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ABSTRACT: Osteoblasts contribute to bone remodeling. Nitric oxide can regulate osteoblast activities. In this study, we attempted to evaluate the pathophysiological effects of nitric oxide on osteoblasts and its possible mechanism using neonatal rat calvarial osteoblasts as the experimental model. Exposure of osteoblasts to sodium nitroprusside, a nitric oxide donor, decreased alkaline phosphatase activities and cell viability in a concentration- and time-dependent manner. Apoptotic analysis revealed that sodium nitroprusside timedependently increased the percentages of osteoblasts undergoing apoptosis. Administration of sodium nitroprusside reduced the mitochondrial membrane potential of osteoblasts. In parallel with the mitochondrial dysfunction, levels of intracellular reactive oxygen species and cytochrome c were significantly elevated following sodium nitroprusside administration. Exposure of osteoblasts to sodium nitroprusside significantly increased caspase-3 activity. Results of this study show that nitric oxide, decomposed from sodium nitroprusside, can induce osteoblast apoptosis through a mitochondrion-dependent cascade that causes mitochondrial dysfunction, release of intracellular reactive oxygen species and cytochrome c from mitochondria to cytoplasm, and activation of caspase-3. KEYWORDS: nitric oxide; osteoblasts; apoptosis; mitochondrial functions; caspase-3



INTRODUCTION Nitric oxide (NO), synthesized from L-arginine by constitutive or inducible NO synthases, contributes to the regulation of vasodilation, neurotransmission, immuno-
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responses, and death control.1 Osteoblasts play important roles in bone remodeling.2 NO has been implicated to be a critical effector to modulate osteoblast activities and bone remodeling.2,3 Osteoblasts can constitutively produce NO.4 Following stimulation of inflammatory cytokines, NO will be massively induced by osteoblasts.5 Constitutive NO can regulate osteoblast proliferation and differentiation.6,7 However, overproduced NO will damage osteoblasts.8,9 Our previous study has shown that the NO-induced osteoblast death is mainly via an apoptotic pathway.10 A variety of apoptotic factors is involved in programmed cell death.11,12 Mitochondria are critical energy-producing organelles. Depolarization of mitochondrial membrane potential will lead to release of apoptotic factors, including reactive oxygen species and cytochrome c, from mitochondria to cytoplasm.13,14 These mitochondrial apoptotic factors can sequentially transduce cell death signals. Caspase-3 is one of the cysteine proteases. Activation of caspase-3 will drive cells undergoing apoptosis.12 However, in osteoblasts, the roles of mitochondrial apoptotic factors and caspase-3 in the NO-induced osteoblast apoptosis are still unknown. This study aimed to evaluate whether NO can modulate mitochondrial function, apoptotic factors, and caspase-3 activity to induce osteoblast apoptosis.



MATERIALS AND METHODS Cell Culture and Drug Treatment Osteoblasts were prepared from 3-day-old Wistar rat calvariae following an enzymatic digestion method as described previously.15 Osteoblasts were seeded in Dulbecco’s modified Eagle medium (DMEM) (Gibco-BRL, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum and 100 U/mL penicillin and 100 mg/mL streptomycin in tissue culture flasks at 37°C in a humidified atmosphere of 5% CO2. Sodium nitroprussie (SNP) was purchased from Sigma Corporation (St. Louis, MO). In each independent experiment, SNP was freshly dissolved in phosphatebuffered saline (0.14 M NaCl, 2.6 mM KCl, 8 mM Na2HPO4, and 1.5 mM KH2PO4) and protected from light. Osteoblasts were treated with various concentrations of SNP for different time intervals. Assay of Cell Viability Cell viability was determined by a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay as described previously.16 Ten thousand osteoblasts were seeded in 96-well tissue plates culture plates overnight. After incubation with SNP, osteoblasts were cultured with new medium containing 0.5 mg/mL MTT for another 3 h. Blue formazan product in osteoblasts was dissolved in dimethyl sulfoxide (DMSO) and spectrophotometrically measured at a wavelength of 570 nm. Quantification of Mitochondrial Membrane Potential Levels of mitochondrial membrane potential were determined according to the method as described previously.16 In brief, osteoblasts (5 × 105) were seeded in 12well tissue culture plates overnight and then treated with SNP for different time in-
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tervals. After administration of SNP, osteoblasts were harvested and incubated with 3,3′ - d i h ex y l o x a c a r b o cy a n i n e ( D i O C 6(3)), a positively charged dye, at 37°C for 30 min in a humidified atmosphere of 5% CO2. After washing and centrifuging, cell pellets were suspended with phosphate-buffered saline. Fluorescence intensities in osteoblasts were analyzed by a flow cytometer (FACS Calibur, Becton Dickinson, San Jose, CA). Determination of Intracellular ROS Amounts of intracellular ROS were quantified following the method as described previously.17 Briefly, osteoblasts (5 × 105) were cultured in 12-well tissue culture plates overnight and then co-treated with SNP and 2′ ,7′ -dichlorofluorescin diacetate, an ROS sensitive dye, for different time intervals. Osteoblasts were harvested and suspended in phosphate-buffered saline. Fluorescence intensities in osteoblasts were quantified by a flow cytometer (FACS Calibur). Immunoblotting Analysis Immunoblotting analysis was carried out to determine levels of cytochrome c in osteoblasts. After pretreatment with SNP, osteoblasts were washed with phosphatebuffered saline, and cell lysates were collected after dissolving cells in 50 mL of icecold radioimmunoprecipitation assay buffer (25 mM Tris-HCl pH 7.2, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 0.15 M NaCl, and 1 mM EDTA). Protein concentrations were quantified by a bicinchonic acid (BCA) protein assay kit (Pierce, Rockford, IL). Cytosolic proteins (100 µg) were resolved on 12% polyacrylamide gels and electrophoretically blotted onto nitrocellulose membranes. Cytochrome c protein was immunodetected using a mouse monoclonal antibody against rat cytochrome c protein (Transduction Laboratories, Lexington, KY). β-actin was immunodetected by a mouse monoclonal antibody against mouse β-actin (Sigma) as an internal control. Intensities of the immunoreactive bands were determined using a UVIDOCMW version 99.03 digital imaging system (Uvtec, Cambridge, England). Fluorogenic Substrate Assay for Caspase-3 Activity For determining caspase-3 activity, cell extracts are prepared by lysing osteoblasts in buffer containing 1% Nonidet P-40, 200 mM NaCl, 20 mM Tris/HCl, pH 7.4, 10 µg/mL leupeptin, 0.27 U/mL aprotinin, and 100 µm PMSF. Caspase-3 activity is determined by incubating cell lysate (25 µg total protein) with 50 µm fluorogenic substrate in 200 µL cell-free system buffer comprising 10 mM Hepes, pH 7.4, 220 mM mannitol, 68 mM sucrose, 2 mM NaCl, 2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2, 5 mM pyruvate, 0.1 mM PMSF, and 1 mM dithiothreitol). Intensities of fluorescent products were measured by a spectrofluorometer. Statistical Analysis Statistical difference between the control and SNP-treated groups was considered significant when the P value of the Duncan’s multiple range test was less than 0.05.
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FIGURE 1. Concentration- and time-dependent effects of sodium nitroprusside (SNP) on osteoblast viability. Osteoblasts were exposed to 0.5, 1, 1.5, and 2 mM SNP (A) or to 2 mM SNP for 2, 4, 8, 16, and 24 h (B). Cell viability was determined by the MTT assay. Each value represents the mean ± SEM for n = 12. *Values significantly differ from the respective control, P < 0.05.



Statistical analysis between groups over time was carried out by the two-way ANOVA.



RESULTS Treatment with 0.1, 0.5, and 1 mM SNP for 16 h was not cytotoxic to osteoblasts (FIG. 1A). SNP at 1.5 mM significantly reduced cell viability by 22%. After administration of 2 mM SNP, cell viability was decreased by 58% (FIG. 1A). Exposure to 2 mM SNP for 2 and 4 h did not affect cell viability (FIG. 1B). In 8-h–treated osteoblasts, cell viability was decreased by 19%. Administration of 2 mM SNP in osteoblasts for 16 h significantly decreased cell viability by 59%. Viability of osteoblasts was suppressed by 72% following SNP administration for 24 h (FIG. 1B).
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FIGURE 2. Concentration- and time-dependent effects of sodium nitroprusside (SNP) on alkaline phosphatase (ALP) activities. Osteoblasts were exposed to 0.5, 1, 1.5, and 2 mM SNP (A) or to 2 mM SNP for 2, 4, 8, 16, and 24 h (B). ALP activity was determined by a colorimetric method. Each value represents the mean ± SEM for n = 12. *Values significantly differ from the respective control, P < 0.05.



Exposure to 0.1 mM SNP for 16 h did not influence alkaline phosphatase (ALP) activity (FIG. 2A). SNP at 0.5 mM significantly decreased ALP activity by 21%. Administration of osteoblasts with 1 and 1.5 mM SNP significantly reduced ALP activity by 49% and 58%, respectively. ALP activity was suppressed by 62% after administration of 2 mM SNP (FIG. 2A). In 2-h–treated osteoblasts, 2 mM SNP did not affect ALP activity (FIG. 2B). After administration of 2 mM SNP in osteoblasts for 4 h, ALP activity was decreased by 39%. Exposure to 2 mM SNP for 8 and 16 h significantly reduced ALP activity by 45% and 59%, respectively. After exposure to 2 mM SNP for 24 h, ALP activity was suppressed by 69% (FIG. 2B). Analysis by a flow cytometric method revealed that administration of 2 mM SNP for 2 and 4 h did not induce osteoblast apoptosis (FIG. 3). In 8-h–treated osteoblasts, SNP significantly increased apoptotic percentage by 15%. After administration of
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TABLE 1. Effects of sodium nitroprusside on the mitochondrial membrane potential and intracellular reactive oxygen species Mitochondrial membrane potential Time (h) 0 1 2 4



(% of control) 100 98 ± 6 82 ± 5* 62 ± 8*



Intracellular ROS (% of control) 100 181 ± 33* 303 ± 85* 528 ± 74*



NOTE: Osteoblasts were exposed to 2 mM sodium nitroprusside for 1, 2, and 4 h. Levels of mitochondrial membrane potential and intracellular reactive oxygen species (ROS) were determined by a flow cytometer. Each value represents the mean ± SEM for n = 6. *Values significantly differ from the respective control, P < 0.05.



FIGURE 3. Time-dependent effects of sodium nitroprusside (SNP) on osteoblast apoptosis. Osteoblasts were exposed to 2 mM SNP for 2, 4, 8, 16, and 24 h. Apoptotic cells were determined by a flow cytometric method. Each value represents the mean ± SEM for n = 9. * Values significantly differ from the respective control, P < 0.05.



SNP for 16 h, almost 50% of osteoblasts underwent apoptosis. In 24-h–treated osteoblasts, SNP increased 68% of osteoblasts undergoing apoptosis (FIG. 3). In 1-h–treated osteoblasts, SNP did not affect mitochondrial membrane potential (TABLE 1). Administration of osteoblasts with SNP for 2 h significantly decreased mitochondrial membrane potential by 18%. After administration of SNP for 4 h, the mitochondrial membrane potential was reduced by 38%. Exposure to SNP for 1 h significantly increased levels of intracellular ROS by 81% (TABLE 1). After administration of SNP for 2 h, levels of intracellular ROS were augmented by 203%. In 4h–treated osteoblasts, SNP significantly enhanced levels of intracellular ROS by 428% (TABLE 1).
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FIGURE 4. Effect of sodium nitroprusside (SNP) on cytochrome c (Cyt. C) production. Osteoblasts were exposed to 2 mM SNP for 8 h. Cytochome c in osteoblasts was immunodetected using a monoclonal antibody against rat cytochrome c protein (A). β-actin was immunodetected to be an internal control. Intensities of immunorelated protein bands were quantified by a digital system (B). Each value represents the mean ± SEM for n = 4. *Values significantly differ from the respective control, P < 0.05.



Immunoblotting analysis revealed that cytochrome c was detectable in untreated osteoblasts (FIG. 4A, lane 1). After administration of osteoblasts with SNP for 8 h, amounts of cytochrome c protein were significantly enhanced (lane 2). Intensities of immunorelated protein bands were quantified by a digital imaging system, and data are shown in FIGURE 4B. Exposure to SNP significantly increased amounts of cytochrome c protein by 3.4-fold. Activity of caspase-3 was determined by a fluorogenic substrate assay. In untreated osteoblasts, low levels of caspase-3 activity were detected (FIG. 5). Administration of osteoblasts with SNP significantly increased caspase-3 activity by 5.5-fold.
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FIGURE 5. Effect of sodium nitroprusside (SNP) on caspase-3 activity. Osteoblasts were exposed to 2 mM SNP for 8 h. Caspase-3 activity was determined by a fluorogenic substrate assay. Each value represents the mean ± SEM for n = 6. *Values significantly differ from the respective control, P < 0.05.



DISCUSSION SNP significantly decreased osteoblast viability in a concentration- and timedependent manner. SNP can be decomposed to NO under light exposure or a biological reducing system.18 Analysis by the Griess reaction method revealed that administration of osteoblasts with SNP concentration- and time-dependently increased nitrite production (data not shown). Nitrite is one of oxidative metabolites of NO.1 Elevation of nitrite corresponds to the increase in NO levels. ALP is a mark protein synthesized in osteoblasts.2 This study showed that SNP significantly decreased ALP activity. Thus, data from the present study demonstrates that NO decomposed from SNP can induce osteoblast insults, even death. Apoptotic analysis revealed that SNP time-dependently increased the percentage of osteoblasts undergoing apoptosis. Thus, the SNP-induced osteoblast death is mainly through an apoptotic pathway. Our preliminary study used a specific inhibitor of cyanide to co-treat osteoblasts with SNP; and the data revealed that this inhibitor could not block SNP-caused osteoblast insults (data not shown). In addition, administration of GS-NO, another NO donor, in osteoblasts could also induce cell apoptosis. Therefore, NO, rather than cyanide, plays a major role in SNP-induced osteoblast apoptosis. SNP time-dependently decreased mitochondrial membrane potential. Maintenance of the mitochondrial membrane potential is critical to the synthesis of cellular adenosine triphosphate.19 Depletion of cellular adenosine triphosphate will lead to cell dysfunction or apoptosis. Thus, one of possible mechanisms to explain the SNPinduced osteoblast apoptosis may be via the suppression of the mitochondrial membrane potential and cellular adenosine phosphate synthesis by this NO donor. In addition, depolarization of the mitochondrial membrane potential has been reported to increase the release of apoptotic factors from mitochondria to cytoplasm.14 Enhancement of cytosolic apoptotic factors can drive cells to apoptosis. This study shows that SNP increased levels of intracellular ROS and cytochrome c in osteoblasts. ROS and cytochrome c are two typical apoptotical factors.13,14 Therefore, the
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other mechanism to explain the SNP-induced osteoblast apoptosis may be through the sequentially modulating effects of this NO donor on the mitochondrial membrane potential and apoptotic factor release. Administration of osteoblasts with SNP increased levels of intracellular ROS timedependently. In mitochondria, ROS is a by-product synthesized during the respiratory chain reaction. Disruption of the mitochondrial membrane potential will lead to the release of ROS from mitochondria to cytoplasm.13,14 Thus, one of the possible sources for the SNP-enhanced intracellular ROS production in osteoblasts is due to the release of ROS from mitochondria. This study used DCFH-DA dye to catch ROS. A previous study showed that NO and peroxynitrite, an oxidative product of NO and superoxide, can directly react with DCFH-DA.20 Thus, NO decomposed from SNP may be another source of ROS in osteoblasts after exposure to this donor. Elevation of ROS will increase cellular oxidative stress. Cumulative evidence suggests that ROS can trigger cell apoptosis by upregulating pro-apoptotic Bax protein.21 Our previous study showed that NO can increase de novo synthesis of Bax protein in osteoblasts.10 Therefore, the SNP-induced ROS is involved in osteoblast apoptosis. SNP increased cytochrome c release from mitochondria to cytoplasm. Depolization of the mitochondrial membrane potential can increase cytochrome c release.13,14 Several lines of evidence show that Bcl-2 family members, including Bax and Bak, can bind to mitochondrial membrane and promote cytochrome c release.22 Thus, NO decomposed from SNP may modulate mitochondrial function and Bcl-2 family production to enhance the release of cytochrome c from mitochondria. Another previous study showed that cytochrome c release will result in caspase activation and cell apoptosis.23 Therefore, the SNP-induced release of cytochrome c is involved in osteoblast apoptosis. Caspase-3 activity was augmented following SNP administration. A variety of apoptotic factors contribute to the activation of capase-3. This study demonstrated that SNP significantly increased intracellular ROS in osteoblasts. ROS has been reported to be capable of activating caspase-3.19 Release of cytochrome c was enhanced following SNP administration. After binding to the adaptor Apaf-1, cytochrome c can activate procaspase-9 to mature caspase-9.23 Sequential cleavage of procaspase-3 by caspase-9 will activate caspase-3. Thus, an increase in capase-3 activity following SNP administration may derive from enhancement of intracellular ROS and cytochrome c release. Active caspase-3 plays an important role in cell death control.12 Caspase-3 can degrade key proteins in cells and drive cells undergoing apoptosis. Therefore, activation of caspase-3 plays a critical role in SNPinduced osteoblast apoptosis.



CONCLUSION This study has shown that SNP increases levels of NO in osteoblasts, and decreases ALP activity and cell viability. The SNP-induced osteoblast death is mainly via an apoptotic pathway. SNP can reduce the mitochondrial membrane potential. In parallel to mitochondrial dysfunction, SNP enhances release of intracellular ROS and cytochrome c from mitochondria to cytoplasm. Following an increase in levels of mitochondrial apoptotic factors, caspase-3 activity is augmented after SNP administration. According to the present data, we suggest NO decomposed from SNP
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can induce osteoblast apoptosis via the sequential modulation of mitochondrial function, release of mitochondrial apoptotic factors, and caspase-3 activity.
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