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Abstract

Our previous studies showed that nitric oxide (NO) could induce osteoblast apoptosis. Mi-
croRNA-I (miR-1), a skeletal- and cardiac muscle-specific small non-coding RNA, contributes to
the regulation of multiple cell activities. In this study, we evaluated the roles of miR-I in
NO-induced insults to osteoblasts and the possible mechanisms. Exposure of mouse MC3T3-El
cells to sodium nitroprusside (SNP) increased amounts of cellular NO and intracellular reactive
oxygen species. Sequentially, SNP decreased cell survival but induced caspase-3 activation, DNA
fragmentation, and cell apoptosis. In parallel, treatment with SNP induced miR-1 expression in a
time-dependent manner. Application of miR-1 antisense inhibitors to osteoblasts caused significant
inhibition of SNP-induced miR-1 expression. Knocking down miR-1 concurrently attenuated
SNP-induced alterations in cell morphology and survival. Consecutively, SNP time-dependently
inhibited heat-shock protein (HSP)-70 messenger (m)RNA and protein expressions. A bioinfor-
matic search predicted the existence of miR-I-specific binding elements in the 3’-untranslational
region of HSP-70 mRNA. Downregulation of miR-1 expression simultaneously lessened
SNP-induced inhibition of HSP-70 mRNA and protein expressions. Consequently, SNP-induced
modifications in the mitochondrial membrane potential, caspase-3 activation, DNA fragmentation,
and apoptotic insults were significantly alleviated by miR-1 antisense inhibitors. Therefore, this
study showed that miR-1 participates in NO-induced apoptotic insults through targeting HSP-70
gene expression.
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Introduction

Osteoblasts play a critical role in bone formation
(1). During bone remodeling, old bone is resorbed by
osteoclasts, and then new bone is formed by osteo-
blasts, which are differentiated from mesenchymal
stem cells (2). However, a variety of systemic and local
factors contributes to regulation of osteoblast activities
(3, 4). Nitric oxide (NO), a reactive oxygen species

(ROS), was reported to regulate osteoblast prolifera-
tion, differentiation, and mineralization (4, 5). In addi-
tion, our previous study showed that overproduction
of NO elevated cellular ROS levels and concurrently
induced apoptotic insults to osteoblasts via an intrin-
sic mitochondrion-dependent mechanism (6-8). In
comparison, pretreatment with low concentrations of
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NO can protect osteoblasts against oxidative
stress-induced injury through an antiapoptotic path-
way (3, 9, 10). As a result, NO can function like a
double-edged sword to control osteoblast activities by
regulating cell survival or death. However, insults to
osteoblasts may cause an imbalance in bone remodel-
ing and severe perturbations in skeletal structure and
function, ultimately leading to bone diseases such as
osteoporosis, osteosclerosis, and osteopetrosis.

Micro (mi)RNAs that contain about 22 nucleo-
tides belong to endogenously expressed small
non-coding RNAs (11). miRNAs take part in crucial
roles in adjusting biological processes, including cell
differentiation, proliferation, and apoptosis (12).
miRNAs can posttranscriptionally regulate specific
gene expressions by base pairing with target mes-
senger (m)RNAs, leading to mRNA cleavage or
translational silencing (11, 12). For example, our pre-
vious study showed that miR-210 can mediate hy-
poxia-induced apoptosis of neuroblastoma cells by
targeting expression of the antiapoptotic B-cell lym-
phoma (Bcl)-2 gene (13). In comparison, miR-1 was
implicated as skeletal- and cardiac muscle-specific
miRNA that plays pathological and biological roles in
regulating cell apoptosis, ischemic myocardial inju-
ries, cardiogenesis, conduction, myogenesis, and
hypertrophy (14, 15). A previous study reported that
reducing miR-1 expression protected cardiomyocytes
against ischemic injury (16). Recently, miR-1 was also
shown to participate in controlling brain develop-
ment and neuronal activity (17, 18). miR-1 was more
highly expressed in osteosarcoma cells compared to
normal osteoblasts (19, 20). Furthermore, such induc-
tion of miR-1 gene expression is directly associated
with controlling cell proliferation and cell cycle.
However, the roles of miR-1 in NO-induced altera-
tions in osteoblast activities are little known.

Apoptosis of osteoblasts can determine the bone
cell population in skeletal tissues and consequently
plays a critical role in physiologically regulating bone
turnover and regeneration (21). In the clinic, early os-
teoblast apoptosis can lead to impaired osteogenesis
and the pathogenesis of post-transplant osteoporosis
(22). A mixture of intrinsic and extrinsic factors con-
tributes to the regulation of cell apoptosis (23). Our
previous studies showed that NO-induced oxidative
stress can stimulate translocation of the proapoptotic
Bax protein from the cytoplasm to the outer mem-
branes of mitochondria, which subsequently induces
osteoblast apoptosis via an intrinsic mitochondri-
on-dependent mechanism (6, 7). Heat shock protein
(HSP)-70 are a family of highly conserved proteins
whose expressions are either constitutive or inducible
in response to different physiological and environ-
mental conditions (24). Being a survival gene, HSP-70

can be rapidly expressed to build up cytoprotection
against various types of cellular stress, including ele-
vated temperatures, mechanical damage, hypoxia,
lowered pH, and ROS generation (25). Kumei et al.
(2003) reported that microgravity inhibited the pro-
duction of HSP-70 in osteoblasts, which may cause
osteoblast damage (26). In H9c2 rat ventricular cells,
miR-1 was overproduced in response to oxidative
stress and afterward triggered cell apoptosis by tar-
geting HSP-60 and HSP-70 (14). However, whether or
not miR-1 is involved in NO-induced insults to osteo-
blasts has not previously been appraised. Therefore, in
this study, we evaluated the roles of miR-1 in
NO-induced osteoblast injury and the possible
mechanisms.

Materials and Methods

Cell culture and drug treatment

Mouse MC3T3-E1 cells purchased from Ameri-
can Type Culture Collection (Rockville, MD, USA)
were seeded in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco-BRL, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum, L-glutamine,
penicillin (100 IU/ml), and streptomycin (100 pg/ml)
in 75-cm? flasks at 37 °C in a humidified atmosphere
of 5% CO,. Sodium nitroprusside (SNP) purchased
from Sigma (St. Louis, MO, USA) was freshly dis-
solved in phosphate-buffered saline (PBS) (0.14 M
NaCl, 2.6 mM KCl, 8 mM Na,HPO4 and 1.5 mM
KH2POy) in the absence of light. Our previous studies
showed that SNP at 2 mM can induce insults to oste-
oblasts (3, 6-8). In this study, MC3T3-E1 cells were
treated with 2 mM SNP for various time intervals.
Control cells received PBS only.

Quantification of cellular NO and intracellular
ROS

Levels of cellular NO were determined by the
Griess reaction (7). After drug treatment, the culture
medium was collected and centrifuged. Following a
reaction of the supernatant with sulfanilamide and
N-1-napthylethylenediamine, a colorimetric azo
compound was formed and quantified using a mi-
croplate photometer (Anthos Labtec Instruments,
Lagerhausstrasse, Wales, Austria). Amounts of intra-
cellular ROS were quantified following a previously
described method (8). Briefly, 5 x 10> osteoblasts were
cotreated with SNP and 2’,7’-dichlorofluorescin diac-
etate, an ROS-sensitive dye. After drug treatment,
osteoblasts were suspended in PBS buffer. Relative
fluorescent intensities were quantified using a flow
cytometer (Becton Dickinson, San Jose, CA, USA).

Assays of cell morphologies and cell survival

Cell survival was determined by a trypan blue
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exclusion assay (18). Briefly, MC3T3-E1 cells (2 x 104
cells) were seeded in 24-well tissue culture plates.
After drug treatment, cells were trypsinized with 0.1%
trypsin-EDTA (Gibco-BRL). Following centrifugation
and washing, MC3T3-E1 cells were suspended in PBS
and stained with trypan blue dye (Sigma). Fractions of
dead cells with a blue signal were visualized and
counted using a reverse-phase microscope (Nikon,
Tokyo, Japan). Cell morphologies were observed and
photographed using a microscope (Nikon).

Quantification of the mitochondrial mem-
brane potential (MMP)

The MMP was determined using flow cytometry
(27). Briefly, MC3T3-E1 cells (5 x 105 cells) were cul-
tured in 12-well tissue culture plates overnight. After
drug treatment, cells were harvested and incubated
with 3,3’-dihexyloxacarbocyanine iodide at 37 °C for
30 min in a humidified atmosphere of 5% CO,. After
washing and centrifugation, cell pellets were sus-
pended in PBS buffer. Intracellular fluorescent in-
tensities were analyzed using a flow cytometer
(EPICS XL, Beckman Coulter, Fullerton, CA, USA).

Assay of caspase-3 activity

Caspase-3 activity was determined by a fluoro-
genic substrate assay (28). Briefly, caspase-3 activity
was analyzed by incubating cell lysates with the flu-
orogenic substrate, Asp-Glu-Val-Asp (DEVD), in a
cell-free buffer system consisting of 10 mM Hepes (pH
7.4), 220 mM mannitol, 68 mM sucrose, 2 mM NaCl,
2.5 mM KHyPOq, 0.5 mM EGTA, 2 mM MgCI2, 5 mM
pyruvate, 0.1 mM PMSF, and 1 mM dithiothreitol.
Intensities of the fluorescent products in cells were
measured with a LS55 luminescence spectrometer
(Perkin Elmer, Norwalk, CT, USA).

Quantification of DNA fragmentation

DNA fragmentation was quantified using a cel-
lular DNA fragmentation enzyme-linked immuno-
sorbent assay (ELISA) kit (Boehringer Mannheim,
Indianapolis, IN, USA) (8). Briefly, MC3T3-E1 cells (2
x 10°) were subcultured in 24-well tissue culture plates
and labeled with 5-bromo-2'-deoxyuridine (BrdU) at
100 pM overnight. After being harvested, 100 pl of a
cell suspension was added to 96-well tissue culture
plates. Following drug treatment, amounts of
BrdU-labeled DNA in the cytoplasm were quantified
using an Anthos 2010 microplate photometer (Anthos
Labtec  Instruments, Lagerhausstrasse, =~ Wals/
Salzburg, Austria) at a wavelength of 450 nm.

Analysis of apoptotic cells

Cell apoptosis was quantified using propidium
iodide (PI) according to a previously described
method (3). After drug treatment, MC3T3-E1 cells and

mouse MC3T3-E1 cells were harvested and fixed in
cold 80% ethanol. Following centrifugation and
washing, fixed cells were stained with PI and ana-
lyzed by a flow cytometer (Beckman Coulter).

RNA isolation and quantitative polymerase
chain reaction (QPCR) for miR-1 expression

Total RNA was isolated using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and the expression
of miR-1 by MC3T3-E1 cells was evaluated using a
TagMan miRNA assay kit (Applied Biosystems, Fos-
ter City, CA, USA) (13). Single-stranded complemen-
tary (c)DNA was synthesized from 50 ng of total RNA
using looped primers of the TagMan miRNA reverse-
transcription kit (Applied Biosystems). miR-1 cDNA
was amplified by the qPCR sequence- specific pri-
mers from the TagMan miRNA assay in the ABI
PRISM 7700 sequence detection system (Applied
Biosystems). miRNA expression was normalized to
that of the small nuclear RNA, RNU6B.

Suppression of miR-1 expression

Expression of miR-1 by MC3T3-E1 cells was
suppressed using an Anti-miR™ miRNA inhibitor
(hsa-miR-1; Applied Biosystems) (18). The Anti-miR™
miRNA Inhibitor Negative Control #1 (Applied Bi-
osystems) served as a negative control in the experi-
ments. Hsa-miR-1 and the anti-miRNA inhibitor
negative control were transfected into MC3T3-E1 cells
using the siPORT NeoFX transfection agent (Applied
Biosystems) according to the manufacturer's instruc-
tions.

Immunoblotting analyses of HSP-70 and
B-actin

Protein analyses were carried out according to a
previously described method (29). After drug treat-
ment, cell lysates were prepared in ice-cold radio-
immunoprecipitation assay buffer (25 mM Tris-HCI
(pH 7.2), 0.1% sodium dodecylsulfate (SDS), 1% Tri-
ton X-100, 1% sodium deoxycholate, 0.15 M NaCl, and
1 mM EDTA). Protein concentrations were quantified
using a bicinchonic acid protein assay kit (Pierce,
Rockford, IL, USA). Proteins (50 pg/well) were sub-
jected to SDS-polyacrylamide gel electrophoresis
(PAGE), and transferred to nitrocellulose membranes.
A rabbit polyclonal antibody against human HSP-70
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA, dilution 1:500) was used to detect
HSP-70. Cellular -actin protein was immunodetected
using a mouse monoclonal antibody against mouse
B-actin (Sigma, dilution 1:2500) as the internal
standard. The secondary antibodies used were horse-
radish peroxidase (HRP) anti-rabbit (Santa Cruz Bio-
technology, dilution 1:2500) and HRP anti-mouse
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(Sigma, dilution 1:2500). After adding enhanced
chemiluminescence substrates to react with these
secondary antibodies according to the instruction of
an enhanced chemiluminescence detection system of
the Western Lightning Plus-ECL (Perkin Elmer), these
protein bands were observed and quantified using a
digital imaging system (UVtec, Cambridge, UK).

gPCR analyses of HSP-70 and B-actin

mRNA from MC3T3-E1 cells was prepared for
the qPCR analyses of HSP-70 and P-actin mRNA as
described previously (30). Oligonucleotides for the
PCR analyses of HSP-70 and - actin mRNA were
designed and synthesized by Clontech Laboratories
(Palo Alto, CA, USA). The oligonucleotide sequences
of the respective upstream and downstream primers
for  these  three

mRNA  analyses  were
5'-CCGCCTACTTCAACGACTC-3' and 5'-
TCTTGAACTCCTCCACGAAG-3' for HSP-70 and
5'-GTGGGCCGCTCTAGGCACCAA-3' and
A B
c D
%50 3 % 7 * * 2@50
AN 0
oo N
E F
gors s P / o
10
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£ 1. / % % g
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5'-CTCTTTGATGTCACGCACGATTTC-3' for B-actin.
A gPCR analysis was carried out using iQSYBR Green
Supermix (Bio-Rad, Hercules, CA, USA) and the MyiQ
Single-Color Real-Time PCR Detection System
(Bio-Rad).

Statistical analysis

Statistical differences between the control and
drug-treated groups were considered significant
when the p value of Duncan’s multiple-range test was
< 0.05. Statistical analysis between drug-treated
groups was carried out using a two-way analysis of
variance (ANOVA).Results

SNP increased levels of cellular NO and ROS
and induced apoptotic insults to osteoblasts

NO and intracellular ROS were quantified to
determine levels of SNP-induced oxidative stress to
osteoblasts (Fig. 1A, B). Exposure of MC3T3-E1 cells to
2 mM SNP for 1 h caused a significant 67% elevation
in cellular NO levels (Fig. 1A). Af-
ter exposure for 3, 6, 12, and 24 h,
SNP increased cellular NO by 3-,
6-, 8-, and 13-fold, respectively. In
Comparison, treatment of
MC3T3-E1 cells with SNP for 1 h
increased levels of intracellular
ROS by 75% (Fig. 1B). When ex-
posed to SNP for 3, 6, 12, and 24 h,
amounts of intracellular ROS were
augmented 4-, 5-, 7-, and 8-fold
compared to the control group,
respectively.

n
S

%*

Figure 1. Effects of sodium nitroprusside (SNP) on
cellular nitrite and intracellular reactive oxygen
species (ROS) levels and osteoblast insults.
MC3T3-E1 cells were exposed to 2 mM SNP for 1,
3, 6, 12, and 24 h. Amounts of cellular nitrite (A) and
intracellular ROS (B) were quantified by the Griess
reaction method and flow cytometry, respectively.
Cell survival was determined using a trypan blue
exclusion method (C). Caspase-3 activity was
assayed by a fluorogenic substrate assay (D). DNA
fragmentation (E) and apoptotic cells (F) were
analyzed using an ELISA method and flow cytometry.
Each value represents the mean + SEM, n = 6. *
Values significantly differ from the respective con-
trol, p < 0.05.
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To evaluate NO-induced insults to osteoblasts,
cell survival, caspase-3 activity, DNA fragmentation,
and apoptotic cells were assayed (Fig. 1C-F). Expo-
sure of MC3T3-E1 cells to SNP for 1 h did not affect
cell survival (Fig. 1C). However, after treatment with
SNP for 3, 6, 12, and 24 h, cell survival decreased by
13%, 28%, 44 %, and 64 %, respectively. In parallel, SNP
caused respective 19%, 45%, 84%, and 139% increases
in caspase-3 activities following SNP administration
for 3, 6, 12, and 24 h (Fig. 1D). Exposure of MC3T3-E1
cells to SNP for 3, 6, 12, and 24 h led to respective 43%,
93%, 140%, and 187% induction of DNA fragmenta-
tion (Fig. 1E). Consequently, analysis of the cell cycle
revealed that when treated with SNP for 3, 6, 12, and
24 h, the proportions of MC3T3-E1 cells undergoing
apoptosis increased by 15%, 33%, 42%, and 62%, re-
spectively (Fig. 1F).

NO induced miR-1 expression in osteoblasts

Levels of miR-1 in MC3T3-E1 cells were quanti-
fied to evaluate the effects of NO on the expression of
this small non-coding RNA (Fig. 2). Exposure of
MC3T3-E1 cells to SNP for 1 h led to a significant 50%
induction in miR-1 expression (Fig. 2A). At 3, 6, 12,
and 24 h after exposure to SNP, amounts of miR-1
were augmented by 2.5-, 6.4-, 4.8-, and 2.8-fold, re-
spectively. Application of miR-1 antisense inhibitors
to MC3T3-E1 cells slightly decreased basal levels of
miR-1 (Fig. 2B). However, SNP-induced miR-1 ex-
pression was significantly reduced by 67% following
pretreatment with miR-1 antisense inhibitors (Fig. 2B).

miR-2 participated in NO-induced osteoblast
death

The role of miR-1 in NO-induced insults was
further determined (Fig. 3). Exposure of MC3T3-E1
cells to SNP decreased the cell number and concur-
rently induced a shrunken morphology (Fig. 3A).
Application of miR-1 antisense inhibitors did not af-
fect the cell number or cell shape but caused signifi-
cant alleviation of SNP-induced cell insults (Fig. 3A).
Treatment with SNP caused a significant 47% de-
crease in cell survival (Fig. 3B). In comparison,
knocking down miR-1 significantly lowered
SNP-induced death of MC3T3-E1 cells.

NO inhibited HSP-70 mRNA and protein ex-
pressions in osteoblasts

RNA and protein analyses were carried out to
evaluate the effects of NO on HSP-70 expression (Fig.
4). Exposure of MC3T3-E1 cells to SNP for 3 h dimin-
ished levels of HSP-70 (Fig. 4A, top panel, lane 2).
Amounts of HSP-70 were more obviously reduced
after exposure to SNP for 6 and 12 h (lanes 3 and 4).
B-Actin was immunodetected as the internal standard

(bottom panel). These protein bands were quantified
and statistically analyzed (Fig. 4B). Treatment of
MC3T3-E1 cells with SNP for 3, 6, and 12 h caused
significant 33%, 53%, and 42% decreases in levels of
HSP-70. Real-time PCR analyses showed that treat-
ment of MC3T3-E1 cells with SNP for 3, 6, and 12 h
inhibited HSP-70 mRNA expression by 35%, 56%, and
44%, respectively (Fig. 4C).

A

o]
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o2}
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miR-1
(relative quantity of expression)
'S

o

N WA O ~

-

miR-1
(relative quantity of expression)

o

Inhibitor Inhibitor+SNP

Control SNP

Figure 2. Effects of sodium nitroprusside (SNP) on microRNA-1 (miR-1)
expression. MC3T3- El cells were exposed to 2 mM SNP for 1, 3, 6, 12, and 24
h. Levels of miR-1 were quantified using a quantitative PCR analysis (A).
MC3T3-E1 cells were treated with SNP, hsa-miR-1 (a miR-1 inhibitor), and their
combination for 6 h. The Anti-miR™ miRNA Inhibitor Negative Control #1
(Control) was transfected into MC3T3-E1 cells as a negative control. Amounts
of miR-1 were quantified using a quantitative PCR analysis (B). Each value
represents the mean + SEM, n = 6. * and # Values significantly (p < 0.05) differ
from the respective control and SNP-treated groups, respectively.

miR-1 targeted HSP-70 translation in osteo-
blasts

The roles of miR-1 in regulating HSP-70 gene
expression were validated (Fig. 5). Results of a bio-
informatic search revealed that a predicted
miR-1-specific binding element exists in the
3’-untranslated region (UTR) of HSP-70 mRNA (Fig.
5A). Treatment of MC3T3-E1 cells with miR-1 anti-
sense inhibitors did not lead to apparent changes in
basal levels of HSP-70 (Fig. 5B, top panel, lane 2).
However, SNP caused a decline in the amount of
HSP-70 in MC3T3-E1 cells (lane 3). In comparison,
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pretreatment with miR-1 antisense inhibitors obvi-
ously lowered the SNP-induced reduction in HSP-70
production (lane 4). Levels of B-actin were immuno-
detected as the internal standard (bottom panel).
These protein bands were quantified and statistically
analyzed (Fig. 5C). Treatment of MC3T3-E1 cells with
SNP caused a 51% decrease in the amount of HSP-70.
Meanwhile, application of miR-1 antisense inhibitors
significantly attenuated the SNP-induced decrease in
cellular HSP-70 levels (Fig. 5C). Real-time PCR anal-
yses further revealed that the SNP-induced inhibition
of HSP-70 mRNA expression was lessened by 45%
after knocking down miR-1 expression (Fig. 5D).

miR-1 mediated NO-induced insults to osteo-
blasts via an apoptotic mechanism

The MMP, caspase-3 activity, DNA fragmenta-

[o]
o

[o)]
o

N
o

Cell survival, cell no x 100
n
o

0

Inhibitor Inhibitor+SNP

SNP

Figure 3. Roles of micro RNA-1 (miR-1) in sodium nitroprusside
(SNP)-induced osteoblast injuries. MC3T3-El cells were treated with SNP,
hsa-miR-1 (an miR-1 inhibitor), and their combination for 12 h. The Anti-miR™
miRNA Inhibitor Negative Control #1 (Control) was transfected into
MC3T3-El cells as a negative control. Cell morphology was observed with a
microscope (A). Cell survival was determined using a trypan blue exclusion
method (B). Each value represents the mean + SEM, n = 6. * and # Values
significantly (p < 0.05) differ from the respective control and SNP-treated
groups, respectively.

Control

tion, and apoptotic cells were assayed to evaluate the
mechanisms of miR-1-involved osteoblast insults (Fig.
6). Exposure of MC3T3-E1 cells to SNP decreased the
MMP by 36% (Fig. 6A). Application of miR-1 anti-
sense inhibitors did not affect the MMP but caused a
significant 53% alleviation in the SNP-induced reduc-
tion in the MMP. In comparison, SNP increased
caspase-3 activity by 2.8-fold, but pretreatment with
miR-1 antisense inhibitors lowered such augmenta-
tion by 47% (Fig. 6B). The SNP-induced DNA frag-
mentation of MC3T3-E1 cells was suppressed by 35%
following treatment with miR-1 inhibitors (Fig. 6C).
Consequently, reducing miR-1 expression simulta-
neously diminished 58% of SNP-induced osteoblast
apoptosis (Fig. 6D).
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Figure 4. Effects of sodium nitroprusside (SNP) on HSP-70 mRNA and protein
expressions. MC3T3-El cells were exposed to 2 mM SNP for 3, 6, and 12 h.
Amounts of HSP-70 were immunodetected (A, top panel). B-Actin was analyzed
as the internal control (bottom panel). These immunorelated protein bands
were quantified and statistically analyzed (B). Levels of HSP-70 mRNA were
quantified using a quantitative PCR (C). Each value represents the mean + SEM,
n = 6. * Values significantly differ from the respective control, p < 0.05.
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Figure 5. Roles of microRNA-1 (miR-1) in sodium nitroprusside (SNP)-induced inhibition of heat shock protein (HSP)-70 mRNA and protein expressions. A
bioinformatic approach was conducted to predict the existence of miR-1-specific binding elements in the 3-UTR of HSP-70 mRNA (A). MC3T3-E| cells were treated
with SNP, hsa-miR-1 (an miR-1 inhibitor), and their combination for 12 h. The Anti-miR™ miRNA Inhibitor Negative Control #1 (Control) was transfected into
MC3T3-El cells as a negative control. Amounts of HSP-70 were immunodetected (B, top panel). B-Actin was analyzed as the internal control (bottom panel). These
immunorelated protein bands were quantified and statistically analyzed (C). Levels of HSP-70 mRNA were quantified using a quantitative PCR (D). Each value
represents the mean = SEM, n = 6. * and # Values significantly (p < 0.05) differ from the respective control and SNP- treated groups, respectively.
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Figure 6. Roles of microRNA-1 (miR-1) in sodium nitroprusside (SNP)-induced osteoblast apoptosis. MC3T3-El cells were treated with sodium nitroprusside
(SNP), hsa-miR-1 (a miR-1 inhibitor), and their combination for 12 h. The Anti-miR™ miRNA Inhibitor Negative Control #1 (Control) was transfected into
MC3T3-El cells as a negative control. The membrane potential of mitochondria was quantified using flow cytometry (A). Caspase-3 activity was assayed by a
fluorogenic substrate assay (B). DNA fragmentation (C) and apoptotic cells (D) were analyzed using an ELISA method and flow cytometry, respectively. Each value
represents the mean * SEM, n = 6. * and # Values significantly (p < 0.05) differ from the control and SNP-treated groups, respectively.
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Discussion

This study showed that miR-1 participates in
NO-induced insults to osteoblasts. After exposure to
SNP, the levels of cellular NO in MC3T3-E1 cells
time-dependently increased. SNP can be decomposed
into NO in the presence of a biological system, re-
ducing agents, and visible light (31). In parallel, NO
released by SNP elevated oxidative stress and de-
creased cell survival. Interestingly, treatment of
MC3T3-E1 cells with SNP induced miR-1 expression
in a time-dependent manner. Li et al. (2014) used
Northern blot analyses to identify the specific expres-
sion of miR-1 in growth plate cartilage and muscle
tissue (32). The present study further demonstrated
that miR-1 can be detected in osteoblasts. We also
showed induction of miR-1 in MC3T3-E1 cells fol-
lowing SNP treatment. In comparison, treatment of
MC3T3-E1 cells with miR-1 antisense inhibitors
caused significant inhibition of SNP-induced expres-
sion of this small non-coding RNA. At the same time,
knocking down miR-1 expression alleviated
SNP-induced insults to osteoblasts. Osteoblasts con-
tribute to bone formation (1). However, plenty of en-
dogenous and exogenous factors can damage osteo-
blasts (4). During bone inflammation, NO is usually
overproduced (4, 5). This study provides in vitro evi-
dence to show the roles of miR-1 in NO-induced os-
teoblast injury. Therefore, miR-1 may be clinically
applied as an effective biomarker for the diagnosis
and prognosis of inflammation-related bone disorders
such as bone trauma, bone fracture, and osteoporosis.

miR-1 takes part in NO-induced damage to os-
teoblasts through an apoptotic mechanism. Exposure
of MC3T3-E1 cells to SNP induced shrunken mor-
phologies, caspase-3 activation, DNA fragmentation,
and cell cycle arrest at the sub-G1 phase. Morpholog-
ical shrinkage, caspase-3 activation, DNA fragmenta-
tion, and cell cycle arrest are typical features of cells
undergoing apoptosis (3, 7). There are two typical
apoptotic  mechanisms: intrinsic =~ mitochondri-
on-dependent and extrinsic mitochon-
dria-independent pathways (23). Our previous stud-
ies showed that overproduction of NO in osteoblasts
can stimulate translocation of Bax, a proapoptotic
protein, from the cytoplasm to the outer membranes
of mitochondria (6, 7, 9). In this study, we demon-
strated that after exposure to SNP, the MMP of
MC3T3-E1 cells decreased. Alterations in the mem-
brane potential imply the involvement of mitochon-
dria in NO-induced apoptotic insults to osteoblasts
(33). Thus, SNP may induce apoptosis of MC3T3-E1
cells through activation of a mitochondri-
on-dependent pathway. In comparison, knocking
down miR-1 expression using its specific antisenses

inhibited SNP-induced miR-1 synthesis and simulta-
neously attenuated NO donor-triggered changes in
the MMP, caspase-3 activation, DNA fragmentation,
and cell cycle arrest. Therefore, miR-1 transduces
NO-induced apoptotic insults to MC3T3-E1 cells via
an intrinsic mitochondrion-dependent mechanism. A
previous study reported that under hypoxic condi-
tions, miR-1 was induced and transduced a mito-
chondrion-dependent apoptotic signals in neuronal
cells (18). This study further showed the molecular
mechanisms of miR-1-involved regulation of
NO-induced osteoblast apoptosis.

HSP-70 contributes to NO-induced osteoblast
apoptosis. Treatment of MC3T3-E1 cells with SNP
decreased levels of cellular HSP-70 in a
time-dependent manner. In parallel, expression of
HSP-70 mRNA by MC3T3-E1 cells was inhibited by
SNP. Thus, the SNP-induced suppression of HSP-70
expression occurs at least at a pretranslational level.
Under exposure to various types of stress, HSP-70 can
be rapidly and massively induced (24). Functionally,
HSP-70 was implicated as a survival gene because this
early expressed protein is able to build up cytopro-
tection against temperature alterations, mechanical
damage, hypoxia, lowered pH, and ROS generation
(25). Our previous study showed that when HSP-70
expression was knocked down, hypoxic stress could
provoke more apoptosis of neuronal cells (18). In os-
teoblasts, HSP-70 expression was inhibited by micro-
gravity (26). Consequently, such a change in HSP-70
production would lead to osteoblast damage. The
present study showed that administration of SNP to
MC3T3-E1 cells inhibited HSP-70 mRNA and protein
production and concurrently induced cell apoptosis.
Therefore, HSP-70 is involved in NO-induced apop-
tosis of osteoblasts.

miR-1 can target HSP-70. The present data reveal
that treatment of MC3T3-E1 cells with miR-1 anti-
sense inhibitors caused significant attenuation of
SNP-induced changes in miR-1 expression and
HSP-70 mRNA and protein syntheses. Our results of a
bioinformatic search further predicted the existence of
miR-1-specific binding elements in the 3’-UTR of
HSP-70 mRNA. In rat ventricular H9¢2 cells, miR-1
was shown to be overproduced in response to oxida-
tive stress and afterward triggered cell apoptosis by
targeting HSP-60 and HSP-70 (14). In our lab, we also
showed that miR-1 can target HSP-70 and mediate
hypoxia-induced apoptotic insults to mouse neuro-2a
cells (18). Preconditioning of the heart was developed
as a powerful experimental tool to discover novel
signaling mechanisms in cardioprotection. Salloum et
al. (2010) showed that miR-1 is one of multiple
miRNAs the gene expressions of which can be regu-
lated in cardiac preconditioning (34). Additionally,
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miR-1 was reported to drive the synthesis of the car-
dioprotective protein, HSP-70. Knockdown of HSP-70
may induce loss of synaptic mitochondria and sub-
sequent cell death in a Drosophila Parkinson's disease
model (35). As a result, miR-1 can target HSP-70 and
then transduces NO-induced apoptotic insults to os-
teoblasts.

In summary, this study showed that exposure of
MC3T3-E1 cells to SNP time-dependently elevated
cellular NO and ROS levels. In parallel, SNP de-
creased cell survival and induced DNA fragmentation
and cell apoptosis. Expression of miR-1 by MC3T3-E1
cells was induced by SNP. Knocking down miR-1
expression using its specific antisense inhibitors sim-
ultaneously attenuated SNP-induced osteoblast death.
Treatment of MC3T3-E1 cells with SNP augmented
HSP-70 mRNA and protein expressions. A bioinfor-
matic search revealed the existence of miR-1-specific
binding elements in the 3’-UTR of HSP-70. Reducing
miR-1 expression could lead to alleviation of
SNP-induced inhibition of HSP-70 mRNA production.
Subsequently, SNP-induced alterations in the MMP,
caspase-3 activation, DNA fragmentation, and cell
apoptosis were significantly lowered by miR-1 anti-
sense inhibitors. Therefore, miR-1 is involved in
NO-induced apoptosis of osteoblasts via an intrinsic
mitochondrion-dependent mechanism that targets
HSP-70 expression.
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