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The effects of anti-hypertensive drugs and the
mechanism of hypertension in vascular smooth muscle
cell-specific ATP2B1 knockout mice

Yuki Okuyama1, Nobuhito Hirawa2, Megumi Fujita1, Akira Fujiwara2, Yosuke Ehara1, Keisuke Yatsu1,
Koichiro Sumida1, Minako Kagimoto1, Mari Katsumata2, Yusuke Kobayashi1, Sanae Saka2, Satoshi Umemura1

and Kouichi Tamura1

ATP2B1 is a gene associated with hypertension. We reported previously that mice lacking ATP2B1 in vascular smooth muscle

cells (VSMC ATP2B1 KO mice) exhibited high blood pressure and increased intracellular calcium concentration. The present

study was designed to investigate whether lack of the ATP2B1 gene causes a higher response to calcium channel blockers

(CCBs) than to other types of anti-hypertensive drugs. Both VSMC ATP2B1 KO and control mice were administered anti-

hypertensive drugs while monitoring blood pressure shifts. We also examined the association of nitric oxide synthase (NOS)

activity in those mice to investigate whether another mechanism of hypertension existed. VSMC ATP2B1 KO mice exhibited

significantly greater anti-hypertensive effects with a single injection of nicardipine, but the effects of an angiotensin II receptor

blocker (ARB), an α-blocker and amlodipine on blood pressure were all similar to control mice. However, long-term treatment

with amlodipine, but not an ARB, significantly decreased the blood pressure of KO mice compared with control mice. Both

mRNA and protein expression levels of the L-type calcium channel were significantly upregulated in KO VSMCs. There were no

alterations in neural NOS protein expression of VSMCs or in urinary NO production between the two groups. VSMC ATP2B1 KO

mice had a higher response to CCBs for blood pressure-lowering effects than other anti-hypertensive drugs. These results mean

that increased intracellular calcium concentration in VSMCs due to lack of ATP2B1 and subsequent activation of L-type calcium

channels mainly affects blood pressure and suggests increased susceptibility to CCBs in this type of hypertension.
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INTRODUCTION

Many studies have proven that ATP2B1, which encodes plasma
membrane calcium ATPase (PMCA) 1, is one of the candidate genes
for hypertension. PMCAs are ATP-driven, calmodulin-dependent
pumps that contribute to the regulation of intracellular calcium levels
by extruding calcium ions from the cells.1 In the Millennium Genome
Project in Japan,2 we demonstrated that single-nucleotide polymorph-
isms (SNPs) located upstream of the ATP2B1 gene were significantly
associated with hypertension. These SNPs have been replicated in
individuals of European descent,3 Korean descent4 and worldwide.5 We
showed that SNPs in the ATP2B1 gene caused phenotypic changes in
human tissue. ATP2B1 mRNA expression in human umbilical artery
smooth muscle cells was significantly lower in those with a risk allele for
hypertension than in those having no risk allele.6 The results of the
study suggested that the low expression of ATP2B1 was associated with
elevated blood pressure. Therefore, we generated a conditional knockout

mouse model of ATP2B1 in vascular smooth muscle cells (VSMCs), and
we reported increased blood pressure, intracellular calcium concentra-
tion and vascular contractility in these mice.7,8

On the other hand, ATP2B4 mRNA expression was upregulated in
VSMCs of ATP2B1 KO mice.7 We considered this upregulation as
compensation for the lack of ATP2B1. Mice overexpressing human
PMCA4 in arterial SMCs exhibited high blood pressure, and PMCA4
overexpression was associated with the regulation of arterial contrac-
tility through neuronal nitric oxide synthase (nNOS) activity.9 We
previously reported that systemically heterozygous ATP2B1-null mice
exhibited enhanced vasoconstriction and elevated blood pressure, and
the phenotype was associated with impaired endothelial NOS (eNOS)
activity.10 However, NOS activity in VSMC-specific ATP2B1 knockout
mice remains unknown.
In considering the treatment strategy for the hypertension caused by

the lack of the ATP2B1 gene, which results in decreased extrusion of
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calcium ions from VSMCs, we hypothesize that calcium channel
blockers (CCBs) are specifically effective compared with other anti-
hypertensive drugs. CCBs are the most frequently prescribed anti-
hypertensive agents in Japan because of their established blood
pressure-lowering efficacy and their ability to maintain blood pressure
control.11 Although there are few reports on the association between
anti-hypertensive drug response and ATP2B1 gene expression, it is
important that efficacious treatment for this type of hypertension is
discussed. The present study was undertaken to investigate whether
lack of the ATP2B1 gene would cause a higher response to CCBs than
other types of anti-hypertensive drugs. We compared the efficacies of
several anti-hypertensive drugs on blood pressure, examined the NOS
expression to investigate whether another mechanism of hypertension
existed, and demonstrated the importance of calcium channel
blockade.

METHODS

Animal care
Animals were housed under a 12-h light–dark cycle at a temperature of 25 °C.
Mice were fed a normal-salt diet (0.3% NaCl) with free access to drinking
water. The experiments were conducted under the guidelines for animal
experiments set by the Animal Experiment Committee of Yokohama City
University School of Medicine.

Mice
ATP2B1loxP/loxP mice were generated as previously described.7 To target
inactivation of the ATP2B1 gene to VSMCs, ATP2B1loxP/loxP mice were
intercrossed with transgenic mice expressing Cre recombinase under control
of the mouse transgelin (smooth muscle protein 22-α) promoter [B6.Cg-Tg
(Tagln-Cre)1Her/J, stock No.017491, Jackson Laboratory, Sacramento, CA,
USA].12 We generated ATP2B1loxP/loxP/SM22Cre (VSMC ATP2B1 KO) mice,
and ATP2B1loxP/loxP littermates were used as control mice.

Blood pressure measurement by tail-cuff method and radio
telemetric method
Systolic blood pressure was measured by the tail-cuff method (BP-monitor
MK-2000; Muromachi Kikai Co., Tokyo, Japan). Furthermore, direct blood
pressure measurement was performed by a radio telemetric method in which a
blood pressure transducer (PA-C10; Data Sciences International, Primetech
Corp., Tokyo, Japan) was inserted into the left carotid artery at the age of
12 weeks. Ten days after transplantation, each mouse was housed individually
in a standard cage on a receiver under a 12-hour light–dark cycle. Direct blood
pressure was recorded every 3 or 5 min by the Dataquest ART Gold Acquisition
software (Data Sciences International, Primetech Corp., Tokyo, Japan), and the
data were calculated as the average value per hour.

Effects of anti-hypertensive drugs on blood pressure
To survey the mechanism of hypertension in VSMC ATP2B1 KO mice, the
L-type CCBs nicardipine (1 mg kg− 1) and amlodipine (5 mg kg− 1), the
angiotensin II receptor blocker (ARB), candesartan (10 mg kg− 1), the
α1-antagonist, prazosin (1 mg kg− 1),13 or the NOS inhibitor Nω-nitro-L-
arginine methyl ester (L-NAME, 30 mg kg− 114) were administered intraper-
itoneally to 14- to 18-week-old mice. All administrations were done at
~ 3:00 pm. The injection volume was 0.3 ml. Saline was injected as a vehicle,
and we confirmed that each administration of these drugs had blood pressure-
lowering effects. The drugs were washed out by resting three days between each
injection. Blood pressure and heart rate shifts were evaluated by telemetry
measurements. Next, amlodipine (5 mg kg− 1 per day) or candesartan
(0.5 mg kg− 1 per day15) was administered for 2 weeks through a subcuta-
neously implanted osmotic pump (Alzet Osmotic Pumps; Durect Corp,
Cupertino, CA, USA), and blood pressure and heart rate were monitored by
tail-cuff or telemetric method. As there are several reports that candesartan
could decrease blood pressure sufficiently in very low doses (0.1–
1 mg kg− 1day) when mice were administered candesartan by osmotic

pumps,15–17 we decided to reduce the doses of candesartan compared with
the single injection for the long-term administration study.

Vascular smooth muscle cell culture
The aorta was dissected out from the aortic arch to the abdominal aorta from
8-week-old mice. VSMCs were prepared by the explant method and cultured in
10% fetal bovine serum-Dulbecco’s modified Eagle’s Medium as described
previously.18 After the desired incubation period, cells were rinsed with
phosphate-buffered saline and then lysed and sonicated.

Real-time quantitative reverse transcription-PCR analysis
Total RNA was extracted from aorta and cultured VSMCs with ISOGEN
(Nippon Gene, Tokyo, Japan), and cDNA was synthesized using the Super-
Script III First Strand System (Thermo Fisher Scientific, Waltham, MA, USA).
Real-time quantitative reverse transcription-PCR (qRT-PCR) was performed by
incubating the reverse transcription product with TaqMan PCR Master Mix
and a designed TaqMan probe (Thermo Fisher Scientific, Waltham, MA, USA).
RNA quantities were expressed relative to the 18S mRNA control.

Western blot analysis
Western blot analysis was performed as described previously.10 Briefly, VSMCs
extracts were used for electrophoresis, and membranes (Thermo Fisher
Scientific, Waltham, MA, USA) were incubated with anti-Cav1.2 (Alomone
Labs, Jerusalem, Israel), anti-nNOS antibody (Cell Signaling Technology,
Danvers, MA, USA), or anti-β-actin antibody (Abcam, Cambridge, MA,
USA) and subjected to enhanced chemiluminescence (EMD Millipore, Darm-
stadt, Germany). The images were analyzed quantitatively using a FUJI
LAS3000 Image Analyzer (FUJI Film, Tokyo, Japan) to determine each
protein level.

Evaluation of nitric oxide production by measuring nitrate/nitrite
Measurement of combined urinary nitrite and nitrate (NOx) excretion is widely
used as a marker of nitric oxide (NO) production. Urine samples were collected
for 24 h with metabolic cages and were deproteinized by centrifugation with an
Amicon Ultra-0.5 filter (EMD Millipore, Darmstadt, Germany). We color-
imetrically measured urinary NOx excretion applying the Griess reaction
(Griess Reagent Kit; Dojindo, Kumamoto, Japan).10

Statistical analysis
For statistical analysis of differences among groups, an unpaired Student’s t-test
or analysis of variance (ANOVA) followed by the Bonferroni correction was
used. All quantitative data are expressed as the mean± s.e.m. Values of P less
than 0.05 were considered significant.

RESULTS

Baseline characteristics of VSMC ATP2B1 KO mice and control
mice
As we reported previously,7 the blood pressure of VSMC ATP2B1 KO
mice was higher than that of control mice, but heart rate and body
weight were not significantly different. Serum and urinary electrolytes,
including calcium and phosphate, were not different either
(Supplementary Table). Systolic blood pressure was higher in the
dark period (as the active phase for mice) than in the light period in
both control and knockout mice (Supplementary Figure).

Single injection of anti-hypertensive drugs
Figure 1 shows the delta systolic blood pressure (SBP) by a single
injection of vasodilators. Blood pressure-lowering effects were sig-
nificantly greater in VSMC ATP2B1 knockout mice when nicardipine,
which has a short half-life, was injected (Figure 1a, Po0.05). On the
other hand, no significant change was seen when mice were injected
with an ARB or α1-adrenoceptor blocker (Figures 1b and c). We
administered amlodipine to mice as a long-acting L-type CCB19 to
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confirm the greater effects of a CCB on blood pressure in KO mice,
but unexpectedly, SBP shifts were not significantly different
(Figure 1d). Figure 1e shows the delta SBP for every 6 h after
nicardipine injection, and greater anti-hypertensive effects were seen
in VSMC ATP2B1 KO mice until 12 h after administration (1–6 h;
Po0.05, 7–12 h; Po0.01).

Long-term administration of anti-hypertensive drugs
Although the short half-life L-type CCB response could be evaluated
by a single injection, we considered that long-term injection was
needed for an amlodipine response because the drug has a long half-
life. As shown in Figures 2a and b, SBP was significantly decreased by a

2-week-treatment of amlodipine in VSMC ATP2B1 KO mice as
measured by the tail-cuff method (ΔSBP − 0.7± 3.8 vs.
− 12.7± 4.0 mmHg Po0.05). On the other hand, the difference was
not seen when mice were administered candesartan (ΔSBP
− 14.6± 2.8 vs. − 15.9± 3.3 mmHg, Figures 2c and d), which also
has a long half-life. We also examined both short- and long-term
effects of amlodipine by the radio telemetric method. Although there
was no significant difference between the two groups on day 2 or 3 as
an early phase, CCB demonstrated greater anti-hypertensive effects
after 1-week and 2-week treatments in VSMC ATP2B1 KO mice
(Figure 3a). By observing the changes in ambulatory blood pressure
monitoring for 24 h at 1 week, the blood pressure-lowering effects of

Figure 1 Changes in SBP produced by a single injection of anti-hypertensive drugs. (a) Delta SBP in response to the administration of nicardipine
(1 mg kg−1, i.p., n=7 for each group). (b) Delta SBP in response to the administration of candesartan (10 mg kg−1, i.p., n=8 for each group). (c) Delta
SBP in response to the administration of prazosin (1 mg kg−1, i.p., n=6 for each group). (d) Delta SBP in response to the administration of amlodipine
(5 mg kg−1, i.p., n=8 for each group). (e) Delta SBP in response to the administration of nicardipine every 6 h. The data are means± s.e.m. of each group.
*Po0.05 vs. the control group. **Po0.01 vs. the control group. Each arrow indicates the time of drug injection. A horizontal line shows the time after (or
before) injection and each injection was at ~15:00. C, control mice; K, VSMC ATP2B1 KO mice.
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Figure 2 SBP shifts produced by long-term administration of amlodipine and candesartan measured by the tail-cuff method. (a) SBP and (b) Delta SBP from
the baseline in mice administered amlodipine for 2 weeks (5 mg kg−1 per day, s.c., n=9 for each group). (c) SBP and (d) Delta SBP from the baseline in
mice administered candesartan for 2 weeks (0.5 mg kg−1 per day, s.c., n=7 for each group). The data are means± s.e.m. of group. *Po0.05 vs. the control
group. #Po0.05 vs. own baseline.

Figure 3 SBP shifts produced by amlodipine administration on days 2, 3, 7, and 14 were examined by radio telemetric measurement. (a) Changes in delta
SBP of mice treated with amlodipine (5 mg kg−1 per day, s.c., n=6–8). Circadian patterns of SBP of (b) Control and (c) VSMC ATP2B1 KO mice treated
with amlodipine for 1 week, measured by the radio telemetric method. Basal SBPs were also measured (n=6–8). 12-h light (8:00 AM to 20:00 PM)/dark
(20:00 PM to 8:00 AM) cycle are shown. Values plotted are hourly means. Data are means± s.e.m. of group. *Po0.05 vs. the control group.
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amlodipine in VSMC ATP2B1 KO mice were especially seen in the
dark period, and the effects were diminished throughout the day in
control mice (Figures 3b and c).

Expression of L-type calcium channels
On the basis of the above results, we examined mRNA and protein
expression of the α1C subunit of the L-type calcium channel (Cav1.2)
in VSMCs to investigate the mechanism of augmented effects of
calcium channel blockers in KO mice. The expression of CACNA1C
mRNA was upregulated (3.3-fold Po0.001, Figure 4a) in VSMCs of
KO mice. Cav1.2 protein expression was also increased in KO VSMCs
(2.7-fold Po0.05, Figures 4b and c).

NO production of VSMC and urinary excretion of NO
We examined nNOS protein expression in VSMCs and NOx produc-
tion in urine to investigate whether KO mice had impaired NOS
activity. Neural NOS protein expression was not different between
VSMCs of control and KO mice (Figures 5a and b). Urinary excretion
of NOx was not significantly different either (Figure 5c). Delta SBP
was not changed significantly between control and knockout mice
when L-NAME was administered (Figure 5d).

DISCUSSION

In the present study, we examined the efficacy of anti-hypertensive
drugs to investigate the specificity of drug response and the mechan-
ism of hypertensive phenomenon by deletion of the ATP2B1 gene in
VSMCs. To the best of our knowledge, this is the first report to
demonstrate the association between the ATP2B1 gene and CCB
response. In response to a single administration of nicardipine, which
is categorized as a dihydropyridine CCB with a short half-life,20 the
blood pressure-lowering effects in KO mice were greater than in
control mice. However, the anti-hypertensive effects of candesartan

and prazosin were not different between ATP2B1 knockout mice and
the genetic control. Candesartan is categorized as an ARB, and no
difference in the anti-hypertensive effect of an ARB administration
suggests that high blood pressure was not caused by renin–angiotensin
system stimulation. In the same way, prazosin, which primarily blocks
vasoconstriction induced by α1-adrenergic receptors,21 decreased
blood pressure equally between the two groups, indicating that
elevated blood pressure in VSMC ATP2B1 KO mice may not be
caused by sympathetic activation. These results suggest that the
elevated intracellular calcium concentration of KO VSMCs contributes
to high blood pressure and that blocking calcium entry through L-type
calcium channels is effective, even with a single injection.
A single injection of amlodipine was thought to not sufficiently

increase the blood concentration of the drug due to its long half-life,
thereby causing no significant difference to be observed between the
two groups. Therefore, we tried long-term administration. Two weeks
of continuous amlodipine treatment significantly reduced blood
pressure in VSMC ATP2B1 KO mice compared with control mice.
The difference was seen after 1 week, but not at day 2 or 3 as an early
phase measurement. One previous study demonstrated that repeated
administration of amlodipine in humans resulted in steady state
plasma drug concentration being reached after seven days.22 In
comparison to the human data, our results indicated that amlodipine
in VSMC ATP2B1 KO mice exhibited high blood pressure-lowering
effects due to abnormalities in calcium handling after reaching a steady
state. In other studies, mice treated with a high salt diet or angiotensin
II received 5–6 mg kg− 1 of amlodipine for several weeks, and
amlodipine did not decrease blood pressure.23,24 Their results support
our results that the systolic blood pressure of control mice treated with
amlodipine for 2 weeks returned to baseline levels. Control mice may
be fully compensated by other calcium transporters, whereas KO mice
would be able to respond to CCBs permanently due to the lack of the

Cav1.2

β-actin

Control   VSMC ATP2B1 KO

Figure 4 L-type calcium channel expression of VSMC ATP2B1 KO mice and control mice. (a) qRT-PCR measurement of CACNA1C mRNA expression in
VSMCs (n=6 for each group) (b and c) representative Western blot and quantitative analysis of Cav1.2 and β-actin protein expression in VSMCs. Values are
calculated as Cav1.2 expression relative to β-actin expression (n=4 for each group). Data are means± s.e.m. of each group. *Po0.05 vs. the control group.
***Po0.001 vs. the control group.
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ATP2B1 gene and subsequent abnormal expression of other calcium
transporters (e.g., NCX17 and Cav1.2). We also administered cande-
sartan for 2 weeks because it has a long half-life, similar to amlodipine,
and confirmed that the blood pressure-lowering effects were similar
between the two groups.
Both CACNA1C gene and Cav1.2 protein expression were signifi-

cantly increased in KO VSMCs. Cav1.2 channels are multi-subunit
protein complexes composed of the three subunits α1, α2δ, and β,25
and all calcium channel blockers bind to the α1C subunit.26 There are
considerable data that augmented Ca2+ influx through Cav1.2 channels
contributes to the augmented peripheral resistance and contractile
responses of the vascular smooth muscle in hypertension.27 In
previous studies, Cav1.2 expression was reported to be upregulated
in SHR28 and increased by high blood pressure29 or angiotensin II
infusion30 in mice. These reports demonstrated that elevated Cav1.2
protein expression means functional activation of the channel. As
several studies reported that increased calcium entry through Cav1.2
showed high response to CCBs in both human and animal
models,29,31 upregulation of Cav1.2 in VSMC KO mice may have
promoted a high CCB response.
As reviewed by Harraz and Altier,32 the L-type calcium channel is

activated by depolarization in response to action potentials or sub-
threshold stimuli. Pasic et al.29 suggested that high intravascular blood
pressure-induced activation of Cav1.2 protein involved membrane
depolarization. Thus, the elevated intracellular calcium concentration
due to lack of the ATP2B1 gene in VSMCs may promote an increase
in membrane potentials and Cav1.2 expression. Korb et al.33 reported
that Cav1.2 and PMCA4b bind promiscuously to several PDZ
domains. Thus, the association between Cav1.2 and PMCA1 may be
recognized. Further study is needed to clarify the fundamental

mechanism of the association between L-type calcium channels and
ATP2B1.
On the other hand, systemic heterozygous ATP2B1-null mice

exhibited impaired eNOS activity.10 Activity of NOS was unclear in
VSMC ATP2B1 KO mice until we examined it in this study. It is well
known that NO can influence contractility of peripheral blood vessels,
and it is becoming more apparent that vascular NO production is not
just mediated by eNOS but also via nNOS activity.34 Associations
between nNOS and ATP2B4 are reported by several researchers.9,35

We speculated that nNOS was the most likely target if associations
were seen between NOS and VSMC ATP2B1 KO mice because
ATP2B4 mRNA expression was upregulated in those mice.7 However,
nNOS protein expression was not changed in knockout mice
compared with control mice. Furthermore, we administered L-NAME
as a non-selective NOS inhibitor and checked urinary NOx excretion,
which could be taken as an index of NO production,36 but no
significant difference was seen in these experiments. These results
indicated that NO production and all NOS isoform activity in VSMC
ATP2B1 KO mice were not impaired, and upregulation of ATP2B4 in
KO VSMCs did not influence the high blood pressure observed in
these mice. Therefore, we considered that the increased intracellular
calcium concentration was the main cause of the hypertensive
phenomena in VSMC ATP2B1 KO mice.
There is a limitation in this study. We chose an L-type calcium

channel blocker rather than T-type or N-type in the present study
because extracellular Ca2+ influx is mainly mediated by the opening of
L-type Ca2+ channels.37 Further studies are needed to investigate
whether other calcium channels, such as T-type or N-type, contribute
to the phenotype of increased intracellular calcium concentration in
VSMCs of KO mice.

nNOS

β-actin

Control  VSMC ATP2B1 KO

Figure 5 Nitric oxide synthase expression and NO production in VSMC ATP2B1 KO mice and control mice. (a, b) Representative Western blot and
quantitative analysis of nNOS and β-actin protein expression in VSMCs. Values are calculated as nNOS expression relative to β-actin expression (n=4 for
each group). (c) NO production in urine evaluated by measuring NOx by the Griess method (n=6 for each group). (d) Delta SBP in response to the
administration of L-NAME (30 mg kg−1, i.p., n=8 for each group). The arrow indicates the time of drug injection. A horizontal line shows the time after
(or before) injection and each injection was at ~3:00 PM. The data are means± s.e.m. of each group.
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In conclusion, we found that ATP2B1 VSMC-specific knockout
mice had a high susceptibility to CCBs. The results mean that the
effects of a lack of ATP2B1 on blood pressure are mainly due to
increased intracellular calcium concentration and subsequent activa-
tion of L-type calcium channels. Our study indicates that low
expression of the ATP2B1 gene in humans may induce higher efficacy
of CCBs. It is of great importance that we investigate the response to
CCBs in humans to promote tailored medicine. As the genomic data
of candidate genes for hypertension are obtained in the future,
ATP2B1 polymorphisms may be very useful tools for detecting
CCB-sensitive patients among hypertensive people more easily and
at lower cost.
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