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Abstract: Liang-Wang syndrome (LIWAS) is a polymalformative syndrome first described in 2019
caused by heterozygous mutation of the KCNMA1 gene encoding the Ca2+ and voltage-activated K+

channel (BKC). The KCNMA1 variant p.(Gly356Arg) abolishes the function of BKC and blocks the
generation of K+ current. The phenotype of this variant includes developmental delay, and visceral
and connective tissue malformations. So far, only three cases of LWAS have been described, one
of which also had neonatal diabetes (ND). We present the case of a newborn affected by LIWAS
carrying the p.(Gly375Arg) variant who manifested diabetes in the first week of life. The description
of our case strongly increases the frequency of ND in LIWAS patients and suggests a role of BK
inactivation in human insulin secretion. The knowledge on the role of BKC in insulin secretion is
very poor. Analyzing the possible mechanisms that could explain the association of LIWAS with
ND, we speculate that BK inactivation might impair insulin secretion through the alteration of
ion-dependent membrane activities and mitochondrial functions in β-cells, as well as the impaired
intra-islet vessel reactivity.

Keywords: big potassium channel; neonatal diabetes; insulin secretion; KCNMA1-linked chan-
nelopathy; Liang-Wang syndrome

1. Introduction

The large-conductance Ca2+ and voltage-activated K+ channel (BKC) is a tetramer
consisting of four α-subunits encoded by the KCNMA1 gene on chromosome 10q22.3 that
in human co-assembles with modulatory β subunits that modify the channel functional
properties and pharmacology [1]. BKCs are distributed in both excitable and non-excitable
cells where they couple the increase in intracellular Ca2+ concentration ([Ca2+]i) to hy-
perpolarization of the membrane potential playing key roles in the control of cellular
excitability and in the maintenance of K+ homeostasis and cell volume in non-excitable
cells [2]. They exert a pleiotropic action in many physiological processes, such as the con-
trol of neuronal excitability, neurotransmitter and hormone release, vascular tone, innate
immunity [3–6] and pathological states related to cancer [7–9]. BKC are localized both in
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the plasma membrane and intracellular membranes; their activation allows the transit of
large amounts of K+ across the membranes and plays a negative feedback controller role on
the activities of other membrane channels, including the voltage-dependent Ca2+ channels
VDCC [10]. BKC openers stabilize the cell by greatly increasing K+ outflow and leading
to hyperpolarization of membranes, and, as a result, decrease cellular excitability and/or
cause smooth muscle relaxation.

The dysfunctions of BKCs can generate alterations in different tissues and organs,
among which the best-described concern the smooth muscle, the kidney, the nervous
system, and the cochlea [1]. The electrical activity mediated by the passage of ions through
the cell membranes is fundamental for the release of insulin from β-cells, but K+ regulates
this process mainly through the activity of the ATP-sensitive K+ (KATP) channel [11]. KATP
channels are metabolic sensors that can couple the cell’s metabolic status with electrical
activity to regulate many cellular functions by controlling the cell membrane potential [11].
In pancreatic β-cells, KATP channels modulate insulin secretion in response to fluctuations
in plasma glucose levels, and thus are important regulators of glucose homeostasis. Even
if BKCs were electrophysiologically identified in primary and clonal β-cells more than
30 years ago and in human β-cells in 2008 by Braun et al. [6], there is poor knowledge on
BKC activity and insulin secretion.

Liang-Wang syndrome (LIWAS, OMIM #618729) is a polymalformative syndrome first
described in 2019 determined by loss-of-function variants of the KCNMA1 gene, which
encodes the BKC α-subunits. Of those, the KCNMA1 variant p.(Gly356Arg) was found to
abolish the function of the BKC and to block the generation of K+ current [3]. A phenotypic
analysis of three patients (one boy and two girls aged 3, 21 and 12 years, respectively)
carrying the p.(Gly375Arg) variant of the KCNMA1 gene revealed a novel syndromic neu-
rodevelopmental disorder named LIWAS which was associated with severe developmental
delay, visceral and cardiac malformations, and connective tissue abnormalities with arterial
involvement, bone dysplasia and characteristic dysmorphic features [3]. Neonatal diabetes
(ND) occurred in only 1 of the 3 LIWAS patients [3]. Given the low prevalence of ND, the
association between ND and LIWAS was considered casual, and ND was not included in
the clinical features of this new syndrome. To the best of our knowledge, no other new
cases of LIWAS have been reported since; therefore, the association between these two
diseases has yet to be confirmed. We present a new case of a newborn affected by LIWAS
carrying the p.(Gly375Arg) variant who manifested diabetes in the first week of life. Our
case strongly increases the frequency of ND in LIWAS patients suggesting a role of BKC
inactivation in human ND.

2. Case Presentation

Herein, we report the case of a newborn affected by LIWAS carrying the KCNMA1
(p.(Gly375Arg) variant. The newborn was a female born at 35 + 5 weeks of gestation from
non-consanguineous parents. Neonatal anthropometry was normal (birth weight 2685 g,
length 48 cm), as was her Apgar score (a quick test performed on a baby at 1 and 5 min after
birth that determines how well the baby tolerated the birthing process). The pregnancy was
characterized by the detection of polyhydramnios, an overdistended stomach, bilateral hy-
dronephrosis, dilation of intestinal loops, clitoral hypertrophy and bilateral microphthalmia
at 31 weeks of gestation. At birth, the newborn presented several congenital abnormalities
in addition to those detected in the prenatal period: microcephaly, hypertelorism, complete
intestinal malrotation and prepyloric antral membrane, unique urogenital sinus, and a
large patent ductus arteriosus with significant systemic to pulmonary shunt, leading to
pulmonary hypertension. The neurological picture was characterized by hyperexcitability,
hypotonia and a poor repertoire of spontaneous movements with normal brain magnetic
resonance imaging. At 3 days of life, she developed persistent insulin-dependent hyper-
glycemia (>250 mg/dL), leading to a diagnosis of neonatal diabetes (ND). Abdominal
ultrasound revealed normal pancreas morphology. After 72 h of life, total parenteral nu-
trition was started and continued until she died. She was treated with insulin (insulin
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requirement 0.01–0.05 U/kg/h) and she wore a continuous glucose-monitoring device.
Her metabolic control was good (HbA1c: 51 mmol/mol, 6.8%). She also developed respira-
tory failure requiring invasive mechanical ventilation and she underwent three surgical
interventions to correct the heart and the intestinal malformations. Following the last ab-
dominal surgery, she developed fatal sepsis due to Serratia, which led to exitus at 3 months
of age. A few days prior to death, the genetic analysis of the KCNMA1 gene showed the
heterozygous variant c.1123G > A. The protein variant determines the p.Gly375arg amino
acid change which defines the Liang-Wang syndrome.

3. Discussion

To the best of our knowledge, ND was reported only in one child diagnosed aged
3 years carrying the KCNMA1 p.(Gly375Arg) variant, whereas the other two patients
diagnosed at a later age (12 and 21 years) were not affected by ND [3]. However, the
report of Liang and colleagues did not give any clinical information and records about
diabetes history [3]. The description of our case strongly increases the frequency of ND
in patients with LIWAS and suggests that ND could be one of the clinical characteristics
of this syndrome, as well as that the lack of ND in other patients could be ascribed to
an incomplete penetrance of genotype into phenotype as in other genetic diseases [12].
We therefore propose including endocrine evaluation in newborns with a strong clinical
suspicion of LIWAS in the first days of life to make the diagnosis of ND at an earlier stage.

It is known that the dysfunction of other K+ channels, such as the KATP channel [13,14]
and proton-sensitive TALK 1 channel [15,16], leads to ND. Undoubtedly, our clinical ob-
servation prompts the reconsideration of BKC’s role in the human pancreatic β-cells. The
BKCs are unique amongst ion channels because of their dual activation by depolarizing
membrane potentials and increased [Ca2+]i. They have a complex regulation pattern that
includes the modulatory β-subunits, subunit phosphorylation (by protein kinases A, C,
G and CaMKII), pH, and endogenous messengers (NO, cAMP, cGMP) and modulators
(arachidonic acid, lipoxygenase and cytochrome P450 epoxygenase metabolites) [17]. De-
spite numerous experimental evidence suggesting that BKC channels play a fundamental
and specific role in many conditions and represent a promising pharmacological target,
several years of intense research effort in both academia and industry have not yet led to
the approval of BKC modulators for clinical use [17].

Regarding diabetes, several studies have reported a diminished BKC-mediated va-
sodilation in coronary micro-vascularization of diabetic patients [18–21], probably resulting
from harmful effects of blood glucose fluctuations leading to overproduction of reactive
oxygen species (ROS) and alteration of the protein kinase C α/nuclear factor -κB/muscle
ring fingers protein 1 signaling pathway [22] and the consequent ubiquitin-mediated degra-
dation of the channel β1 subunit by the ubiquitin-proteasome system [18]. Unfortunately,
the studies on the relationships between BKC inactivation and insulin secretion are very
few and mainly performed in cellular and animal models by using channel blockers with
different specificity, such as peptide toxins, the alkaloid paxilline and tetraethylammo-
nium [23]. However, the different types of islet cells have distinct ion channel profiles and
there are differences between human β cells and those of other mammals that must be
taken into account [10]. Initially, these channels were thought to play a role in the metabolic
enhancement of insulin secretion [24], but the contradictory results of subsequent inves-
tigations [25–27] and the lack of specific BKC reversible openers and blockers [6] have
led to little and confusing knowledge in this topic. For this reason, we can only make
assumptions about how the loss of activity of these channels could lead to ND.

To perceive the nutritional status, the β cells are grouped into islets that form a
dense network with small blood vessels. Human islets represent 1–2% of the weight
of the pancreas, have a complex architecture in which β-cells are directly juxtaposed to
non-β-cells, but receive up to 20% of the pancreatic blood supply [10]. Islets have little
innervation by cholinergic, adrenergic, and peptidergic nerve branches that, unlike in
mice, in humans create contact with smooth muscle vascular cells (SVCs) rather than with
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endocrine cells [28]. Insulin secretion is regulated by endocrine, biochemical, and neuronal
signals. At the endocrinal level, various hormones, such as melatonin, estrogens, leptin,
growth hormone, glucagon-like peptide-1, and gastric inhibitory polypeptides regulate
insulin secretion [29].

At the biochemical level, glucose metabolism stimulates insulin secretion by generat-
ing, triggering, and amplifying signals in β-cells. Insulin is secreted mainly in response
to increased cytosolic ATP concentration derived from a fast and intense glucose uptake
and catabolism [29]. β-cells share many characteristics with nerve cells including electrical
excitability and changes in membrane potential couple changes in glycemia to insulin se-
cretion promoted by Ca2+ influx through voltage-dependent Ca2+ channels (VDCCs). High
glycolytic ATP synthesis and mitochondrial ATP export rapidly increase the ATP/ADP cy-
tosolic ratio, triggering the closure of the KATP channel in the plasma membrane (Figure 1).
The resulting plasma membrane depolarization increases the open probability of VDCCs,
triggering an increase in cytosolic Ca2+ concentration that promotes exocytosis of insulin
containing secretory granules (Figure 1). In the postprandial state, glucose metabolism
generates additional signals which increase the amount of insulin secreted in response to
the triggering Ca2+ influx [30]. The pentose phosphate pathway and the export of mito-
chondrial tricarboxylic acid cycle intermediates, such as isocitrate, increase the cytosolic
NADPH and reduced glutathione which create signals that amplify insulin secretion [31].
The mobilization of Ca2+ from the endoplasmic reticulum (ER) also participates in the
amplification of Ca2+ signaling. ER Ca2+ homeostasis is determined by ion movements
across the ER membrane, including K+. Numerous K+ channels, including BKCs, have
been detected in the membranes of the ER [32]. However, ER is the synthesis site of
membrane proteins that are then transported to the Golgi apparatus and from the Golgi
apparatus to their destination on the cell surface or elsewhere. The K+ permeable trimeric
intracellular cation channels, which are found only in the ER [33], and potentially the
ryanodine receptor [32], inositol 1,4,5-trisphosphate receptor [32], and TALK-1 channel [15]
may contribute to the maintenance of the balance of charge movement that occurs during
the release of Ca2+ from the ER, while the functionality of other K+ channels in the ER has
not yet been clarified.
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Figure 1. Simplified schematic representation of the effects of BKC inactivation in pancreatic β-cells.
The inhibitory role of BKC inactivation (depicted in red) on some physiological mechanisms of
insulin secretion (depicted in blue) evoked by hyperglycemia and autonomic impulses. Please see
text for further details.
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Lastly, at the neuronal level, the autonomic regulation of insulin secretion take place
mainly indirectly via the stimulation of SVCs and the consequent increase in blood flow [34]
(Figure 1).

BKC activity can indirectly influence biochemical and neuronal regulation of insulin
secretion. In various cell types, BKCs are part of the membrane repolarizing mechanism
that helps reset the ionic balance to facilitate the generation of further action potentials and
act as a kind of “emergency brake” [4]. Even if BKCs do not seem to affect bulk [Ca2+]I in
β-cells, the loss of their plasma membrane polarizing activity might leave more VDCC in
the inactivated state, thereby affecting insulin exocytosis [26] (Figure 1).

On the other hand, BCKs might prevent Ca2+ overload in the mitochondria of β-cells
and in SVCs of islet vessels. A study performed on BKC knockout mice demonstrated
that the deletion of the KCNMA1 gene determines mitochondrial Ca2+ overload when
β-cells were exposed to high glucose concentration. This increase in mitochondrial Ca2+

concentration determined a decrease in ATP synthesis and an increase in the levels of
ROS and cellular apoptotic rate, leading to a reduction in insulin secretion and impaired
glucose homeostasis in vivo [26] (Figure 1). In addition, SVCs under conditions supporting
vasoconstriction, L-type Ca2+ channel (LTCC) activity in sarcoplasmic reticulum increases
[Ca2+]I, and consequently promotes cell contraction, while, under conditions favoring
vasodilation, the BKC activation by hyperpolarizing the membrane leads to an inhibition
of LTCC [35]. In the human pancreas, BKC activation by neuronal impulses favors the
dilation of contracted intra-islet vessels, thereby increasing blood flow and promoting
insulin release [10,18,36] (Figure 1).

Bearing in mind the above considerations, it is reasonable to assume that the loss
of BKC function caused by the KCNMA1 gene mutation may have indirectly impaired
insulin secretion by altering the regulation of membrane electrical activity and consequently
decreasing the number of activated VDCC, the ATP-dependent closure of KATP channels,
the β-cell proliferation and/or the islet perfusion in our patient. Since the response to
glucose matures during the first postnatal days [37], this alteration of pancreatic functions
at this time point may have led to overt diabetes.

Finally, the establishment of the KCNMA1-channelopathy consortium has truly
pushed BKC activators and blockers as a therapeutic target for several neuronal and
other possible diseases [36]. The development of these drugs could open new therapeutic
perspective for patients affected by LIWAS. However, no data are currently available on
this syndrome, especially for use in the pediatric population. More studies are needed to
expand the knowledge on their use in patients affected by this rare disease. The strength
of our work is the unique perspective from which we started to analyze the possible
relationships between BKC activities and insulin secretion in humans, while the main
limitation is the lack of experimental evidence. However, the present study paves the way
for a reconsideration of the role of BKCs in human insulin secretion, as well as for the
development of new BKC activators and blockers which could have positive therapeutic
effects on KCNMA1-linked channelopathies and other disorders associated with alterations
of BKC activity.

4. Conclusions

Our report shows that a multitude of complex and inter-related pathways determined
by BKC inactivation (alteration in functions of β-cells and SVCs) could impair insulin secre-
tion. We suggest considering the KCNMA1 p.(Gly375Arg) variant as a mutation potentially
associated with ND in LIWAS and propose including baseline endocrine evaluation at the
time of diagnosis and in the ongoing monitoring of patients affected by this rare syndrome.
New studies focused on the role of BKCs in human insulin secretion are warranted.

Author Contributions: C.M., R.C., L.S., P.A.L.V., V.C., M.M. and E.V. researched data; C.M., R.C.
wrote the manuscript and researched data; G.V.Z., G.L., E.D. reviewed/edited the manuscript; V.C.
contributed to the discussion and reviewed/edited the manuscript. All authors have read and agreed
to the published version of the manuscript.



Curr. Issues Mol. Biol. 2021, 43 1041

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Latorre, R.; Castillo, K.; Carrasquel-Ursulaez, W.; Sepulveda, R.V.; Gonzalez-Nilo, F.; Gonzalez, C.; Alvarez, O. Molecular

Determinants of BK Channel Functional Diversity and Functioning. Physiol. Rev. 2016, 97, 39–87. [CrossRef]
2. Kshatri, A.S.; Gonzalez-Hernandez, A.; Giraldez, T. Physiological Roles and Therapeutic Potential of Ca2+ Activated Potassium

Channels in the Nervous System. Front. Mol. Neurosci. 2018, 11, 258. [CrossRef] [PubMed]
3. Liang, L.; Li, X.; Moutton, S.; Vergano, S.A.S.; Cogné, B.; Saint-Martin, A.; Hurst, A.C.E.; Hu, Y.; Bodamer, O.; Thevenon, J.; et al.

De novo loss-of-function KCNMA1 variants are associated with a new multiple malformation syndrome and a broad spectrum of
developmental and neurological phenotypes. Hum. Mol. Genet. 2019, 28, 2937–2951. [CrossRef]

4. Vetri, F.; Choudhury, M.S.R.; Pelligrino, D.A.; Sundivakkam, P. BKca channels as physiological regulators: A focused review. J.
Receptor. Ligand Channel Res. 2014, 7, 3–13. [CrossRef]

5. Ledoux, J.; Werner, M.E.; Brayden, J.E.; Nelson, M.T. Calcium-activated potassium channels and the regulation of vascular tone.
Physiology 2006, 21, 69–79. [CrossRef] [PubMed]

6. Ghatta, S.; Nimmagadda, D.; Xu, X.; O’Rourke, S.T. Large-conductance, calcium-activated potassium channels: Structural and
functional implications. Pharmacol. Ther. 2006, 110, 103–116. [CrossRef]

7. Ferrera, L.; Barbieri, R.; Picco, C.; Zuccolini, P.; Remigante, A.; Bertelli, S.; Fumagalli, M.R.; Zifarelli, G.; La Porta, C.A.M.; Gavazzo,
P.; et al. TRPM2 Oxidation Activates Two Distinct Potassium Channels in Melanoma Cells through Intracellular Calcium Increase.
Int. J. Mol. Sci. 2021, 22, 8359. [CrossRef] [PubMed]

8. Mohr, C.J.; Schroth, W.; Mürdter, T.E.; Gross, D.; Maier, S.; Stegen, B.; Dragoi, A.; Steudel, F.A.; Stehling, S.; Hoppe, R.; et al.
Subunits of BK channels promote breast cancer development and modulate responses to endocrine treatment in preclinical
models. Br. J. Pharmacol. 2020. online ahead of print. [CrossRef]

9. Rosa, P.; Catacuzzeno, L.; Sforna, L.; Mangino, G.; Carlomagno, S.; Mincione, G.; Petrozza, V.; Ragona, G.; Franciolini, F.; Calogero,
A. BK channels blockage inhibits hypoxia-induced migration and chemoresistance to cisplatin in human glioblastoma cells. J.
Cell. Physiol. 2018, 233, 6866–6877. [CrossRef]

10. Rorsman, P.; Ashcroft, F.M. Pancreatic β-cell electrical activity and insulin secretion: Of mice and men. Physiol. Rev. 2018, 98,
117–214. [CrossRef]

11. Ashcroft, F.M.; Rorsman, P. KATP channels and islet hormone secretion: New insightsand controversies. Nat. Rev. Endocrinol.
2013, 9, 660–669. [CrossRef]

12. Miko, I. Phenotype variability: Penetrance and expressivity. Nat. Educ. 2008, 1, 137.
13. Ashcroft, F.M.; Puljung, M.C.; Vedovato, N. Neonatal Diabetes and the KATP Channel: From Mutation to Therapy. Trends

Endocrinol. Metab. 2017, 28, 377–387. [CrossRef] [PubMed]
14. Shimomura, K.; Maejima, Y. KATP Channel Mutations and Neonatal Diabetes. Intern. Med. 2017, 56, 2387–2393. [CrossRef]

[PubMed]
15. Vierra, N.C.; Dadi, P.K.; Milian, S.C.; Dickerson, M.T.; Jordan, K.L.; Gilon, P.; Jacobson, D.A. TALK-1 channels control β cell

endoplasmic reticulum Ca2+ homeostasis. Sci. Signal. 2017, 10, eaan2883. [CrossRef]
16. Graff, S.M.; Dadi, P.; Ibsen, C.E.; Dickerson, M.; Jordan, K.L.; Jacobson, D. 40-OR: The Role of TALK-1 K+ Channels in Pancreatic

ß-Cell Insulin Secretion, Mitochondrial Function, and the ER Stress Response. Diabetes 2019, 68, 40-OR. [CrossRef]
17. Nardi, A.; Olesen, S.-P. BK Channel Modulators: A Comprehensive Overview. Curr. Med. Chem. 2008, 15, 1126–1146. [CrossRef]
18. Qian, L.-L.; Liu, X.-Y.; Yu, Z.-M.; Wang, R.-X. BK Channel Dysfunction in Diabetic Coronary Artery: Role of the E3 Ubiquitin

Ligases. Front. Physiol. 2020, 11, 453. [CrossRef]
19. Nystoriak, M.A.; Nieves-Cintrón, M.; Nygren, P.J.; Hinke, S.A.; Nichols, C.B.; Chen, C.-Y.; Puglisi, J.L.; Izu, L.T.; Bers, D.M.;

Dell’Acqua, M.L.; et al. AKAP150 Contributes to Enhanced Vascular Tone by Facilitating Large-Conductance Ca2+-Activated K+
Channel Remodeling in Hyperglycemia and Diabetes Mellitus. Circ. Res. 2014, 114, 607–615. [CrossRef]

20. McGahon, M.K.; Dash, D.P.; Arora, A.; Wall, N.; Dawicki, J.; Simpson, D.A.; Scholfield, C.N.; McGeown, J.G.; Curtis, T.M. Diabetes
Downregulates Large-Conductance Ca2+-Activated Potassium β1 Channel Subunit in Retinal Arteriolar Smooth Muscle. Circ.
Res. 2007, 100, 703–711. [CrossRef]

21. Lu, T.; Chai, Q.; Jiao, G.; Wang, X.-L.; Sun, X.; Furuseth, J.D.; Stulak, J.M.; Daly, R.C.; Greason, K.L.; Cha, Y.-M.; et al. Downreg-
ulation of BK channel function and protein expression in coronary arteriolar smooth muscle cells of type 2 diabetic patients.
Cardiovasc. Res. 2019, 115, 145–153. [CrossRef]

22. Zhang, Z.-Y.; Qian, L.-L.; Wang, N.; Miao, L.-F.; Ma, X.; Dang, S.-P.; Wu, Y.; Liu, X.-Y.; Li, X.-Y.; Chai, Q.; et al. Glucose fluctuations
promote vascular BK channels dysfunction via PKCα/NF-κB/MuRF1 signaling. J. Mol. Cell. Cardiol. 2020, 145, 14–24. [CrossRef]
[PubMed]

http://doi.org/10.1152/physrev.00001.2016
http://doi.org/10.3389/fnmol.2018.00258
http://www.ncbi.nlm.nih.gov/pubmed/30104956
http://doi.org/10.1093/hmg/ddz117
http://doi.org/10.2147/JRLCR.S36065
http://doi.org/10.1152/physiol.00040.2005
http://www.ncbi.nlm.nih.gov/pubmed/16443824
http://doi.org/10.1016/j.pharmthera.2005.10.007
http://doi.org/10.3390/ijms22168359
http://www.ncbi.nlm.nih.gov/pubmed/34445066
http://doi.org/10.1111/bph.15147
http://doi.org/10.1002/jcp.26448
http://doi.org/10.1152/physrev.00008.2017
http://doi.org/10.1038/nrendo.2013.166
http://doi.org/10.1016/j.tem.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28262438
http://doi.org/10.2169/internalmedicine.8454-16
http://www.ncbi.nlm.nih.gov/pubmed/28824061
http://doi.org/10.1126/scisignal.aan2883
http://doi.org/10.2337/db19-40-OR
http://doi.org/10.2174/092986708784221412
http://doi.org/10.3389/fphys.2020.00453
http://doi.org/10.1161/CIRCRESAHA.114.302168
http://doi.org/10.1161/01.RES.0000260182.36481.c9
http://doi.org/10.1093/cvr/cvy137
http://doi.org/10.1016/j.yjmcc.2020.05.021
http://www.ncbi.nlm.nih.gov/pubmed/32511969


Curr. Issues Mol. Biol. 2021, 43 1042

23. Yu, M.; Liu, S.; Sun, P.; Pan, H.; Tian, C.; Zhang, L. Peptide toxins and small-molecule blockers of BK channels. Acta Pharmacol.
Sin. 2016, 37, 56–66. [CrossRef] [PubMed]

24. Braun, M.; Ramracheya, R.; Bengtsson, M.; Zhang, Q.; Karanauskaite, J.; Partridge, C.; Johnson, P.R.; Rorsman, P. Voltage-gated
ion channels in human pancreatic β-cells: Electrophysiological characterization and role in insulin secretion. Diabetes 2008, 57,
1618–1628. [CrossRef]

25. Houamed, K.M.; Sweet, I.R.; Satin, L.S. BK channels mediate a novel ionic mechanism that regulates glucose-dependent electrical
activity and insulin secretion in mouse pancreatic β-cells. J. Physiol. 2010, 588, 3511–3523. [CrossRef]

26. Düfer, M.; Neye, Y.; Hörth, K.; Krippeit-Drews, P.; Hennige, A.; Widmer, H.; McClafferty, H.; Shipston, M.J.; Häring, H.U.; Ruth,
P.; et al. BK channels affect glucose homeostasis and cell viability of murine pancreatic beta cells. Diabetologia 2011, 54, 423–432.
[CrossRef] [PubMed]

27. Rorsman, P.; Braun, M.; Zhang, Q. Regulation of calcium in pancreatic α- and β-cells in health and disease. Cell Calcium 2012, 51,
300–308. [CrossRef]

28. Rodriguez-Diaz, R.; Abdulreda, M.H.; Formoso, A.L.; Gans, I.; Ricordi, C.; Berggren, P.O.; Caicedo, A. Innervation patterns of
autonomic axons in the human endocrine pancreas. Cell Metab. 2011, 14, 45–54. [CrossRef]

29. Fu, Z.; Gilbert, E.R.; Liu, D. Regulation of Insulin Synthesis and Secretion and Pancreatic Beta-Cell Dysfunction in Diabetes. Curr.
Diabetes Rev. 2013, 9, 25. [CrossRef]

30. Kalwat, M.A.; Cobb, M.H. Mechanisms of the Amplifying Pathway of Insulin Secretion in the β Cell. Pharmacol. Ther. 2017, 179,
17–30. [CrossRef]

31. Campbell, J.E.; Newgard, C.B. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol.
2021, 22, 142–158. [CrossRef]

32. Checchetto, V.; Teardo, E.; Carraretto, L.; Leanza, L.; Szabo, I. Physiology of intracellular potassium channels: A unifying role as
mediators of counterion fluxes? Biochim. Biophys. Acta Bioenerg. 2016, 1857, 1258–1266. [CrossRef] [PubMed]

33. Kuum, M.; Veksler, V.; Kaasik, A. Potassium fluxes across the endoplasmic reticulum and their role in endoplasmic reticulum
calcium homeostasis. Cell Calcium 2015, 58, 79–85. [CrossRef]

34. Thorens, B. Neural regulation of pancreatic islet cell mass and function. Diabetes Obes. Metab. 2014, 16, 87–95. [CrossRef]
[PubMed]

35. Wu, R.S.; Marx, S.O. The BK potassium channel in the vascular smooth muscle and kidney: α- And B-subunits. Kidney Int. 2010,
78, 963–974. [CrossRef] [PubMed]

36. Szteyn, K.; Singh, H. Bkca channels as targets for cardioprotection. Antioxidants 2020, 9, 760. [CrossRef]
37. Johansson, M.; Andersson, A.; Carlsson, P.O.; Jansson, L. Perinatal development of the pancreatic islet microvasculature in rats. J.

Anat. 2006, 208, 191–196. [CrossRef]

http://doi.org/10.1038/aps.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/26725735
http://doi.org/10.2337/db07-0991
http://doi.org/10.1113/jphysiol.2009.184341
http://doi.org/10.1007/s00125-010-1936-0
http://www.ncbi.nlm.nih.gov/pubmed/20981405
http://doi.org/10.1016/j.ceca.2011.11.006
http://doi.org/10.1016/j.cmet.2011.05.008
http://doi.org/10.2174/157339913804143225
http://doi.org/10.1016/j.pharmthera.2017.05.003
http://doi.org/10.1038/s41580-020-00317-7
http://doi.org/10.1016/j.bbabio.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/26970213
http://doi.org/10.1016/j.ceca.2014.11.004
http://doi.org/10.1111/dom.12346
http://www.ncbi.nlm.nih.gov/pubmed/25200301
http://doi.org/10.1038/ki.2010.325
http://www.ncbi.nlm.nih.gov/pubmed/20861815
http://doi.org/10.3390/antiox9080760
http://doi.org/10.1111/j.1469-7580.2006.00520.x

	Introduction 
	Case Presentation 
	Discussion 
	Conclusions 
	References

