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Stimulation of seven transmembrane-domain Gαq protein-
coupled receptors (GαqPCR) can promote contraction and 
hypertrophy of cardiovascular cells. Relations between 
the signal-transduction mechanisms that cause the fast 
functional or the slow structural cellular responses are 
of considerable interest. They may be novel targets for 
treatment of for instance essential hypertension and heart 
failure. In a recent Cellular Signalling article Archer et al. (1) 
propose that endothelin-1 (ET-1) promotes hypertrophy 
of cardiomyocytes by activating sustained signaling 
downstream of endothelin type A (ETA) receptors. They 
investigated the time of onset and the duration of signaling 
activity required for the induction of cardiomyocyte 
hypertrophy. While some of the experiments were 
replicated only three times, the study contains elegant 
aspects. The authors not only exposed cell cultures of 
neonatal rat cardiomyocytes to GαqPCR agonists and 
-antagonists but also infused a low subpressor dose of ET-1 
into adult rats. Moreover, to monitor indices of cellular 
hypertrophy they determined a combination of (I) increases 
in the activity of mitogen-activated protein kinases (MAPK); 
(II) mRNA levels of transcription factors; (III) re-expression 
of a fetal gene program at the mRNA and protein levels; 
(IV) total protein synthesis and (V) cell size, in at least the 
in vitro experiments.

Archer et al. (1) describe the following observations in 
sequence. In vitro and in vivo, 15 minutes of “exposure” 
to ET-1 was sufficient to induce expression of indices of 
hypertrophy 24 hours later. The ETA receptor antagonist 

BQ123 prevented induction of the delayed hypertrophic 
response to ET-1, but was without effect when the 
administration was postponed until after brief exposure 
to the ET receptor agonist. In contrast to the text of their 
abstract, last paragraph of their introduction and of the 
2nd paragraph of their discussion, also brief 15 minutes 
of “exposure” to phenylephrine was sufficient to induce 
hypertrophic responses 24 hours later [Figure 4 in Archer 
et al. (1)]. These effects of the α1-adrenoceptor agonist 
were not only prevented but also interrupted by the α1-
adrenoceptor antagonist prazosin. Inhibition of mechanisms 
of endocytosis of GPCR by transfection with a dominant 
negative form of β-arrestin 1 or by pharmacological 
inhibition of the GTPase activity of dynamin II, increased 
the delayed hypertrophic responses to a brief pulse of ET-1 
which could then be abrogated by the ETA-antagonist 
BQ123. From these observations, the authors conclude 
that the delayed and sustained action of ET-1 involves 
internalization of ET-1/ETA receptor complexes that 
continue to signal along the hypertrophic pathway; MAP 
kinase, immediate early gene, re-expression of fetal gene 
program, increased protein synthesis, cell growth [Figure 8E 
in Archer et al. (1)]. Pharmacological considerations invite 
for alternative interpretations including the possibility that 
internalization and arrestin recruitment to ETA receptors 
does not stimulate but rather reduces Gαq protein-
stimulated hypertrophic responses.

Cardiomyocyte and cardiac responses that are delayed 
for hours after brief administration of an agonist in 
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culture medium or brief intravenous infusion in vivo, 
stimulated investigation of feed forward mechanisms by 
which initial products of signaling drive subsequent pro-
hypertrophic mediators as if cells retain a memory to prior 
exposure to stimuli. They are, however, not necessarily 
incompatible with basic pharmacology where effects of any 
chemical (hormone, neurotransmitter, autacoid, agonist, 
antagonist…) are critically dependent on its concentration. 
The concentration that is of direct functional relevance 
is not the concentration in the culture medium or in the 
circulation but the concentration of the free chemical in 
the “biophase”, i.e., in the immediate vicinity of its target 
receptors. In addition to diffusion from the culture medium 
in vitro or from the circulation in vivo, this concentration 
in the biophase can be influenced by diffusion from other 
compartments. In this respect, any agonist displays specific 
and non-specific binding in cells and organs, i.e., binding to 
targets that can be identified and binding to structures that 
are not identified. In the case of ET-1, specific binding is 
not restricted to ETA receptors, but also includes scavenging 
ETB receptors and enzymes like neutral endopeptidase that 
degrade and inactivate the peptide (2). A shortcoming in the 
study reported by Archer et al. (1) is the lack of information 
on cardiomyocyte and cardiac content of ET-1 at several 
points in time after brief “exposure” to the peptide. Also, 
although they attribute an important role for internalized 
ET-1/ETA receptor complexes, they did not directly 
demonstrate this process and its kinetics. The use of 
radioactively labeled ET-1 in combination with differential 
centrifugation or of fluorescently labeled ET-1 analogues 
with confocal or two-photon excitation microscopy (3,4), 
could have been considered. It would have provided direct 
proof for the internalization of ET-1 and could have 
provided information about recycling of ET-1/ETA receptor 
complexes to the cell membrane as was reported earlier (5).

The authors compared effects of ET-1 to those 
of phenylephrine. This is of interest because the α1-
adrenoceptor agonist is representative for part of the 
effects of the sympathetic system on the heart (6) and 
ET-1 is an autocrine and paracrine mediator released by 
endothelial cells and several other cell types including  
cardiomyocytes (2). Interpretation of the observed 
agonist-specific properties is, however, not necessarily 
s tra ightforward because in general  ( I )  ET-1 and 
phenylephrine act on different GαqPCR; and (II) the size, 
selectivity and potency of these agonists differ considerably. 
In this study, the observed efficacy of the two agonists and 
receptors, differed as well.

ET-1, a 21 amino-acid bicyclic peptide [molecular 
weight (MW): 2,492], is 15 times larger than phenylephrine 
(MW: 167). Little if anything of its structure can be deleted 
without considerable loss of ETA pharmacological properties 
(2,7,8) and the peptide has no stable 3-dimensional 
structure (9). These and additional evidence have 
suggested that several parts of the peptide agonist interact 
with its ETA receptors; one part governing high affinity 
binding and bringing other parts near components of the 
receptor that are relevant for signaling (10-12) (Figure 1).  
For GPCR proteins acted upon by other peptides, the 
existence of such distinct address and message domains has 
been demonstrated in more detail (13,14). This polyvalent 
strategy might be well suited for multiple signaling 
(e.g., contractile and hypertrophic signaling) by a large 
agonist acting on several domains of the receptor protein, 
differently affected by comparatively small antagonists (see 
below). 

Cardiomyocytes express α1A- and α1B-adrenoceptors (6) 
that can be selectively stimulated by phenylephrine. ET-1 
binds with equal affinity to ETA and ETB receptors (2,7). 
In addition to their role in scavenging and internalizing 
ET-1, ETB receptors have signaling functions (2). The 
experimental findings reported by Archer et al. (1) and 
cited by these authors (1) do not exclude the possibility 
that in addition to result from the polyvalent ETA agonist 
properties of ET-1 its hypertrophic effects involve in series 
actions of ETA and ETB receptors. Either a pool of ET-1 
is initially formed by ETB-mediated internalization and 
then slowly released to ETA receptors or hypertrophic 
responses may be initiated via ETA receptors and then 
proceed through subsequent ETB receptor stimulation. 
Also, ET-1 has been proposed because of its polyvalent 
binding properties and large size to promote formation of 
receptor dimers; at least, ETA/ETA receptor homodimers 
and ETA/ETB receptor heterodimers (3,12). It will be of 
interest to compare in future experiments effects of ET 

receptor antagonists with different subtype selectivity 
profile (including hydrophilic and lipophilic antagonists, see 
below), on cardiomyocyte hypertrophic responses following 
transient brief exposure to ET-1.

ET-1 binds with a more than 3,000 times higher affinity 
to ET receptors than phenylephrine to α1-adrenoceptors (2). 
This is mainly due to slow dissociation of ET-1/ET receptor 
complexes (15). Reported half-lives of ET-1/ETA receptor 
complexes in classical radioligand-binding experiments 
range from 7 to 77 hours (10). We have shown that this 
explains why vasoconstrictor responses to ET-1 persist for 
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long periods of time (11) while those to phenylephrine are 
readily reversed after washout of the agonist. In theory, the 
slow dissociation of ET-1/ETA receptor complexes makes 
them very well suited for ongoing signaling after effective 
removal of unbound free agonist from the tissue or even the 
biophase.

Archer et al. (1) compared not only the hypertrophic 
effects of ET-1 and phenylephrine but also their 
modulation by the ETA receptor antagonist BQ123 and 
by the α1-adrenoceptor antagonist prazosin. BQ123 did 
not modify cardiomyocyte responses to phenylephrine. 
This excludes that cardiomyocyte hypertrophic responses 
to phenylephrine would involve endogenous ET-1 
acting on surface ETA receptors. BQ123 could prevent 
but not abrogate the hypertrophic response initiated by 
brief exposure to ET-1, while prazosin both prevented 
and blunted the hypertrophic response initiated by brief 
exposure to phenylephrine. As somewhat alluded to by 
Archer et al. (1) this discrepancy between the antagonist 
effects on the sustained pro-hypertrophic signaling initiated 
by either of the two agonists is not necessarily due to the 
different types of receptors, but rather to the different 
chemical properties of the two antagonists. Prazosin is a 
highly lipophilic piperazine, while BQ123 is a hydrophilic 
cyclic pentapeptide that is unlikely to reach intracellular 
receptors. Unfortunately, the authors did not consider 

including a lipophilic ETA receptor antagonist such as the 
butenolide PD156707, in their study. 

Modern molecular pharmacology discriminates 
between several types of receptor antagonism (16). 
The pharmacological properties of prazosin are largely 
compatible with those of an “orthosteric neutral competitive 
antagonist” (16,17). It reversibly binds to the same domain 
on α1-adrenoceptors as phenylephrine or noradrenaline, 
but does not modify the activity of these receptors. BQ123, 
on the other hand, does not bind to all domains on ETA 
receptors with which ET-1 associates. In blood vessels, 
it reduces the sensitivity to subsequently administered 
ET-1, does not cause dissociation of ET-1/ETA receptor 
complexes but can partly and transiently reduce the long-
lasting vasoconstriction initiated by brief exposure to ET-1 
(10,11,18). Thus, in contrast to prazosin, BQ123 displays 
properties of a negative allosteric modulator and inverse 
agonist (16). The findings reported by Archer et al. (1) could 
suggest that formation of ET-1/ETA receptor complexes is 
initiated by a BQ123 sensitive domain on the receptors and 
that the hypertrophic signaling of the complexes proceeds 
via a BQ123 insensitive domain (Figure 1).

Unique molecular pharmacological properties of ETA 
receptors, such as the polyvalent binding properties of the 
endogenous agonist and the very slow rate of dissociation 
of the agonist/receptor complexes, make them in theory 

Figure 1 Cartoon illustrating earlier proposed models of how BQ123 and ET-1 bind to ETA-receptors. The grey bar is the cell membrane. 
The extracellular space is at the top of the figure, the cytoplasm at the bottom. ET-1, a comparatively large peptide agonist, is suggested to 
bind polyvalently to at least two domains on the receptor protein. One of these bindings is quasi-irreversible. BQ123 can bind to the high 
affinity binding domain of ET-1 but not to the other binding domain. It competes with ET-1 for its high affinity binding and might inhibit 
by inverse agonism the activity triggered by the part of ET-1 that is quasi-irreversibly bound to the receptor protein.
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well suited for prolonged and delayed signaling. The 
magnitude of this response was however found by Archer 
et al. (1) to be comparatively small. We realize that fair 
comparison between agonists would require paired 
experimental design, full concentration-response curves 
and monitoring of several indices of cellular hypertrophy. 
Yet, brief 15-minute exposure to 100 nM ET-1 increased 
ANF mRNA levels 24 hours later by 50% while continuous 
presence of 10 µM phenylephrine caused a 200% increase 
in ANF mRNA levels. In view of the concentrations and the 
reported affinities of the agonists for their receptors, these 
may be considered as maximal responses representative 
of the efficacy of the agonist-receptor interactions. More 
importantly, also brief 15-minute exposure to phenylephrine 
elevated ANF mRNA levels by 200% 24 hours later. 
Surprisingly, this result shown in their Figure 4 is negated in 
the text of the manuscript. Together with the elegant finding 
that transfection of a dominant negative form of β-arrestin 
1 and pharmacological inhibition of the GTPase activity of 

dynamin II significantly increased the delayed ANF mRNA 
response to ET-1, it stimulates to reformulate the roles of 
endocytosis and arrestin in the cardiomyocyte hypertrophic 
responses to ET-1 and phenylephrine (Figure 2 ) .  
Unlike α1B-adrenoceptors, α1A-adrenoceptors are largely 
refractory to recruitment of arrestin and endocytosis (6,20). 
They continue to signal through Gαq-proteins to the MAPK 
pathway and the activated extracellular signal-regulated 
kinase ERK can translocate to the nucleus (19). Cervantes 
et al. elegantly demonstrated that endocytosed arrestin-
bound GPCR sequester Gαq-coupled receptor-induced 
ERK, preventing thereby that ERK can translocate to the 
nucleus (19). We propose a similar mechanism impairing 
hypertrophic effects of membrane bound ETA-receptors 
(Figure 2). This may be needed because ET-1 binds 
tightly to these receptors (10,11,15) and internalized ETA-
receptors recycle back to the cell membrane (5). All in all, 
it is currently much easier to explain why ET-1 can cause 
persistent signaling and delayed and comparatively small 

Figure 2 Model that may explain why the cardiomyocyte hypertrophic response to brief exposure to a high concentration of ET-1 is  
(I) comparatively small and (II) enhanced by inhibition of the internalization of ET-1 bound ETA-receptors. As documented by Cervantes  
et al. (19) regarding crosstalk between β2-adrenoreceptor and α1-adrenoceptor mediated hypertrophic responses of mouse cardiac fibroblasts, 
binding of ERK to internalized ET-1/ETA-receptor/arrestin complexes retains activated ERK in the cytosol and prevents its translocation to 
the nucleus (red line). PLC, phospholipase C; PKC, protein kinase C; Raf, rapidly accelerated fibrosarcoma kinase; MEK, mitogen-activated 
kinase.
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effects that are refractory to inhibition by an antagonist, 
than it is to explain how brief exposure to phenylephrine 
can trigger a large cardiomyocyte hypertrophic response 
that is sensitive to inhibition by prazosin administered 
after the agonist has been removed. This clearly deserves 
additional experimental attention.

Mechanisms of delayed signaling are not only of 
experimental interest. They also deserve considerable 
attention in diagnostics and pharmacotherapy of patients. 
Apparently, what happened yesterday can have consequences 
today. It is not that because a signaling molecule cannot be 
detected in the circulation, that it cannot contribute to the 
progression of a pathogenic mechanism. Translating the 
growing mechanistic insights into new treatment paradigms 
will require compounds with the right chemical properties 
to give them access to the desired cell types and subcellular 
compartments. It will be an even bigger challenge to tailor 
these lead compounds with the necessary mechanistic 
selectivity because the diversity of the intracellular enzymes 
involved seems for the time being much less than that of the 
GPCR, other receptors and ion channels that are upstream 
from these targets.
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