated with CMsiRNA and CM5+Anti-resistin antibody were
significantly higher than those cultured with CMS5 (p < 0.05).

Conclusion: Osteoclasts may promote glucose uptake-related insulin resistance by secreting
resistin.
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Introduction
Insulin resistance is a pathophysiological condition in which cells in muscles, fat, and
liver do not respond well to normal doses of insulin and cannot use glucose from the
blood for energy." Insulin resistance is one of the critical reasons for the pathogenesis of
multiple metabolic syndrome, including type 2 diabetes mellitus and obesity.
Recently, an increasing number of studies have shown that bone is one type of
endocrine organ which can regulate the energy metabolism.>* Obesity, high blood
sugar levels and insulin resistance occurred in osteocalcin (OC) knockout mice.’
Insulin can promote osteoblasts to produce OC, and the bone regulates carbohydrate
metabolism via OC. Osteoclast is another type of cell in bone. However, the role of
osteoclast on insulin resistance has not been totally clarified. A recent study indicated
that denosumab, a monoclonal antibody that binds with high specificity to the human
receptor activator of NF-kB ligand (RANKL), could significantly diminish the insulin
resistance condition in the fourth week.” Similar trends were observed in the 12th and
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24th week, but without statistical significance. Interestingly,
Passeri and colleagues showed that denosumab might posi-
tively affect hepatic insulin sensitivity.® The in vivo study
indicated that blockage of RANKL signaling in mouse mod-
els resulted in a marked improvement of hepatic insulin
sensitivity.” We speculate that osteoclast may play an impor-
tant role in insulin resistance because RANKL is a critical
cytokine for osteoclast formation. However, whether osteo-
clasts affect the insulin resistance and the possible under-
lying mechanisms are not completely understood.

Resistin is a type of adipocytokines which is produced by
adipocytes.® It acts on myocytes, hepatocytes, and adipocytes,
reducing their sensitivity to insulin.’ It also takes part in the
inflammatory response and increases the expression of some
proinflammatory cytokines.'* Insulin resistance can be caused
by resistin-related chronic inflammation. Resistin can induce
insulin resistance by both AMPK-dependent and AMPK-inde-
pendent pathways.'" Tt has been shown that resistin is
expressed in human macrophages, placenta, and pancreas.'>”
!4 Inflammatory cells such as macrophages are considered the
predominant source of circulating resistin."> A recent study
showed that resistin independently and positively correlated
with fasting glucose in elderly people with metabolic
syndrome."” Preosteoclasts and osteoclasts are both macro-
phages. Thommesen et al'® showed that the expression of
resistin mMRNA in RAW 264.7, a type of preosteoclastic cell,
was increased during differentiation. Recently, resistin expres-
sion was also up-regulated in periodontal cells and tissues that
had periodontitis.'” However, whether osteoclasts affect the
insulin resistance via resistin remains unclear. Insulin resis-
tance was defined as a reduced sensitivity to insulin by the
body’s insulin-dependent processes, such as glucose uptake.'
In the present study, we aimed to show the effect of osteoclasts
on insulin resistance from the aspect of glucose uptake and the
possible underlying role of resistin.

Materials and Methods

Cell Culture

RAW264.7 cells and C2C12 cells were obtained from National
Collection of Authenticated Cell Cultures (Shanghai, China).
RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s
Medium (DMEM; 25 mM glucose; Gibco, USA) containing
10% FBS, 1% penicillin/streptomycin, and with 20 ng/mL
RANKL at 37 °C in a humidified atmosphere of 95% air and
5% COs,. On the third or fifth day, the cells were cultured with
RANKL-free and glucose-free medium for 12h. Then, the
medium was collected for indirect co-culturing with C2C12

cells. The medium from RAW264.7 cells without RANKL
induction was also collected as control.

C2C12 myoblasts were cultured in DMEM supplemen-
ted with 10% FBS (Gibco, USA), 100 U/mL penicillin,
and 100 pg/mL streptomycin at 37°C in a humidified
atmosphere of 95% air and 5% CO2. On the second day,
the medium was changed to DMEM with 2% horse serum
(Gibco, USA) to induce differentiation for an additional 4
days. The medium was replaced every two days.

The differentiated C2C12 myoblasts (10* cells/well)
were cultured with the conditioned mediums (CMs) con-
taining 40% medium collected from RAW264.7 cells
(non-RANKL-treated, CCM; RANKL-treated for 3 days
and 5 days, CM3 and CM5) and 60 mM of glucose (n = 6)
for 24 h in a 24-well plate.

RNA Interference
Resistin siRNA (sense 5-CCAAAUGCAAUAAAGAAC

AUUGGCU-3; antisense 5'-AGCCAAUGUUCUUU
AUUGCAUUUGG-3'; each strand with a 3’ dTdT overhang)
and negative control (NC) siRNA (sense 5'-

TTCTCCGAACGTGTCGACACGGAGAC -3'; antisense
5'-TAATGTACGTGCAGTTAGCCTGACGC -3
obtained from Life Technologies. Transfection of siRNA was
performed using Lipofectamine RNAIMAX and Opti-MEM
(both from Life Technologies) according to the manufacturer’s

were

instructions. Raw264.7 cells were cultured as previously
described. On day 2, 50 nM of each siRNA was added in
a maturation medium and cultured. On the third or fifth day,
the cells were cultured with RANKL-free and glucose-free
medium for 12h. Then, the medium (NC, CCMi, CM3i and
CMS5i) was collected for the indirect co-culturing with C2C12
cells.

Cell Viability

The cell viability of RAW264.7 cells transfected with NC and
resistin siRNA was evaluated by a CCKS8 kit. Briefly,
RAW264.7 cells transfected with NC and resistin siRNA
were seeded into 96-well plates for 24 h. Then, 10 pL of
CCKS solution was added to each well and the plate was
incubated in the incubator for 4 hours. The absorbance of the
cells was measured at 450 nm using a microplate reader.
Similarly, the effects of CMs on C2C12 viability were also
evaluated by the CCK8 kit.

Glucose Uptake Assay
C2C12 cells treated with the CMs were washed with PBS
and starved in glucose-free DMEM containing 2% FA-free
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FBS for 3 h. They were subsequently incubated in the
presence of insulin (100 nM) for 10 min, then washed
with ice-cold Krebs buffer and 2-NBDG (Cayman, USA)
(150 pg/mL) was added into the culture medium for 30
min at 37 °C. The 2-NBDG fluorescence intensity was
measured using a microplate reader at an excitation wave-
length of 480 nm and an emission wavelength of 540 nm.

In addition, 10 ng anti-resistin antibody (ab136877,
Abcam, USA) was added into the obtained 20 mL CMS5
(CM5-AntiR). Then, the C2C12 cells were cultured with
the mixed medium. Glucose uptake was assessed using the
2-NBDG fluorescence intensity. The CMM value for the
glucose uptake was set as 100%.

Osteoclast Formation

RAW264.7 cells could differentiate to osteoclasts in the pre-
sence of receptor activator of nuclear factor-k B ligand
(RANKL) induction. The osteoclast formation was evaluated
by tartrate resistant acid phosphatase (TRAP) staining. Briefly,
RAW264.7 cells were washed with cold PBS, fixed with 4%
paraformaldehyde for 10 min, and stained for TRAP using
a commercial kit (Sigma-Aldrich, USA). The TRAP-positive
multinucleated cells containing three or more nuclei were
counted as mature osteoclasts. The resistin mRNA expression
during osteoclast formation (0, 3 and 5 days) was observed
(n=4).
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Primary osteoclasts were also isolated from new-born
Sprague—Dawley rats. The study protocol was approved by
Animal Care Committee of Shanghai Gongli Hospital. All
experiments were conducted according to Guiding
Principles for Care and Use of Animals (National
Research Council, 8th edition). Briefly, the long bones
were placed in alpha-MEM and the soft tissues were
removed. Then, the bones were curetted and the dispersed
cell solution was seeded into a 6-well plate for 30 min.
The osteoclasts were attached to the plate. The cells were
used for RNA extraction and supernatants were used for
the resistin protein assay at 24h and 72 h (n = 3).

RNA Extraction and Quantitation of mMRNA

Expression by Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from osteoclasts by using Trizol
reagent. Complementary DNA was synthesized by using
a Quantscript RT kit (Tiangen Biotech Co., China) (0.5 pg
total RNA). The individual cDNA species were amplified in
a reaction mixture containing cDNA aliquot (50 ng), and the
relevant sense and antisense primers (Resistin: forward 5'-
TCACTTTTCACCTCTGTGGATATGAT-"3, reverse 5'-
TGCCCCAGGTGGTGTAAA-3). Then, real-time PCR was
performed using an ABI PRISM 7500 Sequence Detection
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Figure | Osteoclast affected glucose uptake in C2CI2 cell (A and B) and effects of conditioned mediums (CMs) on cell viability (C). The 2-NBDG fluorescence intensity
were significantly decreased in CM3 and CM5 groups. No significant differences were observed in cell viability cultured with CMs. CCM: conditioned medium from
RAW?264.7 without RANKL induced; CM3: conditioned medium from RAW264.7 treated with RANKL for 3 days; CM5: conditioned medium from RAW264.7 treated with

RANKL for 5 days.
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System (Life Technologies) and SYBR-Green. f-actin mRNA
(forward 5'-TTCCTTCTTGGGTATGGAAT-’3, reverse 5'-
GAGCAATGATCTTGATCTTC-"3) was used as an internal
control. We also detected leptin (forward 5'-
GGATCAGGTTTTGTGGTGCT-"3, reverse 5-TTGTGGC
CCATAAAGTCCTC-’3) and adiponectin mRNA (forward
5'-CAGGTCTTCTTGGTCCTAAGGG-’3, reverse  5'-
GTCCACATTCTTTTCCTGATACTG-’3) expression. The
reactions protocol was as follows: initiated at 94 °C for 5 min
and PCR (94 °C for 5 s, 60 °C for 20 s) for 35 cycles. Relative
mRNA expression was determined using the 2-*“Ct method.

Enzyme Linked Immunosorbent Assay
(ELISA)

Resistin released from RAW264.7 cells was deter-
mined using the Mouse Resistin Quantikine ELISA

Kit (R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions. The detection limit
was 8 pg/mL. The CV of the intra-assay and inter-
assay was lower than 7%. The recovery rate was
85-108%.

Statistical Analysis

All statistical analyses were performed by using SPSS
20 (IBM Corp., Armonk, NY, USA). Normal distribu-
tion was checked by Shapiro—Wilk test. The data are
shown as mean + SD (normal distribution) or median
(interquartile range). Statistical analysis was performed
by an independent two sample ¢-test or One-way
ANOVA. p < 0.05 was considered to be statistically
significant.

A +RANKL(3d)
B .. (od D
2.0 80+
44 ey A
£ e 515 = n .
§ 34 4 s ..
& . s " 4 2 by @
x % J J .
: 24 [ g 10 ﬁ. g 60 3
g £ :
3 £
P @ 0.54 2 & so0- .
! é L]
0 r T T 0.0 . . r 40 T T T )
3 5 CCM CcM3 CMS5 0.5 1.5 2.0 2.5
Days Resistin (ng/ml)
E
1.5+ 5
s 7 "5
@ 3
< = =1 a
S10] —ewes X —=e— 10| —ewer —EE— =
< p
z [
4 5
€ 0.54 £ 0.5
[
£ g
3 2
- -
0.0 T T T 3 0.0 T T T
0 3 5 3 5
Days Days

Figure 2 Resistin expression during osteoclast formation. RANKL promoted RAW264.7 cell differentiation to osteoclast (A). The relative mRNA (B) and protein (C)
expression were both increased in RANKL treated cells (n = 3). The resistin protein level was positively correlated with osteoclast number (D). There were no significant
changes in leptin and adiponectin mRNA during osteoclast formation (E). CCM: conditioned medium from RAW264.7 without RANKL induced; CM3: conditioned medium
from RAW264.7 treated with RANKL for 3 days; CM5: conditioned medium from RAW264.7 treated with RANKL for 5 days.
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Results
Osteoclasts Affected Glucose Uptake in
C2ClI2 Cells

Firstly, we determined the glucose uptake in C2C12 cells
treated with different CMs. The glucose uptake was
decreased in C2C12 cells treated with CM3 and CM5 com-
pared to those that received CCM (p < 0.01). As shown in
Figure 1, the 2-NBDG fluorescence intensity was signifi-
cantly decreased in the CM3 and CMS5 groups (Figure 1A
and B). There were no significant differences in cell viability
in C2C12 cells treated with CMs (Figure 1C).

Resistin Expression During Osteoclast

Formation

Subsequently, we determined the mRNA and protein
expression of resistin during osteoclast formation
(Figure 2). RAW264.7 differentiated into osteoclasts in
the presence of RANKL induction (Figure 2A). Relative
resistin mRNA (Figure 2B) and protein expressions
(Figure 2C) were both increased in RAW264.7 cells trea-
ted with RANKL for 3 days and 5 days compared with
those cells without RANKL administration. The resistin
level was positively correlated with the osteoclast number
(r = 0.63, p < 0.05) (Figure 2D). However, no significant
differences were observed in leptin and adiponectin
mRNA during during osteoclast formation.
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The number of osteoclasts at 72h was increased com-
pared to that at 24 h (Figure 3A). The primary osteoclast
that resistin - mRNA
(Figure 3B) and protein expressions (Figure 3C) were

model also showed relative

also increased with the increase in osteoclast formation.

Resistin Knockdown

The fluorescent images showed that resistin siRNA and nega-
tive control siRNA were transfected into the RAW264.7 cells
(Figure 4A). The transfection did not show any obvious
cytotoxic effects (Figure 4B). The relative resistin mRNA
and protein expression in cells treated with resistin sSiRNA
were significantly lower than those treated with negative
control siRNA (Figure 4C and D). Relative resistin mRNA
expression was decreased by approximately 65% of that of the
negative control siRNA-transfected cells (Figure 4E). ELISA
further showed that the resistin protein was also decreased in
cells transfected with resistin siRNA (Figure 4F).

Glucose Uptake with Resistin Knockdown
The C2C12 cells were cultured with the CCMi and CMS5i
collected from the RANKL-induced RAW264.7 cells
transfected with resistin siRNA. The 2-NBDG fluores-
cence intensity is shown in Figure 5. The intensity was
significantly increased in C2C12 cells cultured with CMS5i
compared with the CM5 group (p < 0.05).
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Figure 3 Resistin expression in primary osteoclast. Primary osteoclast was isolated from the long bone of new-born rat. The number of osteoclast at 72 h was larger than
that at 24 h (A). The relative mRNA (B) and protein (C) expression at 72 h were also higher than those at 24 h (n = 3).
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Figure 4 Resistin knockdown by siRNA. Resistin siRNA and negative control (NC) siRNA were transfected into the RAW264.7 cells (A). The transfection did not show
obviously cytotoxic effects (B) (n = 8). Relative resistin mRNA and protein expression were decreased in resistin siRNA (CCM) compared NC group (€ and D) (n = 4). In
addition, relative resistin mRNA (C) and protein (D) expression at 3 days and 5 days of RANKL induction were also observed (E and F) (n = 4). NC: negative control
siRNA; CCMi: conditioned medium from RAW?264.7 transfected with resistin siRNA, but without RANKL induced; CM3i: conditioned medium from RAW264.7 transfected
with resistin siRNA and treated with RANKL for 3 days; CM5i: conditioned medium from RAW?264.7 transfected with resistin siRNA and treated with RANKL for 5 days.

Glucose Uptake in C2C12 Cells Cultured

with CM5-AntiR

The 2-NBDG fluorescence intensity is shown in Figure 6. The
intensity was significantly increased in C2C12 cells cultured
with CM5-AntiR compared with the CM5 group (p < 0.05).

Discussion

Bone cells not only control bone remodeling, but also
modulate adipose sensitivity and insulin secretion.'®
Adipocytokines, such as adiponectin, resistin and vaspin,
were suspected to participate in metabolic disorders and
insulin resistance.'>*° Thommesen et al'® showed that the

expression of resistin mRNA in preosteoclastic cells.
However, few studies have shown the association between
osteoclast differentiation and insulin resistance. Our data
demonstrated that osteoclast differentiation may induce
insulin resistance by secreting resistin. These results were
further confirmed in a resistin knockdown cell model.
The association between osteoblasts and glucose home-
ostasis has been reported.'® Osteocalcin produced by the
osteoblasts has been shown to affect adipocyte sensitivity
to insulin and insulin secretion.>!® However, few studies
have investigated the effects of osteoclasts on glucose
homeostasis or insulin resistance. Epidemiological data
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Figure 5 Glucose uptake in C2CI2 cell treatment with different conditioned medium (CCM, CM5 and CMsiRNA). The 2-NBDG fluorescence intensity was significantly
increased in C2C12 cells cultured with CMsiRNA compared with CM5 group (p < 0.05) (n = 4). CCM: conditioned medium from RAW264.7 without RANKL induced;
CMsiRNA: conditioned medium from RAW264.7 transfected with resistin siRNA and treated with RANKL for 5 days; CM5: conditioned medium from RAW264.7 treated

with RANKL for 5 days.

indicated that the concentration of soluble RANKL, a key
cytokine in osteoclast differentiation, is an independent
risk factor of type 2 diabetes mellitus.” Interestingly, sev-
eral reports show that inhibition of RANKL may improve
insulin resistance in people and animal model.>>” These
studies indicated that osteoclast differentiation may con-
tribute to insulin resistance. Our data evidenced that this
hypothesis may be correct. The conditioned medium
obtained during osteoclast differentiation induced glucose
uptake-related insulin resistance in C2C12 cells.

Few data were found regarding the mechanism by which
RANKL affected the glucose homeostasis. Kiechl et al’
showed that RANKL can affect the hepatic insulin resistance.
They developed a hepatocyte-specific Rank (which could bind
with RANKL) knockout (Rank*) mice and compared them
with wild-type controls. The control mice developed insulin
resistance after 4 weeks of a high-fat diet, but Rank*® did not.
Similar results were observed in mice that received
a hydrodynamic injection of Rank shRNA (RANKi). They
also found that specific deletion of Rank in the skeletal muscle
or in pancreatic B-cells did not show improved insulin

sensitivity. Therefore, they speculated that the role of
RANKL on insulin resistance was due to its effects on hepa-
tocytes. Osteoclasts are also target cells to RANKL. RANK is
also expressed in preosteoclasts and mature osteoclasts.
However, the role of osteoclasts in RANKL-related insulin
resistance was not investigated in their study. Interestingly,
preosteoclastic cells can express resistin, ' which is associated
with metabolic impairments and insulin resistance.”’** Our
data showed that the resistin levels were increased during
osteoclast differentiation. When the expression of resistin
was downregulated by Resistin siRNA, C2C12 cells did not
show abnormal glucose uptake. Our results indicated that
osteoclasts may affect glucose uptake by resistin.

Many population and animal studies have shown positive
correlation between resistin level and fasting blood
glucose.'>* Resistin may be involved in the regulation of
glucose metabolism. However, no significant relationship
between plasma levels of resistin and glucose metabolism
was also reported in a number of population studies.”> This
inconsistency may be due to the differences in study popula-

tion, sample size or age/gender.
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Figure 6 Glucose uptake in C2CI2 cell treatment with different conditioned medium (CMM and CM5) and medium mixed with anti-resistin antibody (CM5-antiR). The
2-NBDG fluorescence intensity was significantly increased in C2C12 cells cultured with CM5-antiR compared with CM5 group (p < 0.05). CCM: conditioned medium from
RAW?264.7 without RANKL induced; CM5: conditioned medium from RAW?264.7 treated with RANKL for 5 days.

The molecular mechanism of resistin actions is still
unclear. Several studies showed that resistin could inhibit
insulin receptor substrate-1 and -2 phosphorylation and
Akt activation®® and can also promote the production of
inflammatory cytokine, including tumor necrosis factor o
(TNF-a) and interleukin-6 (IL-6).'® Resistin can induce
insulin resistance by both AMPK-dependent and AMPK-
independent pathways.!' Toll-like-receptors (TLR) are
considered a major factor in insulin resistance.*** The
receptor or receptors of resistin especially in human is
not fully understood. Recent investigations have shown
that TLR4 is a potential candidate receptor for human
resistin. The resistin/TLR4 signaling pathway may pro-
mote the onset of insulin resistance.® Interestingly, TLR4
also plays an important role in C2C12 myoblasts, such as
myogenic differentiation.”®?” These data all indicate that
resistin may affect C2C12 cells in glucose uptake-related
insulin resistance.

There are several limitations in this study. First, we
only performed an in vitro study. Further studies are

needed to test the role of osteoclasts on insulin resistance
in animal models. Second, a RAW264.7 cell line and
primary cell model were adopted in our study. Our results
should be confirmed in more ostaoclastic cells model.
Third, we did not investigate the mechanism of resistin
on insulin resistance because many studies have shown the
possible mechanisms. Moreover, the TLR4 pathway has
been shown to play important role in the differentiation of
C2C12 cells. Thus, our study could be an exploration.

Our study showed that the resistin expression was
increased during osteoclast differentiation, and osteoclasts
may affect glucose uptake in C2C12 cells. Osteoclasts may
promote glucose uptake-related insulin resistance by
secreting resistin. The inhibition on osteoclast formation
may be a potential treatment strategy for insulin resistance
or diabetes.

Abbreviations
CM, conditioned mediums; DMEM, dulbecco’s modified
Eagle’s Medium; ELISA, Enzyme linked immunosorbent
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assay; IR, Insulin resistance; OC, osteocalcin; qRT-PCR,
quantitative real-time polymerase chain reaction; TRAP,
tartrate resistant acid phosphatase; RANKL, receptor acti-
vator of NF-kB ligand.
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