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Abstract: Senescence marker protein-30 (SMP30) decreases with aging. Mice with 

SMP30 deficiency, a model of aging, have a short lifespan with increased oxidant stress. 

To elucidate SMP30’s effect on coronary circulation derived from myocytes, we measured 

the changes in the diameter of isolated coronary arterioles in wild-type (WT) mice exposed 

to supernatant collected from isolated paced cardiac myocytes from SMP30 KO or WT 

mice. Pacing increased hydrogen peroxide in myocytes, and hydrogen peroxide was greater 

in SMP30 KO myocytes compared to WT myocytes. Antimycin enhanced and FCCP 

(oxidative phosphorylation uncoupler in mitochondria) decreased superoxide production in 

both groups. Addition of supernatant from stimulated myocytes, either SMP30 KO or WT, 

caused vasodilation. The degree of the vasodilation response to supernatant was smaller  

in SMP30 KO mice compared to WT mice. Administration of catalase to arterioles 

eliminated vasodilation in myocyte supernatant of WT mice and converted vasodilation to 

vasoconstriction in myocyte supernatant of SMP30 KO mice. This vasoconstriction was 

eliminated by olmesartan, an angiotensin II receptor antagonist. Thus, SMP30 deficiency 

combined with oxidant stress increases angiotensin and hydrogen peroxide release from 
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cardiac myocytes. SMP30 plays an important role in the regulation of coronary vascular 

tone by myocardium. 

Keywords: coronary circulation; oxidant stress; SMP30; cardiac myocyte; coronary 

arterioles; vasomotor tone  

 

1. Introduction 

Senescence marker protein-30 (SMP30), a 34-kDa protein, is a novel molecule whose expression 

decreases with age in a sex-independent manner. SMP30 protects cellular functions from age-associated 

deterioration [1] (Appendix Figure A1). In humans, the SMP30 gene is located in the p11.3–q11.2 

segment of the X chromosome [2]. In mice, SMP30 transcripts are detected in various organs, 

including the liver, kidney, cerebrum, testis, and lung. SMP30 knock-out (KO) mice have a short 

lifespan and lack ascorbic acid biosynthesis [1,3]. Therefore, we speculated that the depletion of 

SMP30 closely relates to the increase of oxidant stress that occurs with aging. Several studies have 

investigated the relationship between aging and oxidant stress and the cytoprotective role of SMP30 

against oxidant stress in cell lines [1,4]. On the other hand, the increase of oxidant stress with aging 

plays an important role in the development of coronary artery disease, during which vascular resistance 

increases, leading to impairments in coronary blood flow and flow reserve [5,6]. Coronary vasomotor 

tone is regulated through unique mechanisms, such as endothelium-dependent modulation, myogenic 

regulation and neural control [7]. Above all, the principal driving force for the control of coronary 

blood flow is myocardial metabolism [8]. However, the underlying mechanism that drives the  

aging-related, redox-stress-related impairment of myocardium-induced coronary flow regulation  

is unclear.  

We have reported that superoxide is produced by cardiac myocytes in proportion to cardiac 

metabolism, which leads to the production of vasoactive hydrogen peroxide (H2O2) [9].  

Moreover, in mimicking a heart failure episode, cardiac myocytes release angiotensin, which leads to 

vasoconstriction [10]. We hypothesized that oxidant stress related to downregulation of SMP30 would 

be a trigger in the modification of cardiac myocyte function; i.e., oxidant stress can alter the generation 

of cardiac myocyte metabolites. However, in the whole heart, it is difficult to separate specific metabolic 

regulators of coronary artery tone from other regulatory systems, such as endothelium-dependent 

regulation, autonomic nerve-dependent regulation, and flow-dependent regulation. We have therefore 

adopted a procedure using isolated cardiac myocytes and single arterioles to evaluate the specific 

effect of metabolic regulation on the coronary blood-flow system [9–11]. Using this system, we 

investigated SMP30’s effect on coronary vasoactive responses to cardiac myocyte metabolites and 

examined the effect of myocardium-dependent regulation of coronary vascular tone in response to 

oxidant stress in SMP30 KO mice. We measured the generation of H2O2 and superoxide in cardiac 

myocytes of SMP30 KO mice and the change in coronary arterial tone induced by myocyte metabolites. 
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2. Results 

2.1. Cardiac Myocyte Cell Viability 

To examine cell viability in isolated myocytes, we performed MTT assays. Isolated cardiac 

myocyte cell viability did not change until after 20 min of electrical stimulation in wild-type (WT) and 

SMP30 KO mice (WT mice: non-stimulated, 0.48 ± 0.06 O.D.; 20 min stimulation, 0.46 ± 0.05 O.D.; 

SMP30 KO mice: non-stimulated, 0.46 ± 0.08 O.D.; 20 min stimulation, 0.45 ± 0.06 O.D.; n = 12 each).  

Viability of the cardiac myocytes was also determined by trypan blue exclusion and rod-shaped 

configuration in directly. On average, >85% of the cells exhibited a rod-like configuration.  

2.2. Generation of O2
− and H2O2 and NADPH Oxidase Activity in Cardiac Myocytes 

To examine the generation of O2
− or H2O2, we measured the signal intensity of dihydroethidium 

(DHE)- or dichlorodihydro-fluorescein (DCF)-stained isolated cardiac myocytes. The signals of DHE 

and DCF staining were enhanced with the increase of electrical stimulation in cardiac myocytes (DHE: 

WT mice, 6.2 ± 0.6-fold; SMP30 KO mice, 12.8 ± 1.8-fold; DCF: WT mice, 3.5 ± 1.2-fold; SMP30 

KO mice, 12.2 ± 1.8-fold; n = 12 each) compared to non-stimulation for 20 min (p < 0.01 for each) 

(Figure 1A,B).  

Figure 1. DHE and DCF staining in cardiac myocytes. Representative DHE (A) and DCF 

(B) staining in cardiac myocytes (Upper panel). Summary data of DHE and DCF staining 

in cardiac myocytes (Lower panel). The signals of DHE and DCF increased with electrical 

stimulation. DHE and DCF signals were more potent in SMP30 KO cardiac myocytes 

compared to WT cardiac myocytes with electrical stimulation. Values are expressed as the 

mean ± S.E.M. * p < 0.01 vs. non-stimulated, # p < 0.01 vs. WT mice in same staining  

(n = 12 each). 

 

(A) 
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Figure 1. Cont. 

 

Superoxide in cardiac myocytes was also measured by HPLC. More superoxide was generated in 

SMP30 KO cardiomyocytes compared to WT under electrical stimulation (Figure 2A). Further, 

NADPH oxidase activity was greater in SMP30 KO cardiomyocytes compared to WT under electrical 

stimulation (Figure 2B).  

Figure 2. Effect of SMP30 deficiency on generation of superoxide and activity of NADPH 

oxidase in cardiac myocytes under electrical stimulation. Generation of superoxide (A) was 

measured by HPLC. NADPH oxidase activity was measured by lucigenin luminescence; 

(B) The levels of superoxide and NADPH oxidase activity were greater in SMP30 KO 

mice compared to WT mice under electrical stimulation. Values were expressed as the 

mean ± S.E.M. * p < 0.01 vs. without agents. n = 8, each. 

 

In stimulated myocytes, antimycin significantly increased the signals of DHE and DCF. In contrast, 

p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP) decreased these signals (Figure 3A,B).  

(B) 
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Figure 3. DHE and DCF staining in paced cardiac myocytes with antimycin or FCCP. 

Representative DHE (A) and DCF staining (B) in cardiac myocytes (Upper panel). 

Summary data of DHE and DCF staining in cardiac myocytes (Lower panel). The signals 

of DHE and DCF were enhanced by antimycin (2 μM) and attenuated by FCCP (1 μM). 

Values are expressed as the mean ± S.E.M. * p < 0.01 vs. without agents (n = 12 each). 

 

 

Figure 4. The level of H2O2 in cardiac myocyte supernatant. The concentration of H2O2 in 

the cardiac myocyte supernatant increased with pacing. H2O2 in SMP30 KO myocytes was 

higher than in WT cardiac myocytes. Values are expressed as the mean ± S.E.M. * p < 0.01 vs. 

WT mice (n = 12 each). 

 

(A) 

(B) 
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The concentration of H2O2 in both WT and SMP30 KO myocyte supernatants increased with the 

electrical stimulation. However, the H2O2 level after 20 min stimulation in SMP30 KO myocyte 

supernatant was higher than that of WT myocyte supernatant (23.8 ± 3.4 vs. 5.6 ± 1.2 μM, p < 0.01) 

(Figure 4). We also measured H2O2 in a stimulated buffer without myocytes, but the concentration was 

too low for detection by our system.  

2.3. Vitamin C Level and Catalase Activity 

Mice were given food including vitamin C because SMP30-deficient mice cannot synthesize 

vitamin C in vivo. Vitamin C levels in the left ventricle did not differ between SMP30 KO and WT 

mice (0.11 ± 0.05 μmol/g tissue vs. 0.13 ± 0.06 μmol/g tissue, n = 10 each). Catalase activity in 

myocardium was not different between SMP30 KO and WT mice (Figure 5).  

Figure 5. Catalase activity. Catalase activity was not different between WT and SMP30 

KO myocardium. Values are expressed as the mean ± S.E.M (n = 12 each). 

 

2.4. Superoxide Anion Radical (O2
−) Scavenging Activity (SOD Activity) 

SOD activity was not different between cardiac myocytes isolated from SMP30 KO and WT mice 

(Figure 6).  

Figure 6. SOD activity. SOD activity was not different between WT and SMP30 KO 

myocardia. Values are expressed as the mean ± S.E.M (n = 12 each). 
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2.5. Vasodilative and Vasoconstrictive Properties in Supernatant of Stimulated Myocytes  

To elucidate SMP30’s effect on coronary circulation derived from myocytes, we measured the 

changes in the diameter of isolated coronary arterioles from WT mice in response to supernatant 

collected from isolated electrically stimulated cardiac myocytes from SMP30 KO or WT mice. Direct 

administration of 10,000 U catalase or 1 mM olmesartan to the vessel or vessel bath, respectively, did 

not change the vascular tone (data not shown). Without electrical stimulation, supernatant from the 

myocytes failed to produce vasodilation, but during an electrical stimulation of 600 bpm, dose-dependent 

vasodilation was observed in the supernatant. Vasodilation with WT myocyte supernatant was more 

potent than with SMP30 KO myocyte supernatant in coronary arterioles (response to 500 μL supernatant 

of cardiac myocytes: WT mice, 12.4% ± 1.5%; SMP30 KO mice, 3.6% ± 1.5%; n = 12; p < 0.01)  

(Figure 7A). Administration of catalase to arterioles converted vasodilation to vasoconstriction in the 

SMP30 KO cardiac myocyte supernatant treatment group (response to 500 μL supernatant:  

–32.8% ± 4.5%, n = 12, p < 0.01 vs. without catalase), and this vasoconstriction was eliminated by 

additional treatment with olmesartan. In the WT cardiac myocyte supernatant treatment group, 

administration of catalase eliminated vasodilation (response to 500 μL supernatant: 1.0% ± 1.2%,  

n = 12, p < 0.01 vs. without catalase) (Figure 7B). 

Figure 7. Vasodilation induced by the supernatant from stimulated cardiac myocytes. The 

supernatant of electrically stimulated cardiac myocytes dilated WT coronary arterioles 

dose-dependently. Vasodilation with WT cardiac myocyte supernatant was more potent 

compared to that with SMP30 KO cardiac myocyte supernatant (A) Administration of 

olmesartan to coronary arterioles enhanced vasodilation in the SMP30 KO cardiac myocyte 

supernatant treatment group (500 μL of supernatant). Administration of catalase to 

coronary arterioles converted vasodilation to vasoconstriction in the SMP30 KO cardiac 

myocyte supernatant treatment group and eliminated vasodilation in the WT cardiac 

myocyte supernatant treatment group. Treatment with olmesartan in addition to catalase in 

the vessel bath eliminated vasoconstriction in the SMP 30 KO cardiac myocyte supernatant 

treatment group; (B) Values are expressed as the mean ± S.E.M. n = 12 each, * p < 0.01 vs. 

without agent.  

 

(A) 
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Figure 7. Cont. 

 

3. Discussion 

This is the first study to demonstrate that SMP30 deficiency alters the metabolic properties of 

cardiac myocytes, which alters the coronary vascular tone. Deficiency of SMP30 enhanced activity of 

NADPH oxidase in cardiac myocytes, as reported by Son et al. that SMP30 deficiency causes oxidant 

stress through NADPH oxidase in brain [12]. In addition, lack of SMP30 increases the production of 

H2O2 and angiotensin in cardiac myocytes, effects that are related to generation of reactive oxygen 

species. Then, we concluded that mitochondrial electron transportation system plays an important role 

to produce H2O2, which is a metabolic vasodilator, as well as NADPH oxidase pathway in cardiac 

myocytes. This conclusion is strengthened by the results of studies using antimycin and FCCP. 

Antimycin, an inhibitor of mitochondrial electron transportation complex III, increases the generation 

of superoxide [13], which then is converted to H2O2. FCCP is an ionophore that decreases the 

mitochondrial protonmotive force, which then uncouples mitochondrial electron transport and reduces 

superoxide production. Our observations also show that the increase in superoxide during pacing of 

myocytes was decreased by FCCP, further supporting the concept that increased electron transport is 

the basis for increased superoxide production and thus H2O2 production during heightened  

myocardial metabolism.  

Mitochondrial oxidant production increases with age [14]. Using DHE fluorescence and HPLC 

studies, we observed that superoxide production increased in SMP30 KO cardiac myocytes compared 

to WT cardiac myocytes. In addition, catalase and SOD activity did not change in either group’s 

cardiac myocytes, a finding that was similarly reported by Son et al. [12]. From these results, it could 

be speculated that SMP30 regulates the mitochondrial electron transport system and its deficiency 

augments superoxide generation through electron flow in mitochondria.  

As SMP30 deficiency increases reactive oxygen species in mitochondria, calcium may be a key 

regulator of this process. SMP30 is associated with intracellular calcium homeostasis, regulating 

[Ca2+]i by modulating plasma membrane Ca2+-pumping activity, and SMP30 has cytoprotective roles 

against intracellular calcium elevation in kidney, liver, and brain [12,15]. Overexpression of SMP30 

(B) 
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increases Ca2+ storage capacity by increasing SERCA level and decreasing the amount of Ca2+ released 

into the cytoplasm. In contrast, during the aging process, SMP30 downregulation reduces SERCA 

level, as well as directly reducing SERCA activity [16]. Therefore, we speculate that calcium overload 

in mitochondria is a trigger that increases superoxide production in SMP30 KO mice, as reported 

previously, though further study is needed [17].  

On the other hand, a lack of SMP30 renders cells unable to synthesize the potent antioxidant 

vitamin C. We fed our mouse model a diet that included vitamin C, and the level of vitamin C in the 

left ventricle did not differ between WT and SMP30 KO mice. Vitamin C deficiency causes a small 

increase in the generation of reactive oxygen stress. Humans cannot synthesize vitamin C, so it must 

be provided in the diet. Thus, SMP30 KO mice may be an acceptable model of human aging and of the 

downregulation of SMP30 in aging humans. 

We have previously reported that rat cardiac myocytes in heart failure, ischemia, and senescence 

states release angiotensin, which is mediated by oxidant stress [10,18,19]. In this study, a decrease of 

hydrogen peroxide by catalase treatment augmented the vasoconstriction caused by electrically 

stimulated myocyte supernatant in SMP30 KO mice. Moreover, vasodilation was converted to 

vasoconstriction by catalase, an effect that was eliminated by treatment with angiotensin II type I 

receptor antagonist. These results suggest that electrically stimulated cardiac myocytes generate O2
−, 

which mediates angiotensin II release and converts hydrogen peroxide. Angiotensin II plays an 

important role in the deterioration of metabolic coronary flow regulation with aging, providing direct 

confirmation of the importance of the angiotensin II increase in SMP30 KO myocyte supernatant.  

We were unable to measure the level of angiotensin production by cardiac myocytes, presumably  

because the angiotensin concentration was too low to measure. However, several reports show that 

myocardium releases angiotensin in mice and rats [20–22]. In addition, cardiac senescence is 

associated with enhanced expression of angiotensin II receptor [23], and age-related increases of 

angiotensin II have been reported in skeletal muscle in mice [24]. This led us to speculate that even 

though its concentration was too low to measure, angiotensin, which increases with aging, is sufficient 

to induce coronary arteriole constriction. Moreover, angiotensin-converting enzyme (ACE) activity 

may change in cardiac myocytes of SMP 30 KO mice because ACE inhibitors protect cell components 

from oxidative damage by increasing the enzymatic antioxidant defenses [25]. Thus, studies are 

needed to clarify the activity of ACE in myocardium of SMP30 KO mice. 

4. Experimental Section  

This investigation conformed to the Guidelines on Animal Experiments of Fukushima Medical 

University, the Japanese Government Animal Protection and Management Law (No. 105), and the 

Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996).  

Male SMP30 KO mice were created from C57BL/6 mice by the gene-targeting technique described 

previously [26]. WT C57BL/6 and SMP30 KO mice (age 8 weeks, body weight, 21.8 ± 2.8 g, heart 

weight 164 ± 22 mg) were housed and bred in a room at 22 ± 3 °C, with relative humidity 50% ± 10% 

and a 12-h light-dark cycle. Mice were given food that included vitamin C at 21 mg/100 g (CLEA 

Japan, Tokyo, Japan) and water ad libitum. The mice were anesthetized with sodium pentobarbital  

(50 mg/kg, ip), and a mid-sternotomy was performed. The hearts were excised and placed in 4 °C 
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buffered physiological salt solution (PSS), then used for microvessel dissection or the isolation of 

cardiac myocytes.  

4.1. Isolation of Coronary Arterioles 

The bathing solution used for microvessel dissection had the following composition (in mmol/L): 

145.0 NaCl, 4.7 KCl, 2.0 CaCl2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 

3.0 3-(N-morpholino)propanesulfonic acid buffer (MOPS), and 1% bovine serum albumin (1 g/100 mL). 

The solution was buffered to pH 7.4 at 4 °C. A single arteriole was dissected from the left ventricular 

septum as previously reported [9–11]. A portion of the right ventricle was removed, and coronary 

arterioles in the left ventricular septum of the appropriate size were located under a dissecting 

microscope. Each arteriole with its surrounding ventricular muscle was excised, transferred to a 

temperature-controlled dissection dish (4 °C) containing PSS, and dissected free of the muscle tissue. 

Side branches were tied off using an 11-0 suture. The vessel was transferred to a Lucite chamber and 

cannulated at both ends using micropipettes pressurized at 60 mm Hg. The arteriole was tied to each 

pipette using an 11-0 suture. The PSS used to perfuse the vessels during the experiments was buffered 

to pH 7.4 at 37 °C. The preparation was then transferred to the stage of an inverted microscope. To 

assess leaks, the pressure at zero flow was measured, which should equal that in the inflow reservoir 

pressure when there are no leaks. Any preparations showing leaks were discarded. The vessel was 

slowly warmed to 37 °C and allowed to develop a spontaneous tone. 

4.2. Isolation of Cardiac Myocytes 

Cardiac myocytes were enzymatically isolated from mouse heart using a modified Piper  

method [9–11,27]. After excision of the heart, the aorta was cannulated, and the preparation was 

suspended in a perfusion apparatus. To rinse out residual blood and eliminate contraction, the left 

ventricle was initially perfused retrogradely from the aorta at 37 °C with oxygenated, calcium-free 

MOPS buffer (pH 7.40 [titrated with 5 mol/L NaOH]) that contained, in mmol/l: 8 MOPS, 30 taurine, 

113 NaCl, 4.7 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4, 0.032 Phenol Red, 12 NaHCO3, and  

10 KHCO3. After the cessation of contractile activity, the perfusion was switched to a buffer of the 

above constituents along with 0.5 mg/mL type 2 collagenase (Worthington, Lakewood, NJ, USA) and  

12.5 μmol/L CaCl2. After perfusion of the heart for 20 to 25 min and the identification of isolated 

myocytes in perfusate from the heart, the heart was detached from the perfusion apparatus and placed 

in a “stop” solution containing the perfusion buffer with 1% BSA and 0.125 mmol/L CaCl2. The heart 

was minced into small pieces that were further titrated in stop buffer. After microscopic confirmation 

of the presence of myocytes, the cells were filtered and placed in a 10-mL conical tube. CaCl2 was 

added in a series of three steps to arrive at a final concentration of 1.0 mmol/L. Cells were allowed to 

settle for 20 min, and the supernatant was discarded. Cells were resuspended in the stop buffer with 

calcium, and small aliquots were then used for cell counts (by a hemocytometer) to enable dilution or 

concentration (via centrifugation) to a final concentration of 150,000 cells per milliliter.  
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4.3. Electrical Stimulation of Cardiac Myocytes 

Suspensions of enzymatically isolated cardiac myocytes were treated in 1.5 mL of MOPS buffer 

(pH 7.4) under no stimulation or electrical field stimulation at 600 bpm, as described previously [9]. 

The duration of electrical stimulations was 20 min in a closed chamber. We stimulated the suspension 

of cardiac myocytes in a handmade, closed, transparent plastic chamber with paired platinum inner 

nets that faced each other. During electrical stimulation, we confirmed the beating of myocytes with  

an inverted microscope. When the sample had reached more than 15% damaged myocytes under 

continuous observation, we excluded it from the following experiment. The survival of the cardiac 

myocytes was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay as described in the manufacturer’s protocol (Cat. No. V-13154; Molecular Probes, Eugene, OR). 

Briefly, the cells were incubated for 3 h in phenol red-free medium containing 0.5% of the yellow 

mitochondrial dye MTT-positive (MTT+). The amount of blue formazan dye generated from MTT+ 

was proportional to the number of live cells. The MTT+ reaction was terminated by the addition of 

DMSO to the medium, followed by incubation for 10 min at 37 °C. The absorbance was read at 540 nm 

with a spectrophotometer [28]. Moreover, we directly counted cardiac myocytes using the vital  

dye Trypan Blue. After electrical stimulation for each condition (non-stimulated or stimulated), 

suspensions were centrifuged (3000g for 15 min), and supernatant was immediately snap-frozen in 

liquid nitrogen. Samples were stored in the freezer until transferred to a vessel, the diameter of which 

was measured. 

4.4. DHE and DCF Stainings in Stimulated Cardiac Myocytes 

The production of superoxide anion radical (O2
−) and H2O2 in stimulated cardiac myocytes was 

measured by staining, respectively, with DHE (10 μM, Sigma Chemical, St. Louis, MO, USA) and 

DCF (10 μM, Molecular Probes, Eugene, OR, USA). The isolated cardiac myocytes were plated on a 

slideglass and incubated for 5 min at 37 °C with DHE or DCF. To assess the distribution of DHE or 

DCF, myocytes were scanned by an Olympus IX71 inverted microscope (Olympus CCD, Tokyo, 

Japan). In isolated cardiac myocytes, O2
−, and H2O2 production was then measured in both the  

non-stimulated myocytes and the 20-min electrically stimulated myocytes with or without antimycin  

(2 μM) or FCCP (1 μM). We measured the DHE or DCF intensities of 20–24 isolated myocytes in 

each heart and averaged the data [10]. H2O2 concentrations in the supernatant of cardiac myocytes in 

both the non-stimulated and electrically stimulated states were measured by a free radical analyzer 

(Apollo 4000, WPI Co., Ltd., FL, USA) [9].  

4.5. Measurements of Superoxide and Activity of NADPH Oxidase in Electrically Stimulated  

Cardiac Myocytes  

Superoxide was measured using an HPLC assay. Isolated cardiac myocytes were washed with 

Krebs/HEPES buffer; incubated with 50 μM DHE for 30 min at 37 °C and were transferred to 

methanol for extraction of superoxide-specific product 2-hydroxyethidium (2-OH-E+) and kept at  

−80°C. Separation of ethidium; 2-OH-E+ and dihydroethidium was performed using a Beckman  
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high-performance liquid chromatography (HPLC) System Gold model with a C-18 reverse-phase 

column (Nucleosil 250; 4.5 mm; Sigma-Aldrich, St. Louis, MO, USA). 

NADPH oxidase activity was quantified by lucigenin-enhanced chemiluminescence [29]. Briefly, 

NADPH (100 μmol/L) was added to the buffer containing cardiomyocytes (30 μg protein in 500 μL) 

and lucigenin was injected automatically, at 5 μM to avoid known artifacts when used at higher 

concentrations. NADPH oxidase activity was calculated by subtracting the basal values from those in 

the presence of NADPH.  

4.6. Vitamin C Level and Catalase Activity 

Following removal of both atria and the right ventricle, the left ventricle was homogenized in 9 

volumes of 100 mM K-phosphate buffer, pH 7.4 [30]. The homogenate was initially centrifuged at 

1000g for 10 min at 4 °C to remove nuclei and tissue debris. The supernatant was centrifuged again at 

30,000g for 30 min at 4 °C and stored at −70 °C. Vitamin C in the left ventricle was measured by a 

high-performance liquid chromatography electrochemical detection method [31]. Myocardial catalase 

activity was measured according to the Aebi method [32]. The rate of decrease of absorbance at 240 nm 

upon addition of a known amount of cardiac homogenate was monitored by a spectrophotometer at  

25 °C. The extinction coefficient for H2O2 was e = 43.6/M/cm. Absolute enzyme activities were 

calculated by comparison with a standard curve generated by adding known amounts of purified 

catalase. Enzyme activity was then normalized to the protein content of each sample.  

4.7. Superoxide Anion Radical (O2
−) Scavenging Activity in a Suspension of Stimulated  

Cardiac Myocytes  

An ESR spectrometer (JES-FR 30; JEOL, Tokyo, Japan) equipped with manganese oxide (MnO) as 

an internal standard was used for measuring O2
− scavenging activity. The conditions for ESR were as 

follows: magnetic field: 335 ± 5 mT; power: 4 mW; modulation width: 0.079 mT; modulation 

amplitude: 1 × 0.1 mT; response time: 0.1 s; amplitude: 1 × 200; sweep width: 5.000 mT; and sweep 

time: 2 min. The method for spin trapping of the O2
− radical was based on a previous study [18].  

The reaction mixture consisted of 50 μL of 5 mM hypoxanthine (Sigma Chemical, St. Louis, MO, 

USA ), 15 μL of 5,5'-dimethyl-1-pyrroline-N-oxide (DMPO, Labotec Co., Tokyo, Japan), 50 μL of 

sample (n = 10 each) or superoxide dismutase (SOD)-bovine erythrocytes (Calbiochem, Inc., La Jolla, 

CA, USA), and 50 μL of 0.4 units/mL xanthine oxidase (XOD) (Roche K.K., Tokyo, Japan). After 

mixing well, the reaction mixture was transferred onto a quartz flat cell, and monitoring of the ESR 

spectrum was started exactly 1 min after the addition of XOD. All solutions were prepared with 0.1 M 

potassium phosphate buffer (pH 7.4). SOD activity in cardiac myocytes is shown as [(DMPO-O2
− 

signal before administration of sample − DMPO-O2
− signal after administration of sample/DMPO-O2

− 

signal before administration of sample) × 100%].  

4.8. Measurement of Vessel Diameter  

First, the control inner diameter of isolated coronary arterioles from WT mice was measured at  

37 °C in a vessel chamber (2 mL) with an Olympus IX71 inverted microscope (vessel inner  
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diameter: basal condition, 74 ± 8 μm; developed tone, 45 ± 6 μm). An aliquot of 100, 200, or 500 μL 

of supernatant (non-stimulated or stimulated) from WT or SMP30 KO cardiac myocytes was 

administered to suspend isolated coronary arterioles in a vessel bath. In our previous report, 

vasodilation occurred within 30 s after administration of the myocyte supernatant, reached a plateau 

within 1 min and was maintained for over 5 min. Thus, we measured the vessel inner diameter 5 min 

later, calculating any relative changes in inner diameter [10]. Each measurement was conducted using 

olmesartan (1 mM, Daiichi-Sankyo Co., Ltd., Tokyo, Japan) in the vessel bath and catalase (10,000 U) 

in the arterioles [18,19]. 

4.9. Data Analysis and Statistics  

All statistical analyses were performed using StatView software (Abacus Concepts, Berkley, CA, 

USA). We used a one-way ANOVA followed by the Student-Neumann-Keuls post hoc test to compare 

echocardiographic data. We also used a one-way ANOVA followed by Tukey’s post hoc test to 

determine differences among the different interventions for H2O2, O2
− production and fluorescence 

intensity. A two-way ANOVA for repeated measures followed by Tukey’s post hoc test was used to 

determine differences in vasodilation resulting from various interventions. A paired t-test was used to 

determine the effects of catalase and olmesartan on arteriole diameter. Vascular diameters were 

normalized to the diameter with tone before the administration of the supernatant. Values are 

expressed as the mean ± S.E.M. Significance was set at p < 0.05 for all experiments. 

5. Conclusions 

Release of H2O2 and angiotensin via the redox pathway plays an important role in the SMP30 

deficiency-related decline of metabolic coronary vasodilation caused by myocardium. These results 

provide useful information to clarify age- and oxidant-stress-related impairment of coronary flow 

regulation by myocardium.  
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Appendix 

Figure A1. SMP30 expression in myocardium of young and old mice. We measured 

SMP30 expression in myocardium of young (3 months old) and old (12 months old) mice 

(n = 5 each) by western blotting. Total protein was extracted from the snap-frozen left 

ventricle using Cell Lysis Buffer (Cell Signaling Technology, Inc., Beverly, MA, USA) 

with Protease Inhibitor Cocktail (BD Biosciences, San Jose, CA, USA) as previously  

reported [33]. Protein concentration was determined by protein assay (DC Protein Assay 

Kit, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts (20 μg) of the protein 

samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE, 5%–20%) and transferred onto polyvinylidene difluoride membranes (ATTO 

Co., Tokyo, Japan). The primary antibodies were anti-SMP30 (SHIMA Laboratories Co. 

Ltd., Tokyo, Japan) and mouse anti-β-actin (Santa Cruz Biotechnology Inc., California, 

CA, USA). The secondary antibodies were goat anti-rabbit IgG-horseradish peroxidase and 

goat anti-mouse IgG-horseradish peroxidase (Santa Cruz Biotechnology Inc., California, 

CA, USA). The signals from immunoreactive bands were visualized by an Amersham ECL 

system (Amersham Pharmacia Biotech UK Ltd., Buckinghamshire, UK) and quantified 

using densitometric analysis. SMP30 expression was lower in myocardium of old mice  

(12 months old) than young mice (3 months old). Data are expressed as the mean ± S.D. 

 

References  

1. Sato, T.; Seyama, K.; Sato, Y.; Mori, H.; Souma, S.; Akiyoshi, T.; Kodama, Y.; Mori, T.; Goto, S.; 

Takahashi, K.; et al. Senescence marker protein-30 protects mice lungs from oxidative stress, 

aging, and smoking. Am. J. Res. Crit. Care Med. 2006, 174, 530–537. 

2. Fujita, T.; Mandel, J.L.; Shirasawa, T.; Hino, O.; Shirai, T.; Maruyama, N. Isolation of cDNA 

clone encoding human homologue of senescence marker protein-30 (SMP30) and its location on 

the X chromosome. Biochem. Biophys. Acta 1995, 1263, 249–252. 

3. Kashio, A.; Amano, A.; Kondo, Y.; Sakamoto, T.; Iwamura, H.; Suzuki, M.; Ishigami, A.; 

Yamasoba, T. Effect of vitamin C depletion on age-related hearing losss in SMP30/GNL 

knockout mice. Biochem. Biophys. Res. Commun. 2009, 390, 394–398. 



Int. J. Mol. Sci. 2013, 14 9422 

 

 

4. Son, G.; Kim, S.J.; Kim, K.; Kim, M.S.; Chung, H.Y.; Lee, J. Cytoprotective roles of senescence 

marker protein 30 against intracellular calcium elevation and oxidative stress. Arch. Pharm. Res. 

2008, 31, 872–877. 

5. Hachamovi, R.; Wicker, P.; Cppaso, J.M.; Anversa, P. Alterations of coronary blood flow and 

reserve with aging in Fischer 344 rats. Am. J. Physiol. Heart Circ. Physiol. 1989, 256, H66–H73. 

6. Csiszar, A.; Ungvari, Z.; Edwards, J.S.; Kaminski, P.; Wolin, M.S.; Koller, A.; Kaley, G.  

Aging-induced phenotypic changes and oxidative stress impair coronary arteriolar function.  

Circ. Res. 2002, 90, 1159–1166. 

7. Canty, J.M. Coronary Blood Flow and Myocardial Ischemia. Braunwald’s Heart Disease, 8th ed.; 

Libby, P., Ed.; Elsevier: Philadelphia, PA, USA, 2008; pp. 1167–1177. 

8. Feigl, E.O. Coronary physiology. Physiol. Rev. 1983, 63, 1–205. 

9. Saitoh, S.; Zhang, C.; Tune, J.D.; Potter, B.; Kiyooka, T.; Rogers, P.A.; Knudson, J.D.; Dick, G.M.; 

Swafford, A.; Chilian, W.M. Hydrogen Peroxide: A feed-forward dilator that couples myocardial 

metabolism to coronary blood flow. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2614–2621. 

10. Yamaguchi, O.; Kaneshiro, T.; Saitoh, S.; Ishibashi, T.; Maruyama, Y.; Takeishi, Y. Regulation 

of coronary vascular tone via redox modulation in the α1-adrenergic-angiotensin-endothelin axis 

of the myocardium. Am. J. Physiol. Heart Circ. Physiol. 2009, 296, H226–H232. 

11. Saitoh, S.; Kiyooka, T.; Rocic, P.; Rogers, P.A.; Zhang, C.; Swafford, A.; Dick, G.M.; 

Viswanathan, C.; Park, Y.; Chilian, W.M. Redox-dependent coronary metabolic dilation. Am. J. 

Physiol. Heart. Circ. Physiol. 2007, 293, H3720–H3725. 

12. Son, T.G.; Zou, Y.; Jung, K.J.; Yu, B.P.; Ishigami, A.; Maruyama, N.; Lee, J. SMP30 deficiencty 

causes increased oxidative stress in brain. Mech. Age Dev. 2006, 127, 451–457. 

13. Muller, F.L.; Liu, Y.; van Remmen, H. Complex III releases superoxide to both sides of the inner 

mitochondrial membrane. J. Biol. Chem. 2004, 279, 49064–49073. 

14. Sohal, R.S.; Ku, H.H.; Agarwal, S.; Forster, M.J.; Lal, H. Oxadataive damage, mitochondrial 

oxidant generation and antioxidant defences during ageing and in response to food restriction in 

the mouse. Mech. Age. Dev. 1994, 74, 121–133. 

15. Jung, K.J.; Ishigami, A.; Maruyama, N.; Takahashi, R.; Goto, S.; Yu, B.P.; Chung, H.Y. 

Modulation of gene expression of SMP30 by LPS and calorie restriction during aging process. 

Exp. Gerontol. 2004, 39, 1169–1177. 

16. Lai, P.; Yip, N.C.; Michelangeli, F. Regucalcin. FEBS. Lett. 2011, 585, 2291–2294. 

17. Brookes, P.S.; Yoon, Y.; Robotham, J.L.; Anders, M.W.; Sheu, S.S. Calcium, ATP, and ROS: A 

mitochondria love-hate triangle. Am. J. Physiol. Cell Physiol. 2004, 287, C817–C833. 

18. Machii, H.; Saitoh, S.; Kaneshiro, T.; Takeishi, Y. Aging impairs myocardium-induced dilation in 

coronary arterioles: Role of hydrogen peroxide and angiotensin. Mech. Age. Dev. 2010, 131, 710–717. 

19. Kaneshiro, T.; Saitoh, S.; Machii, H.; Yamaguchi, O.; Ishibashi, T.; Maruyama, Y.; Takeishi, Y. 

Metabolic regulation of coronary vascular tone: Role of hydrogen peroxide, purinergic 

components, and angiotensin. Eur. J. Pharmacol. 2010, 645, 127–134. 

20. Xiao, H.D.; Fuchs, S.; Campbell, D.J.; Lewis, W.; Dudley, S.C.; Kasi, V.S.; Hoit, B.D.; 

Keshelave, G.; Zhao, H.; Capecci, M.R.; et al. Mice with cardiac-restricted angiotensin-converting 

enzyme have atrial enlargement, cardiac arrhythmia, and sudden cardiac death. Am. J. Pathol. 

2004, 165, 1019–1032. 



Int. J. Mol. Sci. 2013, 14 9423 

 

 

21. Winegrad, S.; Henrion, D.; Rappaport, L.; Samuel, J.L. Self-protection by cardiac myocytes 

against hypoxia and hyperoxia. Circ. Res. 1999, 85, 690–698. 

22. Cingolani, H.E.; Villa-Abrille, M.C.; Nolly, A.; Ennis, I.L.; Garciarena, C.; Suburo, A.M.; 

Torbidoni, V.; Correa, M.V.; Hurtado, M.C.C.; Aiello, E.A. The positive inotropic effect of 

angiotensin II. Hypertension 2006, 47, 727–734. 

23. Heymes, C.; Silvestre, J.S.; Llorens-Cortes, C.; Chevalier, B.; Marotte, F.; Levy, B.I.; 

Swynghedauw, B.; Samuel, J.L. Cardiac senescence is associated with enhanced expression of 

angiotensin II receptor subtypes. Endocrinology 1998, 139, 2579–2587. 

24. Gu, S.S.; Zhang, Y.; Li, X.L.; Wu, S.Y.; Diao, T.Y.; Hai, R.; Deng, H.W. Involvement of the 

skeletal rennin-angiotensin system in age-related osteoporosis of aged mice. Biosci. Biotechnol. 

Biochem. 2012, 76, 1367–1371.  

25. De Cavanagh, E.M.; Inserra, F.; Ferder, L.; Romano, L.; Ercole, L.; Fraga, C.G. Superoxide 

dismutase and glutathione peroxidase activities are increased by enalapril and captopril in mouse 

liver. FEBS. Lett. 1995, 361, 22–24. 

26. Ishigami, A.; Fujita, T.; Handa, S.; Shirasawa, T.; Koseki, H.; Kitamura, T. Senescence marker 

protein-30 knock-out mouse liver is highly susceptible to tumor necrosis factor-alpha and  

Fas-mediated apotosis. Am. J. Pathol. 2002, 16, 1273–1281. 

27. Piper, H.M.; Vilz, A.; Schwartz, P. Adult Ventricular Rat Heart Muscle Cells. Cell Techniques in 

Heart and Vessel Research; Piper, H.M., Ed.; Springer: Heidelberg, Germany, 1990; pp. 36–60. 

28. Dhanasekaran, A.; Gruenloh, S.K.; Buonaccorsi, J.N.; Zhang, R.; Gross, G.J.; Falck, J.R. Multiple 

anti-apoptotic targets of the PI3K-Akt survival pathway are activated by epoxyeicosatrienoic 

acids to protect cardiomyocytes from hypoxia/anoxia. Am. J. Physiol. Heart Circ. Physiol. 2008, 

294, H724–H735. 

29. Lodi, F.; Cogolludo, A.; Duarte, J.; Moreno, L.; Coviello, A.; Bruno, M.P.D.; Vera, R.; Galisteo, M.; 

Tamargo, J.; Perez-Vizcaino, F. Increased NADPH oxidase activity mediates spontaneous aortic 

tone in genetically hypertensive rats. Eur. J. Pharmacol. 2006, 544, 97–103.  

30. Ambrosio, G.; Flaherty, J.T.; Duilio, C.; Tritto, I.; Santoro, G.; Elia, P.P.; Condorelli, M.; 

Chiariello, M. Oxygen radicals generated at reflow induce peroxidation of membrane lipids in 

reperfused hearts. J. Clin. Invest. 1991, 87, 2056–2066. 

31. Iwama, M.; Shimokado, K.; Maruyama, N.; Ishigami, A. Time course of vitamin C distribution 

and absorption after oral administration in SMP30/GNL knockout mice. Nutrition 2010, 30, 1–8. 

32. Aebi, H. Catalase in vitro. Method Enzymol. 1984, 105, 121–126. 

33. Arimoto, T.; Takeishi, Y.; Takahashi, H.; Shishido, T.; Niizeki, T.; Koyama, Y.; Shiga, R.; 

Nozaki, N.; Nakajima, O.; Nishimaru, K.; et al. Cardiac-specific overexpression of diacylglycerol 

kinase zeta prevents Gq protein-coupled receptor agonist-induced cardiac hypertrophy in 

transgenic mice. Circulation 2006, 113, 60–66. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


