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Activating BK channels ameliorates vascular smooth muscle
calcification through Akt signaling
Feng-ling Ning1, Jie Tao2, Dan-dan Li1, Lu-lu Tian1, Meng-ling Wang1, Svetlana Reilly3, Cheng Liu2, Hui Cai4, Hong Xin1,5 and
Xue-mei Zhang1

Vascular calcification (VC) is characterized by pathological depositions of calcium and phosphate in the arteries and veins via an
active cell-regulated process, in which vascular smooth muscle cells (VSMCs) transform into osteoblast/chondrocyte-like cells as in
bone formation. VC is associated with significant morbidity and mortality in chronic kidney disease (CKD) and cardiovascular
disease, but the underlying mechanisms remain unclear. In this study we investigated the role of large-conductance calcium-
activated potassium (BK) channels in 3 experimental VC models. VC was induced in vascular smooth muscle cells (VSMCs) by β-
glycerophosphate (β-GP), or in rats by subtotal nephrectomy, or in mice by high-dosage vitamin D3. We showed that the
expression of BK channels in the artery of CKD rats with VC and in β-GP-treated VSMCs was significantly decreased, which was
functionally confirmed by patch-clamp recording. In β-GP-treated VSMCs, BK channel opener NS1619 (20 μM) significantly
alleviated VC by decreasing calcium content and alkaline phosphatase activity. Furthermore, NS1619 decreased mRNA expression
of ostoegenic genes OCN and OPN, as well as Runx2 (a key transcription factor involved in preosteoblast to osteoblast
differentiation), and increased the expression of α-SMA protein, whereas BK channel inhibitor paxilline (10 μM) caused the opposite
effects. In primary cultured VSMCs from BK−/− mice, BK deficiency aggravated calcification as did BK channel inhibitor in normal
VSMCs. Moreover, calcification was more severe in thoracic aorta rings of BK−/− mice than in those of wild-type littermates.
Administration of BK channel activator BMS191011 (10 mg· kg−1 ·d−1) in high-dosage vitamin D3-treated mice significantly
ameliorated calcification. Finally, co-treatment with Akt inhibitor MK2206 (1 μM) or FoxO1 inhibitor AS1842856 (3 μM) in calcified
VSMCs abrogated the effects of BK channel opener NS1619. Taken together, activation of BK channels ameliorates VC via Akt/
FoxO1 signaling pathways. Strategies to activate BK channels and/or enhance BK channel expression may offer therapeutic avenues
to control VC.
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INTRODUCTION
Vascular calcification (VC) is a serious kidney complication
that affects 47%–92% of patients with chronic kidney disease
(CKD) [1–3]. VC is associated with significant morbidity and
mortality in these patients, predominantly due to cardiovascular
events [4, 5]. VC is characterized by pathological calcium and
phosphate depositions in the arteries and veins [6] via an active
cell-regulated process, during which vascular smooth muscle cells
(VSMCs) transform into osteoblast/chondrocyte-like cells similar to
those observed in skeletal bone formation [2, 7]. Although the VC
phenotype in CKD is well described, the mechanism of VSMC
transdifferentiation is not fully understood.
The large-conductance calcium-activated potassium channels

(also known as BK, BKCa, KCa1.1, or MaxiK) are distributed in
various tissues and cells and are especially highly expressed in
VSMCs [8]. They play a pivotal role in regulating important

physiological functions related to vascular tone and myocardial
perfusion by integrating changes in intracellular Ca2+ and
membrane potential [9, 10]. Emerging evidence indicates that
BK channels may be involved in the pathogenesis of cardiovas-
cular diseases [11, 12]. Diabetes mellitus-induced vascular
dysfunction is associated with abnormalities in BK channel
function and expression [13], and BK channel function is markedly
depressed by metabolic syndrome in coronary smooth muscles
[14]. Additionally, the inhibition of the intermediate-conductance
channels (IKCa, a Ca

2+-activated K+ channel, similar to BK channels)
prevents the phenotypic transition and VC of VSMCs [15]. In line
with these observations, our previous studies showed that the BK
channels were involved in the proliferation and mineralization of
osteoblasts, which resemble the VC process [16, 17]. The role of
the BK channels in CKD-associated VC is still unclear; thus, we
designed a study to test whether BK channels are involved in the
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calcification and osteogenic differentiation of VSMCs in the
context of CKD.

MATERIALS AND METHODS
Reagents
β-Glycerophosphate (#50020), BMS191011 (#SML0866), NS1619
(#N170), and alizarin red S (#A5533) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Paxilline was purchased from Tocris
Bioscience (#2006, Bristol, UK). MK2206 was from Selleck
Chemicals (#S1078, Houston, Texas, USA). Calcitriol was from
MedChemExpress (#HY-10002, Monmouth Junction, NJ, USA).
Primary antibodies for Runx2(#sc-101145) and GAPDH (#sc-
32233) were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); p-AKT (#4691), AKT (#9271), FoxO1 (#2880) and P-FoxO1
(#9464) were from Cell Signaling Technology (Denvers, MA, USA).
The antibodies also include anti-BK (#APC-107, Alomone Labs,
Israel), and α-SMA (#ab32575, abcam, USA). The anti-mouse and
anti-rabbit IgG secondary antibodies were from Yeasen
(#33101ES60, #33201ES60, Shanghai, China). Other chemicals
and reagents used were of analytical grade.

Animals
All animals were supplied by the Animal Center at the School of
Pharmacy, Fudan University (Shanghai, China). All animal experi-
ments were approved by the Animal Experimentation Ethics
Committee of Fudan University, and performed in compliance
with the Animal Management Rule of the Ministry of Health, China
(documentation No. 55, 2001) as well as the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996). All animals were
housed in individual cages at 25 °C and 25% humidity on a 12/12-
h light/dark cycle and fed a standard powder diet. The BK channel
knockout mice were generated in our lab using a previously
established protocol [17].

Animal model of vascular calcification
Twenty male Sprague-Dawley (SD) rats (weighing 200 ± 20 g) were
randomly divided into two groups. In the CKD calcification group,
rats were subjected to subtotal nephrectomy, i.e. the removal of
the right kidney and infarction of approximately 2nd/3rd of the
left kidney as described by Alesutan et al. [18], which was
performed under isoflurane anesthesia (1.5%–2%). To improve the
calcification-molding rate in CKD, the rats were fed a diet
supplemented with 1.8% phosphorous and 4% calcium, and
calcitriol (1 μg/kg, every 2 days) was intraperitoneally adminis-
tered. The control group rats were maintained on a standard diet.
After 12 weeks, the animals were sacrificed, and the thoracic
aortas, abdominal aortas, and blood, were harvested for further
analysis.
To induce VC in mice, ten 6-week-old C57BL/6 male mice were

subcutaneously injected with cholecalciferol (Vitamin D3, #C9756,
Sigma-Aldrich) at a dose of 500,000 IU/kg body weight, and
another five mice were administered physiological saline for the
first 3 days as described by Kwon et al. [19]. Five of ten mice were
intraperitoneally injected with 10mg/kg BMS191011 for the first
5 days. On day 9, the mice were euthanized under isoflurane
anesthesia, and tissues were collected in liquid nitrogen for
further study.

VSMC culture and treatment
VSMCs were isolated from rat or murine thoracic aorta by rinsing
off blood from the aorta with PBS, cutting the aorta into small
pieces (after removal of endothelium and adventitia), and plating
it in a cell culture flask with Dulbecco’s modified Eagle’s medium
(DMEM, #11995115, Gibco, USA) containing 20% fetal bovine
serum (FBS, #10091148, Gibco) at 37 °C in an incubator containing
95% air and 5% CO2 for 7–14 days. VSMCs migrating from explants

were collected and maintained in a growth medium (DMEM
containing 10% FBS). The VSMCs obtained between passages 4
and 8 were used in the experiments. For calcification, confluent
VSMCs were treated with calcifying media (2.5 mM CaCl2 and 10
mM β-glycerophosphate) for 6 days. The murine VSMC cell line
MOVAS (ATCC® CRL-2797TM) was purchased from Shanghai Sixin
Biotechnology Co., Ltd. (Shanghai, China). To explore the effect of
BK channels on VSMC calcification, the calcifying medium was
supplemented with the BK channel inhibitor paxilline (10 μM) or
the agonist NS1619 (20 μM). After 6 days of treatment, cells were
collected for further study. To explore the signaling pathway of BK
channel-mediated VC, the Akt inhibitor MK2206 (1 μM) and
forkhead box O1 (FoxO1) inhibitor AS1842856 (3 μM) were
administered with or without NS1619 in the calcifying medium.
Each experiment was performed at least thrice, unless stated
otherwise.

Aortic ring calcification
The thoracic aortas were extracted from rats or mice following
removal of the endothelium, and the adventitia was cut into 2–3
mm sections. The vascular rings were cultured in DMEM with 10%
FBS in an incubator with 5% CO2 at 37 °C. Similar to the VSMCs,
vascular rings were incubated in DMEM or calcifying media, which
were changed every 2 days. After 6 days, the vascular rings were
fixed in formalin for further analysis.

Quantification of calcium content
Cells or tissues were rinsed thrice with ice-cold PBS and decalcified
with 0.6 M HCl for 24 h at 4 °C. Calcium content in the supernatant
was examined using the Calcium Assay Kit (#C004-2-1, Jiancheng
Bioengineering Institute, Nantong, China). Values were normalized
to the levels of total protein or tissue weight.

Alkaline phosphatase (ALP) activity assay
ALP activity was measured using an ALP Colorimetric assay kit
according to the manufacturer’s instructions (#P0321S, Beyotime
Biotechnology, Shanghai, China). Briefly, the cultured VSMCs were
trypsinized, washed thrice with ice-cold PBS, and lysed with RIPA
Lysis Buffer (#P0013C, Beyotime Biotechnology). After centrifuga-
tion at 8000 × g for 10min at 4 °C, the cell supernatants were
collected for detecting ALP activity and total protein content by
the bicinchoninic acid (BCA) assay. Values were normalized to the
total protein levels.

Alizarin red S staining
Calcification was assessed by alizarin red S staining, as previously
described [20]. Briefly, VSMCs grown in six-well plates were fixed
with 4% formaldehyde for 45 min at 4 °C after which they were
washed with distilled water, exposed to alizarin red S (2%
aqueous) for 5 min, and washed again with distilled water. Stained
cells were first observed under a light microscope (Olympus BX 50,
Olympus Optical Tokyo, Japan) for positive red/purple staining.
For quantification of the Alizarin Red S staining, cells were
incubated with 10% HDPD for 15 min and the positive density was
measured at 540 nm using a TECAN infinite 200 PRO spectro-
photometer (Tecan Systems Inc., Austria). Values were normalized
to the total protein concentration measured using the BCA assay.

Von Kossa staining
Calcification of aortas was analyzed by von Kossa staining [21]. To
obtain paraffinized sections of aortic tissue, a 1-cm segment of the
aorta was fixed with 10% formalin (pH 7.4, 0.1 M) for 24 h at room
temperature (RT). After dehydration in an ethanol gradient, the
aorta tissue was embedded in paraffin. Some aortic tissue sections
(6-μm thick) were stained with hematoxylin-eosin (H&E), while
others were deparaffinized, dehydrated, and then treated with 5%
AgNO3 for 30 min at RT, followed by exposure to ultraviolet light
for 1.5–2 h, and then washed thrice with deionized water.
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Specimens were counterstained with eosin and examined under a
light microscope (Olympus BX 50).

Western blotting
Immunoblotting was performed to assess the protein content.
Briefly, the proteins were separated by electrophoresis on 10%
SDS-polyacrylamide gels and transferred onto polyvinylidene
difluoride membranes (# IPV00010, Millipore, Billerica, MA, USA).
The membranes were blocked with 5% skim milk (prepared in
1×Tris-buffered saline Tween [TBST]) for 1 h at RT, and then
incubated with primary antibodies against BK channels (1:1000),
Runx2 (1:1000), alpha-smooth muscle actin (α-SMA; 1:1000), Akt
(1:1000), p-Akt (1:1000), FoxO1 (1:1000), p-FoxO1(1:1000), and
GAPDH (1:10,000) overnight at 4 °C. The membranes were then
washed thrice with 1× TBST, and incubated with horseradish
peroxidase-conjugated secondary antibodies (anti-rabbit IgG,
1:10,000) for over 1.5 h at RT. After three washes with 1× TBST,
the protein content was analyzed by Image Lab and normalized to
GAPDH levels. All experiments were repeated at least thrice.

Quantitative PCR
Gene expression was assessed by qPCR as described by Wang et al.
[22]. Briefly, total RNA was extracted from the cells or aortas using
RNAiso Plus reagent (# 9109, TaKaRa, Japan) and reverse transcribed
into cDNA using PrimeScript RT Master Mix (#RR036A, TaKaRa). qPCR
was performed using 2 μL of the cDNA mixed with SYBR® Premix Ex
Taq™ solution (#RR0420A, TaKaRa). Each reaction was performed in
triplicate and analyzed on a BIO-RAD CFX Connect Real-time PCR
system and GAPDH was used for normalization. The specific primers
are as follows: OCN, 5′-ATGTCCAAGCAGGAGGGCAGTA-3′ (forward)
and 5′-CCAAGTCCATTGTTGAGGTAGCG-3′ (reverse); OPN, 5′-ATCTCA
CCATTCGGATGAGTCT-3′ (forward) and 5′-TGTAGGGACGATTGGAGTG
AAA-3′ (reverse); Runx2, 5′-CAAGCACAAGTGATTGGCCGAACT-3′ (for-
ward) and 5′-CTCAACCACGAAGCCTGCAATTT-3′ (reverse); BK, 5′-AGGA
ATGCATCTTGGCGTCACTC-3′ (forward) and 5′-CCTCGAAGTGCATTCTC
CTCAGC-3′ (reverse); α-SMA, 5′-GTCCCAGACATCAGGGAGTAA-3′ (for-
ward) and 5′-TCGGATACTTCAGCGTCAGGA -3′ (reverse); GAPDH, 5′-G
GCACAGTCAAGGCTGAGAATG-3′ (forward) and 5′-ATGGTGGTGAA-
GACGCCAGTA-3′ (reverse).

Immunohistochemistry
Freshly harvested aortas were embedded in paraffin as described
by Zebger-Gong et al. [23]. Subsequently, the paraffin sections
were first deparaffinized and rehydrated at 60 °C for 2 h, incubated
in ethanol with gradient concentrations of 100%, 90%, 80%, 70%,
and 50% for 5 min each, and washed in PBS for 5 min. To block
endogenous catalase activity, the sections were incubated with
0.5% hydrogen peroxide at RT for 10 min. The sections were then
incubated with 5% normal non-immune serum for 10 min at RT,
followed by incubation with primary antibodies against Runx2
(1:200), α-SMA (1:200), and BK channels (1:200) or PBS at 4 °C
overnight to prevent non-specific binding of immunoglobulin.
After washing with PBS thrice (5 min each time), all sections were
incubated with the respective secondary antibodies for 1 h at RT,
followed by incubation with diaminobenzidine and counter-
staining with H&E. Finally, the sections were analyzed by a light
microscope (Olympus BX 50).

Whole-cell patch clamping
Whole-cell patch clamping was performed as described in detail
[22, 24] using a Multiclamp 700B amplifier (Molecular Devices,
USA) at RT. The patch pipettes were fabricated from glass capillary
tubes using a PC-10 Puller (Narishige, Japan) with a resistance of
4–5 MΩ. Data acquisition and stimulation protocols were con-
trolled by pCLAMP 10.5 (Molecular Devices, CA, USA). The
capacitance transients were canceled in the patch-clamp record-
ings. Cells with a seal resistance (Rs) of less than 1 GΩ were
omitted. To minimize voltage errors, Rs was compensated to

80%–85%, and cells with uncompensated Rs higher than 10 MΩ
were discarded; all patch-clamping experiments met this criterion
with a holding potential of −80mV. The outward currents of
murine smooth muscle cells were elicited by step pulses ranging
from −50 to +80mV for 200ms with increments of 10 mV. The
paxilline-sensitive currents evoked using these protocols were
entirely attributable to the BK channels.
The standard external solution for BK channels consisted of

150mM NaCl, 0.8 mM MgCl2, 5.4 mM KCl, 5.4 mM CaCl2, and 10
mM HEPES. The pH of the solution was adjusted to 7.4 by adding
NaOH. The internal solution consisted of 10 mM NaCl, 125mM KCl,
10 mM HEPES, 6.2 mM MgCl2, and 5mM free Ca2+, and the pH of
the solution was adjusted to 7.2 by adding KOH. The total Ca2+

was increased to yield the desired free concentration, which was
calculated using the program Maxchelator [25].

Statistical analysis
All experimental results are presented as the mean ± standard
error of the mean (SEM). Statistical significance was assessed by
two-tailed unpaired Student’s t-test for comparison between two
groups and one-way ANOVA for multiple comparisons. Values
with P < 0.05 were considered statistically significant. All data
analyses were performed using GraphPad PRISM 7.0 (GraphPad
Software, Inc., USA).

RESULTS
BK channels are downregulated under calcification in vitro and
in vivo
We first tested whether calcification affects the expression of BK
channels by exposing cultured primary rat VSMCs to a calcified
medium (10mM β-glycerophosphate, β-GP, 2.5 mM Ca2+, and 2%
FBS) for 7 days, which is a commonly used in vitro model to
induce calcification. Subsequent experiments showed that β-GP-
induced calcification of rat VSMCs decreased the expression
(assessed by immunoblotting) of the BK channels and α-SMA but
increased that of Runx2 (Fig. 1a), a key transcription factor
involved in preosteoblast to osteoblast differentiation [26]. In the
same cells, the mRNA levels of Runx2, osteocalcin (OCN), and
osteopontin (OPN), which are involved in osteogenesis, were also
increased in the presence of β-GP (Fig. 1b).
To confirm our in vitro observations, we tested whether the

CKD-related VC in rats affected the abundance of BK channels.
CKD-related VC was induced in rats by subtotal nephrectomy [27]
via intraperitoneal injection of calcitriol combined with a high
phosphorus diet. To prove that calcification animal model in CKD
rats works, the serum levels of biochemical parameters like blood
urea nitrogen (BUN), creatinine (Cr), calcium (Ca) and phosphate
(Pi), and ALP activity and calcium content in CKD rat aorta were
observed (Supplementary Fig. S1). The calcium content in the
thoracic aortas was measured using von Kossa staining (Fig. 1c).
Similar to the results obtained in the in vitro experiments,
immunoblotting, immunohistochemistry, and qPCR revealed that
CKD-VC was associated with a significant reduction in the
expression of α-SMA and BK channels at the transcript and
protein levels in the rat aorta (Fig. 1d–f), while mRNA levels of
Runx2 and OCN were increased in the presence of CKD-VC (Fig. 1f).

BK channel function is impaired under VC in vitro
To further explore the effect of calcification on the function of BK
channels in vitro, we tested the currents of BK channels in β-GP (−)
or β-GP (+)-treated MOVAS using whole-cell patch clamping. The
currents of the MOVAS BK channels could be evoked by depolarizing
the voltage steps from a holding potential of −80mV. The outward
currents of the β-GP (−) MOVAS were markedly blocked by the high-
affinity inhibitor paxilline [28, 29] at all membrane potentials (Fig. 1g),
which implies that the blocked outward currents of MOVAS cells are
endogenous BK channel currents. However, compared with those of
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the β-GP (−) MOVAS, the outward currents of the β-GP (+) MOVAS
were more insensitive to PAX (Fig. 1g). Therefore, the current density
of endogenous BK channels (PAX-sensitive channels) in the β-GP (−)
group was higher than that in the β-GP (+) group (Fig. 1h and
Supplementary Table S1). The proportion of currents in the PAX-
sensitive BK channels to total outward currents underlying the β-GP
(−) VSMCs was ~70% under each voltage stimulation, while the
proportion of the β-GP (+) group was ~40% (Fig. 1i and
Supplementary Table S2).
These in vitro observations indicate that the expression and

function of BK channels are negatively regulated by β-GP-induced
calcification, and changes in BK channels are accompanied by
altered expression of the selected osteogenic transcription factors.

BK channels control calcification in vitro
To examine the effect of BK channels on vascular osteo/
chondrogenesis and calcification in vitro, we pre-incubated rat
VSMCs exposed to β-GP with NS1619 (20 μM, a specific BK channel
opener) or the inhibitor paxilline (10 μM). Activation of the BK
channels abolished the β-GP-induced calcification in rat VSMCs, as
NS1619-treated cells showed a marked reduction in Ca2+-enriched
deposition (Fig. 2a), calcium content, ALP activity (Fig. 2b), gene
expression of osteogenic markers (OCN and OPN) (Fig. 2c) but

showed increased α-SMA protein levels (Fig. 2d, e). In contrast,
inhibition of the BK channels with paxilline exacerbated the
osteo-/chondrogenic differentiation and mineralization in rat
VSMCs (Fig. 2a). Furthermore, cells treated with paxilline exhibited
increased calcium content, ALP activity (Fig. 2b), and OCN and OPN
gene expression (Fig. 2c) and reduced α-SMA protein content
(Fig. 2d, e).
We also tested whether NS1619 could reverse the decrease in BK

channel currents in the β-GP (+) MOVAS. In the patch-clamp
recording, the outward currents of the β-GP (+) MOVAS could be
potently enhanced by the administration of NS1619 (Fig. 2f). The
current density also increased at membrane potentials ranging from
+10 to +80mV (Fig. 2g and Supplementary Table S3). The rate of
NS1619-induced increase in the outward currents of β-GP (+)
MOVAS was ~200% under voltage stimulations ranging from 0 to
+80mV (Fig. 2h and Supplementary Table S4). These results suggest
that BK channels are potent negative regulators of VC in vitro.

Calcification is aggravated in primary cultured BK−/− VSMCs
To further explore the role of BK channels in calcification and
osteo-/chondrogenic transdifferentiation of VSMCs exposed to β-
GP, primary cultured VSMCs were isolated from the global BK
knockout (BK−/−) male mice or their wild-type littermates (BK+/+)

Fig. 1 Vascular calcification (VC) decreases the expression of the BK channels in vascular smooth muscle cells (VSMCs) and VC-related
CKD rats. VC was induced either by β-GP in rat VSMCs (a, b, n= 3) and murine VSMCs (MOVAS, g–i, n= 6) or by subtotal nephrectomy in rats
(c–f, n= 3). a Representative original Western blots and semi-quantitative analysis of α-SMA, Runx2, and BK proteins. b Transcript-level
expression of osteogenic genes determined by quantitative real-time PCR (qPCR) followed by normalization. c Von Kossa staining of calcium
nodules and quantitative analysis of calcium content in the thoracic aortas from vehicle and calcification groups. d Expression and semi-
quantitative analysis of Runx2, α-SMA, and BK channel proteins during calcification further verified by Western blotting.
e Immunohistochemistry for α-SMA, Runx2, and BK channels. f Relative amounts of Runx2, OCN, α-SMA, and BK mRNA were determined by
qPCR following normalization. g Representative traces of whole-cell outward currents underlying β-GP (−) or β-GP (+) MOVAS before and after
treatment with 10 μM paxilline (PAX). The holding potential was −80mV, and the currents were evoked using step pulses ranging from −50 to
+80mV for 200ms in increments of 10mV. h Quantification of mean current densities of endogenous BK channels in β-GP (−) and β-GP (+)
MOVAS cells. i Quantification of the mean proportion of PAX-sensitive currents to the total outward currents of the β-GP (−) and β-GP (+)
MOVAS. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences between treatment and
control-treated groups (β-GP (−) or vehicle).
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[17]. As shown in Fig. 3a–c, calcification and Runx2 protein
abundance were increased in BK−/− VSMCs compared with those
in BK+/+ VSMCs; however, the expression of α-SMA was decreased
(Fig. 3c, d). Genetic deletion of the BK channels had no effect on
OPN and OCN mRNA levels under non-β-GP condition (Fig. 3d),
while OPN, OCN, and Runx2 mRNA expression (Fig. 3d) and ALP
activity (Fig. 3e) were higher in the BK−/− VSMCs with β-GP.
Similarly, increased Ca2+ deposition in the thoracic aortas of BK−/−

mice was observed post von Kossa staining (Fig. 3f). These results
demonstrate that BK channel deficiency is sufficient to promote
osteogenic-like differentiation of VSMCs in vitro.

BK channel activation ameliorates vitamin D3-induced calcification
in mice
Previous studies have shown that vitamin D3 induces calcification
and mineralization in vivo [19, 30, 31]. Thus, we tested whether
the activation of BK channels would be effective in preventing
vitamin D3-induced VC in mice in vivo. The activation of the BK
channels with BMS191011 (10 mg/kg), a selective activator of BK

channels [32], obviously reduced calcium deposition and content
in the arteries of the calcified mice induced by vitamin D3, as
observed post von Kossa staining (Fig. 4a, b). Additionally, the
beneficial effects of BK channel activation were paralleled by the
decrease in the expression of Runx2 at mRNA and protein levels
(Fig. 4c, e), ALP activity in the arteries (Fig. 4d), and the increase in
α-SMA mRNA and protein levels (Fig. 4c, e). Taken together, these
observations indicate that the activation of the BK channels with
BMS191011 reduces VC and osteogenic differentiation in vitamin
D3-treated mice.

BK channels regulate calcification via the Akt/FoxO1 signaling
pathway
Next, we investigated the mechanisms underlying the beneficial
effects of BK channels on rat VSMC calcification. By screening for
several pathways involved in calcification with Western blotting
(data not shown), we found that the expression of Akt was
decreased in the calcified thoracic aorta of CKD-related VC rats
(Supplementary Fig. S2a) and calcified VSMCs (Supplementary

Fig. 2 BK channel opener alleviated vascular calcification (VC), whereas BK channel inhibitor exacerbated VC in rat vascular smooth
muscle cells (VSMCs). a Representative original images of alizarin red S staining and quantification analysis in VSMCs. Calcified areas are shown in
red. NS1619 (BK channel opener, 20 μM), paxilline (BK channel inhibitor, 10 μM). b Normalized calcium content and ALP activity in rat VSMCs.
c Relative mRNA levels of the osteogenic genes OCN and OPN were determined by quantitative real-time PCR (qPCR) following normalization.
d, e Representative Western blots and semi-quantitative analysis of Runx2, α-SMA, and BK channel proteins. f Representative traces of outward
currents of β-GP (+)-treated MOVAS before and after administration of 20 μM NS1619. g Quantification of mean current densities of outward currents
underlying β-GP (+)-treated MOVAS before and after administration of 20 μM NS1619. h Quantification of the NS1619-induced increase in the rate of
outward currents of β-GP (+)-treated MOVAS. Data are expressed as the mean ± SEM. a–d, n= 3; e–h, n= 6, *P< 0.05, **P< 0.01, ***P< 0.001.
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Fig. S2b). Moreover, paxilline treatment markedly reduced the
expression of p-Akt in VSMCs with or without induction by β-GP
(Supplementary Fig. S2b). Additionally, decreased p-Akt protein
and Akt mRNA levels were observed in the VSMCs of BK−/− mice
compared with those in the VSMCs of BK+/+ mice (Supplementary
Fig. S2c and S2d). Thus, we tested whether the Akt pathway is
involved in the progression of osteoblast-like differentiation of rat
VSMCs following BK channel activation. We observed that the
disruption of the Akt signaling pathway with a potent allosteric
Akt inhibitor MK2206 (1 μM) [33] abolished the effect of NS1619
on calcified VSMCs induced by β-GP (Fig. 5). Compared with the
effect of NS1619 addition, Akt inhibition led to increased
calcification (assessed by Alizarin Red S staining, Fig. 5a, b), ALP
activity (Fig. 5c) and Runx2, OCN, and OPN mRNA expression
(Fig. 5d). However, Akt inhibition led to reduced expression of α-
SMA and BK channel and phosphorylation of Akt and FoxO1
(Fig. 5e).
FoxO1 is a downstream target regulated by Akt and may be

involved in calcification [34]. To test this hypothesis, VSMCs
exposed to β-GP/NS1619 were pre-incubated with AS1842856 (3
µM), a selective inhibitor of FoxO1 [35]. Alizarin red S staining
showed that FoxO1 inhibition counteracted the β-GP/NS1619-
induced calcification, which was confirmed by increased Ca2+

deposition (Fig. 6a, b), calcium content (Fig. 6c), ALP activity
(Fig. 6d), and OCN and OPN mRNA levels (Fig. 6g) in VSMCs. These

changes were accompanied by a decrease in the levels of α-SMA,
BK channel, and FoxO1 proteins as well as a reduction in FoxO1
phosphorylation (Fig. 6e, f). Moreover, to confirm the exact role of
FoxO1 in this process, the localization of FoxO1 in cytoplasm and
nucleus in rat VSMCs after NS1619 treatment was observed. We
found that NS1619 increased the distribution of FoxO1 in the
cytoplasm compared to that in the VC group (Supplementary
Fig. S3), which was consistent with increased p-FoxO1 levels
(Fig. 5e) in the NS1619-treated group in presence of β-GP
compared to that in the VC group. These results indicate that
the observed BK channel-dependent effects on cell transformation
and osteoblast-like differentiation in rat VSMCs in vitro may be
mediated, at least in part, by the Akt-FoxO1 axis.

DISCUSSION
The present study shows that BK channels play an important role
in the regulation of VC in CKD. We observed that the activation of
the BK channels inhibits the calcification of VSMCs in vivo and
in vitro, while BK inhibition or genetic deletion exacerbates VC.
Mechanistic studies suggest that the beneficial effects of BK
channels on VC are mediated, at least in part, via the Akt/FoxO1
pathway.
BK channels are crucial in VSMCs, especially as they maintain

the arterial tone in smooth muscle. Moreover, several studies have

Fig. 3 BK deficiency exacerbated vascular calcification (VC) in primary cultured vascular smooth muscle cells (VSMCs) from mice.
a, b Representative images showing alizarin red S staining and quantification analysis in primary cultured VSMCs derived from the BK
knockout mice (BK−/−) or their wild-type littermates (BK+/+) with or without induced calcification. Calcified areas are shown in red.
c Representative original Western blots and semi-quantitative analysis of Runx2 and α-SMA proteins. d The relative mRNA levels of α-SMA,
OPN, OCN, and Runx2 in BK+/+ or BK−/− VSMCs. e Bar chart showing the quantification of ALP activity after normalization. f Hematoxylin and
eosin (H&E) and von Kossa staining of calcium nodules in thoracic aorta rings from BK+/+ or BK−/− mice. Data are expressed as the mean ±
SEM. n= 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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shown that BK channel dysfunction is involved in various
cardiovascular pathologies, such as subarachnoid hemorrhage
[36], hypertension [37], and left ventricular hypertrophy [38].
However, the possible involvement of BK channels in VC has not
yet been explored. Here, we found that the expression of BK
channels is decreased under calcifying conditions in VSMCs and
mice with CKD-associated VC. The reduction in BK channels is
accompanied by a decrease in the levels of α-SMA and an increase
in the expression of the markers of osteo-/chondrogenic
transformation and calcification (Runx2, OCN, and OPN). Thus,
we hypothesized that BK channels are involved in the progression
of calcification. Previous loss-of-function studies performed
in vitro have also demonstrated the beneficial effect of BK
channels on VC. Pharmacological inhibition or genetic silencing of

the BK channels under conditions of calcification exacerbated the
calcification process and increased the expression of Runx2, a
transcription factor, and OCN, which regulates mineralization by
inhibiting the formation of apatite crystals and promoting
osteoclast function [39]. Notably, BK channel inhibition enhances
OPNmRNA expression simultaneously, indicating that BK channels
may be involved in the compensatory state of VSMCs induced by
β-GP, where OPN may be upregulated to counteract the
progression of VC [40]. This hypothesis was confirmed by the
observed increase in ALP activity in paxilline-treated cells. ALP
inhibits hydroxyapatite formation and deposition in the vascular
wall through pyrophosphate hydrolysis [27].
In contrast, activation of the BK channels with two specific

openers, NS1619 and BMS191011, alleviated VC. These findings

Fig. 4 BK channel opener ameliorates calcification induced by high-dose vitamin D3. a Calcification in the thoracic and abdominal aortas
was analyzed by von Kossa staining. BMS191011 (BMS, BK channel opener, 10 mg/kg). b Quantification of the calcium content in the aortas
normalized by tissue weight. c The mRNA levels of Runx2 and α-SMA were analyzed by quantitative real-time PCR (qPCR). d Bar chart showing
the quantification results of ALP activity after normalization in mice aorta. e Representative original Western blots and semi-quantitative
analysis of Runx2 and α-SMA. Data are expressed as the mean ± SEM. n= 5, *P < 0.05, **P < 0.01, ***P < 0.001.
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indicate that BK channel activation may represent a potential
therapeutic strategy in the clinical management of VC.
Notably, paxilline suppressed the expression of the BK channels;

however, previous reports have shown that paxilline reduces BK
channel activity but not its expression [28]. This phenomenon may
be attributed to the β-GP-induced VC, rather than being
secondary to the effect of paxilline. Therefore, paxilline inhibits
the activity of BK channels, a phenomenon that in turn aggravates
the β-GP-induced VC and causes a reduction in the expression of
BK channels. However, the reason underlying reduced BK
expression in presence of calcification warrants further research.
It had been previously demonstrated that Akt phosphorylation

was reduced significantly in insulin-induced BK knockout adipo-
cytes or in paxilline-treated WT adipocytes [41]; a similar
phenomenon was observed in our study. Paxilline treatment or
BK channel deficiency in VSMCs reduced the expression of
phosphorylated Akt. These results suggest a correlation between
BK channels and Akt, which is a downstream of calcification
signaling. Moreover, we found that BK channel opener NS1619
induced the phosphorylation of Akt in the presence of β-GP. As a
BK channel agonist, NS1619 has been reported to activate BK
channels by increasing sarcoplasmic reticulum calcium release
[42]. And calcium could affect the phosphorylation of Akt [43], a
phenomenon that may be associated with the dysregulated
calcium levels during calcification. Additionally, the inhibition of

Akt counteracted the effects of the BK channel activator, thereby
promoting osteo-/chondrogenic transdifferentiation in calcifica-
tion. Thus, we hypothesize that the beneficial effect of BK
channels on VC is mediated partly by Akt. Surprisingly, the
inhibition of Akt was also accompanied by a decrease in the
expression of the BK channels, which is consistent with a previous
report showing that suppression of Akt signaling facilitates BK
degradation in oxidative-stress induced diabetic vessels [44]. We
speculated that the inhibition of Akt exacerbated calcification,
which in turn resulted in decreased BK channel expression.
However, the mechanisms by which BK channels affect Akt
expression or Akt inhibition results in downregulated expression
of BK channels are still unclear; further research is needed to
determine the exact relationships.
Furthermore, the expression of FoxO1 was altered upon Akt

activation, indicating that the Akt/FoxO1 signaling cascade may
mediate the effects of BK channels on VC. Some studies have
shown that Akt activation may inhibit FoxO1/3 expression,
resulting in increased Runx2 expression in H2O2- or glucose-
oxidase-exposed calcified VSMCs [26, 45]. However, this effect may
be attributed to the different models used to study VC, suggesting
that Akt signaling may be regulated in a context-specific and
model-specific manner. Nonetheless, our report suggests a
possible mechanism underlying the role of BK channels in
calcification.

Fig. 5 Akt inhibitor abolishes the effect of BK channel opener on vascular calcification (VC) in rat vascular smooth muscle cells (VSMCs).
a, b Representative images showing alizarin red S staining and quantification analysis of VC. NS1619 (BK channel opener, 20 μM), MK2206 (Akt
inhibitor, 1 μM). c Bar chart showing the quantification of ALP activity. d Bar chart showing the quantification the relative mRNA expression of
α-SMA, Runx2, OCN, and OPN in rat VSMCs. e Representative original Western blots and semi-quantitative analysis of α-SMA, BK, p-Akt (ser473),
Akt, p-FoxO1 (Thr24), and FoxO1 proteins. Data are expressed as the mean ± SEM. n= 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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In summary, our study demonstrates a novel role of BK channels
in VC. BK channel activation inhibits VC, at least in part, via the
Akt/FoxO1 pathway. Strategies to activate BK channel signaling
may open a new therapeutic avenue for VC.
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