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Asthma is a common noncommunicable disease that causes airway inflammation, leading to airway 
hyperresponsiveness and airflow limitation due to reversible bronchoconstriction, increased mucus 
production, and complex airway inflammation. Despite this complexity, asthma treatments that 

include inhaling β2-agonists are widely used. Two types of bronchodilators are commonly used to 

treat bronchial asthma and chronic obstructive lung disease including β2-adrenoceptor agonists and 

theophylline. β2-receptor agonists activate phosphorylation mechanisms, as well as NO donors 

activate bronchial KCa2+ directly. These compounds stimulate cAMP- and cGMP-dependent protein 

kinases, which phosphorylate and activate bronchial KCa2+. Additionally, the role of exchange 
proteins directly activated by cAMP (Epac) in the relaxation of bronchial smooth muscle. Although 

β2-receptor agonists are known to relax bronchial smooth muscle, the exact molecular mechanism 

remains unclear. Therefore, the present study aims to elaborate on this mechanism and provide a 

more comprehensive understanding of β2-receptor agonist-mediated relaxation of bronchial smooth 

muscle in asthma.  
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INTRODUCTION 
Asthma, a diverse airway inflammatory illness, is 
one of the most common diseases in developed 
countries. It is characterized by airway hyper-
responsiveness, reversible airflow restriction 
due to bronchoconstriction, increased mucus 
production, and complex airway inflammation. 

Asthma is a frequent noncommunicable illness 
worldwide, affecting between 1 and 18 percent 
of the population in various nations, with a 
global prevalence of over 339 million [1]. Several 
studies suggest that the prevalence of asthma is 
higher in the United States than the global 
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average, with a higher percentage of children 
affected than adults. Asthma can be caused by 
various factors and triggering agents, including 
environmental factors, hormonal changes, 
allergies, irritants, infections, smoking, 
pregnancy, and vigorous exercise [2, 3].  
Most mechanical force experiments involve 
applying mechanical loads, such as stretch, 
compression, and fluid flow shear stress, to 
cultured cells or tissue samples. Studies on 
human airway smooth muscle cells cultured in a 
fibronectin-coated silicon chamber showed that 
stretch-induced Ca2+ mobilization is not 
mediated by release from SR Ca2+ reserves but 
rather by a Ca2+ influx mechanism, possibly 
involving stretch-activated cation channels [4, 
5]. Both Ca2+-mobilizing and Ca2+-independent 
processes mediate airway smooth muscle 
contraction, known as Ca2+ sensitization, 
specifically through the activation of the 
RhoA/Rho-kinase pathway in the asthmatic 
airway. Inositol-1,4,5-trisphosphate (IP3) binds 
to the IP3 receptor, triggering store-operated 
Ca2+ entry (SOCE), also known as capacitative 
Ca2+ entry, in response to a decrease in the SR's 
Ca2+ content [6].  
Orai1 is a cation channel important for SOCE, 
and STIM1 is a crucial molecule that monitors 
Ca2+ concentrations inside the SR SOCE is 
activated when a ligand or agonist, such as a G-
protein-coupled receptor, is bound to a receptor 
[7]. Some or all of the channels for SOCE may be 
made up of members of the transient receptor 
potential (TRP) protein family, specifically the 
canonical TRP (TRPC) subfamily, which are 
receptor-operated and store-operated channels 
leading to Ca2+ entry [8]. 
 
Pathogenesis of asthma 
Asthma is a condition characterized by a 
heightened sensitivity of the airways, resulting 
in acute constriction in response to certain 
substances that do not cause such a response in 
unaffected individuals or an exaggerated 
narrowing of the airways in response to inhaled 
drugs [9]. This hyperresponsiveness can be 
demonstrated through the use of smooth-
muscle-acting drugs like histamine or 
methacholine. Smooth muscle cells in the 
airways play a significant role in asthma in three 
ways. Firstly, they can be abnormally sensitive to 
external stimuli [10]. Secondly, airway wall 
thickening due to hypertrophy and hyperplasia 
can affect airway reactivity. Thirdly, these cells 
can secrete chemokines and cytokines that 

promote airway inflammation and the survival 
of inflammatory cells, especially mast cells. 
Calcium (Ca2+), a ubiquitous second messenger, 
regulates many cellular activities, including 
proliferation, migration, contraction, and 
metabolism. Mitochondria have also been shown 
to store Ca2+ via uniporter and release it via the 
Na+/Ca2+ exchanger, making them important 
Ca2+ signaling organelles [11, 12]. Both elevated 
extracellular Ca2+ and the release of 
intracellularly stored Ca2+ have been implicated 
in initiating the contractile mechanism of airway 
smooth muscle in asthma [13]. 
Moreover, studies investigating the contraction 
of airway smooth muscle have indicated that the 
majority of calcium influx in this muscle type 
originates from intracellular stores rather than 
from L-type voltage-gated calcium channels (L-
VOCCs) [14]. Cytosolic calcium ions serve as 
second messengers in most signaling pathways, 
and an increase in their concentration triggers 
contractility in airway smooth muscle cells by 
stimulating calmodulin-dependent myosin light-
chain kinase [15]. While excessive calcium ion 
concentration in the cytosol activates L-VOCCs in 
airway smooth muscle cells via membrane 
depolarization, this does not fully explain the 
occurrence of asthma. Furthermore, the increase 
in cytosolic calcium ions also stimulates the 
activity of migratory, proliferative, and 
inflammatory cytokines in airway smooth 
muscle cells [16] (Figure 1). 
The KCa2+ channels, which are a diverse family of 
ion channels, exhibit a broad spectrum of 
biophysical and pharmacological characteristics. 
Despite this variability, these channels share a 
common function of coupling elevated 
intracellular Ca2+ concentrations with plasma 
membrane hyperpolarization [17]. This 
fundamental characteristic of KCa2+ channels 
allows them to play a crucial role in regulating 
cellular excitability, K+ homeostasis, and cell 
volume in non-excitable cells. The KCa2+ family 
can be classified into two subfamilies including 
the small conductance potassium channels (S.K.; 
KCa2+ 2.1, 2.2, 2.3), intermediate conductance 
potassium channels (I.K.; KCa2+ 3.1), and the big 
conductance potassium channels (B.K.; KCa2+ 1.1) 
[18, 19]. Unlike S.K. and I.K. channels, which are 
only activated by low cytosolic calcium, B.K. 
channels are allosterically activated in response 
to changes in membrane voltage or intracellular 
Ca2+ [20]. The wide range of KCa2+ channel 
properties observed across different tissues is 
influenced by several factors, including Ca2+ 
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Fig. 1. Exhibiting the involvement of calcium associated release of inflammatory  

mediators in pathophysiology of asthma 
 
sensitivity, kinetic behavior, susceptibility to 
pharmacological agents, and responsiveness to 
protein kinase activation [21].  
Abnormal Ca2+ homeostasis may lead to 
increased airway reactivity and the release of 
chemical mediators from leukocytes, mast cells, 
and other cell types in individuals with asthma 
[22]. Calcium is a crucial mediator for the 
various neurotransmitters and physical stimuli 
that trigger bronchial constriction and mast cell 
mediator release, and a malfunction in cellular 
calcium regulation may be linked to the 
development of bronchial hyperreactivity in 
asthma. During the disease, excessive calcium 
influx can bind to calmodulin or a calmodulin-
like regulatory protein in mast cells, as well as 
promote the activation of enzymes necessary for 
producing newly synthesized mediators such as 
histamine, prostaglandins, leukotrienes, and 
TNF-α [23, 24]. 
According to recent pathological findings, 
administering CCB therapy for 12 months can 
inhibit the remodeling of bronchial smooth 
muscle. In a mouse model of asthma, treatment 
with nicardipine reduced the levels of 
interleukin IL-4 and IL-5 in bronchoalveolar 
lavage fluid, as well as eosinophil counts, 
suggesting that CCBs may have anti-
inflammatory and antifibrotic effects on TH2 
inflammation. In a mouse model of pulmonary 
fibrosis, felodipine was found to inhibit the 

development of TGF-1-dependent myofibro- 
blasts and collagen synthesis [25, 26]. These 
findings suggest that CCBs may slow the yearly 
progression of pulmonary function in asthma 
patients, making them a promising treatment 
option for asthma. While broncho-dilatory drugs 
can raise intracellular cAMP in airway smooth 
muscle and relax precontracted preparations 
post-agonist administration, these drugs are less 
effective in inhibiting the agonist-induced 
contraction pre-agonist administration [27-29]. 
 
Pharmacology of Salbutamol 
Bronchial asthma and chronic obstructive lung 
disease are commonly treated with two types of 
bronchodilators including β2-adrenoceptor 
agonists (β2-receptor agonists) and theophylline. 
Although muscarinic receptor antagonists 
(tiotropium) are also bronchodilators, they are 
not relevant to the current investigation [30, 31]. 
These bronchodilators exert their broncho-
dilatory action by increasing cAMP levels inside 
bronchial smooth muscles. β2-receptor agonists 
activate the adenylyl cyclase enzymes, which 
catalyze the generation of cAMP, whereas β2-
receptor agonists like theophylline do so by 
competitively inhibiting the phosphodiesterase 
(PDEs) that hydrolyze cAMP [32]. The 
bronchodilator impact of short-acting β2-
receptor agonists (like salbutamol) accounts for 
their therapeutic efficacy, although theophylline 
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has been shown to possess additional significant 
anti-inflammatory properties. However, there 
are few preclinical and clinical studies that 
explain the phosphorylation mechanisms of β2-
receptor agonists [33, 34]. 
Several studies have explored different 
compounds' effects on bronchial KCa2+ 
activation. For example, NO donors have been 
found to stimulate cAMP- and cGMP-dependent 
protein kinases, which in turn phosphorylate 
and activate bronchial KCa2+ directly in vascular 
and airway smooth muscles [35]. Other studies 
have shown the role of exchange proteins 
directly activated by cAMP (Epac) in bronchial 
KCa2+ activation. However, the molecular 
mechanism of β2-receptor agonists mediated 
relaxation of bronchial smooth muscle is not 
fully understood [36, 37]. 
For more than half a century, researchers have 
been speculating about the potential harmful 
effects of adrenergic bronchodilators (Long-
acting beta-agonists, LABAs) in individuals with 
asthma. The mechanism causing these 
unfavorable clinical consequences remains 
unknown [38]. This debate aims to shed light on 
bronchodilator and bronchoprotective tolerance, 
which has been observed most frequently with 
short-acting medications but has also been 
shown to occur more quickly and to a greater 
extent with LABAs. Although the benefits of β2-
receptor agonists are well established, their use 
in asthma has been met with persistent safety 
concerns [39]. Human pancreatic beta and mast 
cells express β2-adrenoreceptors. Beta2-receptor 
agonists, both short-acting and long-acting, can 
suppress mast cells by inhibiting calcium-
mediated exocytosis and the release of histamine 
and leukotrienes to varying degrees, depending 
on the density of β2-receptors in the preparation 
[40]. Salbutamol's activities as a β2-receptor 
agonist on pancreatic beta cells increase insulin 
secretion, but other processes, such as increased 
glucagon secretion and hepatic effects, cause a 
rise in blood glucose and an apparent loss in 
insulin sensitivity. It is worth noting that the 
activation of β2-receptors (less depletion or 
change in ADP/ATP ratio in pancreases 
compared to the smooth muscle of lungs) and 
insulin secretion may result from the 
depolarization of beta pancreatic cells, which is 
primarily mediated by KATP inhibition [41, 42].  
β2-agonists were found to further increase the 
production of interleukin-6 by rhinovirus (RV), 
which is concerning as this cytokine has 
proinflammatory properties in the context of 

inappropriate use of β2-receptor agonists during 
asthma exacerbations [43]. Studies on the IL-6 
promoter have revealed that β2- receptor 
agonists enhance RV-induced IL-6 production by 
binding to a cAMP response element (CRE). This 
suggests that the induction of IL-6 in bronchial 
epithelial cells occurs through the same 
mechanism (cAMP induction) as the positive 
effects observed in smooth muscle cells (SMCs) 
[44]. Some studies have explored the connection 
between β2AR-cAMP-Epac1-dependent up-
regulation of angiogenesis and found that β2AR- 
and AC-activation, but not Epac1 stimulation, 
increased vascular endothelial growth factor 
(VEGF) production in human umbilical vein 
endothelial cells (HUVEC) [45, 46]. 
On the contrary, inhibiting KCa2+ 
pharmacologically resulted in elevated levels of 
IL-10 expression in peripheral Treg cells, as well 
as increased expression of IL-10's 
transcriptional regulators (KLF4, EBP4, and 
Blimp-1) [47]. This suggests that KCa2+ 
suppression may have potential therapeutic 
benefits for chronic inflammatory conditions 
such as inflammatory bowel disease. However, 
both the pathogenesis and treatment strategies 
involve an overload of cytoplasmic free calcium 
ions. Additionally, it remains unclear why 
calcium overload is stimulated by asthma 
therapy, which activates KCa2+, but not during 
the pathology of asthma itself [48, 49]. 
 
Concept of ATP-sensitive potassium channel 
(KATP) 
KATP openers have been shown to significantly 
relax the smooth muscles of both guinea pig and 
human airways. However, a study on the 
relaxation induced by β2-receptor agonists and 
NO-donors found that it is not affected by 
sulfonylurea-derived KATP blockers such as 
glibenclamide, indicating that KATP opening is not 
involved in the relaxation response to these 
drugs [50]. Conversely, other studies have 
explored the role of KATP by blocking the 
bronchodilatory effects of salbutamol with 
glibenclamide. These contradictory results 
highlight the need to understand the structural 
basis and binding affinity of drugs towards KATP 
in order to comprehend the molecular 
mechanism of KATP in conjunction with β2-
receptor agonists [51]. 
KATP channels play a crucial role in energy 
sensing across a broad range of bodily functions, 
making them effective therapeutic targets in 
human clinical trials. Activators of KATP, such as 
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nicorandil and pinacidil, have been used for 
decades to manage hypoglycemia and high blood 
pressure, while inhibitors such as glyburide and 
repaglinide are used to treat diabetes [52]. These 
compounds bind to distinct locations in the 
transmembrane region of the sulfonylurea 
receptor (SUR) subunit. KATP channels allow for 
potassium currents to pass through the cell 
membrane, with ATP acting as an inhibitor and 
ADP acting as an activator [53]. The conductance 
of potassium through KATP channels is regulated 
in response to fluctuations in the cellular levels 
of ATP and ADP. The therapeutic use of KATP 
activators and inhibitors is widespread in 
managing high blood pressure, angina pectoris, 
and type 2 diabetes [54]. 
KATP channels are composed of eight proteins, 
which include four inward-rectifier potassium 
channel 6 (Kir6) subunits that form the pore and 
four regulatory SUR subunits. The ATP-binding 
site is situated on the central Kir6 subunit, 
whereas the peripheral SUR subunit contains the 
activating Mg-ADP binding site [55]. There are 
three primary isoforms of SUR proteins, 
including the NBD-separated inward-facing 
orientation that causes inactivation mediated by 
insulin secretagogues, and the NBD-dimerized 
occluded orientation associated with KATP 
excitation, which is activated by KATP openers 
and synergizes with Mg-ADP. The KATP channel 
contains two SUR sites, SUR1 and SUR2, which 
are useful for developing inhibitors that trigger 
the depolarization of β cells and insulin secretion 
by binding to SUR1 [56]. Conversely, activators 
that open KATP via SUR2 sites help in passing 
the sodium current to the membrane, which 
lowers blood pressure and is used to treat 
hypoglycemia [57]. 
In a recent in vivo study, both SG-209 (2-
nicotinamide ethyl acetate) and CNP, which are 
direct activators of the KATP channel, were 
found to equally enhance angiogenesis in the 
chick chorioallantoic membrane (CAM) [58]. 
However, both glibenclamide and 5-hydroxy 
decanoate (5-HD), which are KATP inhibitors, 
suppressed both the baseline and CNP-induced 
CAM angiogenesis. In vitro, the polypeptides 
VEGF and CNP, as well as the direct KATP openers 
nicorandil and SG-209, stimulated the expansion 
and migration [59]. 
 
The molecular mechanism of KATP challenging 
salbutamol mediated activation 
Salbutamol and levalbuterol are two SABAs that 
are extensively used in the Americas and act as 

agonists at the β2AR to increase KCa2+ levels. 
Salbutamol was first introduced for commercial 
sale in 1969 and remains a vital emergency 
treatment for individuals with asthma [60]. 
In the study of GPCRs, the β2AR is often used as a 
surrogate for the receptor under investigation. 
The hamster β2AR was the first GPCR to be 
successfully cloned in the late 20th century, and 
our understanding of GPCR pharmacology and 
signaling has significantly improved as a result 
of observations made from studying the β2AR 
[61]. When endogenous agonists like adrenaline 
and norepinephrine or synthetic agonists like 
salbutamol, a β2-agonist medication, activate the 
β2AR, it couples with and activates the 
stimulatory Gs protein, resulting in the release of 
the subunit of Gαs in the canonical receptor 
signaling scenario. Gαs, once bound, activates 
adenylyl cyclase, which catalyzes the conversion 
of ATP to cAMP [62].  
The balance between adenylyl cyclase (AC) 
synthesis and phosphodiesterase (PDE) 
breakdown tightly regulates the amount of cAMP 
in cells, with ten AC isoforms and eight PDE 
families known to function on cAMP. 
Heterotrimeric G-protein-coupled receptors 
(GPCRs) linked to Gαs (stimulatory) and Gαi 
(inhibitory) primarily provide upstream signals 
for the cAMP-PKA cascade on the cell surface 
[51, 64]. GNAI 1/2/3 encodes Gαi, whereas 
GNAS encodes Gαs. β2 agonists and other 
extracellular ligands can influence GPCR activity, 
which eventually regulates their intracellularly 
linked G proteins' activation. Heterotrimeric G 
proteins, composed of α, β, γ, and subunits, each 
have several isoforms, including four major G 
families (Gαs, Gαi, Gαq, and Gα12/13). Upon 
activation, G proteins separate from the receptor 
and can activate downstream effectors. 
Membrane-bound AC isoforms are mainly 
regulated by Gαs and Gαi (AC1-9) [46, 65]. 
Additionally, specific isoforms (AC2/4/7) can be 
activated by Gβγ, and negative regulation of 
cyclase activity can commence through 
phosphorylation by PKA for AC5 and AC6. 
Notably, physiological Ca2+ levels can activate 
(AC1/3/8 via calmodulin) or inhibit (AC5/6) 
specific AC isoforms. Soluble AC (encoded by 
ADCY10), unlike other isoforms, remains in the 
cytoplasm and mitochondrial matrix, responding 
to calcium and bicarbonate changes [66].  
The role of PKA in the airway relaxation 
mediated by β2-agonists is still a matter of 
debate. One study suggested that PKA is not 
necessary for the inhibition of acetylcholine-
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induced contractions by β2-agonists. However, 
another study indicated that PKA is required for 
the β2-agonist-induced airway relaxation. In 
airway smooth muscle cells, PKA has been 

shown to phosphorylate calcium-gated 
potassium channels, myosin light chain              
kinase, and activate Epac proteins in asthma [66] 
(Table 1). 

 
Table 1. Acute and chronic administration of salbutamol associated dose dependent responses 

 

S. No. 
Pharmacological 

Responses 
Mechanism of salbutamol 

1 
Bronchial smooth muscle 

cells relax 

SUR 1 and 2 unit of KATP channel opening (activation) due to over utilization 
of ATP mediated enhanced mitochondrial phosphorylation and enhanced 

ADP through salbutamol at therapeutic range 

2 Hyperglycemia 
Changes in ADP/ATP ratio associated KATP channel opening at SUR 1 units 

leads to reduced insulin secretion in pancreatic beta cells  

3 Cardiac arrhythmias  
Higher dose of salbutamol changes the generation pattern of ADP and 

increase ATP/ ADP ratio mediated NBD-separated inward-facing orientation 
reflects an inactivated state of SUR2 unit of KATP in cardiac cell. 

4 Seizures 
Over dose of salbutamol associated neuronal depolarization due to 

inactivation of KATP at SUR 1 and SUR 2 unit 

 
Our observations reveal that the Kir6.2 
cytoplasmic domain can be either closely linked 
or extended into the cytoplasm depending on the 
presence of pharmacological inhibitors and ATP. 
The KATP channel is primarily regulated by the 
ATP/ADP ratio, where an increase in the ratio 
leads to channel closure, and a decrease in the 
ratio in the presence of Mg2+ ions leads to 
channel opening [3, 13]. The catalytic region 
formed by the Walker motifs is responsible for 
binding adenine nucleotides and hydrolyzing 
ATP to produce ADP, which is critical for 
maintaining proper KATP channel activity through 
ADP-induced KATP channel activation. β2-agonists 
can increase human resting metabolic rates by 
10-50%, and changes in nucleotides ATP to 
cAMP decrease the ATP/ADP ratio, as is seen 
with beta 2 receptor agonists like salbutamol 
[32, 37]. However, the activation of β2 receptors 
by salbutamol can lead to hyperglycemia due to 
the KATP-associated opening of depleted insulin 
secretion from the pancreas and overproduction 
of glucose through gluconeogenesis and 
glycogenolysis in the liver. Research indicates 
that the KATP opener bepridil prevents Ca2+ 
overloading in guinea pig cells and their 
organelles, such as mitochondria. Notably, 
certain inhibitory isoforms (AC 2/4/7) can be 
activated by the Gβγ subunit of G-proteins, and 
the lung protein is overactivated due to calcium-
mediated inhibition of AC5/6. Inhibiting the KATP 
pathway increases NLRP3 inflammasome and 
inflammatory mediators such as IL-6, MPO, TNF-
α, and MCP-1, negating the anti-inflammatory 
effects of Panax notoginseng saponins [41, 48]. 
This finding was supported by the use of 

pharmacological blockers of KATP, such as               
5-hydroxydecanoate (a selective inhibitor of 
mitoKATP) and glibenclamide (a nonselective 
inhibitor of KATP). Through the activation of β2 
adrenergic receptors, salbutamol can suppress 
both short-term and long-term inflammation by 
decreasing inflammatory mediators such as 
MPO, TNF-α, and IL-6. Given that inflammation 
contributes to the etiology of asthma, the anti-
inflammatory effects of salbutamol may occur 
due to the opening of KATP and could be 
beneficial in treating the disease [24, 54, 62] 
(Figure 2). 
 

 
Fig. 2. Exploring mechanism of KATP challenging 

salbutamol mediated activation of KCa2+ 
 
CONCLUSION 
The latest advancements in studying the 
structure of KATP-drug complexes involving 
salbutamol have focus on the role of KATP 
pharmacology in treating asthma. Nevertheless, 
additional investigations are necessary to 
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comprehensively comprehend the molecular 
basis of KATP pharmacology in respiratory 
disorders. 

ACKNOWLEDGEMENTS  
This study was supported by Maharishi Arvind 
College of Pharmacy, Jaipur, Rajasthan, India. 

 
REFERENCES 
1. Adding LC, Agvald P, Artlich A, Persson MG, Gustafsson 

LE. Beta-adrenoceptor agonist stimulation of 
pulmonary nitric oxide production in the rabbit. Br J 
Pharmacol. 1999;126(3):833-39. doi:10.1038/sj.bjp.070 
2369 

2. Akagawa M, Mori A, Sakamoto K, Nakahara T. 
Methylglyoxal impairs β(2)-adrenoceptor-mediated 
vasodilatory mechanisms in rat retinal arterioles. Biol 
Pharm Bull. 2018;41(2):272-6. doi:10.1248/bpb.b17-00 
861 

3. Anderson G.P. Current issues with beta2-adrenoceptor 
agonists: Pharmacology and molecular and cellular 
mechanisms. Clin Rev Allergy Immunol. 2006;31(2-
3):119-30. doi:10.1385/criai:31:2:119 

4. Anesini C, Borda E. Modulatory effect of the adrenergic 
system upon fibroblast proliferation: Participation of 
beta 3-adrenoceptors. Auton Autacoid Pharmacol. 
2002;22(3):177-86. doi:10.1046/j.1474-8673.2002.002 
61.x 

5. Bartel S, Krause EG, Wallukat G, Karczewski P. New 
insights into beta2-adrenoceptor signaling in the adult 
rat heart. Cardiovasc Res. 2003;57(3):694-703. 
doi:10.1016/s0008-6363(02)00720-4 

6. Bond RC, Choisy SC, Bryant SM, Hancox JC, James AF. 
Inhibition of a TREK-like K+ channel current by 
noradrenaline requires both β1- and β2-adrenoceptors 
in rat atrial myocytes. Cardiovasc Res. 2014;104(1):206-
15. doi:10.1093/cvr/cvu192 

7. Bourke JE, Bai Y, Donovan C, Esposito JG, Tan X, 
Sanderson MJ. Novel small airway bronchodilator 
responses to rosiglitazone in mouse lung slices. Am J 
Respir Cell Mol Biol. 2014;50(4):748-56. doi:10.1165/rc 
mb.2013-0247OC 

8. Bourke JE, Li X, Foster SR, Wee E, Dagher H, Ziogas J, et 
al. Collagen remodelling by airway smooth muscle is 
resistant to steroids and β₂-agonists. Eur Respir J. 
2011;37(1):173-82. doi:10.1183/09031936.00008109 

9. Brixius K, Pietsch M, Hoischen S, Müller-Ehmsen J, 
Schwinger RH. Effect of inotropic interventions on 
contraction and Ca2+ transients in the human heart. J 
Appl Physiol. 1997;83(2):652-60. doi:10.1152/jappl.19 
97.83.2.652 

10. Bryant S, Kimura TE, Kong CH, Watson JJ, Chase A, 
Suleiman MS, et al. Stimulation of ICa by basal PKA 
activity is facilitated by caveolin-3 in cardiac ventricular 
myocytes. J Mol Cell Cardiol. 2014;68(100):47-55. 
doi:10.1016/j.yjmcc.2013.12.026 

11. Corompt E, Bessard G, Lantuejoul S, Naline E, Advenier 
C, Devillier P. Inhibitory effects of large Ca2+-activated 
K+ channel blockers on beta-adrenergic- and NO-donor-
mediated relaxations of human and guinea-pig airway 
smooth muscles. Naunyn Schmiedebergs Arch 
Pharmacol. 1998;357(1):77-86. doi:10.1007/pl00005 
141 

12. Deng WK, Wang X, Zhou HC, Luo F. L-type Ca(2+) 
channels and charybdotoxin-sensitive Ca(2+)-activated 
K(+) channels are required for reduction of GABAergic 
activity induced by β2-adrenoceptor in the prefrontal 
cortex. Mol Cell Neurosci. 2019;101:103410. doi:10.101 
6/j.mcn.2019.103410 

13. Doggrell SA. Recent pharmacological advances in the 
treatment of preterm membrane rupture, labour and 
delivery. Expert Opin Pharmacother. 2004;5(9):1917-28. 
doi:10.1517/14656566.5.9.1917 

14. Duffy SM, Cruse G, Lawley WJ, Bradding P. Beta2-
adrenoceptor regulation of the K+ channel iKCa1 in 
human mast cells. Faseb J. 2005;19(8):1006-8. doi:10.10 
96/fj.04-3439fje 

15. Escobar AL, Fernández-Gómez R, Peter JC, Mobini R, 
Hoebeke J, Mijares A. IgGs and Mabs against the beta2-
adrenoreceptor block A-V conduction in mouse hearts: 
A possible role in the pathogenesis of ventricular 
arrhythmias. J Mol Cell Cardiol. 2006;40(6):829-37. 
doi:10.1016/j.yjmcc.2006.03.430 

16. Faisy C, Grassin-Delyle S, Blouquit-Laye S, Brollo M, 
Naline E, Chapelier A, et al. Wnt/β-catenin signaling 
modulates human airway sensitization induced by β2-
adrenoceptor stimulation. PLoS One 2014;9(10):e111 
350. doi:10.1371/journal.pone.0111350 

17. Head SI, Ha TN. Acute inhibitory effects of clenbuterol 
on force, Ca²⁺ transients and action potentials in rat 
soleus may not involve the β₂-adrenoceptor pathway. 
Clin Exp Pharmacol Physiol. 2011;38(9):638-46. 
doi:10.1111/j.1440-1681.2011.05574.x 

18. Hirsh AJ, Benishin CG, Jones RL, Pang PK, Man SF. 
Calcium mobilization and isometric tension in bovine 
tracheal smooth muscle: effects of salbutamol and 
histamine. Cell Calcium 1996;19(1):73-81. doi:10.1016/ 
s0143-4160(96)90014-7 

19. Holden NS, Bell MJ, Rider CF, King EM, Gaunt DD, Leigh 
R, et al. (2011). β2-Adrenoceptor agonist-induced RGS2 
expression is a genomic mechanism of 
bronchoprotection that is enhanced by glucocorticoids. 
Proc Natl Acad Sci USA 2011;108(49):19713-8. 
doi:10.1073/pnas.1110226108 

20. Holden NS, George T, Rider CF, Chandrasekhar A, Shah 
S, Kaur M, et al. Induction of regulator of G-protein 
signaling 2 expression by long-acting β2-adrenoceptor 
agonists and glucocorticoids in human airway epithelial 
cells. J Pharmacol Exp Ther. 2014;348(1):12-24. 
doi:10.1124/jpet.113.204586 

21. Hostrup M, Kalsen A, Ortenblad N, Juel C, Mørch K, 
Rzeppa S, et al. β2-adrenergic stimulation enhances Ca2+ 
release and contractile properties of skeletal muscles, 
and counteracts exercise-induced reductions in Na+-K+-
ATPase Vmax in trained men. J Physiol. 2014;592 
(24):5445-59. doi:10.1113/jphysiol.2014.277095 

22. Ivonnet P, Salathe M, Conner GE. Hydrogen peroxide 
stimulation of CFTR reveals an Epac-mediated, soluble 
AC-dependent cAMP amplification pathway common to 
GPCR signalling. Br J Pharmacol. 2015;172(1):173-84. 
doi:10.1111/bph.12934 

23. Jo SH, Leblais V, Wang PH, Crow MT, Xiao RP. 
Phosphatidylinositol 3-kinase functionally compart- 
mentalizes the concurrent G(s) signaling during beta2-
adrenergic stimulation. Circ Res. 2002;91(1):46-53. 
doi:10.1161/01.res.0000024115.67561.54 

24. Kume H, Nishiyama O, Isoya T, Higashimoto Y, Tohda Y, 
Noda Y. Involvement of allosteric effect and KCa 
channels in crosstalk between β₂-adrenergic and 

7 



Singh et al                                                                                                                   Bull. Pharm. Res. 2023;13(1-3) 

 

2 
 

muscarinic M₂ receptors in airway smooth muscle. Int J 
Mol Sci. 2018;19(7):1999. doi:10.3390/ijms19071999 

25. Kuroda R, Shintani-Ishida K, Unuma K, Yoshida K. 
Immobilization stress with α2-adrenergic stimulation 
induces regional and transient reduction of cardiac 
contraction through Gi coupling in rats. Int Heart J. 
2015;56(5):537-43. doi:10.1536/ihj.15-034 

26. Leung AY, Yip WK, Wong PY. Characterization of 
adrenoceptors involved in the electrogenic chloride 
secretion by cultured rat epididymal epithelium. Br J 
Pharmacol. 1992;107(1):146-51. doi:10.1111/j.1476-53 
81.1992.tb14477.x 

27. Liu J, Zhang Y, Li Q, Zhuang Q, Zhu X, Pan L, et al. An 
improved method for guinea pig airway smooth muscle 
cell culture and the effect of SPFF on intracellular 
calcium. Mol Med Rep. 2014;10(3):1309-1314. doi:10.38 
92/mmr.2014.2385 

28. Lundström L, Bissantz C, Beck J, Wettstein JG, Woltering 
TJ, Wichmann J, et al. Structural determinants of 
allosteric antagonism at metabotropic glutamate 
receptor 2: Mechanistic studies with new potent 
negative allosteric modulators. Br J Pharmacol. 
2011;164(2b):521-37. doi:10.1111/j.1476-5381.2011.0 
1409.x 

29. McCormick C, Alexandre L, Thompson J, Mutungi G. 
Clenbuterol and formoterol decrease force production 
in isolated intact mouse skeletal muscle fiber bundles 
through a beta2-adrenoceptor-independent mechanism. 
J Appl Physiol. 2010;109(6):1716-27. doi:10.1152/jappl 
physiol.00592.2010 

30. Mikkelsen UR, Gissel H, Fredsted A, Clausen T. 
Excitation-induced cell damage and beta2-adrenoceptor 
agonist stimulated force recovery in rat skeletal muscle. 
Am J Physiol Regul Integr Comp Physiol. 2006;290(2): 
R265-72. doi:10.1152/ajpregu.00392.2005 

31. Mio M, Kirino Y, Kamei C. Desensitization of beta2-
adrenoceptor and hypersensitization to phosphodi- 
esterase inhibitors elicited by beta2-agonists in guinea 
pig eosinophils. J Allergy Clin Immunol. 2000;106(5): 
896-903. doi:10.1067/mai.2000.110099 

32. Mitra S, Ugur M, Ugur O, Goodman HM, McCullough JR, 
Yamaguchi H. (S)-Albuterol increases intracellular free 
calcium by muscarinic receptor activation and a 
phospholipase C-dependent mechanism in airway 
smooth muscle. Mol Pharmacol. 1998;53(3):347-54. 
doi:10.1124/mol.53.3.347 

33. Modzelewska B. Beta-adrenoceptors in obstetrics and 
gynecology. Dev Period Med. 2016;20(2):93-8.  

34. Molenaar P, Savarimuthu SM, Sarsero D, Chen L, 
Semmler AB, Carle A, et al. (-)-Adrenaline elicits positive 
inotropic, lusitropic, and biochemical effects through 
beta2 -adrenoceptors in human atrial myocardium from 
nonfailing and failing hearts, consistent with Gs 
coupling but not with Gi coupling. Naunyn 
Schmiedebergs Arch Pharmacol. 2007;375(1):11-28. 
doi:10.1007/s00210-007-0138-x 

35. Mori A, Takei T, Sakamoto K, Nakahara T, Ishii K. 4-
Hydroxy-2-nonenal attenuates β2-adrenoceptor-
mediated vasodilation of rat retinal arterioles. Naunyn 
Schmiedebergs Arch Pharmacol. 2015;388(5):575-82. 
doi:10.1007/s00210-015-1099-0 

36. Mori A, Taniai A, Hasegawa M, Sakamoto K, Nakahara T. 
Involvement of Gi protein-dependent BK(Ca) channel 
activation in β(2)-adrenoceptor-mediated dilation of 
retinal arterioles in rats. Naunyn Schmiedebergs Arch 
Pharmacol. 2020;393(11):2043-20. doi:10.1007/s0021 
0-020-01895-1 

37. Nakamura A, Johns EJ, Imaizumi A, Yanagawa Y, 
Kohsaka T. Modulation of interleukin-6 by beta2-
adrenoceptor in endotoxin-stimulated renal 
macrophage cells. Kidney Int. 1999;56(3):839-49. 
doi:10.1046/j.1523-1755.1999.00630.x 

38. Navaratnarajah M, Siedlecka U, Ibrahim M, van Doorn C, 
Soppa G, et al. Impact of combined clenbuterol and 
metoprolol therapy on reverse remodelling during 
mechanical unloading. PLoS One 2014;9(9):e92909. 
doi:10.1371/journal.pone.0092909 

39. Odnoshivkina YG, Sytchev VI, Petrov AM. Cholesterol 
regulates contractility and inotropic response to β2-
adrenoceptor agonist in the mouse atria: Involvement of 
G(i)-protein-Akt-NO-pathway. J Mol Cell Cardiol. 2017; 
107:27-40. doi:10.1016/j.yjmcc.2016.05.001 

40. Ohnuki Y, Umeki D, Mototani Y, Jin H, Cai W, et al. Role 
of cyclic AMP sensor Epac1 in masseter muscle 
hypertrophy and myosin heavy chain transition induced 
by β2-adrenoceptor stimulation. J Physiol. 2014;592 
(24):5461-75. doi:10.1113/jphysiol.2014.282996 

41. Oostendorp J, Kaumann AJ. Pertussis toxin suppresses 
carbachol-evoked cardiodepression but does not modify 
cardiostimulation mediated through beta1- and 
putative beta4-adrenoceptors in mouse left atria: No 
evidence for beta2- and beta3-adrenoreceptor function. 
Naunyn Schmiedebergs Arch Pharmacol. 2000;361(2): 
134-45. doi:10.1007/s002109900156 

42. Plant DR, Kearns CF, McKeever KH, Lynch GS. 
Therapeutic clenbuterol treatment does not alter Ca2+ 
sensitivity of permeabilized fast muscle fibres from 
exercise trained or untrained horses. J Muscle Res        
Cell Motil. 2003;24(7):471-6. doi:10.1023/a:102737773 
1137 

43. Prakash YS, van der Heijden HF, Gallant EM, Sieck GC. 
Effect of beta-adrenoceptor activation on [Ca2+]i 
regulation in murine skeletal myotubes. Am J Physiol. 
1999;276(5):C1038-45. doi:10.1152/ajpcell.1999.276.5 
.C1038 

44. Rider CF, King EM, Holden NS, Giembycz MA, Newton R. 
Inflammatory stimuli inhibit glucocorticoid-dependent 
transactivation in human pulmonary epithelial cells: 
Rescue by long-acting beta2-adrenoceptor agonists. J 
Pharmacol Exp Ther. 2011;338(3):860-9. doi:10.1124/ 
jpet.111.181016 

45. Rocha ML, Silva BR, Lunardi CN, Ramalho LN, Bendhack 
LM. (2016). Blood pressure variability provokes 
vascular β-adrenoceptor desensitization in rats. Vascul 
Pharmacol. 2016;82:82-9. doi:10.1016/j.vph.2016.05.0 
07 

46. Ryall JG, Schertzer JD, Murphy KT, Allen AM, Lynch GS. 
Chronic beta2-adrenoceptor stimulation impairs 
cardiac relaxation via reduced SR Ca2+-ATPase protein 
and activity. Am J Physiol Heart Circ Physiol. 2008; 
294(6):H2587-95. doi:10.1152/ajpheart.00985.2007 

47. Schertzer JD, Plant DR, Ryall JG, Beitzel F, Stupka N, 
Lynch GS. Beta2-agonist administration increases 
sarcoplasmic reticulum Ca2+-ATPase activity in aged rat 
skeletal muscle. Am J Physiol Endocrinol Metab. 2005; 
288(3):E526-33. doi:10.1152/ajpendo.00399.2004 

48. Schirmer I, Bualeong T, Budde H, Cimiotti D, 
Appukuttan A, Klein N, et al. Soluble adenylyl cyclase: A 
novel player in cardiac hypertrophy induced by 
isoprenaline or pressure overload. PLoS One 
2018;13(2):e0192322. doi:10.1371/journal.pone.0192 
322 

49. Schröder F, Herzig S. Effects of beta2-adrenergic 
stimulation on single-channel gating of rat cardiac L-

8 



Singh et al                                                                                                                   Bull. Pharm. Res. 2023;13(1-3) 

 

2 
 

type Ca2+ channels. Am J Physiol. 1999;276(3):H834. 
doi:10.1152/ajpheart.1999.276.3.H834 

50. Shan D, Wang H, Su Y, Jing Y, Wong TM. Kappa-opioid 
receptor stimulation inhibits cardiac hypertrophy 
induced by beta1-adrenoceptor stimulation in the rat. 
Eur J Pharmacol. 2007;555(2-3):100-5. doi:10.1016/j.ej 
phar.2006.10.040 

51. Si ML, Lee TJ. Alpha7-nicotinic acetylcholine receptors 
on cerebral perivascular sympathetic nerves mediate 
choline-induced nitrergic neurogenic vasodilation. Circ 
Res. 2002;91(1):62-9. doi:10.1161/01.res.0000024417. 
79275.23 

52. Siedlecka U, Arora M, Kolettis T, Soppa GK, Lee J, Stagg 
MA, et al. Effects of clenbuterol on contractility and Ca2+ 
homeostasis of isolated rat ventricular myocytes. Am J 
Physiol Heart Circ Physiol. 2008;295(5):H1917-26. 
doi:10.1152/ajpheart.00258.2008 

53. Skeberdis VA, Jurevicius J, Fischmeister R. 
Pharmacological characterization of the receptors 
involved in the beta-adrenoceptor-mediated 
stimulation of the L-type Ca2+ current in frog ventricular 
myocytes. Br J Pharmacol. 1997;121(7):1277-86. 
doi:10.1038/sj.bjp.0701268 

54. Steinfath M, Danielsen W, von der Leyen H, Mende U, 
Meyer W, Neumann J, et al. Reduced alpha 1- and beta 2-
adrenoceptor-mediated positive inotropic effects in 
human end-stage heart failure. Br J Pharmacol. 
1992;105(2):463-9. doi:10.1111/j.1476-5381.1992.tb1 
4276.x 

55. Suh BC, Chae HD, Chung JH, Kim KT. Pharmacological 
characterization of beta2-adrenoceptor in PGT-beta 
mouse pineal gland tumour cells. Br J Pharmacol. 
1999;126(2):399-406. doi:10.1038/sj.bjp.0702248 

56. Sytchev VI, Odnoshivkina YG, Ursan RV, Petrov AM. 
Oxysterol, 5α-cholestan-3-one, modulates a contractile 
response to β2-adrenoceptor stimulation in the mouse 
atria: Involvement of NO signaling. Life Sci. 
2017;188:131-40. doi:10.1016/j.lfs.2017.09.006 

57. Tanaka Y, Shinoda K, Sekiya S, Yamaki F, Shibano M, 
Yamashita Y, et al. Beta1-adrenoceptor-mediated 
relaxation with isoprenaline and the role of MaxiK 
channels in guinea-pig esophageal smooth muscle.           
J Smooth Muscle Res. 2004;40(2):43-52. doi:10.1540/j 
sm r.40.43 

58. Tanaka Y, Yamashita Y, Yamaki F, Horinouchi T, 
Shigenobu K, Koike K. MaxiK channel mediates beta2-

adrenoceptor-activated relaxation to isoprenaline 
through cAMP-dependent and -independent 
mechanisms in guinea-pig tracheal smooth muscle. J 
Smooth Muscle Res. 2003;39(6):205-19. doi:10.1540/j 
smr.39.205 

59. Thirstrup S, Nielsen-Kudsk F, Dahl R. In vitro studies on 
the interactions of beta2-adrenoceptor agonists, 
methylxanthines, Ca2+-channel blockers, K+-channel 
openers and other airway smooth muscle relaxants in 
isolated guinea-pig trachea. Eur J Pharmacol. 
1997;326(2-3):191-200. doi:10.1016/s0014-2999(97)8 
5414-3 

60. Wang XS, Sam SW, Yip KH, Lau HY. Functional 
characterization of human mast cells cultured from 
adult peripheral blood. Int Immunopharmacol. 2006; 
6(5):839-47. doi:10.1016/j.intimp.2005.12.004 

61. Wang YG, Samarel AM, Lipsius SL. Laminin binding to 
beta1-integrins selectively alters beta1- and beta2-
adrenoceptor signalling in cat atrial myocytes. J Physiol. 
2000;527 Pt 1(Pt 1):3-9. doi:10.1111/j.1469-7793.20 
00.t01-2-00003.x 

62. Wu MJ, Shin DH, Kim MY, Park CG, Kim YD, Lee J, et al. 
Functional effects of β3-adrenoceptor on pacemaker 
activity in interstitial cells of Cajal from the mouse 
colon. Eur J Pharmacol. 2015;754:32-40. doi:10.1016/ 
j.ejphar.2015.02.031 

63. Xiao RP, Avdonin P, Zhou YY, Cheng H, Akhter SA, 
Eschenhagen T, et al. Coupling of beta2-adrenoceptor to 
Gi proteins and its physiological relevance in murine 
cardiac myocytes. Circ Res. 1999;84(1):43-52. doi:10.11 
61/01.res.84.1.43 

64. Yeh JL, Liou SF, Liang JC, Huang YC, Chiang LC, Wu JR, et 
al. Vanidipinedilol: a vanilloid-based beta-adrenoceptor 
blocker displaying calcium entry blocking and 
vasorelaxant activities. J Cardiovasc Pharmacol. 2000; 
35(1):51-63. doi:10.1097/00005344-200001000-0000 
7 

65. Zablockaite D, Gendviliene V, Macianskiene R, Skeberdis 
VA, Jurevicius J, Kanaporis G, et al. Effect of 
hyperosmolarity on beta2-adrenergic stimulation in 
human atrium. Medicina (Kaunas) 2005;41(5):401-8.  

66. Zhong J, Hume JR, Keef KD. Beta-adrenergic receptor 
stimulation of L-type Ca2+ channels in rabbit portal vein 
myocytes involves both alphas and betagamma G 
protein subunits. J Physiol. 2001;531(Pt 1):105-15. 
doi:10.1111/j.1469-7793.2001.0105j.x

 
***** 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bpr179 
http://journal.appconnect.in 

5 9 


