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Abstract: We investigated whether combined fluid shear stress (FSS) and melatonin stimulated
signal transduction in cilia-less MC3T3-E1 preosteoblast cells. MC3T3-E1 cells were treated with
chloral hydrate or nocodazole, and mechanotransduction sensor primary cilia were removed.
p-extracellular signal–regulated kinase (ERK) and p-Akt with/without melatonin increased with
nocodazole treatment and decreased with chloral hydrate treatment, whereas p-ERK and p-Akt in
FSS with/without melatonin increased in cilia-less groups compared to cilia groups. Furthermore,
p-mammalian target of rapamycin (mTOR) with FSS-plus melatonin increased in cilia-less groups
compared to only melatonin treatments in cilia groups. Expressions of Bcl-2, Cu/Zn-superoxide
dismutase (SOD), and catalase proteins were higher in FSS with/without melatonin with cilia-less
groups than only melatonin treatments in cilia groups. Bax protein expression was high in FSS-plus
melatonin with chloral hydrate treatment. In chloral hydrate treatment with/without FSS, expressions
of Cu/Zn-SOD, Mn-SOD, and catalase proteins were high compared to only-melatonin treatments.
In nocodazole treatment, Mn-SOD protein expression without FSS was high, and catalase protein level
with FSS was low, compared to only melatonin treatments. These data show that the combination
with FSS and melatonin enhances ERK/Akt/mTOR signal in cilia-less MC3T3-E1, and the enhanced
signaling in cilia-less MC3T3-E1 osteoblast cells may activate the anabolic effect for the preservation
of cell structure and function.
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1. Introduction

Primary cilium serves as a cellular sensory organelle and mediates mechanosensing or
mechanotransduction in tissues including bone, cartilage, endothelium, and kidney [1–5]. The primary
cilium has recently been highlighted as an organelle in vertebrate development and human genetic
diseases associated with ciliary dysfunction or defects in cilia formation [1]. In bone cells including
osteoblasts and osteocytes, the cilia that project from the cell surface and deflect from fluid
flow are required for osteogenic and bone-resorptive responses to dynamic fluid flow or fluid
shear stress (FSS) [2,6,7]. FSS-induced osteoblasts play an important role in both osteogenesis
and osteoclastogenesis. However, its molecular mechanotransduction mechanism is still to be
understood [2,6,7]. Malone et al. [2] reported that primary cilia mediate mechanosensing in bone cells
by a calcium-independent mechanism, and Kwon et al. [7] showed that primary cilium-dependent
mechanosensing is mediated by adenylyl cyclase 6 and cyclic adenosine monophosphate (AMP)
without intracellular Ca2+ release in bone cells. In a further study, Delaine-Smith et al. [6] investigated
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how primary cilia respond to FSS and mediate flow-induced calcium deposition in osteoblasts.
Saunders et al. described how MC3T3-E1 cells respond to oscillatory fluid flow with an increase
in prostaglandin E2 release [8]. Wadhwa et al. demonstrated that FSS induces the transcription of
cyclooxygenase-2 through the protein kinase A and protein kinase C signaling pathways [9].

Melatonin functions as a broad-spectrum antioxidant [10–12] and has anti-apoptotic and
anti-autophagic effects [13–17]. Moreover, melatonin modulates osteogenic and adipogenic
differentiation, in different kinds of mesenchymal stem cells, including dental pulp-derived stem
cells and adipose-derived stem cells [18,19]. Recently, Kim and Yoo [20] reported that a combination
of FSS and melatonin activates anabolic proteins through the p-ERK in MC3T3-E1 osteoblast cells.
Moreover, melatonin has a significant effect on bone formation through the regulation of differentiation
in osteoblasts and osteoclasts [21,22], indicating that melatonin may have the potential to regulate
anabolic and catabolic responses in bone remodeling. However, the influence of melatonin combined
with FSS in cilia-less osteoblasts has not been elucidated. In this study, we investigated whether
combined FSS and melatonin stimulated signal transduction in cilia-less MC3T3-E1 osteoblast cells.

2. Results

We investigated whether the combination of FSS and melatonin stimulated signal transduction in
cilia-less MC3T3-E1 preosteoblast cells. MC3T3-E1 cells were treated with chloral hydrate (4 mM) for
3 days or nocodazole (10 µg/mL) for 4 h, and then its primary cilia, as sensors of mechanotransduction,
were removed (Figure 1). p-ERK and p-Akt with/without melatonin treatment (0.1, 1 mM) were
increased with nocodazole treatment and decreased with chloral hydrate treatment (Figure 2), whereas
p-ERK and p-Akt in FSS with/without melatonin were increased with cilia-less groups compared to
cilia groups (Figure 3).Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  3 of 13 

 

 
Figure 1. Removal of primary cilia in MC3T3-E1 cells as a sensor of mechanotransduction. MC3T3-E1 
cells were treated with chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h at 37 °C 
and 5% CO2. The cilia in MC3T3-E1 cells were incubated using an anti-vinculin antibody. Scale bar 
represents 20 μm. 

 

Figure 2. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without melatonin treatment. MC3T3-
E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 °C with 5% CO2. MC3T3-E1 cells 
in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral hydrate (4 mM) for 3 
days or nocodazole (10 μg/mL) for 4 h. p-ERK and p-Akt expressions were identified by Western blots 
(A). p-ERK (B) and p-Akt (C) expressions were quantified with ImageJ analysis software. * p < 0.05, 
*** p < 0.001 vs. FBS alone; ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate; % p < 0.05, %%% p < 0.001 vs. 
FBS + nocodazole. 

Figure 1. Removal of primary cilia in MC3T3-E1 cells as a sensor of mechanotransduction. MC3T3-E1
cells were treated with chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h at 37 ◦C
and 5% CO2. The cilia in MC3T3-E1 cells were incubated using an anti-vinculin antibody. Scale bar
represents 20 µm.
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(A). p-ERK (B) and p-Akt (C) expressions were quantified with ImageJ analysis software. * p < 0.05, 
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Figure 2. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without melatonin treatment.
MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2.
MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral hydrate
(4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. p-ERK and p-Akt expressions were identified by
Western blots (A). p-ERK (B) and p-Akt (C) expressions were quantified with ImageJ analysis software.
* p < 0.05, *** p < 0.001 vs. FBS alone; ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate; % p < 0.05,
%%% p < 0.001 vs. FBS + nocodazole.

p-mTOR (Ser2481) with/without melatonin treatment was decreased in chloral hydrate treatment,
and p-mTORs (Ser2448, Ser2481) were increased in nocodazole treatment (Figure 4). In FSS-plus
melatonin treatments, p-mTORs (Ser2448, Ser2481) were significantly increased in cilia-less groups
compared to only melatonin treatments in cilia groups (Figure 5). These data indicate that combination
with FSS and melatonin enhance ERK/Akt/mTOR signal in cilia-less MC3T3-E1.

Expression of Bcl-2 protein with/without melatonin treatment in chloral hydrate treatment was
increased, and Bax protein expression was decreased (Figure 6). In FSS-plus melatonin treatments,
expressions of Bcl-2 and Bax proteins in chloral hydrate treatment were significantly increased
compared to only melatonin treatments in cilia groups, whereas expression of Bcl-2 protein in
nocodazole treatment was significantly increased (Figure 7).

In chloral hydrate treatment with/without FSS, the expressions of Cu/Zn-SOD, Mn-SOD,
and catalase proteins were high compared to only melatonin treatments (Figures 8 and 9).
In nocodazole treatment, the expression of Mn-SOD protein without FSS was high (Figure 8), and the
expression of catalase protein with FSS was low, compared to only melatonin treatment (Figure 9).
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Figure 3. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without fluid shear stress and/or 
melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 
°C with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa maximum 
shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with 
chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-ERK and p-Akt expressions 
were identified by Western blots (A). p-ERK (B) and p-Akt (C) were quantified with ImageJ analysis 
software. *** p < 0.001 vs. FBS alone; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate; %%% p < 
0.001 vs. FBS + nocodazole; &&& p < 0.001, no FSS vs. FSS + chloral hydrate; +++ p < 0.001, FSS vs. FSS + 
chloral hydrate. 

 
Figure 4. p-mTOR (Ser2448, Ser2481) expressions in MC3T3-E1 cells with/without melatonin 
treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 °C with 5% 
CO2. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral 
hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-mTOR (Ser2448, Ser2481) expressions 
were identified by Western blots (A). p-mTOR (Ser2448) (B) and p-mTOR (Ser2481) (C) were 

Figure 3. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without fluid shear stress and/or
melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C
with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa maximum
shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with
chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. p-ERK and p-Akt expressions
were identified by Western blots (A). p-ERK (B) and p-Akt (C) were quantified with ImageJ analysis
software. *** p < 0.001 vs. FBS alone; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate;
%%% p < 0.001 vs. FBS + nocodazole; &&& p < 0.001, no FSS vs. FSS + chloral hydrate; +++ p < 0.001, FSS
vs. FSS + chloral hydrate.
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Figure 4. p-mTOR (Ser2448, Ser2481) expressions in MC3T3-E1 cells with/without melatonin treatment.
MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2.
MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral hydrate
(4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. p-mTOR (Ser2448, Ser2481) expressions were
identified by Western blots (A). p-mTOR (Ser2448) (B) and p-mTOR (Ser2481) (C) were quantified with
ImageJ analysis software. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. FBS alone; ### p < 0.001 vs. FBS +
chloral hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole.
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Figure 5. p-mTOR (Ser2448, Ser2481) expressions in MC3T3-E1 cells with/without fluid shear stress
(FSS) and/or melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10%
FBS at 37 ◦C with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa
maximum shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated
with chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. p-mTOR (Ser2448, Ser2481)
expressions were identified by Western blots (A). p-mTOR (Ser2448) (B) and p-mTOR (Ser2481) (C)
were quantified with ImageJ analysis software. ** p < 0.01, *** p < 0.001 vs. FBS alone; ### p < 0.001 vs.
FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole; &&& p < 0.001, no FSS vs. FSS + chloral
hydrate; +++ p < 0.001, FSS vs. FSS + chloral hydrate.
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Figure 6. The expressions of Bcl-2 and Bax proteins in MC3T3-E1 cells with/without melatonin
treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5%
CO2. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral
hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. Bcl-2 and Bax expressions were identified
by Western blots (A). Bcl-2 (B) and Bax (C) were quantified with ImageJ analysis software. *** p < 0.001
vs. FBS alone; ### p < 0.001 vs. FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole.
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Figure 7. The expressions of Bcl-2 and Bax proteins in MC3T3-E1 cells with/without fluid shear stress
and/or melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS
at 37 ◦C with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa
maximum shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated with
chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. Bcl-2 and Bax expressions were
identified by Western blots (A). Bcl-2 (B) and Bax (C) were quantified with ImageJ analysis software.
*** p < 0.001 vs. FBS alone; ### p < 0.001 vs. FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole;
&&& p < 0.001, no FSS vs. FSS + chloral hydrate; +++ p < 0.001, FSS vs. FSS + chloral hydrate.
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Figure 8. The expressions of Cu/Zn-SOD, Mn-SOD, and catalase proteins in MC3T3-E1 cells
with/without melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10%
FBS at 37 ◦C with 5% CO2. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated
with chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h. Cu/Zn-SOD, Mn-SOD,
and catalase proteins were identified by Western blots (A). Cu/Zn-SOD (B), Mn-SOD (C), and catalase
proteins (D) were quantified with ImageJ analysis software. ** p < 0.01, *** p < 0.001 vs. FBS alone;
## p < 0.01, ### p < 0.001 vs. FBS +chloral hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole.
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Figure 9. The expressions of Cu/Zn-SOD, Mn-SOD, and catalase proteins in MC3T3-E1 cells
with/without fluid shear stress (FSS) and/or melatonin treatment. MC3T3-E1 cells were incubated
in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2. Fluid flow stress experiments were
performed at 1 Hz frequency and ±1 Pa maximum shear stress. MC3T3-E1 cells in the presence
or absence of melatonin (0.1, 1 mM) treated with chloral hydrate (4 mM) for 3 days or nocodazole
(10 µg/mL) for 4 h. Cu/Zn-SOD, Mn-SOD, and catalase proteins were identified by Western blots
(A). Cu/Zn-SOD (B), Mn-SOD (C), and catalase proteins (D) were quantified with ImageJ analysis
software. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. FBS alone; # p < 0.05, ### p < 0.001 vs. FBS + chloral
hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole; & p < 0.05, &&& p < 0.001, no FSS vs. FSS +
chloral hydrate; ++ p < 0.01, FSS vs. FSS + chloral hydrate.

3. Discussion

Our recent study reported that melatonin combined with FSS activates anabolic proteins through
p-ERK in MC3T3-E1 preosteoblast cells [20]. This investigation, carried out in MC3T3-E1 osteoblast
cells with primary cilia under FSS and melatonin, showed that p-ERK, p-Akt, and p-mTOR (Ser 2481)
expressions increased with the addition of 1 mM melatonin compared to 0.1 mM melatonin treatment.
The results of the current study show that p-ERK, p-Akt, and p-mTOR in FSS with/without melatonin
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increased in cilia-less groups compared to cilia groups, suggesting that the enhanced signaling in
cilia-less MC3T3-E1 preosteoblast cells may be activated when combined with FSS and melatonin.

In this study, primary cilia were removed with chloral hydrate or nocodazole in MC3T3-E1
cells, demonstrating that the increase of phosphorylation of ERK/Akt/mTOR in cilia-less MC3T3-E1
osteoblast cells under FSS may be activated for the preservation of cell structure and function.
Delaine-Smith et al. proved that damage or removal of primary cilia with chloral hydrate inhibited
fluid flow-induced mineral/calcium deposition, suggesting that primary cilia were a mechanosensor
in bone cells, and highlighting their relevance in clinical treatments of bone disorders caused by
dysfunctional responses to loading [6]. Jeon et al. [23] showed that osteoblastic cells with primary cilia
by fluid flow stress induced an increase of COX-2 level and PGE2 release via focal adhesions and Akt
phosphorylation. Malone et al. [2] suggested that primary cilia, in response to dynamic fluid flow,
regulate osteopontin gene expression and MAPK phosphorylation in bone cells via tissue-specific
pathways. Praetorius and Spring [24] demonstrated that chloral hydrate did not impair the Ca2+

mobilization machinery in MDCK cells, indicating that the primary cilium in MDCK cells functions
as a Ca2+ sensor. Alenghat et al. [25] reported that nocodazole-treated kidney epithelial cells remove
the fluid flow-induced intracellular calcium response, suggesting that disrupting the cytoskeleton in
the cytoplasm may influence the function of the primary cilium to maintain its mechanotransduction
response. Furthermore, nocodazole impairs tubulin polymerization in human HT-29 colon carcinoma
cells, indicating that cellular interactions with the cell cytoskeleton are strongly influenced by fluid
flow shear stress [26].

MAPK signaling is activated in osteoblasts that are stimulated with FSS [27–32], and Ca2+

change from extracellular Ca2+ entry or intracellular Ca2+ release is important for ERK activation
in osteoblasts [30,33]. However, primary cilium-dependent mechanotransduction in bone cells is
mediated by adenylyl cyclase 6 and cyclic AMP without intracellular Ca2+ release in bone cells [2,7],
whereas another study showed that primary cilia under FSS mediate flow-induced calcium deposition
in osteoblasts [6]. Thus, the mechanotransduction pathway on primary cilium dependence and
independence may not be unique to bone cells but activates the anabolic effect under FSS [20,34].
For example, bending the primary cilium by suction with a micropipette or by increasing the flow rate
of perfusate has been shown to increase extracellular Ca2+ in kidney cells, whereas manipulation of the
apical membrane does not [35]. Praetorius and Spring also demonstrated that the flow-induced Ca2+

response is not inhibited by removal of the primary cilium with 4 mM chloral hydrate treatment [35].
FSS-induced activation of the phosphoinositide-3 kinase (PI3K)/Akt pathway may promote

anabolic responses in osteoblasts [20,36,37]. Rangaswami et al. [38] reported that FSS-induced
osteoblasts activate Akt/ERK signaling with the anabolic response of bone. Triplett et al. [39] found that
FSS may regulate IGF-I-activated p-Akt and p-ERK signaling in osteoblasts. These studies demonstrate
that Akt phosphorylation is required for primary, cilia-mediated, FSS-induced upregulation of
osteogenic responses. In the present study, p-Akt in FSS with/without melatonin were increased
with cilia-less groups compared with cilia groups in MC3T3-E1 cells (Figure 3). Similar to p-ERK
increase, FSS in osteoblast activates p-Akt as an important stimulator in the cilium-dependent and
cilium-independent mechanotransduction pathways.

Kim and Yoo [20] demonstrated that FSS and melatonin in combination increase the expression of
anabolic proteins through the Akt/mTOR in MC3T3-E1 osteoblast cells. Lee et al. [40] provided insights
into the mechanisms by which oscillatory shear stress induces osteoblast-like MG63 cells proliferation
through the upregulation of PI3K/Akt/mTOR/p70S6K pathways. However, the relevance between
the osteoblast-signaling pathway and anabolic proteins expression in response to mechanical stimuli is
not currently known. Our present study demonstrated that FSS induces phosphorylation of mTOR in
osteoblast cells with/without cilium.

In chloral hydrate treatment with/without FSS, expressions of Bcl-2, Bax, Cu/Zn-SOD, Mn-SOD,
and catalase proteins were high compared to only melatonin treatments (Figures 7–9). In nocodazole
treatment, expression of Mn-SOD protein without FSS was high (Figure 8), and expression of catalase



Int. J. Mol. Sci. 2018, 19, 2929 10 of 13

protein with FSS was low, compared to only melatonin treatments (Figure 9). The effects of FSS
increasing antioxidant proteins including Bcl-2, Cu/Zn-SOD, Mn-SOD, and catalase in osteoblast or
osteocyte cells are not well known [20,41]. Therefore, it is necessary to study antioxidant proteins
under FSS.

In conclusion, we found that combined FSS and melatonin enhance ERK/Akt/mTOR signal in
cilia-less MC3T3-E1. The increase of p-ERK/p-Akt/p-mTOR may have resulted from the total influence
of combined FSS and melatonin in MC3T3-E1 osteoblast cells with and without cilia, and, especially,
the enhanced signaling in cilia-less MC3T3-E1 osteoblast cells may activate the anabolic effect required
for the preservation of cell structure and function.

4. Materials and Methods

4.1. Cell Culture

MC3TC-E1 osteoblast cells were purchased from ATCC (Manassas, MD, USA) and cultured
in α-minimum essential medium (α-MEM; Gibco BRL, Gaithersburg, MD, USA) with 10%
heat-inactivated fetal bovine serum (FBS; Gibco BRL, Gaithersburg, MD, USA) at 37 ◦C with 5% CO2.

4.2. Treatment of Chloral Hydrate or Nocodazole and Fluid Flow-Induced Shear Stress

Cells at a density of 1 × 106 cells were placed in glass slides under sterile conditions. Fluid flow
stress was produced by a syringe that was driven by an actuator at a frequency of 1 Hz and a maximum
shear stress of ±1 Pa. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) with the
treatment of chloral hydrate (4 mM) for 3 days or nocodazole (10 µg/mL) for 4 h were incubated at
37 ◦C and 5% CO2 for 1 h. Control cells were placed in flow chambers for 1 h with no fluid flow.

4.3. Immunofluorescence

Fixed cells were incubated overnight at 4 ◦C with a vinculin monoclonal antibody (clone 7F9,
1:330, Millipore, San Diego, CA, USA) and incubated with FITC-conjugated goat anti-mouse antibody
(1:200, Millipore, San Diego, CA, USA). Fluorescence-labeled cells were visualized by fluorescence
microscopy (Carl Zeiss, San Diego, CA, USA).

4.4. Western Blot Analysis

Cells were harvested, washed two times with ice-cold PBS and then resuspended in 20 mM
Tris-HCl buffer (pH 7.4) containing 1% NP-40, 0.1 mM phenylmethylsulfonyl fluoride, 5 µg/mL
aprotinin, 5 µg/mL pepstatin A, 1 µg/mL chymostatin, 5 mM Na3VO4 and 5 mM NaF. The cell lysate
was centrifuged at 13,000× g for 20 min at 4 ◦C. Protein concentration was determined using the
BCA assay (Sigma, St Louis, MO, USA). Proteins were separated by Tris-Glycine SDS-PAGE and
then transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was incubated
with antibodies, indicated as follows: p-Akt and Akt (1:1000, Cell Signaling Technology, Beverly,
MA, USA); p-ERK and ERK (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA); mTOR (1:500,
Santa Cruz Biotechnology); Bax and Bcl-2 (1:500, Santa Cruz Biotechnology); catalase, Cu/Zn-SOD,
Mn-SOD (1:1000, Cell Signaling Technology), and GAPDH (1:1000, Assay Designs, Ann Arbor, MI,
USA). The membrane was exposed to X-ray film; protein bands were scanned and measured using
ImageJ analysis software (version 1.37; Wayne Rasband, NIH, Bethesda, MD, USA), and normalized
by GAPDH, an internal control.

4.5. Statistical Analysis

Data analysis was performed with Prism software (GraphPad Software Inc., San Diego, CA, USA).
Values are presented as means ± SD and considered statistically significant when p < 0.05.



Int. J. Mol. Sci. 2018, 19, 2929 11 of 13

Author Contributions: Conceptualization, C.H.K. and Y.-M.Y.; Data curation, E.-B.J.; Formal analysis, C.H.K. and
Y.-M.Y.; Funding acquisition, C.H.K.; Supervision, Y.-M.Y.; Validation, Y.-M.Y.; Writing original draft, Y.-M.Y.;
Review & editing, C.H.K., E.-B.J. and Y.-M.Y.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2015R1D1A1A01060699).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Goetz, S.C.; Anderson, K.V. The primary cilium: A signalling centre during vertebrate development.
Nat. Rev. Genet. 2010, 11, 331–344. [CrossRef] [PubMed]

2. Malone, A.M.; Anderson, C.T.; Tummala, P.; Kwon, R.Y.; Johnston, T.R.; Stearns, T.; Jacobs, C.R. Primary cilia
mediate mechanosensing in bone cells by a calcium-independent mechanism. Proc. Natl. Acad. Sci. USA
2007, 104, 13325–13330. [CrossRef] [PubMed]

3. Satir, P.; Pedersen, L.B.; Christensen, S.T. The primary cilium at a glance. J. Cell Sci. 2010, 123, 499–503.
[CrossRef] [PubMed]

4. Egorova, A.D.; Khedoe, P.P.; Goumans, M.J.; Yoder, B.K.; Nauli, S.M.; ten Dijke, P.; Poelmann, R.E.; Hierck, B.P.
Lack of primary cilia primes shear-induced endothelial-to-mesenchymal transition. Circ. Res. 2011, 108,
1093–1101. [CrossRef] [PubMed]

5. Raghavan, V.; Rbaibi, Y.; Pastor-Soler, N.M.; Carattino, M.D.; Weisz, O.A. Shear stress-dependent regulation
of apical endocytosis in renal proximal tubule cells mediated by primary cilia. Proc. Natl. Acad. Sci. USA
2014, 111, 8506–8511. [CrossRef] [PubMed]

6. Delaine-Smith, R.M.; Sittichokechaiwut, A.; Reilly, G.C. Primary cilia respond to fluid shear stress and
mediate flow-induced calcium deposition in osteoblasts. FASEB J. 2014, 28, 430–439. [CrossRef] [PubMed]

7. Kwon, R.Y.; Temiyasathit, S.; Tummala, P.; Quah, C.C.; Jacobs, C.R. Primary cilium-dependent
mechanosensing is mediated by adenylyl cyclase 6 and cyclic AMP in bone cells. FASEB J. 2010, 24,
2859–2868. [CrossRef] [PubMed]

8. Saunders, M.M.; You, J.; Trosko, J.E.; Yamasaki, H.; Li, Z.; Donahue, H.J.; Jacobs, C.R. Gap junctions and fluid
flow response in MC3T3-E1 cells. Am. J. Physiol. Cell Physiol. 2001, 281, C1917–C1925. [CrossRef] [PubMed]

9. Wadhwa, S.; Choudhary, S.; Voznesensky, M.; Epstein, M.; Raisz, L.; Pilbeam, C. Fluid flow induces COX-2
expression in MC3T3-E1 osteoblasts via a PKA signaling pathway. Biochem. Biophys. Res. Commun. 2002, 297,
46–51. [CrossRef]

10. Jung-Hynes, B.; Reiter, R.J.; Ahmad, N. Sirtuins, melatonin and circadian rhythms: Building a bridge between
aging and cancer. J. Pineal Res. 2010, 48, 9–19. [PubMed]

11. Blask, D.E.; Hill, S.M.; Dauchy, R.T.; Xiang, S.; Yuan, L.; Duplessis, T.; Mao, L.; Dauchy, E.; Sauer, L.A.
Circadian regulation of molecular, dietary, and metabolic signaling mechanisms of human breast cancer
growth by the nocturnal melatonin signal and the consequences of its disruption by light at night.
J. Pineal Res. 2011, 51, 259–269. [CrossRef] [PubMed]

12. Rodriguez, C.; Mayo, J.C.; Sainz, R.M.; Antolín, I.; Herrera, F.; Martín, V.; Reiter, R.J. Regulation of antioxidant
enzymes: A significant role for melatonin. J. Pineal Res. 2004, 36, 1–9. [CrossRef] [PubMed]

13. Yoo, Y.M.; Yim, S.V.; Kim, S.S.; Jang, H.Y.; Lea, H.Z.; Hwang, G.C.; Kim, J.W.; Kim, S.A.; Lee, H.J.; Kim, C.J.;
et al. Melatonin suppresses NO-induced apoptosis via induction of Bcl-2 expression in PGT-β immortalized
pineal cells. J. Pineal Res. 2002, 33, 146–150. [CrossRef] [PubMed]

14. Choi, S.I.; Joo, S.S.; Yoo, Y.M. Melatonin prevents nitric oxide-induced apoptosis by increasing the interaction
between 14-3-3beta and p-Bad in SK-N-MC cells. J. Pineal Res. 2008, 44, 95–100. [PubMed]

15. Joo, S.S.; Yoo, Y.M. Melatonin induces apoptotic death in LNCaP cells via p38 and JNK pathways: Therapeutic
implications for prostate cancer. J. Pineal Res. 2009, 47, 8–14. [CrossRef] [PubMed]

16. Yoo, Y.M.; Jeung, E.B. Melatonin suppresses cyclosporine A-induced autophagy in rat pituitary GH3 cells.
J. Pineal Res. 2010, 48, 204–211. [CrossRef] [PubMed]

17. Kim, C.H.; Kim, K.H.; Yoo, Y.M. Melatonin protects against apoptotic and autophagic cell death in C2C12
murine myoblast cells. J. Pineal Res. 2011, 50, 241–249. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrg2774
http://www.ncbi.nlm.nih.gov/pubmed/20395968
http://dx.doi.org/10.1073/pnas.0700636104
http://www.ncbi.nlm.nih.gov/pubmed/17673554
http://dx.doi.org/10.1242/jcs.050377
http://www.ncbi.nlm.nih.gov/pubmed/20144997
http://dx.doi.org/10.1161/CIRCRESAHA.110.231860
http://www.ncbi.nlm.nih.gov/pubmed/21393577
http://dx.doi.org/10.1073/pnas.1402195111
http://www.ncbi.nlm.nih.gov/pubmed/24912170
http://dx.doi.org/10.1096/fj.13-231894
http://www.ncbi.nlm.nih.gov/pubmed/24097311
http://dx.doi.org/10.1096/fj.09-148007
http://www.ncbi.nlm.nih.gov/pubmed/20371630
http://dx.doi.org/10.1152/ajpcell.2001.281.6.C1917
http://www.ncbi.nlm.nih.gov/pubmed/11698250
http://dx.doi.org/10.1016/S0006-291X(02)02124-1
http://www.ncbi.nlm.nih.gov/pubmed/20025641
http://dx.doi.org/10.1111/j.1600-079X.2011.00888.x
http://www.ncbi.nlm.nih.gov/pubmed/21605163
http://dx.doi.org/10.1046/j.1600-079X.2003.00092.x
http://www.ncbi.nlm.nih.gov/pubmed/14675124
http://dx.doi.org/10.1034/j.1600-079X.2002.02899.x
http://www.ncbi.nlm.nih.gov/pubmed/12220328
http://www.ncbi.nlm.nih.gov/pubmed/18078454
http://dx.doi.org/10.1111/j.1600-079X.2009.00682.x
http://www.ncbi.nlm.nih.gov/pubmed/19522739
http://dx.doi.org/10.1111/j.1600-079X.2010.00744.x
http://www.ncbi.nlm.nih.gov/pubmed/20136702
http://dx.doi.org/10.1111/j.1600-079X.2010.00833.x
http://www.ncbi.nlm.nih.gov/pubmed/21138475


Int. J. Mol. Sci. 2018, 19, 2929 12 of 13

18. Basoli, V.; Santaniello, S.; Cruciani, S.; Ginesu, G.C.; Cossu, M.L.; Delitala, A.P.; Serra, P.A.; Ventura, C.;
Maioli, M. Melatonin and Vitamin D Interfere with the Adipogenic Fate of Adipose-Derived Stem Cells.
Int. J. Mol. Sci. 2017, 18, 981. [CrossRef] [PubMed]

19. Maioli, M.; Basoli, V.; Santaniello, S.; Cruciani, S.; Delitala, A.P.; Pinna, R.; Milia, E.; Grillari-Voglauer, R.;
Fontani, V.; Rinaldi, S.; et al. Osteogenesis from Dental Pulp Derived Stem Cells: A Novel Conditioned
Medium Including Melatonin within a Mixture of Hyaluronic, Butyric, and Retinoic Acids. Stem Cells Int.
2016, 2016, 2056416. [CrossRef] [PubMed]

20. Kim, C.H.; Yoo, Y.M. Fluid shear stress and melatonin in combination activate anabolic proteins in MC3T3-E1
osteoblast cells. J. Pineal Res. 2013, 54, 453–461. [CrossRef] [PubMed]

21. Sánchez-Barceló, E.J.; Mediavilla, M.D.; Tan, D.X.; Reiter, R.J. Scientific basis for the potential use of melatonin
in bone diseases: Osteoporosis and adolescent idiopathic scoliosis. J. Osteoporos. 2010, 2010, 830231.
[CrossRef] [PubMed]

22. Roth, J.A.; Kim, B.G.; Lin, W.L.; Cho, M.I. Melatonin promotes osteoblast differentiation and bone formation.
J. Biol. Chem. 1999, 274, 22041–22047. [CrossRef] [PubMed]

23. Jeon, O.H.; Yoo, Y.M.; Kim, K.H.; Jacobs, C.R.; Kim, C.H. Primary Cilia-Mediated Osteogenic Response to
Fluid Flow Occurs via Increases in Focal Adhesion and Akt Signaling Pathway in MC3T3-E1 Osteoblastic
Cells. Cell Mol. Bioeng. 2011, 4, 379–388. [CrossRef]

24. Praetorius, H.A.; Spring, K.R. Bending the MDCK cell primary cilium increases intracellular calcium.
J. Membr. Biol. 2001, 184, 71–79. [CrossRef] [PubMed]

25. Alenghat, F.J.; Nauli, S.M.; Kolb, R.; Zhou, J.; Ingber, D.E. Global cytoskeletal control of mechanotransduction
in kidney epithelial cells. Exp. Cell Res. 2004, 301, 23–30. [CrossRef] [PubMed]

26. Haier, J.; Nicolson, G.L. Role of the cytoskeleton in adhesion stabilization of human colorectal carcinoma
cells to extracellular matrix components under dynamic conditions of laminar flow. Clin. Exp. Metast. 1999,
17, 713–721. [CrossRef]

27. Liu, D.; Genetos, D.C.; Shao, Y.; Geist, D.J.; Li, J.; Ke, H.Z.; Turner, C.H.; Duncan, R.L. Activation of
extracellular-signal regulated kinase (ERK1/2) by fluid shear is Ca2+- and ATP-dependent in MC3T3-E1
osteoblasts. Bone 2008, 42, 644–652. [CrossRef] [PubMed]

28. Jackson, R.A.; Kumarasuriyar, A.; Nurcombe, V.; Cool, S.M. Long-term loading inhibits ERK1/2
phosphorylation and increases FGFR3 expression in MC3T3-E1 osteoblast cells. J. Cell Physiol. 2006, 209,
894–904. [CrossRef] [PubMed]

29. Gabarin, N.; Gavish, H.; Muhlrad, A.; Chen, Y.C.; Namdar-Attar, M.; Nissenson, R.A.; Chorev, M.;
Bab, I. Mitogenic G(i) protein-MAP kinase signaling cascade in MC3T3-E1 osteogenic cells: Activation
by C-terminal pentapeptide of osteogenic growth peptide [OGP(10–14)] and attenuation of activation by
cAMP. J. Cell Biochem. 2001, 81, 594–603. [CrossRef] [PubMed]

30. Jessop, H.L.; Rawlinson, S.C.; Pitsillides, A.A.; Lanyon, L.E. Mechanical strain and fluid movement both
activate extracellular regulated kinase (ERK) in osteoblast-like cells but via different signaling pathways.
Bone 2002, 31, 186–194. [CrossRef]

31. Alford, A.I.; Jacobs, C.R.; Donahue, H.J. Oscillating fluid flow regulates gap junction communication in
osteocytic MLO-Y4 cells by an ERK1/2 MAP kinase-dependent mechanism. Bone 2003, 33, 64–70. [CrossRef]

32. Jiang, G.L.; White, C.R.; Stevens, H.Y.; Frangos, J.A. Temporal gradients in shear stimulate osteoblastic
proliferation via ERK1/2 and retinoblastoma protein. Am. J. Physiol. Endocrinol. Metab. 2002, 283, E383–E389.
[CrossRef] [PubMed]

33. Choudhary, S.; Wadhwa, S.; Raisz, L.G.; Alander, C.; Pilbeam, C.C. Extracellular calcium is a potent inducer
of cyclo-oxygenase-2 in murine osteoblasts through an ERK signaling pathway. J. Bone Miner. Res. 2003, 18,
1813–1824. [CrossRef] [PubMed]

34. You, J.; Reilly, G.C.; Zhen, X.; Yellowley, C.E.; Chen, Q.; Donahue, H.J.; Jacobs, C.R. Osteopontin gene
regulation by oscillatory fluid flow via intracellular calcium mobilization and activation of mitogen-activated
protein kinase in MC3T3–E1 osteoblasts. J. Biol. Chem. 2001, 276, 13365–13371. [CrossRef] [PubMed]

35. Praetorius, H.A.; Spring, K.R. Removal of the MDCK cell primary cilium abolishes flow sensing.
J. Membr. Biol. 2003, 191, 69–76. [CrossRef] [PubMed]

36. Norvell, S.M.; Alvarez, M.; Bidwell, J.P.; Pavalko, F.M. Fluid shear stress induces beta-catenin signaling in
osteoblasts. Calcif. Tissue Int. 2004, 75, 396–404. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms18050981
http://www.ncbi.nlm.nih.gov/pubmed/28475114
http://dx.doi.org/10.1155/2016/2056416
http://www.ncbi.nlm.nih.gov/pubmed/26880937
http://dx.doi.org/10.1111/jpi.12043
http://www.ncbi.nlm.nih.gov/pubmed/23397978
http://dx.doi.org/10.4061/2010/830231
http://www.ncbi.nlm.nih.gov/pubmed/20981336
http://dx.doi.org/10.1074/jbc.274.31.22041
http://www.ncbi.nlm.nih.gov/pubmed/10419530
http://dx.doi.org/10.1007/s12195-011-0191-x
http://dx.doi.org/10.1007/s00232-001-0075-4
http://www.ncbi.nlm.nih.gov/pubmed/11687880
http://dx.doi.org/10.1016/j.yexcr.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/15501441
http://dx.doi.org/10.1023/A:1006754829564
http://dx.doi.org/10.1016/j.bone.2007.09.058
http://www.ncbi.nlm.nih.gov/pubmed/18291742
http://dx.doi.org/10.1002/jcp.20779
http://www.ncbi.nlm.nih.gov/pubmed/16972271
http://dx.doi.org/10.1002/jcb.1083
http://www.ncbi.nlm.nih.gov/pubmed/11329614
http://dx.doi.org/10.1016/S8756-3282(02)00797-4
http://dx.doi.org/10.1016/S8756-3282(03)00167-4
http://dx.doi.org/10.1152/ajpendo.00547.2001
http://www.ncbi.nlm.nih.gov/pubmed/12110546
http://dx.doi.org/10.1359/jbmr.2003.18.10.1813
http://www.ncbi.nlm.nih.gov/pubmed/14584892
http://dx.doi.org/10.1074/jbc.M009846200
http://www.ncbi.nlm.nih.gov/pubmed/11278573
http://dx.doi.org/10.1007/s00232-002-1042-4
http://www.ncbi.nlm.nih.gov/pubmed/12532278
http://dx.doi.org/10.1007/s00223-004-0213-y
http://www.ncbi.nlm.nih.gov/pubmed/15592796


Int. J. Mol. Sci. 2018, 19, 2929 13 of 13

37. Pavalko, F.M.; Gerard, R.L.; Ponik, S.M.; Gallagher, P.J.; Jin, Y.; Norvell, S.M. Fluid shear stress inhibits
TNF-alpha-induced apoptosis in osteoblasts: A role for fluid shear stress-induced activation of PI3-kinase
and inhibition of caspase-3. J. Cell Physiol. 2003, 194, 194–205. [CrossRef] [PubMed]

38. Rangaswami, H.; Schwappacher, R.; Tran, T.; Chan, G.C.; Zhuang, S.; Boss, G.R.; Pilz, R.B. Protein
kinase G and focal adhesion kinase converge on Src/Akt/β-catenin signaling module in osteoblast
mechanotransduction. J. Biol. Chem. 2012, 287, 21509–21519. [CrossRef] [PubMed]

39. Triplett, J.W.; O’Riley, R.; Tekulve, K.; Norvell, S.M.; Pavalko, F.M. Mechanical loading by fluid shear stress
enhances IGF-1 receptor signaling in osteoblasts in a PKCzeta-dependent manner. Mol. Cell Biomech. 2007, 4,
13–25. [PubMed]

40. Lee, D.Y.; Li, Y.S.; Chang, S.F.; Zhou, J.; Ho, H.M.; Chiu, J.J.; Chien, S. Oscillatory flow-induced proliferation
of osteoblast-like cells is mediated by alphavbeta3 and beta1 integrins through synergistic interactions of
focal adhesion kinase and Shc with phosphatidylinositol 3-kinase and the Akt/mTOR/p70S6K pathway.
J. Biol. Chem. 2010, 285, 30–42. [CrossRef] [PubMed]

41. Bakker, A.; Klein-Nulend, J.; Burger, E. Shear stress inhibits while disuse promotes osteocyte apoptosis.
Biochem. Biophys. Res. Commun. 2004, 320, 1163–1168. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcp.10221
http://www.ncbi.nlm.nih.gov/pubmed/12494458
http://dx.doi.org/10.1074/jbc.M112.347245
http://www.ncbi.nlm.nih.gov/pubmed/22563076
http://www.ncbi.nlm.nih.gov/pubmed/17879768
http://dx.doi.org/10.1074/jbc.M109.010512
http://www.ncbi.nlm.nih.gov/pubmed/19889638
http://dx.doi.org/10.1016/j.bbrc.2004.06.056
http://www.ncbi.nlm.nih.gov/pubmed/15249211
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cell Culture 
	Treatment of Chloral Hydrate or Nocodazole and Fluid Flow-Induced Shear Stress 
	Immunofluorescence 
	Western Blot Analysis 
	Statistical Analysis 

	References

