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translocation of antiapoptotic Bcl-XL protein in rat osteo-
blasts. RNA analyses further revealed that HP inhibited 
Bcl-XL mRNA expression without affecting Bax mRNA 
levels. In comparison, NO induced Bcl-XL mRNA produc-
tion and alleviated HP-caused inhibition of this mRNA 
expression. As to the mechanism, HP suppressed RNA and 
protein levels of transcription factor GATA-5 in rat osteo-
blasts. Pretreatment with NO induced GATA-5 mRNA and 
protein expressions and simultaneously attenuated HP-
induced inhibition of this gene’s expression. Consequently, 
GATA-5 knockdown using RNA interference inhibited 
Bcl-XL mRNA expression and concurrently lowered NO’s 
protection against HP-induced apoptotic insults. Therefore, 
this study showed that NO can protect rat osteoblasts from 
HP-induced apoptotic insults. The protective mechanisms 
are mediated by GATA-5-mediated transcriptional induc-
tion of Bcl-XL gene, and translocational modulation of Bcl-
XL and Bax proteins.

Keywords Osteoblasts · Oxidative stress · Nitric oxide · 
GATA-5 · Apoptosis · Bcl-XL

Introduction

Nitric oxide (NO), synthesized from l-arginine metabo-
lism by NO synthases, contributes to the regulation of 
tissue/cell activities, including vasodilatation, neurotrans-
mission, immunoresponses, and tumorigenesis (Moncada 
et al. 1991; Chen et al. 2005a, b; Cochain et al. 2013). In 
bone-derived cells, both constitutive and inducible NO syn-
thases were detected, and NO was implicated as an impor-
tant signaling molecule that can regulate the physiology 
and pathophysiology of bone tissues (Evans and Ralston 
1996; Jamal et al. 2013). A previous study showed that 

Abstract Nitric oxide (NO) has biphasic effects on regu-
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oxide (HP)-induced insults of rat osteoblasts and the possi-
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NO could decrease bone mineral density in inflammation-
induced osteoporosis (Armour et al. 1999). In cyclosporine 
A-treated rats, administration of l-arginine increased NO 
levels and simultaneously prevented bone loss and bone 
collagen breakdown (Fiore et al. 2000). Recent cohort stud-
ies also reported that treatment of postmenopausal women 
with organic nitrates, which can act as NO donors, was 
associated with increased bone mineral density and with 
lower risks of hip fracture (Jamal et al. 2013). Thus, NO 
exerts biphasic effects on bone activities (Ralston 1997; 
Tai et al. 2007). High levels of NO have cytotoxic effects 
which can induce bone diseases, whereas NO at low con-
centrations can potentiate bone metabolism.

Osteoblasts, which differentiate from stromal stem cells, 
play a central role in mediating bone formation (Takeda 
and Karsenty 2001; Sims and Vrahnas 2014). A large array 
of systemic and local factors participate in regulating oste-
oblast activities (Takeda and Karsenty 2001; Giustina et al. 
2008). One such factor, NO, appears to form an important 
facet of the many complicated communication pathways 
controlling osteoblast physiology and bone remodeling 
(Collin-Osdoby et al. 1995). Our previous studies showed 
that NO from exogenous decomposition of sodium nitro-
prusside (SNP) or endogenous responses to stimulation 
by interferon-γ and lipopolysaccharide induced osteoblast 
death via an apoptotic mechanism (Chen et al. 2002, 2005a, 
b). Mitochondria were shown to play an important role in 
NO-induced osteoblast apoptosis (Chen et al. 2005a, b; Ho 
et al. 2005). In addition to its deadly effects, previous stud-
ies revealed that low levels of NO can protect a variety of 
cells from stress-induced apoptotic insults (Das et al. 2005; 
Simon et al. 2014). In ischemia and reperfusion injury, NO 
preconditioning was shown to produce protective effects on 
cardiomyocytes, hepatocytes, and endothelial cells by mod-
ulating mitochondrial function (Cottart et al. 1999; Muri-
llo et al. 2011). Our previous studies further showed that 
low concentrations of NO can protect osteoblasts from high 
concentrations of NO-induced apoptotic insults (Tai et al. 
2007; Chang et al. 2006; Ho et al. 2009). However, a more 
detailed molecular mechanism of NO’s protection of osteo-
blasts needs to be explored.

Bax, one of the proapoptotic multidomain Bcl-2 mem-
bers with homology in the BH1 ~ BH3 domains, functions 
as an essential gateway to mediate mitochondrion-depend-
ent cell apoptosis (Pagliari et al. 2005; Monaco et al. 2013). 
When exposed to various apoptotic stimuli, Bax proteins 
are specifically translocated to the outer membranes of 
mitochondria from the cytoplasm. After forming oligomers, 
the Bax protein can insert itself into the outer mitochon-
drial membrane, permeabilizing the membrane and trigger-
ing the release of cytochrome c (Cyt c) (Hsu et al. 1997; 
Goyal 2001). In contrast, Bcl-XL, another Bcl-2 family 
member, functions to prevent Bax-induced apoptotic events 

and is thought to have antiapoptotic effects (Pagliari et al. 
2005). In ischemia-/reperfusion-induced heart injury, over-
expression of the Bcl-XL gene can suppress Bax transloca-
tion, leading to suppression of Cyt c release and cardiac 
cell apoptosis (Huang et al. 2005). Under apoptotic stim-
ulation, these apoptosis-related gene expressions can be 
regulated. GATA-DNA-binding proteins (GATAs), a family 
of transcriptional regulators, contain two zinc fingers with 
the motif Cys-X2-Cys-X17-Cys-X2-Cys that directly binds 
to the nucleotide sequence element (A/T)GATA(A/G) 
(Evans and Felsenfeld 1989; Suzuki et al. 1996). There are 
6 members in the GATA family of transcription factors. 
In general, GATA-1, GATA-2, and GATA-3 are known to 
regulate critical events in hematopoietic lineages, while 
GATA-4, GATA-5, and GATA-6 are reported to mainly be 
expressed in nonhematopoietic tissues, including the heart 
and gut (Burch 2005). Our previous study demonstrated 
that GATA-3 can mediate survival signals of osteoblasts 
(Chen et al. 2010a, b). GATA-5 contributes to the regula-
tion of cell proliferation and differentiation (Capo-Chichi 
et al. 2005; Peters et al. 2014). GATA-DNA-binding ele-
ments are found in the 5′-end promoter region of the Bcl-
XL gene (Yu et al. 2005). However, the roles of GATA-5 
in osteoblasts are still unknown. In this study, we specifi-
cally evaluated the effects of NO pretreatment on oxidative 
stress-induced osteoblast injuries, especially the roles of 
GATA-5, Bcl-XL, and Bax in such events.

Materials and methods

Preparation of rat osteoblasts

Rat osteoblasts were prepared from 3-day-old Wistar rat 
calvaria according to a previously described collagenase 
digestion method (Chen et al. 2002). All procedures were 
performed according to National Institutes of Health 
Guidelines for Use of Laboratory Animals and were pre-
approved by the Institutional Animal Care and Use Com-
mittee of Taipei Medical University. Osteoblasts were 
seeded in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco-BRL, Grand Island, NY, USA) supplemented with 
10 % heat-inactivated fetal bovine serum, l-glutamine, 
penicillin (100 IU/ml), and streptomycin (100 μg/ml) in 
75-cm2 flasks at 37 °C in a humidified atmosphere of 5 % 
CO2. Osteoblasts were grown to confluence prior to drug 
treatment. Only the first passage of rat osteoblasts was used 
in this study.

Sources of cellular oxidative stress and NO

SNP was purchased from Sigma (St. Louis, MO, USA), 
was freshly dissolved in phosphate-based saline (PBS) 
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buffer (0.14 M NaCl, 2.6 mM KCl, 8 mM Na2HPO4, and 
1.5 mM KH2PO4), and was protected from light. Our previ-
ous study showed that administration of 0.3 mM SNP to 
osteoblasts significantly increased cellular NO levels with-
out affecting cell viability (Chang et al. 2006). However, 
0.2 mM hydrogen peroxide (HP), purchased from Sigma, 
significantly induced cellular oxidative stress and cell dam-
age. Thus, 0.3 mM SNP and 0.2 mM HP were used in the 
present study as respective sources of NO and oxidative 
stress.

Determination of cellular oxidative stress

Levels of intracellular reactive oxygen species (ROS) 
were quantified to evaluate cellular oxidative stress to 
osteoblasts after exposure to HP according to a previ-
ously described method (Chen et al. 2010a, b). Briefly, 
osteoblasts (5 × 105 cells per well) were cultured in 
12-well tissue culture plates overnight and then were 
cotreated with HP and 2′,7′-dichlorofluorescin diacetate 
(Molecular Probes, Eugene, OR, USA), an ROS-sensi-
tive dye. After drug treatment, osteoblasts were har-
vested and suspended in 1 × PBS buffer. Relative fluo-
rescent intensities in osteoblasts were quantified using a 
flow cytometer (EPICS XL, Beckman Coulter, Fullerton, 
CA, USA).

Quantification of cellular NO levels

Cellular NO levels were determined by detecting lev-
els of total nitrite, an oxidative product of NO, in culture 
medium of osteoblasts following the technical bulletin of 
the Bioxytech NO assay kit (OXIS International, Portland, 
OR, USA) as described previously (Chen et al. 2013). In 
this kit, nitrate reductase is provided to reduce nitrate to 
nitrite, and then, the total nitrite in the culture medium 
is detected. After drug treatment, the culture medium of 
osteoblasts was collected and centrifuged. The supernatant 
fractions were collected and reacted with nitrate reductase. 
Following reaction of the supernatant with sulfanilamide 
and N-1-naphthylethylenediamine, a colorimetric azo com-
pound was formed and quantified using an Anthos 2010 
microplate photometer (Anthos Labtec Instruments, Lager-
hausstrasse, Wals/Salzburg, Austria).

Assay of alkaline phosphatase (ALP) activity

After drug treatment, the ALP activity of osteoblasts was 
determined by detecting the formation of p-nitrophenol, 
a product of p-nitrophenyl phosphate catalyzed by ALP, 
according to a colorimetric procedure provided by a Sigma 
Diagnostics Alkaline, Acid and Prostatic Acid Phosphatase 
kit (Sigma) as described previously (Ho et al. 2009).

Assay of cell viability

Effects of NO preconditioning and HP on cell viabil-
ity were assayed using a trypan blue exclusion method as 
described previously (Chang et al. 2011). Briefly, osteo-
blasts (2 × 104 cells) were seeded in 24-well tissue culture 
plates. After drug treatment, cells were trypsinized with 
0.1 % trypsin–EDTA (Gibco-BRL). Following centrifuga-
tion and washing, neuro-2a 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).

Quantification of DNA fragmentation

DNA fragmentation was quantified with a cellular 
DNA fragmentation enzyme-linked immunosorbent 
assay (ELISA) kit (Boehringer Mannheim, Indianapo-
lis, IN, USA) as previously described (Lin et al. 2012). 
Briefly, osteoblasts (2 × 105 cells) were subcultured in 
24-well tissue culture plates and labeled with 5-bromo-2′-
deoxyuridine (BrdU) overnight. Cells were harvested and 
suspended in the culture medium. One hundred microlit-
ers of cell suspension was added to each well of 96-well 
tissue culture plates. After drug treatment, amounts of 
BrdU-labeled DNA in the cytoplasm were quantified using 
an Anthos 2010 microplate photometer (Anthos Labtec 
Instruments).

Analysis of apoptotic cells

Apoptotic osteoblasts were determined using propidium 
iodide (PI) to detect DNA fragments in nuclei according 
to a previously described method (Chio et al. 2013). After 
drug treatment, osteoblasts were harvested and fixed in cold 
80 % ethanol. Following centrifugation and washing, fixed 
cells were stained with PI and analyzed by flow cytometry 
(Beckman Coulter).

Confocal microscopic analysis of Bcl-XL  
and Bax protein translocation

Bcl-XL and Bax proteins in osteoblasts were recognized by 
specific antibodies and visualized using confocal micros-
copy as described previously (Chen et al. 2010a, b). Briefly, 
after drug treatment, osteoblasts were fixed with a fixing 
reagent (acetone/ methanol = 1: 1) at −20 °C for 10 min. 
Following rehydration, cells were incubated with 0.2 % 
Triton X-100 at room temperature for 15 min. Bcl-XL and 
Bax proteins in osteoblasts were immunodetected by react-
ing with rabbit polyclonal antibodies, respectively, raised 
against mouse Bcl-XL and Bax proteins (Transduction Lab-
oratories, Lexington, KY, USA) at 4 °C overnight. After 
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washing, osteoblasts were sequentially reacted with the 2nd 
antibodies with biotin-SP-conjugated AffiniPure goat anti-
rabbit immunoglobulin G (IgG; Jackson ImmunoResearch, 
West Grove, PA, USA) at room temperature for 1 h. After 
washing, the third antibody with Cy3-conjugated streptavi-
din (Jackson ImmunoResearch) was added to the cells and 
reacted at room temperature for 30 min. Mitochondria of 
osteoblasts were stained with 3,3′-dihexyloxacarbocyanine 
(DiOC6) (Molecular Probes), a positively charged dye, at 
37 °C for 30 min. A confocal laser scanning microscope 
(Model FV500, Olympus, Tokyo, Japan) was utilized for 
sample observation. An Olympus PlanApo 60x/1.4 NA oil-
immersion objective lens was used to visualize the microtu-
bules. The excitation wavelength was set to 568 nm, while 
a 585-nm band-pass filter was utilized to collect the emitted 
light. Images were acquired using FluoView software (ver-
sion 4.0, Olympus Optical, Tokyo, Japan).

Reverse-transcription (RT) and real-time polymerase chain 
reaction (PCR) assays

Messenger (m)RNA from control and drug-treated osteo-
blasts was prepared for RT-PCR analyses of Bcl-XL, Bax, 
GATA-5, and β-actin mRNAs according to instructions of 
the ExpressDirect™ mRNA Capture and RT System for an 
RT-PCR kit (Pierce, Rockford, IL, USA). Oligonucleotides 
for the PCR analyses of rat Bcl-XL, Bax, GATA-5, and 
β-actin were designed and synthesized by Clontech Labora-
tories (Palo Alto, CA, USA). The oligonucleotide sequences 
of the respective upstream and downstream primers for 
these mRNA analyses were 5′-TTGGACAATGGACTG-
GTTG-3′ and 5′-GTAGAGTGGATGGTCAGTG-3′ 
for Bcl-XL (Yamanaka et al. 2002), 5′-AGGATC-
GAGCAGAGAGGATG-3′ and 5′-GGTCCCGAAG-
TAGGAGAGGA-3′ for Bax (Yamanaka et al. 2002), 
5′-GAACCAGTGTGCAACGCCTG-3′ and 5′-CTAGGC-
CAGGGCCAGGGCACACCAG-3′ for GATA-5 (Nemer 
et al. 1999), and 5′-TATGGAGAAGATTTGGCACC-3′ and 

5′-TATGGAGAAGATTTGGCACC-3′ for β-actin (Chen 
et al. 2010a, b). After the PCR assay, the products were 
loaded and separated in a 1.8 % agarose gel containing 
0.1 μg/ml ethidium bromide. The intensities of the DNA 
bands in the agarose gel were quantified with the aid of an 
UVIDocMw version 99.03 digital imaging system (UVtec 
Limited, Cambridge, UK). A real-time PCR analysis was 
carried out using iQSYBR Green Supermix (Bio-Rad, Her-
cules, CA, USA) and a MyiQ single-color real-time PCR 
detection system (Bio-Rad) as described previously (Wu 
et al. 2013).

Immunodetection of GATA-5 protein

Amounts of GATA-5 were immunodetected as described 
previously (Ho et al. 2009). After drug treatment, osteo-
blasts were washed with 1 × PBS buffer. Cell lysates 
were prepared in ice-cold radioimmunoprecipitation assay 
(RIPA) buffer (25 mM Tris–HCl (pH 7.2), 0.1 % sodium 
dodecylsulfate (SDS), 1 % Triton X-100, 1 % sodium 
deoxycholate, 0.15 M NaCl, and 1 mM EDTA). To avoid 
protein degradation, a mixture of proteinase inhibitors, 
including 1 mM phenyl methyl sulfonyl fluoride, 1 mM 
sodium orthovanadate, and 5 µg/ml leupeptin, was added 
to the RIPA buffer. Protein concentrations were quantified 
by a bicinchonic acid protein assay kit (Pierce). Cytosolic 
proteins (100 μg/well) were subjected to SDS–polyacryla-
mide gel electrophoresis (PAGE) and transferred to nitro-
cellulose membranes. Membranes were blocked with 5 % 
nonfat milk at 37 °C for 1 h. Immunodetection of GATA-5 
was carried out using a rabbit polyclonal antibody against 
mouse GATA-5 (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA). The cellular β-actin protein was immunode-
tected using a mouse monoclonal antibody against mouse 
β-actin (Sigma) as an internal standard. Intensities of the 
immunoreactive bands were determined using an UVI-
DocMw version 99.03 digital imaging system (UVtec 
Limited).

Table 1  Effects of nitric oxide (NO) pretreatment on hydrogen peroxide (HP)-induced alterations of intracellular reactive oxygen species (ROS) 
production, alkaline phosphatase (ALP) activity, cell survival, and cell apoptosis

Osteoblasts prepared from neonatal rat calvaria were pretreated with 0.3 mM sodium nitroprusside for 24 h as the source of NO and then 
exposed to HP for a further 24 h. Levels of intracellular ROS were quantified using flow cytometry (A). ALP activity was analyzed by colorimet-
ric methods (B). Cell survival was assayed with a trypan blue exclusion method (C). Apoptotic cells were quantified using flow cytometry after 
propidium iodide staining of genomic DNA (D). Each value represents the mean ± SEM, n = 6

FI fluorescent intensities, OD optical density

The symbols * and # indicate that a value significantly (p < 0.05) differed from the respective control and HP-treated groups, respectively

ROS (FI) ALP activity (OD at 410 nm) Cell survival (cell number × 100) Apoptotic cells (%)

Control 5 ± 1 0.85 ± 0.12 214 ± 16 4 ± 1

HP 28 ± 6* 0.35 ± 0.08* 109 ± 10* 54 ± 10*

NO 7 ± 2 0.75 ± 0.14 201 ± 15 6 ± 2

NO + HP 15 ± 4*,# 0.62 ± 0.10*,# 161 ± 12*,# 22 ± 5*,#



909Arch Toxicol (2016) 90:905–916 

1 3

GATA-5 knockdown

Expression of GATA-5 in osteoblasts was knocked down 
using an RNA interference (RNAi) method following a 
small interfering (si)RNA transfection protocol provided 
by Santa Cruz Biotechnology as described previously (Wu 

et al. 2013). GATA-5 siRNA was a pool of 3 target-specific 
20 ~ 25-nt siRNAs designed to knockdown GATA-3’s 
expression. After culturing osteoblasts in antibiotic-free 
DMEM at 37 °C in a humidified atmosphere of 5 % CO2 for 
24 h, the siRNA duplex solution, which was diluted in the 
siRNA transfection medium (Santa Cruz Biotechnology), 

A

Bax

Mitochondria

Bax+ 
Mitochondria

Control HP NO NO+HP

B

Bcl-XL

Mitochondria

Bcl-XL+ 
Mitochondria

Control HP NO NO+HP

Fig. 1  Effects of nitric oxide (NO) pretreatment on hydrogen per-
oxide (HP)-induced translocation of Bax and Bcl-XL proteins from 
the cytoplasm to mitochondria. Osteoblasts prepared from neonatal 
rat calvaria were pretreated with 0.3 mM sodium nitroprusside for 
24 h as the source of NO and then exposed to HP for a further 6 h. 
Distributions of Bax (a) and Bcl-XL (b) were immunodetected using 

antibodies with Cy3-conjugated streptavidin as described in “Mate-
rials and methods.” Mitochondria of osteoblasts were stained with 
3,3′-dihexyloxacarbocyanine, a positively charged dye. Fluorescent 
images were visualized using a confocal laser scanning microscope 
at ×200
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was added to the osteoblasts. Scrambled siRNA, purchased 
from Santa Cruz Biotechnology, was applied to control 
cells as a negative standard. After transfection for 24 h, the 
medium was replaced with normal DMEM, and osteoblasts 
were treated with NO or HP.

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

To determine the effects of NO on cellular oxidative stress 
and osteoblast injuries, levels of intracellular ROS, ALP 
activity, cell survival, and apoptotic cells were analyzed 
(Table 1). Exposure of osteoblasts to a low concentra-
tion (0.3 mM) of SNP for 24 h caused a significant 32 % 
increase in cellular NO amounts but did not lead to cell 
damage (data not shown). Thus, such a treatment was used 
in the present study as the source of NO pretreatment. In 
comparison, administration of 0.2 mM HP to osteoblasts 
for 24 h caused a 5.6-fold increase in levels of intracellu-
lar ROS (Table 1). Pretreatment with NO for 24 h did not 
induce significant oxidative stress to osteoblasts but sig-
nificantly lowered HP-induced intracellular ROS produc-
tion by 49 %. HP decreased ALP activity in osteoblasts by 
57 % (Table 1). NO pretreatment did not affect the ALP 
activity but significantly lessened the HP-induced reduc-
tion in enzyme activity by 41 %. Exposure to HP caused 
51 % of osteoblasts to die (Table 1). However, pretreatment 
with NO did not cause osteoblast death but led to a 49 % 
rebound in HP-induced cell death. Administration of HP 
to osteoblasts triggered 54 % of cells to undergo apoptosis 

(Table 1). After NO precondition, HP-induced cell apopto-
sis was attenuated by 55 %.

The cellular distributions of Bax and Bcl-XL pro-
teins in osteoblasts were visualized to determine whether 
NO’s protection was mediated by alterations in the lev-
els and translocation of these 2 apoptosis-related proteins 
(Fig. 1; Table 2). Exposure of osteoblasts to HP obviously 
increased cellular Bax levels (Fig. 1a). Translocation of the 
Bax protein from the cytoplasm to mitochondria was aug-
mented after administration of HP. NO pretreatment did 
not affect cellular Bax protein levels and its translocation to 
mitochondria. After pretreatment with NO, the HP-caused 
enhancement in cellular levels and translocation of Bax 
protein were suppressed (Fig. 1a). In comparison, pretreat-
ment with NO increased basal levels of the Bcl-XL protein 
and its translocation from the cytoplasm to mitochondria 
(Fig. 1b). These fluorescent signals were quantified and 
statistically analyzed (Table 2). Exposure of osteoblasts 
to HP increased Bax levels and its translocation to mito-
chondria by 3.5- and 3.8-fold, respectively. Meanwhile, NO 
pretreatment decreased HP-induced augmentations in the 
level and translocation of Bax by 43 and 47 %, respectively 
(Table 2). In contrast, NO pretreatment caused 3.7- and 
2.6-fold increases in the Bcl-XL protein level and its trans-
location to mitochondria (Table 2).

To validate the roles of apoptosis-related Bcl-XL and Bax 
gene expressions in NO’s protection against HP-induced 
osteoblast insults, RT- and real-time PCR analyses were 
carried out on osteoblasts (Fig. 2). In untreated osteoblasts, 
Bcl-XL mRNA was detected (Fig. 2a, top panel, lane 1). 
Levels of Bcl-XL mRNA were inhibited following admin-
istration of HP (lane 2). NO pretreatment induced Bcl-XL 
mRNA synthesis in osteoblasts (lane 3). After pretreat-
ment with NO, the HP-caused inhibition of Bcl-XL mRNA 
dropped (lane 4). Bax mRNA was detected in untreated 
osteoblasts (Fig. 2a, middle panel, lane 1). Neither HP, NO 
pretreatment, nor a combination of NO pretreatment and 
HP changed Bax mRNA levels in osteoblasts (lanes 2 ~ 4). 

Table 2  Effects of nitric oxide (NO) pretreatment on hydrogen peroxide (HP)-induced alterations of cellular Bax and Bcl-XL levels

Osteoblasts prepared from neonatal rat calvaria were pretreated with 0.3 mM sodium nitroprusside for 24 h as the source of NO and then 
exposed to HP for a further 6 h. Distributions of Bax and Bcl-XL in rat osteoblasts were immunodetected, and mitochondria were stained with 
3,3′-dihexyloxacarbocyanine. Fluorescent images were visualized and quantified using a confocal laser scanning microscope. Each value repre-
sents the mean ± SEM, n = 6

FI fluorescent intensities

The symbols * and # indicate that a value significantly (p < 0.05) differed from the control and HP-treated groups, respectively

Cellular Bax, FI Mitochondrial Bax, FI Cellular Bcl-XL, FI Mitochondrial Bcl-XL, FI

Control 12 ± 3 5 ± 1 3 ± 1 0.7 ± 0.2

HP 42 ± 8* 19 ± 4* 2 ± 1 0.8 ± 0.3

NO 16 ± 4 6 ± 1 11 ± 3* 1.8 ± 0.4*

NO + HP 24 ± 5*,# 10 ± 2*,# 5 ± 2 1.1 ± 0.4
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Amounts of β-actin mRNA were determined as the internal 
standard (Fig. 2a, bottom panel). These DNA bands were 
quantified and statistically analyzed (Fig. 2b). HP inhibited 
Bcl-XL mRNA production by 56 %. Pretreatment with NO 
induced 55 % of Bcl-XL mRNA expression and completely 

ameliorated HP-induced suppression of this mRNA syn-
thesis. Bax mRNA production was not affected by HP, NO 
pretreatment, or a combination of NO pretreatment and 
HP (Fig. 2b). These effects were further confirmed using 
real-time PCR analyses (Fig. 2c). NO pretreatment led to 
86 % induction of Bcl-XL mRNA in osteoblasts and alle-
viated HP-triggered inhibition of antiapoptotic mRNA lev-
els by 82 %. Amounts of Bax mRNA in osteoblasts did not 
change following treatment with HP or NO pretreatment 
(Fig. 2c).

RNA and protein levels of GATA-5 were quantified to 
evaluate the roles of this transcription factor in NO’s pro-
tection (Fig. 3). The GATA-5 protein was immunodetected 
in untreated osteoblasts (Fig. 3a, top panel, lane 1). HP 
decreased GATA-5 protein synthesis (lane 2). NO precon-
ditioning enhanced cellular GATA-5 levels and eased the 
HP-induced reduction in GATA-5 levels (lanes 3 and 4). 
β-Actin was immunodetected as the internal control (bot-
tom panel). These protein bands were quantified and sta-
tistically analyzed (Fig. 3b). HP significantly decreased 
GATA-5 protein synthesis by 64 %. NO pretreatment 
augmented cellular GATA-5 amounts by 36 % and com-
pletely lowered HP-induced reduction in the synthesis of 
this transcription factor (Fig. 3b). GATA-5 mRNA was 
detected in untreated osteoblasts (Fig. 3c, top panel, lane 
1). After administration of HP, GATA-5 mRNA production 
was inhibited (lane 2). NO pretreatment slightly induced 
GATA-5 mRNA synthesis (lane 3). Pretreatment with NO 
alleviated HP-caused inhibition of GATA-5 mRNA synthe-
sis (lane 4). β-Actin mRNA in osteoblasts was detected as 
the internal standard (bottom panel). Real-time PCR analy-
ses further showed that HP significantly inhibited GATA-5 
mRNA expression by 66 % (Fig. 3d). Pretreatment with 
NO caused a 35 % induction of GATA-5 mRNA expression 
and a complete rebound from HP-induced suppression of 
this mRNA synthesis.

Translation of GATA-5 mRNA was knocked down 
to further evaluate the roles of this transcription factor in 
Bcl-XL mRNA expression and NO’s protection (Fig. 4). 
Transforming GATA-5 siRNA into osteoblasts signifi-
cantly decreased protein levels of this transcription factor 
(Fig. 4a, top panel, lane 2). β-Actin was immunodetected 
as the internal standard (bottom panel). These protein 
bands were quantified and analyzed (Fig. 4b). Application 
of GATA-5 siRNA to osteoblasts led to a 72 % reduction 
in cellular GATA-5 amounts. In parallel with this decrease, 
the expression of Bcl-XL mRNA was inhibited following 
GATA-5 siRNA administration (Fig. 4c, top panel, lane 2). 
β-Actin was immunodetected as the internal standard (bot-
tom panel). A real-time PCR analysis showed that applica-
tion of GATA-5 siRNA inhibited Bcl-XL mRNA expres-
sion by 75 % (Fig. 4d). Scrambled siRNA did not affect 
production of Bcl-XL mRNA by osteoblasts (Fig. 4e). 
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Fig. 2  Effects of nitric oxide (NO) pretreatment on hydrogen per-
oxide (HP)-induced modulations of Bax and Bcl-XL mRNA expres-
sions. Osteoblasts prepared from neonatal rat calvaria were pre-
treated with 0.3 mM sodium nitroprusside for 24 h as the source 
of NO and then exposed to HP for a further 6 h. Levels of Bax and 
Bcl-XL mRNA in osteoblasts were determined by RT-PCR analyses 
(a). Amounts of β-actin mRNA were quantified as the internal con-
trol. These DNA bands were quantified and statistically analyzed (b). 
A real-time PCR was further conducted to confirm such effects (c). 
Each value represents the mean ± SEM, n = 6. The symbols asterisk 
and hash symbol indicate that a value significantly (p < 0.05) differed 
from the respective control and HP-treated groups, respectively
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However, application of GATA-5 siRNA completely inhib-
ited NO pretreatment-induced Bcl-XL mRNA expression. 
The NO pretreatment-involved alleviation of HP-triggered 
inhibition of Bcl-XL mRNA expression was also totally 
decreased by GATA-5 siRNA (Fig. 4e).

ALP activity, cell survival, DNA fragmentation, and cell 
apoptosis were assayed to further determine the roles of 
GATA-5 in NO pretreatment-involved cell protection (Fig. 5). 
Exposure of osteoblasts to HP caused 55 and 54 % reductions 
in ALP activity and cell survival, respectively (Fig. 5a, b). 
NO preconditioning caused respective HP-induced decreases 
in ALP activity and cell viability by 48 and 52 %. However, 
application of GATA-5 siRNA to osteoblasts, respectively, 
led to significant 100 and 85 % decreases in NO’s protec-
tion against HP-induced alterations in ALP activity and cell 
survival (Fig. 5a, b). As to the mechanism, HP-induced DNA 
fragmentation and cell apoptosis were, respectively, sup-
pressed following NO pretreatment by 81 and 75 % (Fig. 5c, 
d). In comparison, after administration of GATA-2 siRNA, 
NO’s protection against DNA fragmentation and cell apopto-
sis was significantly alleviated (Fig. 5c, d).

Discussion

This study showed that NO can protect osteoblasts against 
HP-induced insults. Pretreatment of osteoblast with SNP 
slightly elevated cellular NO levels but did not cause cell 
insults. In comparison, exposure of osteoblasts to HP raised 
amounts of intracellular ROS and simultaneously induced 
cell death. Interestingly, NO pretreatment defended osteo-
blasts against HP-induced cell damage. Our previous stud-
ies showed that pretreatment with low concentrations of 
NO could lower cell insults induced by high concentrations 
of NO (Tai et al. 2007; Chen et al. 2010a, b). In ischemia-/
reperfusion-induced cell injury, NO has been shown to pro-
duce protective effects on cardiomyocytes, hepatocytes, 
and endothelial cells (Cottart et al. 1999; Murillo et al. 
2011). NO has biphasic effects on bone activities (Ralston 
1997). Overproduction of NO led to osteoblast apoptosis 
(Chen et al. 2002; 2005a, b). This study further showed the 
protection of NO pretreatment against HP-induced injury 
to osteoblasts. Osteoblasts play a key role in bone forma-
tion (Sims and Vrahnas 2014). Das et al. reported that NO 
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Fig. 3  Effects of nitric oxide (NO) pretreatment on hydrogen perox-
ide (HP)-induced suppression of GATA-5 mRNA and protein expres-
sions. Osteoblasts prepared from neonatal rat calvaria were pretreated 
with 0.3 mM sodium nitroprusside for 24 h as the source of NO and 
then exposed to HP for a further 6 or 24 h. Amounts of GATA-5 
were immunodetected (a, top panel). Levels of β-actin mRNA were 
quantified as the internal control (bottom panel). These protein bands 

were quantified and statistically analyzed (b). Levels of GATA-5 and 
β-actin mRNA in osteoblasts were determined by RT-PCR analyses 
(c). A real-time PCR was further conducted to evaluate the effects of 
NO pretreatment and HP on GATA-5 mRNA expression (d). Each 
value represents the mean ± SEM, n = 6. The symbols asterisk and 
hash symbol indicate that a value significantly (p < 0.05) differed 
from the respective control and HP-treated groups, respectively



913Arch Toxicol (2016) 90:905–916 

1 3

pretreatment had the therapeutic potential for preventing 
myocyte cell death following ischemia/reperfusion injury 
(Das et al. 2005). Therefore, NO may provide a de novo 
therapeutic strategy for bone diseases such as bone fracture.

NO defended against HP-induced insults to osteo-
blasts via an antiapoptotic mechanism. Administration of 
HP time-dependently decreased ALP activity and caused 
osteoblast death. ALP is one of the critical markers of 
osteoblast metabolism (Collin-Osdoby et al. 1995). Thus, 
HP can augment cellular oxidative stress, leading to oste-
oblast dysfunction or even death. Exposure of osteoblasts 

to HP induced DNA fragmentation and cell cycle arrest at 
the sub-G phase. DNA fragmentation and the appearance 
of a hypodiploid sub-G1 peak indicate that osteoblasts 
are undergoing apoptosis (Lin et al. 2012; Kawatani and 
Imoto 2003). Thus, HP induces insults to osteoblast via an 
apoptotic mechanism. In comparison, the present results 
revealed that pretreatment of osteoblasts with NO lowered 
HP-induced osteoblast dysfunction and cell death. Addi-
tionally, NO led to significant alleviation of DNA fragmen-
tation and cell cycle arrest at the sub-G1 phase induced by 
HP. In ischemia/reperfusion injury, NO pretreatment can 
modulate mitochondrial function and subsequently pro-
duces protective effects on various types of cells (Cottart 
et al. 1999; Murillo et al. 2011). Our previous studies also 
demonstrated that NO pretreatment attenuated oxidative 
stress-induced alterations in the mitochondrial membrane 
potential and caspase activation (Chang et al. 2006). As a 
result, NO can protect osteoblasts from HP-induced cell 
damage through a mitochondrion-dependent antiapoptotic 
mechanism.

NO had differential effects on the regulation of Bcl-XL 
and Bax protein translocation from the cytoplasm to mito-
chondria in osteoblasts. Exposure to HP increased cellu-
lar Bax levels. In parallel, translocation of the Bax protein 
from the cytoplasm to mitochondria was also enhanced by 
HP. However, pretreatment with NO decreased such lev-
els and translocation. Mitogen-activated protein kinases 
(MAPKs) participate in phosphorylation of the Bax pro-
tein and stimulate its translocation from the cytoplasm 
to mitochondria (van Laethem et al. 2004). Our previous 
study also showed that oxidative stress decreases the activi-
ties of p38 MAPK, c-Jun N-terminal kinase (JNK), and 
Erk1/2 in osteoblasts (Chen et al. 2010a, b). Meanwhile, 
NO pretreatment lowered the suppressive effects. Thus, 
pretreatment with NO may lower the HP-induced increase 
in translocation of the Bax protein possibly via suppression 
of MAPK activities. Bax translocation from the cytoplasm 
to mitochondria is essential for inducing a cascade of apop-
totic signals, including depolarization of the mitochondrial 
membrane and release of apoptotic factors (Hsu et al. 1997; 
Goyal 2001). Thus, a decrease in the proportion of Bax 
protein translocated to mitochondria is another important 
determinant inducing NO’s protection against apoptotic 
insults. In parallel with induction of Bcl-XL mRNA, NO 
augmented cellular Bcl-XL protein levels and its transloca-
tion from the cytoplasm to mitochondria. Bcl-XL has antia-
poptotic effects by stopping Bax-induced disruption of the 
mitochondrial membrane (Pagliari et al. 2005). Therefore, 
NO decreased Bax translocation but enhanced Bcl-XL lev-
els and its translocation. Taken together, the differential 
effects on translocation of Bax and Bcl-XL proteins are 
critical reasons to further explain how NO protects osteo-
blasts from apoptotic insults.
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Fig. 4  Effect of GATA-5 knockdown on Bcl-XL gene expression. 
Osteoblasts were treated with GATA-5 siRNA for 24 h. Scrambled 
siRNA was administered to control cells as the negative standard. 
Levels of GATA-5 protein were immunodetected (a). An RT-PCR 
analysis was carried out to determine Bcl-XL mRNA production 
by osteoblasts (c). These protein and DNA bands were quantified 
and statistically analyzed (b and d). After knocking down GATA-5 
mRNA expression, osteoblasts were pretreated with 0.3 mM sodium 
nitroprusside for 24 h as the source of nitric oxide (NO) and then 
exposed to hydrogen peroxide (HP) for a further 6 h. Real-time PCR 
analyses were conducted to determine Bcl-XL mRNA expression (E). 
Each value represents the mean ± SEM, n = 6. The symbols aster-
isk, hash symbol and ampersand indicate that a value significantly 
(p < 0.05) differed from the control, HP-, and NO + HP-treated 
groups, respectively
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Differential regulation of Bcl-XL and Bax gene expres-
sions is involved in NO’s protection against HP-induced 
osteoblast apoptosis. Administration of HP inhibited Bcl-
XL mRNA production without affecting Bax mRNA syn-
thesis. Bcl-XL is thought to be an antiapoptotic protein 
because it can suppress Bax-mediated apoptosis (Pagli-
ari et al. 2005; Monaco et al. 2013). Huang et al. (2005) 
reported that overexpression of the Bcl-XL gene inhibits 
Bax translocation and Cyt c release and prevents cardiac 
cells from apoptosis (Huang et al. 2005). A dominant nega-
tive form of the Bcl-XL protein produced by deleting the 
BH1 domain can trigger cells to undergo apoptosis (Kawa-
tani and Imoto 2003). Thus, the rebound in the inhibition 
of Bcl-XL gene expression induced by HP may be one of 
the important reasons explaining NO’s protection against 
osteoblast apoptosis. HP had no effect on Bax mRNA pro-
duction. Our previous results, as with the present data from 
a confocal microscopic analysis, revealed that HP increases 
cellular levels of Bax protein in osteoblasts (Chen et al. 

2002). NO pretreatment can lower the HP-induced increase 
in the Bax protein. Thus, NO protects osteoblasts from HP-
induced apoptotic insults mainly through pretranscriptional 
induction of Bcl-XL mRNA synthesis and posttranscrip-
tional downregulation of cellular Bax protein levels.

GATA-5 regulates Bcl-XL gene expression and thus plays 
a critical role in NO’s protection. Exposure of osteoblasts 
to HP suppressed RNA and protein levels of GATA-5. Pre-
treatment with NO significantly increased GATA-5 mRNA 
and protein expressions and concurrently alleviated the sup-
pressive effects induced by HP. GATA-DNA-binding ele-
ments, (A/T)GATA(A/G), are found in the 5′-end promoter 
regions of the Bcl-XL gene (Chen et al. 2010a, b; Yu et al. 
2005). To further validate the role of this antiapoptotic pro-
tein in NO’s protection, GATA-5 translation was knocked 
down using RNAi. In parallel with downregulation of the 
GATA-5 protein, the rebound effects of NO pretreatment on 
HP-induced suppression of Bcl-XL mRNA synthesis were 
lowered. Thus, NO-mediated Bcl-XL mRNA induction is 
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Fig. 5  Survival-mediating roles of GATA-5 in osteoblasts. Osteo-
blasts were treated with GATA-5 siRNA for 24 h. Scrambled siRNA 
was administered to control cells as the negative standard. After 
knocking down GATA-5 expression, osteoblasts were pretreated 
with 0.3 mM sodium nitroprusside for 24 h as the source of nitric 
oxide (NO) and then exposed to hydrogen peroxide (HP). Alka-
line phosphatase (ALP) activity was analyzed according to colori-

metric methods (a). Cell survival was assayed using a trypan blue 
exclusion method (b). DNA fragmentation (c) and apoptotic cells 
(d) were quantified using flow cytometry. Each value represents 
the mean ± SEM, n = 12. The symbols asterisk, hash symbol and 
ampersand indicate that a value significantly (p < 0.05) differed from 
the control, HP-, and NO + HP-treated groups, respectively
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involved by the upregulation of GATA-5 protein and RNA 
levels in osteoblasts. Consequently, after transformation 
of GATA-5 RNAi, a decrease in Bcl-XL gene expression 
lowered the protective effects of NO on ALP activity, cell 
survival, DNA fragmentation, and cell apoptosis. GATA-5, 
like other members GATA-1 ~ 4 and GATA-6, participates 
in regulating cell proliferation and differentiation (Capo-
Chichi et al. 2005; Peters et al. 2014). Our previous study 
showed the roles of GATA-3 in mediating survival signal 
in osteoblasts (Chen et al. 2010a, b). This is the first study 
to demonstrate that GATA-5 has antiapoptotic effects on 
NO’s protection against HP-induced osteoblast apoptosis 
via upregulation of Bcl-XL gene expression.

In conclusion, this study has shown that HP raised cel-
lular oxidative stress and simultaneously caused reduc-
tions in ALP activity, cell survival, and induction of cell 
apoptosis. Pretreatment with NO significantly lowered 
the toxic effects via an antiapoptotic mechanism. After 
NO pretreatment, the HP-induced increase in the propor-
tion of Bax protein being translocated from the cytoplasm 
to mitochondria was attenuated, but Bcl-XL’s translocation 
was enhanced. Pretreatment with NO selectively alleviated 
the HP-induced suppression of the GATA-5 transcription 
factor. RNAi analyses further showed that GATA-5 was 
involved in upregulating Bcl-XL gene expression and con-
tributed to NO’s protection against HP-induced osteoblast 
insults. Therefore, NO can protect osteoblasts from HP-
induced cell apoptosis via multiple mechanisms, including 
(1) the GATA-5-mediated transcriptional induction of Bcl-
XL gene expression; (2) the posttranscriptional regulation of 
Bax gene expression; and (3) the differential regulation of 
Bax and Bcl-XL protein translocation.
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