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Abstract
Neoplastically transformed astrocytes express functionally active cell surface β adrenergic receptors (βARs). Treatment of 
glioma models in vitro and in vivo with β adrenergic agonists variably amplifies or attenuates cellular proliferation. In the 
majority of in vivo models, β adrenergic agonists generally reduce cellular proliferation. However, treatment with β adrener-
gic agonists consistently reduces tumor cell invasive potential, angiogenesis, and metastasis. β adrenergic agonists induced 
decreases of invasive potential are chiefly mediated through reductions in the expression of matrix metalloproteinases types 
2 and 9. Treatment with β adrenergic agonists also clearly reduce tumoral neoangiogenesis, which may represent a putatively 
useful mechanism to adjuvantly amplify the effects of bevacizumab. Bevacizumab is a monoclonal antibody targeting the vas-
cular endothelial growth factor receptor. We may accordingly designate βagonists to represent an enhancer of bevacizumab. 
The antiangiogenic effects of β adrenergic agonists may thus effectively render an otherwise borderline effective therapy to 
generate significant enhancement in clinical outcomes. β adrenergic agonists upregulate expression of the major histocompat-
ibility class II DR alpha gene, effectively potentiating the immunogenicity of tumor cells to tumor surveillance mechanisms. 
Authors have also demonstrated crossmodal modulation of signaling events downstream from the β adrenergic cell surface 
receptor and microtubular polymerization and depolymerization. Complex effects and desensitization mechanisms of the β 
adrenergic signaling may putatively represent promising therapeutic targets. Constant stimulation of the β adrenergic receptor 
induces its phosphorylation by β adrenergic receptor kinase (βARK), rendering it a suitable substrate for alternate binding by 
β arrestins 1 or 2. The binding of a β arrestin to βARK phosphorylated βAR promotes receptor mediated internalization and 
downregulation of cell surface receptor and contemporaneously generates a cell surface scaffold at the βAR. The scaffold 
mediated activation of extracellular regulated kinase 1/2, compared with protein kinase A mediated activation, preferentially 
favors cytosolic retention of ERK1/2 and blunting of nuclear translocation and ensuant pro-transcriptional activity. Thus, βAR 
desensitization and consequent scaffold assembly effectively retains the cytosolic homeostatic functions of ERK1/2 while 
inhibiting its pro-proliferative effects. We suggest these mechanisms specifically will prove quite promising in developing 
primary and adjuvant therapies mitigating glioma growth, angiogenesis, invasive potential, and angiogenesis. We suggest 
generating compounds and targeted mutations of the β adrenergic receptor favoring β arrestin binding and scaffold facilitated 
activation of ERK1/2 may hold potential promise and therapeutic benefit in adjuvantly treating most or all cancers. We hope 
our discussion will generate fruitful research endeavors seeking to exploit these mechanisms.
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Introduction

Untransformed and malignantly transformed astroglial 
cells widely express neurolemmal cell surface β adrenergic 
receptors [1–3]. Human (e.g., U-251-MG, LM, and 1321 
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N1 astrocytoma cell lines) and rat (e.g., C6, C62B) glioma 
cells widely overexpress pharmacologically-stimulable 
and functionally active cell surface β adrenergic receptors 
(βARs) [4, 5]. In mice transfected with U87 cells in order 
to induce gliomagenesis in vivo, tumors overexpress β2ARs 
by approximately two-fold compared with cells of nearby 
healthy parenchyma [6]. Accordingly, β adrenergic recep-
tor modulated signaling regulates intracellular signal trans-
duction pathways implicated in the initiation, promotion, 
and progression of carcinogenesis. Studies have extensively 
indicated β adrenergic signaling powerfully modulates tumor 
cell proliferation, angiogenesis, invasiveness, and metastasis 
[7]. Authors have collectively elucidated these effects in gli-
oma models in vitro [8, 9] and in vivo [10]. We extensively 
discuss differential signal transduction pathways conveying 
β adrenergic signaling to cytosolic and nuclear mechanisms 
mediating cell surface receptor desensitization in untrans-
formed and neoplastically transformed glioma cells [11–16]. 
Our molecularly-oriented discourse will shed light on the 
apparent paradoxical behavior of carcinomas in response 
to pharmacological agonism or antagonism of β adrener-
gic receptor modulated signaling in vitro and in vivo. In so 
doing, we effectively illumine the potential utility of devel-
oping compounds modulating β adrenergic receptor modu-
lated signaling in the treatment of cerebral gliomas [10]. The 
development of a thorough understanding of these mecha-
nisms will pave the way and enhance our capacity to develop 
novel therapeutic approaches to induce log cell eradication 
of malignantly transformed astrocytes constituting cerebral 
gliomas [11–16].

β adrenergic receptor modulated signaling

We present an integrated framework detailing and concep-
tualizing the effects of β adrenergic receptor modulated 
signaling upon intracellular signal transduction pathways 
[11–16], constituted by specific and sequential phospho-
rylation-dependent conformational protein modifications, 
mechanisms blunting βAR-G protein coupling and promot-
ing receptor internalization [14, 17], and candidate thera-
peutic molecular targets modulating downstream signaling 
effects [18]. β adrenergic receptors constitute a family of 
heteromultimeric heptahelical transmembrane proteins 
(Fig. 1) [16], which modulate cellular processes by promot-
ing G protein-mediated signal transduction (Fig. 2) [19] and 
alternately upregulating [20, 21] or downregulating [22] 
the catalytic enzymatic activity of adenylate cyclase, which 
generates cyclic adenosine monophosphate (cyclic AMP or 
cAMP) from the high-energy substrate adenosine triphos-
phate (ATP) [23]. Cyclic AMP allosterically activates pro-
tein kinase A (PKA) by binding its regulatory subunits and 
physically releasing its catalytic subunits [24–27]. Ligand 

binding mediated promotion of β adrenergic receptor modu-
lated signaling concurrently potentiates the catalytic enzy-
matic activity of phospholipase C, generating diacylglycerol 
(DAG) and inositol triphosphate  (IP3) from the precursor 
phospholipid phosphatidyl inositol diphosphate  (PIP2). DAG 
allosterically activates protein kinase C, which phosphoryla-
tively modulates a host of intracellular signal transduction 
pathways. Binding of  IP3 to receptors studding the phos-
pholipid bilayer membrane of the sarcoplasmic reticulum 
enhances the release of divalent cationic calcium from 
abundant organellar stores to the cytosol. Ligand-activated 
β adrenergic receptors transactivate intracellular tyrosine, 
serine-threonine, or SRC kinase-coupled membrane protein 
growth factor receptors [28–31]. C-terminal phosphorylated 
β adrenergic receptor β arrestin complexes constituting nidal 
signaling scaffolds may selectively and specifically potenti-
ate ERK1/2 activity and a set of variably related intracellular 
signal transduction pathways (Figs. 3, 4) [32–34].

Desensitization of β adrenergic receptor ligand binding-
effector coupling (Fig. 3) heads a pseudo-dichotomous sig-
nal transduction pathway switch [13, 35, 36] (Fig. 4). (N.B. 
C6 glioma cells undergo downregulation of cell surface β 
adrenergic receptor expression when grown in serum [37]). 
Agonist binding to the β adrenergic receptor renders it suit-
able to undergo carboxyl terminal phosphorylation by β adr-
energic receptor kinase (βARK) [11, 14], β arrestin 1 and/
or 2 binding of phosphorylated β adrenergic receptor C-ter-
minal sterically hinders βAR-G protein coupling [66, 81]. 
The adapter function of β arrestin proteins promotes binding 
of clathrin to the internal layer of phospholipid zones sur-
rounding βARs, which effects clathrin-coated pit-mediated 
receptor endocytosis [13]. The βAR-β arrestin scaffold pro-
motes binding of ERK1/2, c Jun N terminal kinase 3 (JNK3), 
Raf, cRaf1, and MEK1 (Figs. 3, 4) [11, 12, 15]. Preferential 
activation of these signaling proteins which classically pro-
mote cellular proliferation when activated by protein kinase 
A by the scaffold mechanism coordinately favors cytosolic 
retention and effects of these proteins and prevents nuclear 
translocation and pro-transcriptional activity-mediated pro-
motion of deoxyribonucleic acid and proteins constituting 
the mitotic machinery [11, 12]. β arrestin 1 exhibits prefer-
entially stable binding kinetics with the βAR compared with 
β arrestin 2. Binding of the amino terminus of β arrestin 1 
to the carboxyl terminus of βAR generates stable receptor 
internalization and slow βAR GPCR dephosphorylation, 
slowing return to the cell membrane [15]. Stable β arrestin 
1 βAR binding favors scaffold assembly and scaffold medi-
ated activation of the pleiotropically-acting kinase ERK1/2 
[12, 15]. Thus, the same set of mechanisms which mediates 
desensitization and internalization of the β adrenergic recep-
tor [15] coordinately contributes to modulating the effects 
mediated by ERK1/2 [11, 12, 15].
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Thus, instead of conceiving of β arrestin to represent a 
general inhibitor of β adrenergic signaling, it may be more 
appropriate and prudent to conceptualize this protein to 
modulate β adrenergic receptor modulated signaling, coor-
dinately attenuating G protein-mediated effects and pref-
erentially shifting signaling towards the non-proliferative 
actions of ERK1/2 (Fig. 4) [11, 12, 15]. Kinetics of β arres-
tin dissociation from GPCRs powerfully determine receptor 
conformational changes and dictate effects of downstream 

signaling [15]. Angiotensin  1A, vasopressin 2, neurotensin, 
and dopamine receptor carboxyl termini bind β arrestin 2 
stably with slower dissociation kinetics compared with the 
carboxyl terminal of βARs, generating stable clathrin coated 
pit-mediated internalization with slower dephosphorylation 
and return to the cell membrane [15]. The stable binding 
preferentially favors the cytosolic retention and activity 
ERK1/2, while downregulating the nuclear effects of the 
kinase [11, 12]. β arrestin 2 binds the α1b and β2 adrenergic 

Fig. 1  β1 adrenergic receptor structure schematic diagram. A Tur-
key β1 adrenergic receptor sequence illustrated in relation to sec-
ondary structural elements (these refer to alpha helices, beta pleated 
sheets, and beta bends). Amino acid sequence indicated in white cir-
cles demonstrate regions which are not well ordered, with sequences 
not resolved indicated by grey circles. Amino acid sequences on an 
orange background were deleted in order to generate the β1 adrener-
gic receptor construct for expression. Thermostabilising (red), C116L 
(mediating an increase in functional expression), and C358A (elimi-
nating the palmitoylation site) (blue) mutations, and Na+ ion (purple) 
indicated by color. Numbers refer to the first and last amino acid resi-
dues contained within each helix (blue boxes), with the Ballesteros-

Weinstein numbering indicated in superscript. Helices were defined 
utilizing the Kabasch & Sander algorithm, with helix distortions 
being defined as residues maintaining chain torsion angles differing 
by more than 40° from the standard α-helix values (− 60°, − 40°). B 
Ribbon representation of the 1 adrenergic receptor structure demon-
strated in rainbow colouration, with N-terminus (blue), C-terminus 
(red), Na+ ion (pink), and two disulphide bonds (yellow) indicated. 
Cyanopindolol is indicated as a space-filling model. Extracellular 
loop 2 (EL2) and cytoplasmic loops 1 and 2 (CL1, CL2) are labelled. 
Reprinted with permission from Warne et  al. [16]. (Color figure 
online)
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receptors transiently with more rapid dissociation kinetics. 
Rapid dissociation kinetics generates equivalently rapid 
removal of phosphate moieties from the G protein-coupled 
receptor (GPCR) and return of endocytosed receptor to the 
plasmalemmal phospholipid bilayer [15] and preferentially 
enhances G protein mediated effects of G protein coupled 
receptor activation and comparatively attenuates scaffold 
mediated effects upon signal transduction pathways, coor-
dinately promoting nuclear translocation of, and transcrip-
tional upregulation mediated by, activated ERK1/2.

Modulation of cellular proliferation by β 
adrenergic signaling

Malignantly transformed astroglia overexpress pharmaco-
logically stimulabe and functionally active β adrenergic 
receptors [5]. Studies have provided evidence indicating 
ligand activation of β adrenergic receptor modulated sign-
aling may either promote or blunt proliferation of malig-
nantly transformed cells in glioma models [4, 38–44] and 
extra-neuraxial carcinoma [45–49]. Specifically, ligand 
activation of β adrenergic receptors potently amplifies cel-
lular proliferation in lung [7], gastric [50], hepatocellular 
[51], pancreatic [52], colorectal [53], breast [54, 55], ovar-
ian [56, 57], and prostatic [49] carcinoma models in vitro. 
Paradoxically, pharmacological antagonism of β adrenergic 
receptors also potently attenuates cellular proliferation in 
hemangioblastoma [58] and hepatic [55], pancreatic [59], 
gastric [50], colorectal [46], breast [54, 55], ovarian, and 

prostatic [60] carcinoma models in vitro. β antagonists 
reduce cellular proliferation and migration in neuroblas-
toma cell lines [8], enhance therapeutic concentrations of 
co-administered medications [8], and reduce expression of 
P-glycoprotein inhibitors [61]. β adrenergic receptor agonists 
were shown to reduce the proliferation of MDA-MB-231 
human breast cancer cells [48, 118]. Succinctly, blunting 
of tumor cell proliferation in vitro by β adrenergic agonists 
results from desensitization and by β adrenergic antagonists 
results directly from receptor antagonism [62]. Studies have 
alternately demonstrated improved [63] or reduced [64] 
survival in patients harboring ovarian carcinoma receiving 
pharmacological antagonists of β adrenergic receptors. The 
bitopic agonist and GPR55 antagonist ( , ')-4′-methoxy-
1-naphthylfenoterol, which may be designated as ( , ')-
MNF, significantly reduces mitogenic potential in melanoma 
by modulating cyclic AMP protein kinase A-dependent path-
ways [65]. ( , ')-4-methoxy-1-naphthylfenoterol reduces 
HepG2 and PANC-1 tumor cell migratory capacity through 
actions upon GPR55 [66].

Treatment with the β adrenergic agonist isoproterenol 
dose-dependently enhances U251MG glioblastoma cel-
lular proliferation by promoting the phosphorylation and 
enzymatic activity of ERK1/2 in vitro [67]. Norepineph-
rine reduces cellular proliferation and uptake of l-arginine 
in rat glial cells [68] and 1,25-dihydroxycholecalciferol-
induced apoptosis of glioma cells in vitro [69]. The bitopic 
compound ( , ')-fenoterol inhibits proliferation of, and 
reduces l-arginine uptake in, N1321 astrocytoma and U118 
glioblastoma cells [9]. Stimulation of purinergic receptor 

Fig. 2  β adrenergic receptor G protein cycle. A Extracellular agonist 
binds to the β adrenergic receptor effecting conformational changes 
within the cytoplasmic ends of the receptor transmembrane domains, 
allowing the heterotrimeric G protein to bind the β adrenergic recep-
tor. G protein binding to the β adrenergic receptor facilitates confor-
mational changes promoting GTP-GDP exchange by the α subunit, 
facilitating dissociation of the catalytic α and noncatalytic βgamma 
subunit. The G protein catalytic α and noncatalytic βgamma subunits 
mediate various effector activities. The G protein activity stimulates 
adenylate cyclase activity and the noncatalytic βgamma subunit is 
demonstrated activating membrane calcium channels mediating entry 
of extracellular calcium to the cytosol. The α subunit subsequently 

catalyzes hydrolysis of bound guanosine triphosphate to guanosine 
diphosphate, mediating G protein α and βgamma subunit reconstitu-
tion. The G protein βgamma noncatalytic subunit also ferries the β 
adrenergic receptor kinase towards the β adrenergic receptor. B The 
purified β adrenergic receptor Gs protein complex free of nucleotides 
is maintained in detergent micelles. The Gα subunit consists of the 
Ras domain (αRas) with GTPase activity and the α-helical domain 
(αAH). Both subunits are involved in nucleotide binding. In the 
nucleotide-free condition, the α helical domain has a variable posi-
tion relative to the Gα Ras domain. Reprinted with permission from 
Rasmussen et al. [81]
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(P2Y12) modulated signaling inhibits cyclic AMP from 
tonically inhibiting protein kinase B, which in turn toni-
cally restricts C6 glioma cells from undergoing differen-
tiation [70]. Thus, we may, by extension, consider promot-
ing the enzymatic catalytic activity of adenylate cyclase 
enhances the synthesis of cyclic adenosine monophosphate 
and restricts protein kinase B from tonically inhibiting pro-
liferation of C6 glioma cells. Similarly, phosphatidylinositol-
3-kinase (PI3K) mediated enhancement of cyclic AMP syn-
thesis would concurrently promote cellular differentiation 

[70]. Though our best understanding of molecular pathways 
converging upon, and diverging through, protein kinase A, 
would lead us to surmise enhanced levels of intracellular 
cyclic adenosine monophosphate and activity of ERK1/2 

Fig. 3  β-Arrestin contributes to ubiquitinylation and receptor medi-
ated signaling. (1) MDM2 binds and mediates ubiquitinylation of 
receptor-associated β arrestin, promoting recruitment of clathrin 
and AP2, internalization of membrane bound receptors, and β arres-
tin-mediated scaffold facilitated signaling. (2) β arrestins facilitate 
ubiquitinylation of receptors by forming scaffolds comprised of E3 
ligase, bringing these enzymes into close proximity with the recep-
tors, thereby promoting receptor ubiquitinylation and trafficking to 
lysosomes for degradation. (3) β arrestin1 serves as an adaptor pro-
tein bringing the E3 ligase MDM2 to the activated insulin like growth 
factor-1 receptor, thereby promoting ubiquitinylation of receptor and 
subsequent proteasomal degradation. (4) β arrestins compete with 
insulin receptor substrate 1 for MDM2, thereby reducing insulin-
induced MDM2-mediated ubiquitinylation of insulin receptor sub-
strate 1 and proteasomal degradation. Insulin receptor substrate 1. β 
arrestins thus enhance sensitivity to insulin signaling. (5) Stimula-
tion by insulin through tyrosine kinase receptors promotes phospho-
rylation of β-arrestin, ubiquitinylation, and receptor downregulation, 
thereby augmenting heptahelical transmembrane receptor-mediated 
G protein signaling and reducing signaling facilitated by the adapter 
function of β arrestin promoting scaffold assembly. β-arrestin-
mediated signaling (e.g., to extracellular regulated kinase 1/2). (6) In 
Drosophila melanogaster, Kurtz, the nonvisual homologin of arrestin, 
interacts with the ubiquitin ligase Deltex in order to facilitate Notch 
ubiquitinylation. Notch ubiquitinylation promotes its proteasomal 
degradation. Reprinted with permission from Lefkowitz et al. [13]

Fig. 4  Conventional compared to biased heptahelical transmembrane 
receptor signaling. A Agonist-stimulated heptahelical transmembrane 
receptor signaling is mediated via both heterotrimeric G proteins 
and β arrestins. B Conventional antagonists bind heptahelical trans-
membrane receptor proteins and prevent agonist stimulated signaling 
through both heterotrimeric G proteins and β arrestins. C Soi-disant 
biased agonists/antagonists (e.g., SII-angiotensin II) prevent heterotri-
meric G protein signaling mediated by agonist stimulation of G pro-
tein coupled receptor while promoting β arrestin facilitated scaffold 
signaling. Reprinted with permission from Lefkowitz et al. [13]RETRACTED A
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(i.e., MAPK) signaling correlates with enhanced cellular 
proliferation and reduced levels correlate with the converse 
complementary set of effects, Kurino et al. paradoxically 
demonstrated C6 glioma cells experience paradoxical inhi-
bition of MAPK by growth factor-mediated upregulation of 
cyclic AMP several decades ago [71].

Carvedilol exerts a pleiotropic set of effects upon C6 
glioma cells in vitro, enhancing the proportional fraction 
of cells in the soi-disant S and  G2 phases at 24 h and the 
proportional fraction of cells in the  G0 and  G1 phases at 72 h 
[72]. These differential dynamics are consistent with initial 
promotion of β adrenergic receptor modulated signaling, 
enhancement of the catalytic enzymatic activity of adenylate 
cyclase, and increased cyclic adenosine monophosphate lev-
els, protein kinase A activity, and extracellular regulated 
kinase 1/2 mediated phosphorylation of target nuclear pro-
teins, enhancing cellular proliferation, followed by β adren-
ergic receptor desensitization of ligand effector coupling, 
reducing cellular proliferation [72]. Coadministration of 
carvedilol enhanced imatinib-induced cellular apoptosis (5% 
and 2% at 24 h and 72 h in a monolayer of C6 glioma cells), 
mitochondrial lysis, and retention of P-glycoprotein inhibitor 
[72]. Treatment with the bitopic βagonist GPR55 antagonist 
( , ')-MNF reduces cellular proliferation (by inducing  G1 
cell cycle arrest), cell motility, phosphorylation of molecular 
substrates of protein kinase A, and activity through ERK1/2 
and Akt pathways. High concentrations of ( , ')-MNF 
reduces glioma cell motility [72].

In seeking to evaluate the effects of promoting βAR 
modulated signaling upon the behavior of gliomas in vivo, 
Yoshida et al. generated extra-neuraxial models of glioma 
and meningeal gliomatosis by subcutaneously implanting 
C6 glioma cells [74]. Treatment with the β1 and β2 adrener-
gic receptor agonist isoproterenol, which may elicit cellular 
pro-proliferative effects through the activation of adenylate 
cyclase-cyclic AMP-protein kinase A-ERK1/2 signaling 
in vitro, paradoxically reduced tumor growth and improved 
animal survival in vivo [74]. These effects were synergis-
tically enhanced by treatment with the phosphodiesterase 
inhibitor papaverine, implicating cyclic AMP mediates 
the effects generated by β agonists [74]. Isoproterenol was 
shown to attenuate C6 glioma cellular proliferation in vitro, 
an effect synergistically promoted by inhibition of the enzy-
matic degradative activity of phosphodiesterase by papaver-
ine [75]. The findings collectively indicate βAR modulation 
may reduce growth of gliomas in human patients.

Differential effects mediated by β adrenergic agonists, and 
the congruent effects paradoxically mediated by pharmaco-
logical antagonists of β adrenergic receptor modulated sign-
aling, upon non-malignantly transformed and glioma cel-
lular proliferation may result from differential activation of 
downstream intracellular signal transduction pathways pro-
moted by agonist ligand binding to, and/or desensitization of 

βAR and phospho-βAR-β arrestin scaffold assembly [6, 72, 
76–80]. Stimulation of βAR stimulates the AC-cAMP-PKA-
ERK1/2 pathway, effectively promoting cellular proliferation 
[81]. However, sustained βAR activation generates receptor 
desensitization, clathrin coated pit mediated receptor endo-
cytosis and internalization, parallel increases of cytosolic 
calcium concentrations, and upregulation of the synthesis 
of phosphodiesterase enzyme [13]. The effects collectively 
attenuate the adenylate cyclase-cAMP-PKA pathways, pref-
erentially promote scaffold facilitated activation of ERK1/2 
rather than PKA mediated phosphorylative activation, reduc-
ing nuclear translocation and pro-transcriptional effects aug-
menting cellular proliferation, and amplifying the enzymatic 
cleavage capacity of phosphodiesterase to reduce cyclic 
AMP levels [11, 12]. Recent work conducted by O’Hayre 
et al. indicates β2AR-mediated activation of ERK absolutely 
requires β arrestins [82].

Intracellular effects of β adrenergic signaling 
in glioma models

βAR agonists enhance C6 glioma cellular proliferation and 
motility by promoting PKA and ERK1/2 signaling [83], 
which we believe to represent the chief and most likely 
direct effect of appropriately augmenting β adrenergic 
receptor modulated signaling. β antagonists reduce glioma 
cellular proliferation by inducing glioma cell cycle arrest 
and attenuate cyclic AMP mediated activation of ERK1/2 
[6, 72, 77, 79, 80]. Differential and divergent effects medi-
ated by β2 adrenergic receptor stimulation in vitro could be 
attributed to alternate coupling to either or both  Gs or  Gi 
proteins [84].  Gαs protein activates, and  Gαi protein inhibits, 
the enzymatic activity of adenylate cyclase. Transfection of 
with  Go1 alpha protein complementary DNA reduced iso-
proterenol- (βAR agonist) and forskolin (adenylate cyclase 
activator)-mediated enhancement of cytosolic increases of 
cyclic adenosine monophosphate and isoproterenol medi-
ated transient increases of cytosolic calcium and calcium 
mediated enhancement of cytosolic accumulation of cyclic 
adenosine monophosphate [83]. ( , ' )-MNF activates 
either or both  Gs or  Gi coupled β2 ARs, whereas ( , ' 
)-Fen selectively enhances the activity of  Gαs-coupled β2 
ARs [65, 73, 85, 86]. These properties of the bitopic com-
pounds fenoterol stereoisomers ( , ' )-MNF and ( , ' 
)-Fen cause these agents to mediate more effects upon cel-
lular proliferation and dynamic behavior compared with pure 
β adrenergic agonists (Fig. 5).

Gi protein-coupled receptors (e.g.,  GABAB, opioid, can-
nabinoid, α2 adrenergic) commonly converge on attenuat-
ing the enzymatic activity of adenylate cyclase, blunting 
the generation of cyclic AMP and reducing cyclic AMP-
mediated enhancement of cellular proliferation, invasion, 
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and metastasis [87, 88]. Cross-talk between βAR with  Gi 
protein-coupled receptors may contribute to differential 
effects mediated by β adrenergic receptor modulated sign-
aling. For example, ligand activation of  GABAB receptors 
inhibits isoproterenol-mediated enhancement of pancreatic 
cancer cell proliferation [89], providing evidence indicating 
a critical importance of crosstalk amongst β adrenergic and 
the complement constituents of the family of G protein-cou-
pled receptors. Crossmodal modulation of cell surface recep-
tor activation, desensitization, and scaffold-mediated effects 
may critically contribute to differential effects generated by 
alternate stable or transient ligand binding of pharmacologi-
cal agonists or antagonists to βARs in different tumor cell 
lines [88]. The described effects may also explain β adren-
ergic agonist and antagonist-mediated attenuation of glioma 
tumor cell migration [72, 79] and enhance drug sensitivity 
to imatinib [72].

Mechanisms underlying desensitization of β 
adrenergic receptor modulated signaling 
in glioma cell lines

Continuous β adrenergic receptor agonist stimulation desen-
sitizes ligand binding-effector coupling, promotes clathrin-
coated pit mediated receptor cytosolic internalization, and 
downregulates nascent messenger ribonucleic acid (RNA) 
transcripts in non-malignantly-transformed astrocytes [13] 
and glioma cell lines [90]. β adrenergic receptor kinase 
phosphorylates βAR carboxyl terminus amino acid moie-
ties, to which β arrestin binds, coordinately reducing the 
efficacy of ligand binding-effector coupling [13], reduces 
βAR-mediated cytosolic calcium rises, and preferentially 
attenuating cAMP-PKA facilitated activation of ERK1/2 
[15] and favoring βAR-β arrestin scaffold facilitated ERK1/2 
activation [15]. Scaffold-mediated activation of ERK1/2 
favors cytosolic retention and attenuates nuclear transloca-
tion and pro-transcriptional activity, preserving the house-
keeping homeostatic function of ERK1/2 while preventing 
its promotion of cellular proliferation (Figs. 3, 4). Elevations 
of cytosolic calcium effectively attenuate βAR stimulation- 
and adenylate cyclase stimulation- (forskolin) mediated 
enhancement of cytosolic cyclic AMP concentration in a 
C62B glioma model in vitro [91], perhaps by promoting the 
de novo synthesis of phosphodiesterase [44], prevented by 
treatment with the RNA polymerase II inhibitor α-amanitin.

Isoproterenol βAR stimulation mediated cyclic AMP 
rises downregulate βAR messenger RNA transcription 
(and enhance phosphodiesterase synthesis [42]), inhib-
ited by treatment with colchicine, though unaltered by the 
microtubule depolymerization inhibitor taxol-mediated 
enhancement of cytosolic concentrations of cyclic AMP 

[92]. A cyclic AMP response element (CRE) nested within 
DNA encoding the βAR subjects the gene to modulation 
by cyclic AMP concentrations. Treatment with the myelo-
suppressive non-neuropathic microtubule synthesis inhibi-
tor vinblastine at doses insufficient to modulate protein 
synthesis prevents isoproterenol mediated enhancement 
of phosphodiesterase synthesis, though fails to prevent β 
agonist-mediated upregulation of nerve growth factor [42]. 
Crossmodal modulation between molecular compounds 
modulating polymerization and depolymerization of 
microtubules and βAR modulated signaling may be criti-
cally implicated in glioma initiation, promotion, progres-
sion, invasion, and metastasis [93]. NG 108-15 rat neuro-
blastoma cells express βARK isotypes 1 and 2 mRNA and 
exhibit Gβγ-dependent phosphorylation of rhodopsin and 
agonist-bound delta opioid receptor, recapitulating effects 
mediated by βAR activation in non-transformed cells [94, 
95]. Glioma cells may exhibit differential kinetics of βAR 
desensitization compared with non-malignantly-trans-
formed cells. C6 glioma cells undergoing comparatively 
fewer cycles of replication exhibit enhanced βAR ligand 
binding-effector coupling, evidenced by comparatively 
greater rises of cytosolic cAMP and calcium in response 
to treatment with the nonselective βagonist isoproterenol 
[96]; C6 glioma neoplastic astrocytes having undergone 
cellular senescence effectively amplify cyclic AMP levels 
in response to stimulation of βAR modulated signaling 
only in the presence of a pharmacological inhibitors of 
phosphodiesterase [96].

βAR activation conformationally modifies rat-derived 
C6 glioma cellular phenotype from fibroblastic to astro-
cytic [97], presumably via cyclic AMP mediated effects 
upon the state and dynamics of the cytoskeleton, effects 
potently inhibited in the presence of serum containing 
lysophosphatidic acid in a GTP-binding protein-depend-
ent manner [97]. Enhancement of cytosolic calcium con-
centrations by treatment with thrombin reverts cellular 
morphology from astrocytic- to epithelial-like [98], pre-
sumably via calcium-mediated downregulation of βAR-
mediated enhancement of cytosolic concentrations of 
cyclic AMP. Treatment with the direct thrombin inhibitor 
hirudin, but not with antithrombin III [98], inhibited βAR 
activation mediated cellular morphological transforma-
tion. Thrombin effects upon cellular morphology are likely 
mediated through activation of cell surface platelet acti-
vated receptors (PARs). The experimental findings collec-
tively indicate β adrenergic receptor agonists and thrombin 
coordinately converge on modulating intracellular signal 
transduction pathways affecting dynamic microtubular 
architecture by modulating cyclic AMP levels through 
ligand binding mediated effector coupling of allosterically 
activated membrane surface receptors [97, 98]. Pharma-
cological antagonism of the mGlu3 receptor attenuates 
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glioma cellular proliferation and enhances transformation 
of glioma cells from a fibroblastic to an astrocytic pheno-
type [55]. The described behavior may play a critical role 
in invasion and metastasis of cerebral glioma cells through 
crossmodal modulation amongst and between  Gs and  Gi 
protein coupled receptors [55].

Modulation of matrix metalloproteinase 
expression by β adrenergic signaling

The apical inter-endothelial tight junction-coupled base-
ment membrane (BM), glycosaminoglycan- and protein-
rich extracellular matrix (ECM), and blood brain barrier 
(BBB) collectively constitute initially formidable obstacles 
to tumor cell invasion, dissemination, metastasis, and distant 
implantation [99–101]. Matrix metalloproteinases (MMPs) 
modulate cellular proliferative capacity, cellular migration, 

and neoangiogenesis and enhance glioma cell capacity to 
invade and metastasize by enzymatically degrading the 
basement membrane and extracellular matrix [6]. MMP-2 
and MMP-9 represent the predominantly extracellularly-
liberated isoforms implicated in enhancing invasion and 
metastasis by glioma cells [102]. Human brain microvas-
cular endothelial cells (HBMECs) maintain the microarchi-
tectural integrity of the blood brain barrier [103]. Treatment 
of HBMECs grown on collagen I, collagen IV, fibronec-
tin, laminin, or hyaluronic acid with cyclic AMP supple-
ments enhances microarchitectural junctional continuity and 
expression of zona occludin 1, VE-cadherin, and claudin 5 
[103]. Inhibition of MMP-9 effectively forestalls HBMEC 
neoangiogenesis [104], invasiveness [104], and metastasis 
[105] in vitro. Treatment of rat C6 glioma cells with eugenol 
encapsulated chitosan nanopolymers reduces tumor cell met-
astatic potential by reducing the expression of MMP-9 [105]. 
Tissue hypoxia may promote the expression and proteolytic 

Fig. 5  Fenoterol structure, chemical activity, and biological actions. 
Fenoterols represent ideal candidate molecular structures which could 
be chemically modified in order to optimize agonist potency and gen-
erate specific beta adrenergic receptor conformations conducive of 
tighter binding of β arrestins. The fenoterol core structure consists of 
a bisubstituted meta dihydroxphenyl moiety and an ethanolamine side 
chain. The side chain attachments include a methyl or ethyl group 
in the R1 position and various ring form modifications of substi-
tuted (hydroxy, amino, methoxy) benzyl or naphthyl rings.  IC50/EC50 
ratios are inversely proportional to potency of inhibition of tritiated 
thymidine incorporation, a measure of DNA synthesis and thus cel-

lular proliferative capacity. Lower ratios between the  IC50 and  EC50 
correlate with lower concentrations of drug necessary to attenuates 
rates of synthetic thymidine incorporation into DNA. These fenoterol 
derivates effect potent inhibition of cellular proliferative capacity and 
effect cellular apoptosis. Different fenoterol stereoisomers gener-
ate differential percentage changes of HepG2 cells and inhibition of 
1321 N astrocytoma cell mitogenic capacity, as measured by tritiated 
thymidine incorporation. The α carbon and γ amine groups represent 
steroisomerically active centers [51, 65, 66, 73, 85, 86]. Reprinted 
with permission from Paul et al. [51]
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enzymatic activity of MMP, effects which could conceivably 
contribute to potentiating BBB disruption in hypoxic regions 
of glioma tumor masses [106]. Thus, enhancing cerebral 
blood flow via spinal cord stimulation in patients harboring 
intracranial gliomas [46] may reduce tumor invasive poten-
tial by reducing hypoxia-induced augmentation of MMP 
secretion [46].

A host of membrane receptor tyrosine kinases (RTKs) 
and G protein-coupled receptors (GPCRs) [67] and mem-
brane bound ectodomain proteolytic metalloproteinases 
(e.g., ADAM17; 34,110] regulate the expression and/or 
degradative enzymatic activity of matrix metalloproteases 
in non-malignantly-transformed astrocytes, human brain 
microvascular endothelial cells [6], and neoplastically-
transformed astroglia, effects coordinately or alternately 
facilitated via ERK1/2 [67] and/or epidermal growth factor 
receptor (EGFR)-PI3K-serine-threonine kinase signaling 
[107] Specifically, pharmacological antagonism of βAR 
modulated signaling attenuates the expression of MMP-2 
and MMP-9 in HBMECs [6] and reduces MMP-9 expression 
in tumors treated with the tumor promoting agent phorbol 
12-myristate 13-acetate [108]. Norepinephrine enhances the 
activity and/or expression of MMP-9 and VEGF in HONE-
1, HNE-1, and CNE-1 nasopharyngeal carcinoma cells 
[74] and metastasis in PC3 prostate carcinoma cells [60]. 
Treatment with propranolol reduces norepinephrine and 
stress-induced conferring of metastatic potential upon EG, 
SKOV3, and 222 ovarian carcinoma cells [56]. Concurrent 
inhibition of βAR modulated signaling and cyclooxygenase 
2 significantly reduces the risk of metastasis and gener-
ates potent immunomodulatory effects [109]. HuR protein, 
overexpressed in cancers, stabilizes the MMP-9 mRNA tran-
script [6]. Propranolol attenuates the expression of MMP-9 
(but not MMP-2] and generates cytosolic retention of HuR, 
reducing stability of the MMP-9 transcript [6]. HuR expres-
sion may also be suppressed via the green tea polyphenol 
epigallocatechin gallate and the isothiocyanate sulforaphane, 
effects exploitable therapeutically in the adjuvant treatment 
of carcinomas, by forestalling angiogenesis, invasive poten-
tial, and metastasis [6, 110].

Since hypoxia enhances glioma cell invasion through the 
upregulation of MMP-2 and MMP-9 in human and rat models 
in vitro and in xenograft models in vivo, there may exist cross-
pathway communication between βAR modulated signaling, 
AC/cAMP/PKA, EGFR/PI3K/Akt, PTEN, mTOR, and VEGF 
pathways [111]. We detail a subset of the findings relevant to 
the emergent acquisition of an integrated and cohesive con-
ceptual framework from which to understand the crossmodal 
interactions of these pathways by, and satisfaction of, the 
distinguished reader [111]. Hypoxia [1%  O2] upregulates the 
expression of HIF-1α, MMP-2, and MMP-9 downregulated 
expression of TIMP-1 in U87MG, U251MG, U373MG, and 
LN18 human glioma cell lines related to normoxic [21%  O2] 

conditions [111]. Treatment with HIF-1α small interfering rib-
onucleic acid (siRNA) reduced expression of HIF-1α, MMP-2, 
and MMP-9 and blunted tumor cell invasion in glioma sphe-
roids co-cultured with rat-derived brain slices; the magnitude 
of these effects was preferentially amplified under normoxic 
conditions (1%) [111]. The results collectively indicate 
hypoxia enhances glioma tumor migration and invasive poten-
tial by upregulating the expression of MMP-2 and MMP-9 
in a HIF-1α-dependent manner [111]. Tumor necrosis factor 
α-converting enzyme/a disintegrin and metalloproteinase 17, 
colloquially termed ADAM17 amongst molecular oncologists, 
proteolytically sheds phospholipid membrane bilayer-bound 
receptor, growth factor, and cytokine ectodomains [107].

Hypoxia upregulates the expression of ADAM17, activ-
ity of which correlates with 9L rat gliosarcoma and human 
U87 human glioma cell invasive potential, via EGFR-phos-
phatidylinositol-3-kinase-serine threonine kinase signaling, 
though independently of MMP-2 and MMP-9 levels [107]. 
Protease inhibitor-mediated attenuation of ADAM17 pro-
teolytic enzymatic activity or siRNA mediated downregu-
lation of ADAM17 expression reduces hypoxia-mediated 
enhancement of 9L rat gliosarcoma and U87 human glioma 
cell invasiveness [107]. Molecular inhibition of the mam-
malian target of rapamycin induced  G1 cell cycle arrest, 
reduced synthesis of VEGF, and downregulated the expres-
sion of MMP-2 and/or MMP-9 in PTEN (phosphatase and 
tensin homolog deleted from chromosome 10)-null U87MG 
and D54 human glioma cells, but not PTEN-null HOG oli-
godendroglioma cells [77]. Treatment of U87 xenografts 
in vivo induces glioma regression, presumably indicating 
cellular apoptosis, reduces tumoral VEGF expression, and 
blunts the expression of MMP-2 [77]. Treatment with fen-
tanyl reduces cellular proliferation, migration, and invasion 
of gastric cancer MGC-803 cells in vitro, attenuates PI3K/
Akt signaling, reduces expression of MMP-9, and enhances 
expression of the pro-apoptotic proteins caspase-9 and 
death-associated protein kinase 1 (DAPK1) [105], the latter 
pair of effects synergistically enhanced by treatment with the 
PI3K molecular inhibitor LY294002 and MMP-9 molecular 
inhibitor SB-3CT. Accordingly, pharmacological modula-
tion of β adrenergic receptor modulated signaling may be 
exploited to blunt tumor cell invasion by reducing MMP 
expression levels in human intracranial (e.g., glioma, glio-
blastoma, gliosarcoma) and extra-neuraxial (e.g., melanoma, 
breast cancer, gastric cancer, pancreatic cancer, colorectal 
cancer, prostate cancer, ovarian cancer) carcinomas and sar-
comas. These effects may be synergistically enhanced by 
coordinately administering βAR modulators with mTOR 
inhibitors, HIF-1α pathway modulators, the serine protease 
inhibitor and tryptase inhibitor nafamostat mesylate, con-
ventional cytotoxic chemotherapy, monoclonal antibodies 
to tumor-specific growth factor receptors, tumor-specific 
cytotoxic  CD3+  CD8+ T cells.
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Modulation of angiogenesis by β adrenergic 
signaling

Cerebral, brainstem, and cerebellar gliomas exhibit heteroge-
neous arteriolar density [112]. Tumor neoangiogenesis pro-
motes glioma growth, promotion, progression, invasion, and 
metastasis of gliomas [6, 76] and extra-neuraxial [113, 114] 
carcinomas, subject to modulation by β adrenergic receptor 
modulated signaling. Treatment with norepinephrine [115] 
or dopamine [116] and stress promote angiogenesis in ovar-
ian carcinomas by potentiating βAR mediated attenuation 
of PPARγ signaling and thus disinhibiting the synthesis of 
VEGF and FGF2, molecular behavior putatively extending 
to cerebral gliomas [116]. Reciprocally, pharmacological 
antagonist of β adrenergic receptor modulated signaling spe-
cifically forestalls incipient endothelial tubulogenesis and 
emergent angiogenesis, sans altering cell viability or migra-
tory capacity, by reducing the expression of matrix metallo-
proteases in HBMECs in vitro [6]. Chronic stress attenuates 
PPARγ-mediated signaling via upregulating activity through 
β adrenergic receptor modulated pathways, effectively dis-
inhibiting the synthesis of VEGF and FGF2 and preclud-
ing angiogenesis in models of ovarian carcinoma, a set of 
effects attenuated through the use of pioglitazone [113]. To 
this end, pediatricians now commonly espouse the use of 
propranolol to effect involution of the vascular endothelium 
in infants harboring benign hemangiomas [6]. The revealed 
set of molecular effects may be exploited to therapeutic 
benefit to generate marked reductions in glioma [6, 76] and 
extra-neuraxial [113, 114] hypervascular carcinoma growth 
potential, invasiveness, and angiogenesis. The effects of anti-
angiogenic compounds are characteristically amplified in the 
presence of ionizing radiation [117].

Immunomodulation by β adrenergic 
receptor modulated signaling

Immune effector responses mediating homeostatic antimi-
crobial and tumor cell surveillance and those contributing to 
the pathogenesis of neurodegenerative diseases, may occur 
within parenchyma contained within both the cranial cavity 
and vertebral column, alternately or coordinately recruit-
ing innate and/or adaptive (cellular and humoral effector 
arms) mechanisms [118–120]. Major histocompatibility 
(MHC) class II (dimer; each monomer constituted by α 
and βdomains)-complexed non-native glycoprotein antigen 
fragments (endocytosed and processed by antigen presenting 
cells [macrophages, dendritic cells, B cells]) are presented 
to effector  CD3+  CD4+ helper T cells and MHC class I (α1, 
α2, β1, β2-microglobulin domains)-complexed non-native 

glycoprotein antigen fragments (endogenously synthesized 
and modified by any cell type except nucleate spermatozoa 
and anucleate erythrocytes) are presented to  CD3+  CD8+ 
cytotoxic T cells [120], constituting cell-mediated immu-
nity. B cell generated immunoglobulins, antigen-potenti-
ated immunoglobulin class isotype switching, and antigen-
dependent maintenance of clonal plasma cell populations 
generating functional antibody against nonnative antigens 
constitutes ‘humoral’ immunity [120]. Immune effector 
mechanisms surveille and eradicate incipiently transformed 
neoplastic tumor seed cells.  CD3+  CD8+ and natural killer 
(NK) cells eradicate mutationally transformed cells gener-
ating MHC I-complexed tumor-specific antigens via cyto-
toxic  CD3+  CD8+ T cells, effectively preventing the pro-
gression and promotion of carcinogenically-mutated cells 
[120]. Abnormalities of these mechanisms could contribute 
to tumor initiation, promotion, and progression [121–123]. 
MHC II-bearing immunologically active astroglia and/or 
microglia abundantly populate malignant cerebral, brain-
stem, cerebellar, and spinal cord glioblastomas and astro-
cytomas [124]. Accordingly, brain microglial MHC class II 
expression antigen-specifically enhances immune responses 
within neural tissue [124], offering a set of therapeutic tar-
gets by which to eradicate glioma cells by enhancing intrin-
sic antitumor response mechanisms [125]. MHC class II 
cell surface proteins may be found complexed with endocy-
tosed- and endogenously-modified non-native antigens and 
are expressed in macrophages, plasma cells, and dendritic 
cells [119]. These antigen presenting cells interact with Th1 
and Th2 subtypes of  CD3+  CD4+ T cell effector arms and 
mediate differential host immune responses [118].

βAR modulated signaling and downstream target path-
ways play critical immunomodulatory roles by regulating 
MHC class II expression human glioma cell lines [124]. 
In differentiated U-373-MG, U-105-MG, and D-54-MG 
glioblastoma cells, treatment with the βAR agonist isopro-
terenol (1 × 10–6 to 5 × 10–6 M), adenylate cyclase activator 
forskolin, or cyclic AMP analogue deoxybromo-cyclic AMP 
(DBcAMP), enhance membrane cell surface expression of 
MHC class II DR molecules, effects generally mediated by 
enhanced synthesis of transcriptionally-nascent messenger 
ribonucleic acid transcripts [124]. For example, treatment 
with norepinephrine and isoproterenol upregulate MHC 
class II cell surface expression in U-373-MG differenti-
ated glioblastoma cells [124]. Treatment with isoproterenol 
enhances expression of MHC class II in U-373-MG cells to a 
greater extent compared with norepinephrine, given concur-
rent selective stimulation of βAR by the former and concur-
rent stimulation of β and α adrenergic receptors by the latter. 
IFN-γ enhances MHC class II expression in U-105-MG (1.5-
fold increase) and D-54-MG (2.5-fold increase) glioblastoma 
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cell lines to a greater extent compared with the upregulation 
of MHC class II synthesis elicited by IFN-γ in U-373-MG 
cells [124]. Treatment with IFN-γ coordinately enhances 
neuroblastoma membrane cell surface expression of MHC 
class I β2-microglobulin complexed tetradomain multim-
ers, an effect not generated by treatment with DBcAMP 
[126]. Treatment with the decarboxylated [3,4-DOPA 
decarboxylase; cofactor biotin) hydroxylated (dopamine-
β-hydroxylase; cofactor tetrahydrobiopterin) 3,4-dihydrox-
phenylalanine catecholamine derivative norepinephrine 
prevents IFN-γ mediated enhancement of MHC class II cell 
surface expression [127]. The finding perhaps collectively 
indicates norepinephrine- and IFNγ-mediated enhancement 
of MHC class II expression share a common and overlap-
ping downstream set of mediators, likely converging upon, 
and diverging through, cyclic AMP and protein kinase A. 
Thus, β adrenergic agonists and interferon-γ may generate 
therapeutically exploitable immunomodulatory effects in 
treating gliomas by upregulating cellular mediated glioma-
totoxic immune responses through adenylate cyclase-cAMP-
protein kinase A-dependent upregulation of membrane cell 
surface expression of MHC class II complexed-tumoral anti-
gens and thus putatively represent effective adjuvants which 
may enhance the effects of tumor therapies enhancing host 
immune mechanisms (tumor antigen-specific antibodies, 
 CD3+  CD8+ cytotoxic T cells, and NK cells) curtailing pro-
liferation, angiogenesis, invasion, and metastasis of glioma 
cells. We present the caveat that treatment with neither iso-
proterenol nor forskolin upregulated DRα gene expression in 
HL-60 promyelocytic leukemic cells [128], evidencing pos-
sible heterogeneity of the effect according to specific tumor 
cell type or inter-experimental differences.

Treatment with βAR agonists or TNF-α promotes pro-
liferation of C6 glioma cells in vitro, with the latter coor-
dinately upregulating βAR cell surface density via βAR-
dependent and PKC-mediated signaling [124], effects 
indicating crossmodal interaction between βAR signaling 
and molecular immune mediators. The findings of Lung 
et al. collectively indicate TNF promotes proliferation of 
C6 glioma cells through β adrenergic receptor activation 
[39]. The secreted pro-inflammatory protein cytokine tumor 
necrosis factor α (TNF-α), synthesized and elaborated by 
macrophages and microglia, binds membrane cell surface 
receptors possessing intracellular receptor tyrosine kinase 
activity and potentiates and mediates a spectrum of effects 
on cellular genetic transcription and tissue physiology. 
TNF-α enhances macrophage synthesis of IL-1, hypotha-
lamic synthesis of prostaglandins and pyrogen proteins, 
hepatically-synthesized acute phase reactants (IL-6, man-
nose binding protein), vascular endothelial expression of 

inter-endothelial cellular adhesion- and vascular cellular 
adhesion molecule-1 and synergistically potentiate adaptive 
immune effector and memory mechanisms. TNF-α ampli-
fies pyrogenic signaling in hypothalamic nuclei by raising 
the thermic set point, enhancing equilibria of biochemical 
metabolism, promoting non-shivering thermogenesis, and 
augmenting innate and adaptive immune responses, effects 
we suggest potentiate host immune mediated eradication of 
malignantly-transformed tumor cells.

β agonists synergistically enhance, diminish, or fail to 
alter TNF-mediated upregulation of proteins (see Table 1 
of [129]). Specifically, isoproterenol was shown to syner-
gistically enhance TNF-mediated upregulation of A20 and 
IL-6, attenuates TNF-mediated downregulation of LEF1, 
with a non-statistically significant tendency towards blunt-
ing TNF-mediated upregulation of ICAM-1 and VCAM-1 
in cultured astrocytes [129]. The biological mechanisms 
upon which these effects are predicated, investigated in the 
context of glioma, may be extended to rational therapeutic 
design of medications designed to treat systemic inflamma-
tory response syndrome, sepsis, severe sepsis, septic shock, 
and multiorgan dysfunction syndrome [129]. As an aside, 
βagonists enhance the synthesis of alveolar surfactant and 
compliance of the pulmonary parenchyma, a therapeutically 
exploitable corollary effect of βagonists upon pulmonary 
mechanics [130]. In the author’s anecdotal experience in 
the critical care unit, maintaining a very low dose of norepi-
nephrine [1–2 μg/kg/min) seems to correlate with improved 
metrics of tissue oxygenation (oxygenation index;  PaO2:FIO2 
ratio) in patients experiencing severe acute lung injury 
occurring in the context of septic shock.

Clinical relevance

Johansen et  al. describe a retrospective series of 218 
patients unfortunately afflicted with glioblastoma, all of 
whom received the anti-VEGF monoclonal antibody beva-
cizumab (most common adverse effects: arterial hyperten-
sion, bleeding diathesis, delayed wound healing) and alter-
nately received β antagonists or placebo [61]. Inclusion of 
β antagonists in therapeutic regimens yielded no enhance-
ment of survival. Retrospectivity and non-randomization of 
patients receiving βantagonist treatment and comparison 
groups limits the study [61]. A study evaluating the util-
ity of β antagonists excluding bevacizumab in patients with 
newly diagnosed low and high grade glioma sans multifo-
cal disease or extra-neuraxial metastases may effectively 
unveil whether the observed effects are chiefly attributable 
to reducing angiogenesis [61]. β adrenergic receptor block-
ade significantly improves clinical outcomes and survival 
in patients harboring breast, ovarian, and prostate carci-
noma and melanoma [131]. These agents reduce the risk 
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of developing prostate carcinoma [132] and hepatocellular 
carcinoma in patients infected with hepatitis C [133] and 
prolong survival in patients with breast cancer [134].

Drug development

Malignant potential of glioma cells depends critically on 
their capacity to transgress through the basement membrane 
[135, 136], migrate through the extracellular matrix [137], 
reach and enter proximally located microvasculature, travel 
to distant sites [138], exit the microvasculature, and implant 
and grow in distant microenvironments [139]. Neoangiogen-
esis induced by protein factors released from glioma cells 
contributes to sustaining tumoral growth [140]. Evasion of 
immune responses by downregulation of cell surface expres-
sion of tumor specific antigens and negative immunomodu-
lators contributes to immune evasion by glioma cells [125]. 
In this regard, β adrenergic signaling multi-mechanistically 
modulates immune mechanisms [124], local tumoral angi-
ogenesis [6], and processes contributing to invasion and 
metastasis by neoplastic tumors [139]. Modulation of β 
adrenergic receptor modulated signaling by various com-
pounds may thus be exploited to enhance immune responses 
to tumor, by increasing the cell surface expression of tumor 
specific antigens complexed with MHC class II homodimers 
[124] and thus promote antigen-specific tumor responses 
[124], inhibiting tumoral angiogenesis [6] and thus blunt-
ing the capacity for tumoral growth, and downregulate the 
expression and secretion of extracellular matrix degrading 
matrix metalloproteinases [6].

Fenoterols represent useful candidate molecular com-
pounds which may be chemically modified in order to 
optimize agonist potency and generate specific β adren-
ergic receptor conformations favoring β arrestin binding 
[65, 73]. Typical agonists or bitopic agonist-antagonists, 
such as ( , ')-MNF, exhibiting contemporaneous effects 
on GPR55 signaling, may exert cytostatic effects proving 
therapeutically beneficial in the adjuvant treatment of glio-
mas and extra-neuraxial malignancies [65]. Reinartz et al. 
identified the ( , '), as well as the ( , ')-stereoisomers 
of the bitopic agent 4′-methoxy-1-naphthyl-fenoterol to 
exhibit preferential binding to βARs coupling to  Gs protein 
[86]. Since these ligands preferentially favored G protein-
mediated signaling in response to βAR activation, disfavor-
ing phosphorylation of the carboxyl terminal of the βAR 
and β arrestin binding, these agents represent a unique set 
of βagonists to which desensitization develops slowly, and 
may be exploited therapeutically in the treatment of common 
medical conditions in lieu of classically utilized βagonists, 

postulates subjectable to rigorous empirical interrogation. 
The specific stereoisomeric conformation of fenoterol deriv-
atives and composition of the aminoalkyl moiety dictates 
binding affinity to β2 adrenoceptor-Gsα fusion proteins [85]. 
The efforts of medicinal chemists to further modify these 
agents will arm us with the capacity to develop compounds 
uniquely and preferentially generating carboxyl terminal 
βARK-phosphorylated βAR-β arrestin complexes preferen-
tially favoring scaffold-mediated ERK1/2 activation [11, 12].

For whatever reason, our instinctual faculties lead us to 
believe developing pharmaco-molecular switches favoring 
βAR-β arrestin scaffold facilitated activation of ERK1/2 may 
represent a pleiotropically effective panacea in the treatment 
of gliomas and extra-neuraxial carcinomas: the cytosolic 
homeostatic functions mediated by ERK1/2 are preserved, 
eschewing physiological compromise of metabolically active 
epithelia, with concurrent blunting of its nuclear pro-tran-
sriptional activity, representing the most empirically plau-
sible anti-carcinogenic therapeutic mechanism [11, 12, 85, 
86]. The prudent modulation of βAR modulated signaling, 
putatively employing combinatorial therapeutic strategies 
exploiting bitopic fenoterol derivative compounds and nafa-
mostat mesylate, may effectively blunt the progression of 
macular degeneration and retino-degenerative diseases [85, 
86]. Molecular pharmacological enhancers or inhibitors of 
protein machinery contributing to desensitization of β adr-
energic receptors and modulators of the scaffold promoted 
effects of distal signal transduction pathways of β adrenergic 
receptor may generate potent antitumoral effects [141, 142]. 
Studies have thoroughly demonstrated and elucidated the 
structural conformations of cyto-transductively active and 
inactive conformations of the β adrenergic receptor [13, 14, 
16, 81]. This information may be exploited in order to genet-
ically engineer chimeric β adrenergic receptor constructs, 
for example, exhibiting more stable binding dynamics with 
β arrestin, thus promoting scaffold-promoted effects of the 
G protein-coupled receptor β arrestin [13, 85, 86], including 
cytosolic retention of activated ERK1/2 and inhibition of 
its nuclear translocation, thus preventing cellular prolifera-
tion consequent to enhanced transcriptional activity [11, 12]. 
Precedence for these effects was shown by Tohgo et al., who 
generated chimeric constructs of the vasopressin receptor by 
replacing its native carboxyl terminal amino acid sequence 
with that of the carboxyl terminal end of the β adrenergic 
receptor [9]. Further studies utilizing targeted genetic muta-
tions of the carboxyl terminal chain of amino acid residues 
of the β adrenergic receptor and amino terminal chain of 
amino acid residues of the β arrestin protein may enhance 
our capacity to generate genetically-modified stable con-
structs promoting scaffold-mediated activation of ERK1/2, 
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chimeric constructs transfectable utilizing adenoviral vectors 
[11, 12].

β arrestin binds βARK-phosphorylated β adrenergic 
receptor carboxyl terminal amino acid moieties [14]. The 
Gβγ subunit of the  Gs protein promotes βARK transloca-
tion from the cytosolic pool towards the membrane and pro-
motes βARK-mediated phosphorylation of the βAR [9, 16, 
66]. High affinity binding of β adrenergic receptor kinase 
with a yet to be identified microsomal membrane protein 
through electrostatic interactions putatively indicates an 
important contribution of the interaction to mechanistically 
modulate β adrenergic receptor kinase activity [14]. Sub-
cellular compartmentalization of the β adrenergic receptor 
kinase may represent a prominent mechanism regulating 
β adrenergic receptor desensitization [14]. Pharmacologi-
cal G protein stimulators enhance the kinase activity of 
microsomal membrane protein-bound β adrenergic recep-
tor kinase, but not binding affinity [14]. Upregulation of G 
protein expression and enhancement of Gβγ activity through 
viral transfection of genetic constructs covalently linked to, 
and continuous with, a high activity promoter or treatment 
with pharmacological G protein stimulators (mastoparan/
GTPγS or aluminum fluoride) could be employed to thera-
peutic advantage to augment β adrenergic receptor kinase 
activity, consequently promoting β arrestin binding to β adr-
energic receptor carboxyl terminal phosphorylated amino 
acid moieties and βAR-β arrestin scaffold-mediated facili-
tation of ERK1/2 activity [14]. Combinatorial therapeutic 
approaches seeking to contemporaneously upregulate β adr-
energic receptor kinase-mediated phosphorylation of the β 
adrenergic receptor carboxyl terminal chain of amino acid 
moieties and enhance β adrenergic receptor-β arrestin bind-
ing stability could represent a promising therapeutic strategy 
in the adjuvant treatment of gliomas and other cancers.

Strategies which may enhance the stability of β arrestin-
G protein coupled receptor interaction would preferentially 
force the equilibrium from PKA- to scaffold-mediated 
activation of ERK1/2 [11, 12]. These effects would coor-
dinately promote cytosolic retention of ERK1/2 and reduce 
ERK1/2-meidated nuclear pro-transcriptional activity 
(though possible via ERK1/2 mediated phosphorylation of 
nuclear translocable enzymes) therapeutically promotable 
via drug-mediated stabilization and adenoviral transfection 
with stable proximal peptide chain terminal generating more 
stable interactions with the β adrenergic receptor carboxyl 
terminal domain [32, 33, 142]. Adenoviral vector delivery 
of a high activity promoter linked to β arrestin may enhance 
the expression of the protein, enhancing scaffold-mediated 
activation, and cytosolic retention, of ERK1/2 and reduce 
pro-transcriptional activity mediated by the phosphorylating 
phosphorylated conformation of the enzyme [86, 143, 144]. 

We believe this will prove to be a safe and effective strategy 
in preventing the onset, and ameliorating and attenuating the 
progression, of carcinogenesis and atherogenesis, by reduc-
ing the extracellular regulated kinase 1/2 mediated promo-
tion of vascular smooth muscle cell proliferation. However, 
there may exist some difficulty in the technical challenge of 
achieving stable transfection of cells with adenoviral vec-
tors and modulating the extent and distribution of cellular 
expression of transfected βAR GPCRs or β arrestin con-
structs [145]. Self-targeted oncolytic adenoviral nanospheres 
may successfully enhance adenoviral transfection of target 
cells with chimeric beta adrenergic receptor (vasopressin or 
angiotensin carboxyl-terminal substituted carboxyl termi-
nals) or (N-terminal modified) β arrestin complexes [146].

Small interfering RNA mediated downregulation of β 
arrestin 1 and 2 expression reduced isoproterenol-mediated 
enhancement of ERK1/2 activation in HEK293 cells, though 
CRISPR/Cas9-mediated deletion of β arrestins and mem-
brane G proteins had variable effects on ERK1/2 responsiv-
itiy to β adrenergic stimulation [147]. We accordingly sug-
gest evaluating the utility of fenoterol derivatives in utilizing 
CRISPR/Cas9 to mediate targeted deletions of β arrestin 1, 
β arrestin 2,  Gas protein, and/or  Gai protein and/or targeted 
knock-ins of chimeric constructs of βAR or β arrestin in 
HEK293, PC12, C6 rat-derived glioma, and human U87MG, 
U251MG, U373MG, and LN18 [147]. We further suggest 
intracerebrally implanting CRISPR/Cas9-mutated or adeno-
virally-transfected glioma cells to generate glioma models 
in vivo [147]. We may accordingly exploit these models 
to more precisely evaluate the role of variably modified 
fenoterol derivatives upon tumor cell proliferation, migra-
tory capacity, invasion, angiogenesis, and metastasis [147].

The approach will require extensive preclinical studies 
in order to elucidate the full complementary spectrum of 
biological effects of administering adenoviral vectors con-
taining β adrenergic receptor constructs. Multimodal strat-
egies seeking to optimize the development of compounds 
promoting stable GPCR-β arrestin interactions and con-
temporaneous treatment with specific ERK inhibitors may 
maximize the actualized survival benefit in patients harbor-
ing gliomas and extra-neuraxial malignancy [9, 14, 111]. 
These therapies may prove of clinical utility in curtailing 
initiation, promotion, and progression of gliomas and may 
prove to represent a useful general adjuvant to multimodal 
therapy of glioblastoma [6, 76, 111]. Immunomodulatory 
effects of β adrenergic signaling, prominently regulating 
cell surface expression of MHC class II, suggests manip-
ulating these pathways may represent an effective adju-
vant technique to be utilized in conjunction with various 
immunotherapeutic approaches, including generation of 
tumor specific antibodies, cytotoxic T cells, and NK cells 
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in a variety of cancers [124].[N.B.: As a brief aside, our 
empirically derived instinctual conceptualization leads us 
to surmise coordinate treatment with modulators of β adr-
energic signaling, the bitopic compounds ( , ' )-MNF 
and ( , ' )-fenoterol, and/or the serine protease inhibitor 
nafamostat mesylate may exert synergistically therapeutic 
effects in the setting of cerebral glioma and extra-neuraxial 
carcinoma, neurovascular disease, and septic shock (Patent 
Pending, Ghali and Ghali, authors of the present work) and 
coronavirus COVID-19 responsible for the emerging inter-
national pandemic [148]. The sequential activity of the pro-
teases furin, transmembrane protease serine 2 (TMPRSS2), 
and cathepsins cause sequential cleavage of the Middle 
East respiratory syndrome coronavirus (MERS-CoV) 
envelope protein, ‘S’, which fuses with host cell CD26, 
co-expressed with TMPRSS2 in target cells. The serine 
protease inhibitor nafamostat mesylate interferes with 
pro-S protein cleavage, preventing effective fusion of the 
Middle East respiratory coronavirus with host eukaryotic 
target cells [149]. Nafamostat mesylate was shown to pre-
vent ‘S’-mediated membrane fusion according to a Renilla 
luciferase assay and prevent MERS-CoV infection in vitro 
in a preparation of Calu3 cells [149]. Nafamostat mesylate 
interferes with the proteolytic cleavage of Ebola virus 
envelope proteins necessary for virus-host cell fusion by 
reducing the proteolytic release of CatB from rat pancreas 
[150] and microvascular leakage in patients with Dengue 
hemorrhage fever and shock through tryptase inhibition, 
blocking vascular leakage in vivo [151].

Conclusions

Authors have extensively detailed and elucidated mecha-
nisms contributing to β adrenergic receptor modulated 
signaling, dynamics, and regulation [11–16, 47, 154], 
pharmacological modulation of which may powerfully 
modify tumor cell proliferation, motility, immunogenicity, 
elaboration of protein mediators promoting angiogenesis, 
and invasive and metastatic potential [124, 154]. Studies 
have alternately demonstrated amplification or attenua-
tion of cellular proliferation of gliomas [6, 39, 40] and 
extra-neuraxial carcinomas in response to pharmacologi-
cal enhancement of β adrenergic receptor modulated sign-
aling [8, 45, 46, 49, 51, 52, 54, 57, 63, 152]. The character 
of βagonist utilized, tumor model and preparation type, 
receptor regulation dynamics, and differential distal signal 
transduction mechanisms may explain inter-experimental 
differences. The wise development of a set of experi-
ments designed to more precisely characterize the full 

complement of effects mediated by β adrenergic receptor 
modulated signaling in carcinogenic initiation, promotion, 
and progression, immunogenic modulation, angiogenesis, 
and tumor cell tissue invasion and metastasis, specifically 
[6]. Crystallographic studies will further characterize inac-
tive, transitional, and active tridimensional conformations 
of the β adrenergic receptor and specific conformational 
modifications induced by treatment with various agonists 
and antagonists of the heptahelical transmembrane G pro-
tein coupled receptor [14, 16]. Conformational protein 
modifications may differentially stabilize or destabilize 
binding between β adrenergic receptor carboxyl termini 
and β arrestin amino termini, thus generating differential 
effects upon desensitization, receptor endocytosis, and 
scaffold formation [11, 12, 14, 16]. Rational drug design 
and mathematical models of βAR-drug binding will iden-
tify drug-specific and tumor cell-specific factors rendering 
β adrenergic receptor modulated signaling more likely to 
promote or inhibit cellular proliferation, unveil determi-
nants contributing to preferential  Gs versus  Gi activation 
or inhibition, and identify optimal bio-organic compounds 
modulating the conformational state of β adrenergic recep-
tors in staying the progression of glioblastoma [85, 86, 
131, 132]. Adenoviral transfection with chimeric con-
structs of β adrenergic receptors possessing carboxyl ter-
mini with high binding affinity to β arrestin amino termini 
and/or β arrestins possessing amino termini with high 
ligand binding affinity to GPCR carboxyl termini targeted 
specifically to glioma cells and high activity promoters 
may effectively preferentially promote scaffold-mediated 
activation of ERK1/2, blunting its nuclear translocation 
and retaining its cytosolic homeostatic effects, putatively 
proving to be a useful primary or adjuvant therapeutic 
approach enhancing the currently employed regimen of 
maximal safe resection, external beam radiotherapy, as 
well as concurrent and adjuvant temozolomide [21, 153]. 
We suggest a panoply of multimodal strategies designed 
to modulate β adrenergic signaling represent promising 
therapeutic approaches to be exploited in the treatment of 
glioblastoma [65, 73, 85, 86, 153]. Preclinical studies will 
prove necessary in order to develop compounds exhibiting 
the specific and desired effects upon β adrenergic receptor 
modulated signaling. Clinical studies will prove necessary 
in order to evaluate the safety and efficacy of these medi-
cations [65, 73, 85, 86]. Preclinical in vitro and in vivo 
studies and clinical studies will emergently cultivate an 
appreciation of the influence of pharmacological agonists, 
inverse agonists, antagonists of β adrenergic receptor mod-
ulated signaling, and fenoterol derivative bitopics upon the 
biomolecular mechanistic underpinnings of β adrenergic 
receptor modulated signaling upon molecular behavior of 
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glioma cells and dynamic patterns of glioma growth, inva-
sion, angiogenesis, and metastasis, and effects on survival 
metrics [65, 73, 85, 86, 151] (Table 1).
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