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Abstract: Sleep apnea syndrome (SAS) is characterized by recurrent episodes of oxygen desaturation
and reoxygenation (intermittent hypoxia, IH), and it is a risk factor for cardiovascular disease (CVD)
and insulin resistance/type 2 diabetes. However, the mechanisms linking IH stress and CVD remain
elusive. We exposed rat H9¢2 and mouse P19.CL6 cardiomyocytes to experimental IH or normoxia
for 24 h to analyze the mRNA expression of the components of Cd38-cyclic ADP-ribose (cADPR)
signaling. We found that the mRNA levels of cluster of differentiation 38 (Cd38), type 2 ryanodine
receptor (Ryr2), and FK506-binding protein 12.6 (Fkbp12.6) in H9¢2 and P19.CL6 cardiomyocytes were
significantly decreased by IH, whereas the promoter activities of these genes were not decreased.
By contrast, the expression of phosphatase and tensin homolog deleted from chromosome 10 (Pten)
was upregulated in IH-treated cells. The small interfering RNA for Pten (siPten) and a non-specific
control RNA were introduced into the H9¢2 cells. The IH-induced downregulation of Cd38, Ryr2,
and Fkbp12.6 was abolished by the introduction of the siPten, but not by the control RNA. These
results indicate that IH stress upregulated the Pten in cardiomyocytes, resulting in the decreased
mRNA levels of Cd38, Ryr2, and Fkbp12.6, leading to the inhibition of cardiomyocyte functions in
SAS patients.
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1. Introduction

Sleep apnea syndrome (SAS) is a common disorder characterized by repetitive episodes
of oxygen desaturation during sleep, as well as the development of daytime sleepiness
and by the deterioration of patients’ quality of life [1,2]. SAS leads to intermittent hypoxia
(IH) [3-5], hypercapnia, and subsequent reoxygenation; it also leads to the disruption
of sleep architecture, such as sleep fragmentation. It is estimated that nearly 1 billion
adults aged 30-69 worldwide may suffer from SAS [6]. SAS is associated with many sys-
temic complications, such as obesity, type 2 diabetes [7,8], dyslipidemia [9], cardiovascular
diseases (CVDs) (e.g., hypertension, coronary disease, heart failure, and stroke) [10-12],
pulmonary hypertension [13], systemic hypertension [14], neurocognitive deficits [15,16],
depression [17], and impaired memory [18].

Observational studies have indicated that SAS is associated with a high risk for seri-
ous hypertension [19]. IH-induced cardiomyocyte damage occurs due to the increases in
intracellular reactive oxygen species during reoxygenation after hypoxia [20-23]. More-
over, IH may cause lipid peroxidation [24], protein oxidation, DNA damage [25], and
attenuation of antioxidant enzyme capacity, reducing the number of cardiomyocytes and
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impairs their functions [26]. The prevalence of SAS in patients with heart failure ranges
from 15% to 59%, and the mortality rate among patients with severe SAS is significantly
higher [27-31]. In addition, cardiac function is impaired due to left ventricular hypertro-
phy in obese patients with severe SAS [32]. Hypertension, cardiac remodeling, and other
complications of SAS have been studied using rodent models of IH [33]. The cluster of
differentiation 38 (Cd38)-cyclic ADP-ribose (cADPR) signaling system is important for
mammalian cell functioning [31,34], such as glucose-induced insulin secretion from pancre-
atic B-cells [34—40], muscarinic Ca?* signaling in pancreatic acinar cells [41], depolarization-
induced oxytocin secretion from neuro-pituitary cells [42], ATP-activated potassium cur-
rents in alveolar macrophages [43], electrolyte secretion from airway glands [44], aorta
contraction induced by «-adrenoceptor stimulation [45], IH-induced renin synthesis in
juxtaglomerular cells [46], and cardiac functions [47-50]. However, it was unclear how the
Cd38-cADPR signal system was associated with cardiac dysfunction during IH.

Phosphatase and tensin homolog deleted from chromosome 10 (Pten), also known as
MMACT (mutated in multiple advanced cancer 1) or TEP1 (TGFf regulated and epithelial
cell enriched phosphatase 1), was first identified as a tumor suppressor gene [51]. Pten
acts as a dual-specificity phosphatase that phosphorylates lipids and proteins on serine,
threonine, and tyrosine residues [52]. Downregulation of Pten expression or inhibition
of its activity improves heart function, promotes cardiomyocytes proliferation, reduces
cardiac fibrosis as well as dilation, and inhibits apoptosis following ischemic stress such as
myocardial infarction [53]. Overexpression of Pten was reported to reduce Cd38 expression
in airway smooth muscle cells [54]. As the Cd38-cADPR signal system plays an impor-
tant role in cardiomyocyte functions [48,49,55,56], the relation between the expression of
components of the Cd38-cADPR signal system (Cd38, Ryr2, and Fkbp12.6) and Pten is
important in cardiomyocyte functioning in IH condition.

In this study, we used rat and mouse cardiomyocytes and an in vitro IH system to
investigate the direct effect of IH, a hallmark of SAS, on the gene expression(s) of the
Cd38-cADPR signal system in cardiomyocytes. An in vitro IH system is a controlled gas
delivery system that regulates the flow of nitrogen and oxygen to generate IH. Significant
decreases in the mRNA levels of Cd38, type 2 ryanodine receptor (Ryr)2, and FK506-binding
protein 12.6 (Fkbp12.6) were detected in the rat and mouse cardiomyocytes in response to
IH treatment via the upregulation of Pten.

2. Results
g.l, The Gene Expression Levels of Cd38, Ryr2, and Fkbp12.6 in Cardiomyocytes Were Decreased
y IH

We exposed mouse P19.CL6 and rat H9¢2 cardiomyocytes to normoxia or IH for 24 h.
Using real-time reverse transcriptase-polymerase chain reaction (RT-PCR), we measured
the mRNA levels of Cd38 (which encodes ADP-ribosyl cyclase/cyclic ADP-ribose [cADPR]
hydrolase, EC 3.2.2.6), Ryr2, and Fkbp12.6 (a cADPR receptor [Fkbp1b]) in mouse P19.CL6
and rat H9c2 cells. As shown in Figures 1 and 2, IH significantly decreased the mRNA levels
of Cd38, Ryr2, and Fkbp12.6 in mouse P19.CL6 and rat H9¢2 cardiomyocytes, respectively.
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Figure 1. The mRNA levels of mouse (A) Cd38, (B) Ryr2, and (C) Fkbp12.6 in mouse P19.CL6
cardiomyocytes. Cardiomyocytic-differentiated mouse P19.CL6 cells were treated with normoxia or
IH for 24 h. The mRNA levels were measured by real-time RT-PCR and normalized by rat insulinoma
gene (Rig)/ribosomal protein S15 (RpS15) as an internal standard. The mRNA level exposed to normoxia
was set to 1.0. Data are expressed as the mean =+ SE of the samples (1 = 4 to 6). Statistical analyses
were performed using Student’s f-test. IH significantly decreased the mRNA levels of Cd38, Ryr2,
and Fkbp12.6 in mouse P19.CL6 cells. In addition, correlation analyses revealed that the correlation
coefficient(s) between Cd38 vs. Ryr2, Cd38 vs. Fkbp12.6, and Ryr2 vs. Fkbp12.6 were 0.618, 0.912, and
0.566, respectively, indicating that there are positive correlation(s).
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Figure 2. The mRNA levels of rat (A) Cd38, (B) Ryr2, and (C) Fkbp12.6 in rat H9¢2 cardiomyocytes.
Rat H9c2 cells were treated with normoxia or IH for 24 h. The mRNA levels were measured by
real-time RT-PCR and normalized by Rig/RpS15 as an internal standard. The mRNA level exposed to
normoxia was set to 1.0. Data are expressed as the mean + SE of the samples (1 = 4 to 6). Statistical
analyses were performed using Student’s t-test. IH significantly decreased the mRNA levels of Cd38,
Ryr2, and Fkbp12.6 in rat H9¢2 cells.

Furthermore, we measured the Cd38, Ryr2, and Fkbp12.6 protein levels in the H9¢2
cells using Western blot analyses, and the results showed that the protein levels were
significantly decreased by IH (p = 0.0205, p = 0.0241, and p = 0.0078, respectively) (Figure 3).
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Figure 3. Relative protein expression levels of (A) Cd38, (B) Ryr2, and (C) Fkbp12.6 in rat H9c2
cardiomyocytes subjected to IH. The Cd38, Ryr2, and Fkbp12.6 band densities were quantified
through image analysis and then normalized to -actin, as measured in the same blot. Each bar
represents the mean of six independent measurements. The relative expression levels of the Cd38,
Ryr2, and Fkbp12.6 are arbitrarily presented. The protein level exposed to normoxia was set to 1.0.
The results are expressed as the mean =+ SE in arbitrary units. A representative immunoblot with the
apparent molecular weight is shown in the upper panel.

2.2. The Promoter Activities of Cd38, Ryr2, and Fkbp12.6 Were Not Decreased by IH

To determine whether the IH-induced decreases in the Cd38, Ryr2, and Fkbp12.6 mRNA
levels were caused by the inactivation of transcription, we fused a 3456 bp fragment con-
taining 3187 bp of the human CD38 promoter, a 1260 bp fragment containing 1250 bp of the
human RYR2 promoter, and a 1805 bp fragment containing 1696 bp of the human FKBP12.6
promoter to the luciferase gene of pGL4.17. The reporter constructs were transfected into
H9c2 cardiomyocytes. After IH stimulation, the promoter activities of CD38, RYR2, and
FKBP12.6 were not decreased by IH in H9¢2 cardiomyocytes (p = 0.9630, p = 0.2735, and
p = 0.3563, respectively) (Figure 4), suggesting that the gene expression levels of Cd38, Ryr2,
and Fkbp12.6 in response to IH were not regulated by transcription.
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Figure 4. Luciferase assays of the promoter activities of (A) CD38, (B) RYR2, and (C) FKBP12.6 in
HO9c2 cardiomyocytes. Reporter plasmids, prepared by inserting the promoter fragments of human
CD38 (—3187~+269), human RYR?2 (—1250~+10), and human FKBP12.6 (—1696~+109) upstream of a
firefly luciferase reporter gene in pGL4.17 vector, were transfected into rat H9¢c2 cells. After the cells
were exposed either to IH or to normoxia for 24 h, the cells were lysed and the promoter activities of
CD38, RYR2, and FKBP12.6 were measured. The promoter activity was normalized for variations in
transfection efficiency, with (3-galactosidase activity as an internal standard and the promoter activity
of cells exposed to normoxia was set to 1.0. Data are presented as the mean + SE of the samples
(n =5 to 6) and were analyzed using Student’s t-test.
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2.3. The Pten Level Was Significantly Increased by IH

Wu et al. recently reported that overexpression of Pten suppresses the expression
of CD38 in airway smooth muscle cells [51]. Therefore, it is possible that the IH-induced
downregulation of the Cd38, Ryr2, and Fkbp12.6 is possibly caused by the upregulation
of Pten. We exposed rat H9¢c2 and mouse P19.CL6 cardiomyocytes to normoxia or IH
and determined the Pten mRNA levels using real-time RT-PCR. We found that the Pten
mRNA levels in both H9¢2 and P19.CL6 cells were significantly increased in response to IH
exposure (Figure 5).
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Figure 5. The mRNA levels of Pten in rat H9¢2 (left) and mouse P19.CL6 (right) cardiomyocytes.
Rat H9¢2 and cardiomyocytic-differentiated mouse P19.CL6 cells were treated with normoxia or IH
for 24 h. The mRNA levels were measured by real-time RT-PCR and normalized by Rig/RpS15 as
an internal standard. The mRNA level exposed to normoxia was set to 1.0. Data are expressed as
mean =+ SE of the samples (1 = 4 to 6). Statistical analyses were performed using Student’s t-test. IH
significantly increased the mRNA levels of Pten in rat H9¢2 and mouse P19.CL6 cardiomyocytes.
Correlation analysis in P19.CL6 cells revealed that the correlation coefficient(s) between Cd38 vs.
Pten and Fkbp12.6 vs. Pten were —0.221 and —0.362, respectively, indicating that there are negative
correlation(s).

We further measured the Pten protein levels in H9c2 cells using Western blot analy-
sis, and we confirmed that the level of Pten was significantly increased by IH (Figure 6:
p =0.0417).

(54 kDa)

4-
° B-actin
- Prooat7 S | S| 2ot
g 3 ;
[=
8 :
o 2 ° oo
[}
2
®
e 1
(4
o
c T T
Normoxia IH

Figure 6. Relative protein expression of Pten in rat H9¢2 myocytes subjected to IH. The Pten band
densities were quantified through image analysis and then normalized to 3-actin, as measured in the
same blot. The protein level exposed to normoxia was set to 1.0. Each bar represents the mean value
of six independent experiments (1 = 6). The relative expression of the Pten is arbitrarily presented.
The results are expressed as mean =+ SE in arbitrary units. A representative immunoblot with the
apparent molecular weight is also shown in the right panel.
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2.4. Down-Regulation of Pten Attenuated the Decreases in Cd38, Ryr2, and Fkbp12.6 in H9c2
Cells Treated with Small Interfering RNA (siRNA) for Pten

The mechanism of Cd38, Ryr2, and Fkbp12.6 expression in cardiomyocytes was in-
vestigated by knocking down the Pten gene by means of RNA interference in rat H9c2
cells. The expression levels of Cd38, Ryr2, and Fkbp12.6 were significantly decreased by
IH in the presence of scrambled RNA. By contrast, the introduction of siPten inhibited
the IH-induced decreases in the mRNA levels of Cd38, Ryr2, and Fkbp12.6 in H9¢2 cells
(Figure 7). These results indicated that the observed decreases in the Cd38, Ryr2, and
Fkbp12.6 levels in response to IH were caused by Pten expression.
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Figure 7. Effects of siPten on the IH-induced gene expression of Cd38, Ryr2, and Fkbp12.6. SiPten and
scrambled RNA (control) were transfected into H9¢2 cardiomyocytes, which in turn were subjected
to IH or normoxia for 24 h. The mRNA levels of the Cd38, Ryr2, and Fkbp12.6 were measured via
real-time RT-PCR, with Rig/RpS15 as the endogenous control. The mRNA level exposed to normoxia
was set to 1.0. Data are expressed as the mean + SE of six independent experiments (1 = 6). Student’s
t-test was used in statistical analyses.

2.5. 3-Deaza-cADPR Attenuated the IH-Induced Decreases in the Cd38, Ryr2, and Fkbp12.6 Levels

CD38 was originally found to be a surface antigen/marker of B lymphocytes, mono-
cytes, and natural killer cells [57]. In 1993, three research groups independently found
cADPR synthesizing activity in Cd38 [58-60]. cADPR binds to Fkbp12.6 to dissociate
Fkbp12.6 from the Ryr2 complex and induces Ca?* release from the Ryr2 intracellular Ca®*
channel [38,61]. To confirm the correlation between the expression levels of Cd38, Ryr2, and
Fkbp12.6 and the Cd38-cADPR-mediated signaling pathway, we added 3-deaza-cADPR, a
cell-permeable cADPR agonist [62,63], into H9¢2 cell culture medium, and then we sub-
jected the cells to normoxia or IH for 24 h. Following IH stimulation, the mRNA levels of
Cd38, Ryr2, and Fkbp12.6 were measured. The results showed that the IH-induced decreases
in the mRNA levels of Cd38, Ryr2, and Fkbp12.6 were attenuated in the presence of 3-deaza-
cADPR (Figure 8), indicating that the observed reduction in the mRNA levels in response
to IH was induced by the inhibition of the Cd38-cADPR-mediated signaling pathway.
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Figure 8. The mRNA levels of Cd38, Ryr2, and Fkbp12.6 in the presence or absence of 3-deaza-cADPR.
No differences in Ryr2 and Fkbp12.6 mRNA levels were observed under normoxia and under IH in the
presence of 3-deaza-cADPR (0.6979-fold decrease in 3-deaza-cADPR (+) (p = 0.5260) and 1.076-fold
increase in 3-deaza-cADPR (+) (p = 0.5501), respectively). By contrast, the Cd38 mRNA level under IH
increased by 1.214-fold relative to that under normoxia in the presence of 3-deaza-cADPR (p = 0.0211).
Although the mRNA levels of Cd38, Ryr2, and Fkbp12.6 decreased in response to IH in the absence of
3-deaza-cADPR (3-deaza-cADPR (—) controls), this trend was not observed following the addition
of the 3-deaza-cADPR (3-deaza-cADPR (+)). The mRNA level exposed to normoxia was set to 1.0.
Data are expressed as the mean & SE of six independent experiments (1 = 6). Student’s t-test was
employed in statistical analyses.

3. Discussion

In this study, we demonstrated that IH exposure induced the reduction in Cd38, Ryr2,
and Fkbp12.6 mRNA levels in cardiomyocytes. We further studied the mechanisms by
which IH downregulates the mRNA levels of Cd38, Ryr2, and Fkbp12.6, and we speculated
that Pten-mediated downregulation is involved in the process. We then knocked down
Pten, and the IH-induced downregulation of Cd38, Ryr2, and Fkbp12.6 was not observed
in siPten-transfected cardiomyocytes, suggesting that the dysfunction of the Cd38-cADPR
signal system in cardiomyocytes is induced by IH via the overexpression of Pten. To
verify this possibility, we added 3-deaza-cADPR, a cell-permeable cADPR agonist, into the
cardiomyocyte culture medium and found that the IH-induced decreases in Cd38, Ryr2,
and Fkbp12.6 were attenuated, indicating that IH indeed reduces Cd38 expression, Cd38
activity (CADPR synthesizing ADP-ribosyl cyclase activity), and cADPR concentration in
cardiomyocytes. The reduced cADPR concentration in turn decreased the recipients of
cADPR, Ryr2, and Fkbp12.6 in cardiomyocytes.

SAS patients frequently suffer from CVDs such as hypertension, coronary disease,
and heart failure [10-12]. The prevalence of SAS in patients with heart failure ranges
from 15% to 59%, and the mortality rate among patients with severe SAS is significantly
high [27-30]. We recently reported that IH increases renin expression in juxtaglomerular
cells [46], as well as the expression of dopamine 3-hydroxylase and phenylethanolamine
N-methyltransferase in catecholamine-synthesizing neuroblastoma cells [64], causing SAS
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patients to become hypertensive. However, how cardiac dysfunction develops in SAS
patients remains elusive.

cADPR was first discovered by Dr. Lee and his collaborators in 1987 in sea urchin eggs
as an intracellular signaling molecule that acts inositol 1,4,5-trisphosphate (IP3)-insensitive
intracellular Ca2* channel that releases Ca%* [65]. Cd38 was eventually found to be a
major enzyme for cADPR synthesis from NAD™ in vertebrate cells [58-60,66]. cADPR
induces Ca?* mobilization from IPs-insensitive intracellular Ca?* stores via the Ryr2 Ca®*
channels [34,47,67]. Dissociation of Fkbp12.6 from Ryr2 is required to release Ca>* from
intracellular stores, and it is regulated by cADPR [50,61]. The significance of the Cd38-
cADPR signal system has been demonstrated in a number of vertebrate cell functions,
including glucose-induced insulin secretion from pancreatic (3-cells [34,35,37,38,40,68],
acetylcholine-induced Ca?* oscillation in pancreatic exocrine cells [41], submandibular
gland acinar cell activation [44], ATP-induced K* currents in alveolar macrophages [43],
sympathetic neuron activation [69], oxytocin secretion from the pituitary gland [42], renin
synthesis and secretion in juxtaglomerular cells [46], and cardiac functions [48,49,55,56].

The Cd38-cADPR signaling pathway has been reported to antagonize cardiomyocyte
differentiation of mouse embryonic stem cells [70]. Meanwhile, cADPR activates Ryr2 [47]
in cardiomyocytes, Cd38 is expressed in heart [71], isoproterenol increases ADP-ribosyl
cyclase activity of Cd38 in ventricular muscle [72], cADPR levels are decreased in rat
myocardial ischemia [73], male Cd38 knockout mice have shown cardiac hypertrophy [49],
Ryr2 knockout mice have died on embryonic day 10 with morphological abnormalities in
their heart tube [74], altered stoichiometry of FKBP12.6 relative to that of RYR2 has been
reported to a cause abnormal Ca®* leak through RYR?2 in heart failure [48], and Fkbp12.6
knockout male mice have shown cardiac hypertrophy [55], indicating that the Cd38-cADPR
signaling pathway is indispensable in cardiomyocyte functioning.

Pten acts as a phosphatase that dephosphorylates phosphatidylinositol 3,4,5-triphosphate
(PIP3). Pten specifically catalyzes the dephosphorylation of the 3’ phosphate of the inositol
ring in PIP3, producing a biphosphate product (phosphatidylinositol 4,5-bisphosphate). This
dephosphorylation is important because it results in the inhibition of the Akt signaling pathway,
which plays a key role in multiple signal transduction pathways [75]. Pten is involved in the
regulation of cellular processes, including cell survival, proliferation, and migration, and it
participates in diverse physiological and pathological processes [75]. Overexpression of Pten
suppresses the expression of Cd38 in airway smooth muscle cells [54]. PTEN expression is
increased by RYR2 knockdown, whereas increased RYR2 expression inhibits PTEN expression
in pancreatic cancer cells [76]. In adult mice, cardiac-specific Pten knockout preserves heart
function, decreases scar size, and promotes cardiomyocyte proliferation after myocardial in-
farction stress [77]. Recently, Ashikawa et al. have reported that intraperitoneal injection of a
Pten inhibitor, bisperoxovanadium-pic, ameliorated left ventricular inflammation, fibrosis, and
diastolic dysfunction in DS/Obese (DahlS.Z—leprfa / Leprfa) rats [78]. In the present study, IH
reduced the expression of the components of the Cd38-cADPR signal system in cardiomyocytes
via Pten overexpression; therefore, Pten inhibitors can preserve cardiac cell functions and may
serve as new drugs for cardiomyocyte functioning.

This study demonstrated that the gene expression levels of Cd38, Ryr2, and Fkbp12.6
decreased via the upregulation of Pten in IH-treated cardiomyocytes. It is suggested that,
in SAS patients, downregulation of Cd38, Ryr2, and Fkbp12.6 may decrease the function of
the Cd38-cADPR signaling in cardiomyocytes, leading to the failure of cardiac functions.

4. Materials and Methods
4.1. Cell Culture

Rat H9¢2 cardiomyocytes were purchased from the American Type Culture Collection
(Manassas, VA, USA). The cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) containing 10%
(v/v) fetal calf serum (FCS), 100 units/mL penicillin G (FUJIFILM Wako), and 100 pg/mL
streptomycin (FUJIFILM Wako). Mouse embryonic carcinoma P19.CL6 cells were pur-
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chased from RIKEN BioResource Research Center Cell Bank (RCB, Tsukuba, Japan). The
cells were grown in Minimum Essential Medium Eagle, Alpha Modification (MEM«)
medium (FUJIFILM Wako) containing 10% (v/v) FCS, 100 units/mL penicillin G, and
100 pg/mL streptomycin. For differentiation experiments, 3.7 x 10° cells/0.5 mL were
seeded in a 24-well cell culture plate with MEM« medium containing 1% DMSO to induce
cardiomyogenesis, as previously described [79]. The cells were kept at 37 °C, 5% CO,,
and 95% humidity, and the medium was changed every day. The cells were exposed to
either normoxia (21% O, 5% CO,, and balanced Nj) or intermittent hypoxia (IH: 70 cycles
of 5 min sustained hypoxia (1% Oy, 5% CO,, and balanced N;) and 10 min normoxia)
using a custom-designed, computer-controlled incubation chamber attached to an external
0,-CO,-N; computer-driven controller (O, programmable control, 9200EX, Wakenbtech
Co., Ltd., Kyoto, Japan), as previously described [4,40,46,64,80,81]. These conditions are
similar to the conditions reported in patients with severe degrees of SAS; in severe SAS
cases, patients are repeatedly exposed to severe hypoxemia followed by mild hypoxemia
or normoxia (i.e., IH). We have previously reported that the magnitude of IH expressed by
SpO; fluctuates between 75-98% and 50-80% in SAS [3-5], which was nearly equivalent to
the medium condition in the present study.

4.2. Real-Time RT-PCR

Total RNA was isolated from H9¢2 and P19.CL6 cells using an RNeasy Plus Cell Mini
Kit (Qiagen, Hilden, Germany), and cDNA was synthesized from total RNA as a template
using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA), as previously described [40,46,64,80,81]. Real-time PCR was performed using
an SYBR® Fast qPCR Kit (KAPA Biosystems, Boston, MA, USA) and a Thermal Cycler Dice
Real Time System (Takara Bio, Kusatsu, Japan). All the PCR primers were synthesized by
Nihon Gene Research Laboratories, Inc. (NGRL; Sendai, Japan); the primer sequences for
each primer set are shown in Table 1. PCR was performed with an initial step of 3 min
at 95 °C, followed by 40 cycles of 3 s at 95 °C and 20 s at 60 °C for Rig/RpS15, Cd38, Ryr2,
Fkbp12.6, and Pten. The mRNA expression levels were normalized to the mRNA level of
Rig/RpS15, as previously described [40,46,64,80,81].

Table 1. PCR primers for real-time RT-PCR.

Target mnMRNA Primer Sequence (Position)

Rat

Cd38 5-GAAAGGGAAGCCTACCACGAA-3’' (NM_013127.1: 166-186)
5-GCCGGAGGATTTGAGTATAGATCA-3' (NM_013127.1: 219-242)

Fkbp12.6 5-GGAAGGACATTCCCTAAGAAG-3" (NM_022675.2: 174-194)
5'-GTAGCTCCATATGCCACATCA-3' (NM_022675.2: 374-394)

Pten 5'-AGACCATAACCCACCACAGC-3' (NM_031606.1: 273-292)
5-TTACACCAGTCCGTCCTTTCC-3' (NM_031606.1: 380—400)

Rig/RpS15 5-ACGGCAAGACCTTCAACCAG-3’' (NM_017151.2: 314-333)
5'-ATGGAGAACTCGCCCAGGTAG-3' (NM_017151.2: 363-383)

Ryr2 5-CTGAACTATTTTGCTCGCAA-3" (NM_032078.3: 13802-13821)
5-TTCAGGCAGTAGTATCCGAT-3' (NM_032078.3: 14093-14112)

Mouse

Cd3s8 5-ACAGACCTGGCTGCCGCCTCTCTAG-3" (NM_007646.5: 102-126)
5'-GGGGCGTAGTCTTCTCTTGTGATGT-3' (NM_007646.5: 378-402)

Fkbp12.6 5-GGAAGGACATTCCCTAAGAAG-3" (NM_016863.4: 175-195)
5'-GTAGCTCCATATGCCACATCA-3' (NM_016863.4: 375-395)

Pten 5-AGACCATAACCCACCACAGC-3" (NM_008960.2: 1141-1160)
5-TTACACCAGTCCGTCCTTTCC-3" (NM_008960.2: 1248-1268)

Rig/RpS15 5-ACGGCAAGACCTTCAACCAG-3' (NM_009091.2: 343-362)
5'-ATGGAGAACTCGCCCAGGTAG-3' (NM_009091.2: 392-412)

Ryr2 5'-gacagtcgagcgtgtectgggtata-3’ (NM_023868.2: 11134-11158)

5'-tgcttagagagtagtttgtgecaca-3' (NM_023868.2: 11253-11277)
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4.3. Immunoblot Analysis

H9c2 cardiomyocyte extract (5 x 10° cells) was subjected to immunoblot analysis as
previously described [46,64], using an anti-Cd38 polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) raised against a peptide fragment of mouse Cd38 (residues
279-301 in [46]), anti-Ryr2 polyclonal antibody (PeproTech, Canbury, NJ, USA) [67], anti-
Fkbp12.6 monoclonal antibody (Santa Cruz Biotechnology) raised against the amino acids
38-108 of human/rat/mouse FKBP12.6, anti-Pten monoclonal antibody raised against the
full-length human PTEN protein (Abcam, Cambridge, UK), and anti-3-actin monoclonal
antibody (Sigma, St. Louis, MO, USA) raised against Ac-Asp-Asp-Asp-Ile-Ala-Ala-Leu-Val-
Ile-Asp-Asn-Gly-Ser-Gly-Lys. A SNAP id® 2.0 Protein Detection System (Merck Millipore,
Burlington, MA, USA) was used for the analysis. The band intensities were analyzed
using Image] software (National Institute of Health, Bethesda, MD, USA), as previously
described [35,46,64,82,83].

4.4. Construction of Reporter Plasmid and Luciferase Assay

Reporter plasmids were prepared by inserting the promoter fragments of human
CD38 (—3,187~+269), RYR2 (—1,250~+10), and FKBP12.6 (—1,696~+109) upstream of a fire-
fly luciferase reporter gene in the pGL4.17[luc2/Neo] vector (Promega, Madison, WI,
USA), respectively. The reporter plasmids were transfected into rat H9¢2 cardiomy-
ocytes using Lipofectamine® 3000 (Invitrogen, Waltham, MA, USA), as previously de-
scribed [40,46,64,80,81]. The cells were exposed to either 64 cycles/24 h of IH, mimicking
cardiomyocytes of SAS patients, or to normoxia for 24 h. After the cells were exposed to IH,
they were lysed, and promoter activities were measured. The cells were harvested, and cell
extracts were prepared in an Extraction Buffer (0.1 M potassium phosphate, pH 7.8/0.2%
Triton X-100; Life Technologies, Carlsbad, CA, USA). In monitoring transfection efficiency,
PCMVeSPORT-fBgal plasmid (Life Technologies) was co-transfected in all experiments at a
1:10 dilution. Luciferase activity was measured using a PicaGene Luciferase Assay System
(Toyo-ink, Tokyo, Japan) and was normalized by the (3-galactosidase activity as described
previously [40,46,64,80,81,84].

4.5. RNA Interference

The siRNA directed against rat Pten was synthesized by NGRL. The sense sequence of
the siRNA for the rat Pten was 5'-GGAACAAUAUUGAUGAUGUtt-3’ (corresponding to
the residues 140-158 of NM_031606.1). Silencer® Select scrambled siRNA was purchased
from Ambion and was used as a control. The transfection of the siRNA into H9¢2 cells
was performed using Lipofectamine® RNAiMAX Transfection Reagent (Thermo Fisher
Scientific, Waltham, MA, USA). The cells were each transfected with 5 pmol of each siRNA
in a 24-well culture dish, as previously described [40,46,80,81,84].

4.6. Addition of 3-Deaza-cADPR

H9c2 cells were adjusted at 2 x 10° cells/mL and the 0.5 mL cell suspension was
seeded into each well of a 24-well plate. After incubation at 37 °C overnight, the medium
was replaced with fresh medium with or without 3-deaza-cADPR (Sigma; finally adjusted
to 10 nM). The cells were further incubated at 37 °C in an IH or normoxia condition for
24 h. Cellular RNA preparation and real-time RT-PCR were performed as described in
Section 4.2.

4.7. Data Analysis

The results are expressed as mean 4= SE. Statistical significance was determined using
Student’s t-test performed in GraphPad Prism software (GraphPad Software, La Jolla,
CA, USA).
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Abbreviations

cADPR Cyclic ADP-ribose

CD38 Cluster of differentiation 38

CVD Cardiovascular disease

DMEM Dulbecco’s Modified Eagle Medium

FCS Fetal calf serum

FKBP12.6 FK506-binding protein 12.6

IH Intermittent hypoxia

MEMox Minimum Essential Medium Eagle, Alpha Modification
RpS15 Ribosomal protein S15

Pten Phosphatase and tensin homolog deleted from chromosome 10
Rig/RpS15 Rat insulinoma gene/Ribosomal protein 515

RT-PCR Reverse transcriptase-polymerase chain reaction

SAS Sleep apnea syndrome

siRNA Small interfering RNA

RyR Ryanodine receptor

References

1. Dempsey, J.A.; Veasey, S.C.; Morgan, B.J.; O’'Donnell, C.P. Pathophysiology of sleep apnea. Physiol. Rev. 2010, 90, 47-112.
[CrossRef] [PubMed]

2. Kryger, M.H. Diagnosis and management of sleep apnea syndrome. Clin. Cornerstone 2000, 2, 39-47. [CrossRef]

3. Ota, H,; Takasawa, S.; Yamauchi, M.; Yoshikawa, M.; Tomoda, K.; Kimura, H. Intermittent hypoxia in pancreatic beta cells.
Pancreat. Disord. Ther. 2015, 5, S5-004. [CrossRef]

4. Ota, H; Fujita, Y,; Yamauchi, M.; Muro, S.; Kimura, H.; Takasawa, S. Relationship between intermittent hypoxia and Type 2
diabetes in sleep apnea syndrome. Int. J. Mol. Sci. 2019, 20, 4756. [CrossRef] [PubMed]

5. Kimura, H.; Ota, H,; Kimura, Y.; Takasawa, S. Effects of intermittent hypoxia on pulmonary vascular and systemic diseases. Int. J.
Environ. Res. Public Health 2019, 16, 3101. [CrossRef]

6. Benjafield, A.V,; Ayas, N.T.; Eastwood, P.R.; Heinzer, R.; Ip, M.S.M.; Morrell, M.].; Nunez, C.M.; Patel, S.R.; Penzel, T,
Pépin, J.-L.; et al. Estimation of the global prevalence and burden of obstructive sleep apnoes: A literature-based analysis.
Lancet Resp. Med. 2019, 7, 687-698. [CrossRef]

7. Nannapaneni, S.; Ramar, K.; Surani, S. Effect of obstructive sleep apnea on type 2 diabetes mellitus: A comprehensive literature
review. World J. Diabetes 2013, 4, 238-244. [CrossRef]

8. Rajan, P; Greenberg, H. Obstructive sleep apnea as a risk factor for type 2 diabetes mellitus. Nat. Sci. Sleep 2015, 7, 113-125.
[CrossRef]

9. Nadeem, R.; Singh, M.; Nida, M.; Waheed, I.; Khan, A.; Ahmed, S.; Naseem, J.; Champeau, D. Effect of obstructive sleep apnea
hypopnea syndrome on lipid profile: A meta-regression analysis. J. Clin. Sleep Med. 2014, 10, 475-489. [CrossRef]

10. Bradley, T.D.; Floras, ].S. Obstructive sleep apnoea and its cardiovascular consequences. Lancet 2009, 373, 82-93. [CrossRef]

11.  Arzt, M.; Hetzenecker, A.; Steiner, S.; Buchner, S. Sleep-disordered breathing and coronary artery disease. Can. . Cardiol. 2015,

31, 909-917. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00043.2008
http://www.ncbi.nlm.nih.gov/pubmed/20086074
http://doi.org/10.1016/S1098-3597(00)90039-5
http://doi.org/10.4172/2165-7092.S5-004
http://doi.org/10.3390/ijms20194756
http://www.ncbi.nlm.nih.gov/pubmed/31557884
http://doi.org/10.3390/ijerph16173101
http://doi.org/10.1016/S2213-2600(19)30198-5
http://doi.org/10.4239/wjd.v4.i6.238
http://doi.org/10.2147/NSS.S90835
http://doi.org/10.5664/jcsm.3690
http://doi.org/10.1016/S0140-6736(08)61622-0
http://doi.org/10.1016/j.cjca.2015.03.032
http://www.ncbi.nlm.nih.gov/pubmed/26112301

Int. . Mol. Sci. 2022, 23, 8782 12 of 14

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yoshihisa, A.; Takeishi, Y. Sleep disordered breathing and cardiovascular diseases. |. Atheroscler. Thromb. 2019, 26, 315-327.
[CrossRef]

Javaheri, S.; Javaheri, S.; Javaheri, A. Sleep apnea, heart failure, and pulmonary hypertension. Curr. Heart Fail. Rep. 2013,
10, 315-320. [CrossRef] [PubMed]

Meng, F; Ma, J.; Wang, W.; Lin, B. Obstructive sleep apnea syndrome is a risk factor of hypertension. Minerva Med. 2016,
107, 294-299.

Vaessen, T.J.A.; Overeem, S.; Sitskoorn, M.M. Cognitive complaints in obstructive sleep apnea. Sleep Med. Rev. 2015, 19, 51-58.
[CrossRef] [PubMed]

Bucks, R.S.; Olaithe, M.; Eastwood, P. Neurocognitive function in obstructive sleep apnoea: A meta-review. Respirology 2013,
18, 61-70. [CrossRef]

Carotenuto, M.; Esposito, M.; Parisi, L.; Gallai, B.; Marotta, R.; Pascotto, A.; Roccella, M. Depressive symptoms and childhood
sleep apnea syndrome. Neuropsychiatr. Dis. Treat. 2012, 8, 369-373. [CrossRef]

Wallace, A.; Bucks, R.S. Memory and obstructive sleep apnea: A meta-analysis. Sleep 2013, 36, 203-220. [CrossRef]

Hou, H.; Zhao, Y,; Yu, W.; Dong, H.; Xue, X.; Ding, J.; Xing, W.; Wang, W. Association of obstructive sleep apnea with hypertension:
A systematic review and meta-analysis. |. Glob. Health 2018, 8, 010405. [CrossRef]

Kent, B.D.; Ryan, S.; McNicholas, W.T. Obstructive sleep apnea and inflammation: Relationship to cardiovascular co-morbidity.
Respir. Physiol. Neurobiol. 2011, 178, 475-481. [CrossRef]

Park, A.-M.; Suzuki, Y]. Effects of intermittent hypoxia on oxidative stress-induced myocardial damage in mice. J. Appl. Physiol.
2007, 102, 1806-1814. [CrossRef] [PubMed]

Matsuoka, R.; Ogawa, K.; Yaoita, H.; Naganuma, W.; Maehara, K.; Maruyama, Y. Characteristics of death of neonatal rat
cardiomyocytes following hypoxia or hypoxia-reoxygenation: The association of apoptosis and cell membrane disintegrity. Heart
Vessel. 2002, 16, 241-248. [CrossRef] [PubMed]

Carpagnano, G.E.; Kharitonov, S.A.; Resta, O.; Foschino-Barbaro, M.P.; Gramiccioni, E.; Barnes, PJ. 8-Isoprostane, a marker of
oxidative stress, is increased in exhaled breath condensate of patients with obstructive sleep apnea after night and is reduced by
continuous positive airway pressure therapy. Chest 2003, 124, 1386-1392. [CrossRef]

Barcelo, A.; Miralles, C.; Barbé, E; Vila, M.; Pons, S.; Agusti, A.G.N. Abnormal lipid peroxidation in patients with sleep apnoea.
Eur. Respir. ]. 2000, 16, 644-647. [CrossRef] [PubMed]

Chen, L.; Zhang, J.; Gan, T.X.; Chen-Izu, Y.; Hasday, ].D.; Karmazyn, M.; Balke, C.W.; Scharf, S.M. Left ventricular dysfunction
and associated cellular injury in rats exposed to chronic intermittent hypoxia. J. Appl. Physiol. 2008, 104, 218-223. [CrossRef]
[PubMed]

Chen, L.; Einbinder, E.; Zhang, Q.; Hasday, J.; Balke, C.W.; Scharf, S.M. Oxidative stress and left ventricular function with chronic
intermittent hypoxia in rats. Am. J. Respir. Crit. Care Med. 2005, 172, 915-920. [CrossRef]

McNicholas, W.T.; Bonsignore, M.R.; the Management Committee of EU COST ACTION B26. Sleep apnoea as an independent
risk factor for cardiovascular disease: Current evidence, basic mechanisms and research priorities. Eur. Respir. . 2007, 29, 156-178.
[CrossRef]

Chami, H.A.; Devereux, R.B.; Gottdiener, ].S.; Mehra, R.; Roman, M.].; Benjamin, E.J.; Gottlieb, D.J. Left ventricular morphology
and systolic function in sleep-disordered breathing: The sleep heart health study. Circulation 2008, 117, 2599-2607. [CrossRef]
Chami, H.A.; Resnick, H.E.; Quan, S.E; Gottlieb, D.]. Association of incident cardiovascular disease with progression of sleep-
disordered breathing. Circulation 2011, 123, 1280-1286. [CrossRef]

Thomas, J.J.; Ren, J. Obstructive sleep apnoea and cardiovascular complications: Perception versus knowledge. Clin. Exp.
Pharmacol. Physiol. 2012, 39, 995-1003. [CrossRef]

Takasawa, S. CD38-cyclic ADP-ribose signal system in physiology, biochemistry, and pathophysiology. Int. . Mol. Sci. 2022,
23,4306. [CrossRef] [PubMed]

Cloward, T.V,; Walker, ].M.; Farney, R.J.; Anderson, J.L. Left ventricular hypertrophy is a common echocardiographic abnormality
in severe obstructive sleep apnea and reverses with nasal continuous positive airway pressure. Chest 2003, 124, 594-601. [CrossRef]
[PubMed]

Nishioka, S.; Yoshioka, T.; Nomura, A.; Kato, R.; Miyamura, M.; Okada, Y.; Ishizaka, N.; Matsumura, Y.; Hayashi, T. Celiprolol
reduces oxidative stress and attenuates left ventricular remodeling induced by hypoxic stress in mice. Hypertens. Res. 2013,
36, 934-939. [CrossRef]

Takasawa, S.; Nata, K.; Yonekura, H.; Okamoto, H. Cyclic ADP-ribose in insulin secretion from pancreatic 3 cells. Science 1993,
259, 370-373. [CrossRef] [PubMed]

Ikehata, F,; Satoh, J.; Nata, K.; Tohgo, A.; Nakazawa, T.; Kato, I.; Kobayashi, S.; Akiyama, T.; Takasawa, S.; Toyota, T.; et al.
Autoantibodies against CD38 (ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase) that impair glucose-induced insulin secretion
in noninsulin-dependent diabetes patients. . Clin. Investig. 1998, 102, 395-401. [CrossRef] [PubMed]

Yagui, K.; Shimada, F.; Mimura, M.; Hashimoto, N.; Suzuki, Y.; Tokuyama, Y.; Nata, K.; Tohgo, A.; Ikehata, F.; Takasawa, S.; et al.
A missense mutation in the CD38 gene, a novel factor for insulin secretion: Association with Type II diabetes mellitus in Japanese
subjects and evidence of abnormal function when expressed in vitro. Diabetologia 1998, 41, 1024-1028. [CrossRef]

Kato, I.; Yamamoto, Y.; Fujimura, M.; Noguchi, N.; Takasawa, S.; Okamoto, H. CD38 disruption impairs glucose-induced increases
in cyclic ADP-ribose, [CaZ*]i, and insulin secretion. J. Biol. Chem. 1999, 274, 1869-1872. [CrossRef]


http://doi.org/10.5551/jat.RV17032
http://doi.org/10.1007/s11897-013-0167-3
http://www.ncbi.nlm.nih.gov/pubmed/24097114
http://doi.org/10.1016/j.smrv.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24846772
http://doi.org/10.1111/j.1440-1843.2012.02255.x
http://doi.org/10.2147/NDT.S35974
http://doi.org/10.5665/sleep.2374
http://doi.org/10.7189/jogh.08.010405
http://doi.org/10.1016/j.resp.2011.03.015
http://doi.org/10.1152/japplphysiol.01291.2006
http://www.ncbi.nlm.nih.gov/pubmed/17272404
http://doi.org/10.1007/s003800200031
http://www.ncbi.nlm.nih.gov/pubmed/12382033
http://doi.org/10.1378/chest.124.4.1386
http://doi.org/10.1034/j.1399-3003.2000.16d13.x
http://www.ncbi.nlm.nih.gov/pubmed/11106206
http://doi.org/10.1152/japplphysiol.00301.2007
http://www.ncbi.nlm.nih.gov/pubmed/18006871
http://doi.org/10.1164/rccm.200504-560OC
http://doi.org/10.1183/09031936.00027406
http://doi.org/10.1161/CIRCULATIONAHA.107.717892
http://doi.org/10.1161/CIRCULATIONAHA.110.974022
http://doi.org/10.1111/1440-1681.12024
http://doi.org/10.3390/ijms23084306
http://www.ncbi.nlm.nih.gov/pubmed/35457121
http://doi.org/10.1378/chest.124.2.594
http://www.ncbi.nlm.nih.gov/pubmed/12907548
http://doi.org/10.1038/hr.2013.60
http://doi.org/10.1126/science.8420005
http://www.ncbi.nlm.nih.gov/pubmed/8420005
http://doi.org/10.1172/JCI1656
http://www.ncbi.nlm.nih.gov/pubmed/9664081
http://doi.org/10.1007/s001250051026
http://doi.org/10.1074/jbc.274.4.1869

Int. . Mol. Sci. 2022, 23, 8782 13 of 14

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Noguchi, N.; Yoshikawa, T.; Ikeda, T.; Takahashi, I.; Shervani, N.J.; Uruno, A.; Yamauchi, A.; Nata, K.; Takasawa, S.; Okamoto,
H.; et al. FKBP12.6 disruption impairs glucose-induced insulin secretion. Biochem. Biophys. Res. Commun. 2008, 371, 735-740.
[CrossRef]

Kim, B.-J.; Park, K.-H.; Yim, C.-Y.; Takasawa, S.; Okamoto, H.; Im, M.-J.; Kim, U.-H. Generation of nicotinic acid adenine
dinucleotide phosphate and cyclic ADP-ribose by glucagon-like peptide-1 evokes Ca®* signal that is essential for insulin secretion
in mouse pancreatic islets. Diabetes 2008, 57, 868-878. [CrossRef]

Ota, H.; Tamaki, S.; Itaya-Hironaka, A.; Yamauchi, A.; Sakuramoto-Tsuchida, S.; Morioka, T.; Takasawa, S.; Kimura, H. Attenuation
of glucose-induced insulin secretion by intermittent hypoxia via down-regulation of CD38. Life Sci. 2012, 90, 206-211. [CrossRef]
Fukushi, Y,; Kato, I.; Takasawa, S.; Sasaki, T.; Ong, B.H.; Sato, M.; Ohsaga, A.; Sato, K.; Shirato, K.; Okamoto, H.; et al. Identification
of cyclic ADP-ribose-dependent mechanisms in pancreatic muscarinic Ca?* signaling using CD38 knockout mice. J. Biol. Chem.
2001, 276, 649-655. [CrossRef] [PubMed]

Jin, D.; Liu, H.X,; Hirai, H.; Torashima, T.; Nagai, T.; Lopatina, O.; Shnayder, N.A.; Yamada, K.; Noda, M.; Seike, T.; et al. CD38 is
critical for social behaviour by regulating oxytocin secretion. Nature 2007, 446, 41-45. [CrossRef] [PubMed]

Ebihara, S.; Sasaki, T.; Hida, W.; Kikuchi, Y.; Oshiro, T.; Shimura, S.; Takasawa, S.; Okamoto, H.; Nishiyama, A.; Akaike, N.; et al.
Role of cyclic ADP-ribose in ATP-activated potassium currents in alveolar macrophages. J. Biol. Chem. 1997, 272, 16023-16029.
[CrossRef] [PubMed]

Sasamori, K.; Sasaki, T.; Takasawa, S.; Tamada, T.; Nara, M.; Irokawa, T.; Shimura, S.; Shirato, K.; Hattori, T. Cyclic ADP-ribose, a
putative Ca?*-mobilizing second messenger, operates in submucosal gland acinar cells. Am. J. Physiol. Lung Cell. Mol. Physiol.
2004, 287, L69-L78. [CrossRef]

Mitsui-Saito, M.; Kato, I.; Takasawa, S.; Okamoto, H.; Yanagisawa, T. CD38 gene disruption inhibits the contraction induced by
a-adrenoceptor stimulation in mouse aorta. J. Vet. Med. Sci. 2003, 65, 1325-1330. [CrossRef]

Takeda, Y.; Itaya-Hironaka, A.; Yamauchi, A.; Makino, M.; Sakuramoto-Tsuchida, S.; Ota, H.; Kawaguchi, R.; Takasawa, S.
Intermittent hypoxia upregulates the renin and Cd38 mRNAs in renin-producing cells via the downregulation of miR-203. Int. J.
Mol. Sci. 2021, 22, 10127. [CrossRef]

Mészaros, L.G.; Bak, J.; Chu, A. Cyclic ADP-ribose as an endogenous regulator of the non-skeletal type ryanodine receptor Ca®*
channel. Nature 1993, 364, 76-79. [CrossRef]

Yano, M.; Ono, K.; Ohkusa, T.; Suetsugu, M.; Kohno, M.; Hisaoka, T.; Kobayashi, S.; Hisamatsu, Y.; Yamamoto, T.; Kohno, M.; et al.
Altered stoichiometry of FKBP12.6 versus ryanodine receptor as a cause of abnormal Ca?* leak through ryanodine receptor in
heart failure. Circulation 2000, 102, 2131-2136. [CrossRef]

Takahashi, J.; Kagaya, Y.; Kato, I.; Ohta, J.; Isoyama, S.; Miura, M.; Sugai, Y.; Hirose, M.; Wakayama, Y.; Ninomiya, M.; et al. Deficit
of CD38/cyclic ADP-ribose is differentially compensated in hearts by gender. Biochem. Biophys. Res. Commun. 2003, 312, 434-440.
[CrossRef]

Zhang, X.; Tallini, Y.N.; Chen, Z.; Gan, L.; Wei, B.; Doran, R.; Miao, L.; Xin, H.-B.; Kotlikoff, M.I; Ji, G. Dissociation of FKBP12.6
from ryanodine receptor type 2 is regulated by cyclic ADP-ribose but not 3-adrenergic stimulation in mouse cardiomyocytes.
Cardiovasc. Res. 2009, 84, 253-262. [CrossRef]

Li, J.; Yen, C.; Liaw, D.; Podsypanina, K.; Bose, S.; Wang, S.I.; Puc, J.; Miliaresis, C.; Rodgers, L.; McCombie, R.; et al. PTEN, a
putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer. Science 1997, 275, 1943-1947.
[CrossRef]

Myers, M.P; Stolarov, ].P,; Eng, C.; Li, J.; Wang, S.I.; Wigler, M.H.; Parsons, R.; Tonks, N.K. P-TEN, the tumor suppressor from
human chromosome 10923, is a dual-specificity phosphatase. Proc. Natl. Acad. Sci. USA 1997, 94, 9052-9057. [CrossRef]

Liang, T.; Gao, F.; Chen, J. Role of PTEN-less in cardiac injury, hypertrophy and regeneration. Cell Regen. 2021, 10, 25. [CrossRef]
Wu, Y,; Lu, Y;; Zou, F; Fan, X,; Li, X.; Zhang, H.; Chen, H.; Sun, X; Liu, Y. PTEN participates in airway remodeling of asthma by
regulating CD38/Ca?* /CREB signaling. Aging 2020, 12, 16326-16340. [CrossRef]

Xin, H.-B.; Senbonmatsu, T.; Cheng, D.-S.; Wang, Y.-X.; Copello, J.A,; Ji, G.-].; Collier, M.L.; Deng, K.-Y.; Jeyakumar, L.H.;
Magnuson, M.A; et al. Oestrogen protects FKBP12.6 null mice from cardiac hypertrophy. Nature 2002, 416, 334-338. [CrossRef]
Zou, Y,; Liang, Y.; Gong, H.; Zhou, N.; Ma, H.; Guan, A.; Sun, A.; Wang, P; Niu, Y,; Jiang, H.; et al. Ryanodine receptor type 2 is
required for the development of pressure overload-induced cardiac hypertrophy. Hypertension 2011, 58, 1099-1110. [CrossRef]
Verwer, B.J.H.; Terstappen, L.W.M.M. Automatic lineage assignment of acute leukemias by flow cytometry. Cytometry 1993,
14, 862-875. [CrossRef]

Howard, M.; Grimaldi, J.C.; Bazan, ].F,; Lund, EE.; Santos-Argumedo, L.; Parkhouse, RM.E.; Walseth, T.F,; Lee, H.C. Formation
and hydrolysis of cyclic ADP-ribose catalyzaed by lymphocyte antigen CD38. Science 1993, 262, 1056-1059. [CrossRef]
Takasawa, S.; Tohgo, A.; Noguchi, N.; Koguma, T.; Nata, K.; Sugimoto, T.; Yonekura, H.; Okamoto, H. Synthesis and hydrolysis of
cyclic ADP-ribose by human leukocyte antigen CD38 and inhibition of the hydrolysis by ATP. J. Biol. Chem. 1993, 268, 26052-26054.
[CrossRef]

Summerhill, R.J.; Jackson, D.G.; Galione, A. Human lymphocyte antigen CD38 catalyzes the production of cyclic ADP-ribose.
FEBS Lett. 1993, 335, 231-233. [CrossRef]

Noguchi, N.; Takasawa, S.; Nata, K.; Tohgo, A.; Kato, I; Ikehata, F.; Yonekura, H.; Okamoto, H. Cyclic ADP-ribose binds to
FK506-binding protein 12.6 to release Ca?* from islet microsomes. J. Biol. Chem. 1997, 272, 3133-3136. [CrossRef]


http://doi.org/10.1016/j.bbrc.2008.04.142
http://doi.org/10.2337/db07-0443
http://doi.org/10.1016/j.lfs.2011.11.011
http://doi.org/10.1074/jbc.M004469200
http://www.ncbi.nlm.nih.gov/pubmed/11001947
http://doi.org/10.1038/nature05526
http://www.ncbi.nlm.nih.gov/pubmed/17287729
http://doi.org/10.1074/jbc.272.25.16023
http://www.ncbi.nlm.nih.gov/pubmed/9188506
http://doi.org/10.1152/ajplung.00454.2003
http://doi.org/10.1292/jvms.65.1325
http://doi.org/10.3390/ijms221810127
http://doi.org/10.1038/364076a0
http://doi.org/10.1161/01.CIR.102.17.2131
http://doi.org/10.1016/j.bbrc.2003.10.143
http://doi.org/10.1093/cvr/cvp212
http://doi.org/10.1126/science.275.5308.1943
http://doi.org/10.1073/pnas.94.17.9052
http://doi.org/10.1186/s13619-021-00087-3
http://doi.org/10.18632/aging.103664
http://doi.org/10.1038/416334a
http://doi.org/10.1161/HYPERTENSIONAHA.111.173500
http://doi.org/10.1002/cyto.990140804
http://doi.org/10.1126/science.8235624
http://doi.org/10.1016/S0021-9258(19)74275-6
http://doi.org/10.1016/0014-5793(93)80735-D
http://doi.org/10.1074/jbc.272.6.3133

Int. . Mol. Sci. 2022, 23, 8782 14 of 14

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wong, L.; Aarhus, R.; Lee, H.C.; Walseth, T.F. Cyclic 3-deaza-adenosine diphosphoribose: A potent and stable analog of cyclic
ADP-ribose. Biochim. Biophys. Acta 1999, 1472, 555-564. [CrossRef]

Franco, L.; Bruzzone, S.; Song, P.; Guida, L.; Zocchi, E.; Walseth, T.F,; Crimi, E.; Usai, C.; De Flora, A.; Brusasco, V. Extracellular
cyclic ADP-ribose potentiates ACh-induced contraction in bovine tracheal smooth muscle. Am. J. Physiol. Lung Cell. Mol. Physiol.
2001, 280, L98-L.106. [CrossRef]

Takasawa, S.; Shobatake, R.; Takeda, Y.; Uchiyama, T.; Yamauchi, A.; Makino, M.; Sakuramoto-Tsuchida, S.; Asai, K.; Ota, H,;
Itaya-Hironaka, A. Intermittent hypoxia increased the expression of DBH and PNMT in neuroblastoma cells via microRNA-375-
mediated mechanism. Int. . Mol. Sci. 2022, 23, 5868. [CrossRef]

Clapper, D.L.; Walseth, T.F.; Dargie, P.J.; Lee, H.C. Pyridine nucleotide metabolites stimulate calcium release from sea urchin egg
microsomes desensitized to inositol trisphosphate. J. Biol. Chem. 1987, 262, 9561-9568. [CrossRef]

Ikeda, T.; Takasawa, S.; Noguchi, N.; Nata, K.; Yamauchi, A.; Takahashi, I.; Yoshikawa, T.; Sugawara, A.; Yonekura, H.; Okamoto,
H. Identification of a major enzyme for the synthesis and hydrolysis of cyclic ADP-ribose in amphibian cells and evolutional
conservation of the enzyme from human to invertebrate. Mol. Cell. Biochem. 2012, 366, 69-80. [CrossRef]

Takasawa, S.; Kuroki, M.; Nata, K.; Noguchi, N.; Ikeda, T.; Yamauchi, A.; Ota, H.; Itaya-Hironaka, A.; Sakuramoto-Tsuchida, S.;
Takahashi, I; et al. A novel ryanodine receptor expressed in pancreatic islets by alternative splicing from type 2 ryanodine receptor
gene. Biochem. Biophys. Res. Commun. 2010, 397, 140-145. [CrossRef]

Takasawa, S.; Akiyama, T.; Nata, K.; Kuroki, M.; Tohgo, A.; Noguchi, N.; Kobayashi, S.; Kato, I.; Katada, T.; Okamoto, H. Cyclic
ADP-ribose and inositol 1,4 5-trisphosphate as alternate second messengers for intracellular Ca>* mobilization in normal and
diabetic B-cells. . Bol. Chem. 1998, 273, 2497-2500. [CrossRef]

Hua, S.-Y.; Tokimasa, T.; Takasawa, S.; Furuya, Y.; Nohmi, M.; Okamoto, H.; Kuba, K. Cyclic ADP-ribose modulates Ca?* release
channels for activation by physiological Ca* entry in bullfrog sympathetic neurons. Neuron 1994, 12, 1073-1079. [CrossRef]
Wei, W.-].; Sun, H.-Y.; Ting, K.Y.; Zhang, L.-H.; Lee, H.-C.; Li, G.-R.; Yue, J. Inhibition of cardiomyocytes differentiation of mouse
embryonic stem cells by CD38/cADPR/Ca?* signaling pathway. J. Biol. Chem. 2012, 287, 35599-35611. [CrossRef]

Koguma, T.; Takasawa, S.; Tohgo, A.; Karasawa, T.; Furuya, Y.; Yonekura, H.; Okamoto, H. Cloning and characterization of cDNA
encoding rat ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase (homologue to human CD38) from islets of Langerhans. Biochim.
Biophys. Acta 1994, 1223, 160-162. [CrossRef]

Higashida, H.; Egorova, A.; Higashida, C.; Zhong, Z.-G.; Yokoyama, S.; Noda, M.; Zhang, J.-S. Sympathetic potentiation of cyclic
ADP-ribose formation in rat cardiac myocytes. J. Biol. Chem. 1999, 274, 33348-33354. [CrossRef] [PubMed]

Ge, Z.-D.; Li, P-L.; Chen, Y.-E; Gross, G.J.; Zou, A.-P. Myocardial ischemia and reperfusion reduce the levels of cyclic ADP-ribose
in rat myocardium. Basic Res. Cardiol. 2002, 97, 312-319. [CrossRef] [PubMed]

Takeshima, H.; Komazaki, S.; Hirose, K.; Nishi, M.; Noda, T.; lino, M. Embryonic lethality and abnormal cardiac myocytes in mice
lacking ryanodine receptor type 2. EMBO J. 1998, 17, 3309-3316. [CrossRef]

Yamada, K.M.; Araki, M. Tumor suppressor PTEN: Modulator of cell signaling, growth, migration and apoptosis. . Cell Sci. 2001,
114,2375-2382. [CrossRef]

Jiang, H.; Wang, G.; Gu, J.; Xiao, Y.; Wang, P; Huang, X.; Sha, H.; Wang, Z.; Ma, Q. Resveratrol inhibits the expression of RYR2
and is a potential treatment for pancreatic cancer. Naunyn Schmiedebergs Arch. Pharmacol. 2022, 395, 315-324. [CrossRef]

Liang, T.; Gao, F; Jiang, J.; Lu, YW.; Zhang, F.; Wang, Y.; Liu, N.; Fu, X.; Dong, X.; Pei, J.; et al. Loss of phosphatase and tensin
homolog promotes cardiomyocyte proliferation and cardiac repair after myocardial infarction. Circulation 2020, 142, 2196-2199.
[CrossRef]

Ashikawa, S.; Komatsu, Y.; Kawai, Y.; Aoyama, K.; Nakano, S.; Cui, X.; Hayakawa, M.; Sakabe, N.; Furukawa, N.; Ikeda, K.; et al.
Pharmacological inhibition of the lipid phosphatase PTEN ameliorates heart damage and adipose tissue inflammation in stressed
rats with metabolic syndrome. Physiol. Rep. 2022, 10, e15165. [CrossRef]

Habara-Ohkubo, A. Differentiation of beating cardiac muscle cells from a derivative of P19 embryonal carcinoma cells. Cell Struct.
Funct. 1996, 21, 101-110. [CrossRef]

Shobatake, R.; Itaya-Hironaka, A.; Yamauchi, A.; Makino, M.; Sakuramoto-Tsuchida, S.; Uchiyama, T.; Ota, H.; Takahashi, N.;
Ueno, S.; Sugie, K.; et al. Intermittent hypoxia up-regulates gene expressions of Peptide YY (PYY), Glucagon-like Peptide-1 (GLP-1),
and Neurotensin (NTS) in enteroendocrine cells. Int. J. Mol. Sci. 2019, 20, 1849. [CrossRef]

Uchiyama, T.; Itaya-Hironaka, A.; Yamauchi, A.; Makino, M.; Sakuramoto-Tsuchida, S.; Shobatake, R.; Ota, H.; Takeda, M.;
Ohbayashi, C.; Takasawa, S. Intermittent hypoxia up-regulates CCL2, RETN and TNFa mRNAs in adipocytes via down-regulation
of miR-452. Int. |. Mol. Sci. 2019, 20, 1960. [CrossRef] [PubMed]

Shervani, N.J.; Takasawa, S.; Uchigata, Y.; Akiyama, T.; Nakagawa, K.; Noguchi, N.; Takada, H.; Takahashi, I.; Yamauchi, A;
Ikeda, T.; et al. Autoantibodies to REG, a beta-cell regeneration factor, in diabetic patients. Eur. |. Clin. Investig. 2004, 34, 752-758.
[CrossRef] [PubMed]

Yoshimoto, K.; Fujimoto, T.; Itaya-Hironaka, A.; Miyaoka, T.; Sakuramoto-Tsuchida, S.; Yamauchi, A.; Takeda, M.; Kasai, T.;
Nakagawara, K.; Nonomura, A.; et al. Involvement of autoimmunity to REG, a regenerating factor, in patients with primary
Sjogren’s syndrome. Clin. Exp. Immunol. 2013, 174, 1-9. [CrossRef] [PubMed]

Takasawa, S.; Tsuchida, C.; Sakuramoto-Tsuchida, S.; Uchiyama, T.; Makino, M.; Yamauchi, A.; Itaya-Hironaka, A. Upregulation
of REG IV gene in human intestinal epithelial cells by lipopolysaccharide via downregulation of microRNA-24. |. Cell. Mol. Med.
2022, in press.


http://doi.org/10.1016/S0304-4165(99)00161-0
http://doi.org/10.1152/ajplung.2001.280.1.L98
http://doi.org/10.3390/ijms23115868
http://doi.org/10.1016/S0021-9258(18)47970-7
http://doi.org/10.1007/s11010-012-1284-0
http://doi.org/10.1016/j.bbrc.2010.05.051
http://doi.org/10.1074/jbc.273.5.2497
http://doi.org/10.1016/0896-6273(94)90315-8
http://doi.org/10.1074/jbc.M112.392530
http://doi.org/10.1016/0167-4889(94)90087-6
http://doi.org/10.1074/jbc.274.47.33348
http://www.ncbi.nlm.nih.gov/pubmed/10559213
http://doi.org/10.1007/s00395-002-0348-9
http://www.ncbi.nlm.nih.gov/pubmed/12111041
http://doi.org/10.1093/emboj/17.12.3309
http://doi.org/10.1242/jcs.114.13.2375
http://doi.org/10.1007/s00210-022-02203-9
http://doi.org/10.1161/CIRCULATIONAHA.120.046372
http://doi.org/10.14814/phy2.15165
http://doi.org/10.1247/csf.21.101
http://doi.org/10.3390/ijms20081849
http://doi.org/10.3390/ijms20081960
http://www.ncbi.nlm.nih.gov/pubmed/31013606
http://doi.org/10.1111/j.1365-2362.2004.01419.x
http://www.ncbi.nlm.nih.gov/pubmed/15530148
http://doi.org/10.1111/cei.12142
http://www.ncbi.nlm.nih.gov/pubmed/23701206

	Introduction 
	Results 
	The Gene Expression Levels of Cd38, Ryr2, and Fkbp12.6 in Cardiomyocytes Were Decreased by IH 
	The Promoter Activities of Cd38, Ryr2, and Fkbp12.6 Were Not Decreased by IH 
	The Pten Level Was Significantly Increased by IH 
	Down-Regulation of Pten Attenuated the Decreases in Cd38, Ryr2, and Fkbp12.6 in H9c2 Cells Treated with Small Interfering RNA (siRNA) for Pten 
	3-Deaza-cADPR Attenuated the IH-Induced Decreases in the Cd38, Ryr2, and Fkbp12.6 Levels 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Real-Time RT-PCR 
	Immunoblot Analysis 
	Construction of Reporter Plasmid and Luciferase Assay 
	RNA Interference 
	Addition of 3-Deaza-cADPR 
	Data Analysis 

	References

