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In their Opinion article (Signalling bias in 
new drug discovery: detection, quantifica-
tion and therapeutic impact. Nature Rev. 
Drug Discov. 12, 205–216 (2013))1, Kenakin 
and Christopoulos provide a detailed 
explanation of ligand bias, where a ligand 
preferentially stimulates certain G protein-
coupled receptor (GPCR)-activated signal-
ling pathways over others. Although the 
Review acknowledges system bias and  
observational bias as aspects that may pre-
vent the accurate definition of ligand bias, 
one aspect that was not discussed was that 
produced by the dynamic nature of in vivo 
systems.

Dynamic bias: definition and examples
GPCR expression, compartmentalization 
and function are dynamically regulated 
by physiological and pathophysiological 
factors, as well as by treatments, and this 
regulation also applies to the expression of 
specific G proteins and arrestins. Changes 
in such regulation will affect the stoichio-
metry of GPCRs with downstream signalling 
pathways, as well as the spontaneous level 
of receptor activity; together, these effects 
represent something we propose calling 
‘dynamic bias’.

Changes to a system over time that result 
from ageing, disease or long-term drug 
treatment may result in dynamic bias which 
may continuously change the system bias. 
We propose that such changes — induced 
by chronic treatment and/or the underlying 
pathology — affect the system in a manner  
that changes system bias and therefore 
ligand bias, and the subsequent receptor 
signalling is altered in such a way that only 
subsets of a therapeutic class of drugs are 
useful in the treatment of a disease.

Dynamic bias describes alterations of 
the defined system bias by factors that are 
outside the assay being used to measure 
effects on GPCR signalling. Defining ligand 
bias as a molecular constant requires an 
assessment of the system bias of the condi-
tions at the same time at which the ligand 
bias is measured, and is therefore a static 
‘snapshot’ of the system at a given time. 
Dynamic bias, however, encompasses factors 
that will continuously affect system bias and 

that therefore severely limit the possibility 
of obtaining a molecular constant for ligand 
bias. Dynamic bias may have limited effects 
in very reductionist cell-based assays that 
are relatively static, but assays of greater 
complexity would most definitely not repre-
sent a static system because of the effects of 
dynamic bias. The concept of dynamic bias 
could help further understanding of known 
phenomena such as why there are subsets 
of drugs within a therapeutic class that have 
disease-specific beneficial effects that are 
not fully explained by correlation to results 
obtained from in vitro assays.

Dynamic bias owing to pathological  
changes. In congestive heart failure (CHF), 
the disease itself is characterized by: 
a desensitization and downregulation of 
β1-adrenoceptors and the desensitization 
of β2-adrenoceptors; a downregulation of 
Gs protein; and an upregulation of Gi protein, 
β-arrestin 1 and GPCR kinases2. Together, 
these changes not only shift the balance of 
β1- and β2-adrenoceptor stimulation but also 
dampen the effects of the β1-adrenoceptor–
Gs–cyclic-AMP pathway and promote  
Gi- and arrestin-dependent signalling.

Such pathology-driven dynamic bias 
offers a potential explanation for why some 
β-adrenoceptor antagonists had beneficial 
effects on survival of individuals with CHF, 
whereas use of other β-adrenoceptor antago-
nists lacked a beneficial outcome or even 
had detrimental effects. In cardiomyocytes 
from CHF patients, inverse β-adrenoceptor 
agonists (including carvedilol and meto-
prolol) have beneficial effects, whereas 
in vivo, neutral antagonists or weak partial 
agonists (such as bucindolol and celiprolol) 
lack beneficial effects3,4. These results  
suggest that inverse agonism is essential  
for therapeutic success in the treatment  
of CHF.

This is a surprising conclusion, because 
constitutive activity is required for inverse 
agonism to become detectable and relevant, 
and yet heart failure is a condition in which 
any such constitutive activity would be 
expected to be largely eliminated5. However, 
in CHO (Chinese hamster ovary) cells that 
were transfected with β2-adrenoceptors, 

pre-incubation with the non-selective 
β-adrenergic agonist isoprenaline made 
inverse agonist properties easier to detect6. 
So, the high sympathetic drive in CHF 
may enhance differences between neutral 
antagonists and inverse agonists, creating 
a dynamic bias.

Moreover, in a post-approval head-
to-head trial of carvedilol and metoprolol  
for the treatment of CHF, carvedilol  
demonstrated a greater reduction in  
mortality (reported in the COMET study)7, 
prompting speculation as to what differen-
tiates carvedilol from metoprolol. Biased  
signalling was one proposed differentiating  
factor8. Several studies have shown that 
although both carvedilol and metoprolol  
are inverse agonists at the canonical 
β-adrenoceptor–Gs pathway, carvedilol 
can stimulate extracellular signal-regulated 
kinase 1 (ERK1) or ERK2 signalling via  
a β-arrestin-dependent pathway4,8,9 that  
has been shown to be cardio-protective  
in animal models of heart failure8.

Dynamic bias owing to chronic treatment.  
Agonists and antagonists can acutely 
stimulate and inhibit GPCR function, but 
chronically cause downregulation and 
upregulation of the same GPCR function, 
respectively. Accordingly, GPCR ligands 
can have opposite effects upon acute and 
chronic administration. For instance, 
luteinizing hormone-releasing hormone 
receptor agonists that are commonly used 
to treat hormone-sensitive prostate cancer 
acutely elevate testosterone levels, but their 
chronic use lowers plasma testosterone 
to near-castration levels10. Similarly, the 
sphingosine-1-phosphate receptor agonist 
fingolimod (FTY-720) acutely activates 
lympho cytes but chronically depresses 
immune function and thus represents a 
valuable treatment for multiple sclerosis11.

Acutely administered β2-adrenoceptor 
agonists are key treatments for asthma; 
however, chronic use of long-acting 
β2-adrenoceptor agonists has been associ-
ated with a loss of asthma-symptom  
control and a small but significant increase 
in asthma-related mortality12,13. Conversely, 
β2-adrenoceptor antagonists acutely worsen 
lung function in patients with asthma, 
but upon chronic use, some of these 
antagonists may improve lung function14. 
β-adrenoceptor antagonists acutely impair 
cardiac function15 but, when administered 
chronically to patients with CHF, some 
members of this drug class can improve 
cardiac contractility15 and have dramatically 
beneficial effects on survival16,17.
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Implications for drug discovery
Dynamic bias as an explanation of differential 
drug effects in ageing, disease or with chronic 
treatment is speculative but plausible,  
and it has obvious implications for drug 
development. The reversal of responses in 
the cases above demonstrate the influence 
of a factor that is more or less ignored in 
high-throughpu t drug discovery assays: time. 
Furthermore, because the reversal of response 
is often a compensatory effect of the whole 
organism, and is probably not detectable in 
cell-based assays, such effects cannot be mim-
icked simply by prolonging the treatment time 
in high-throughput assays. Indeed, in many 
cases the drug has to be at equilibrium with 
its molecular target for several days or weeks 
before a therapeutic effect is observed.

Therefore, besides awareness of system 
bias, future assays for ligand bias in drug dis-
covery will have to account for dynamic bias. 
In order to optimize future drug develop-
ment and to take into consideration the com-
plexity of signal-transduction pathways that 
are activated by any given ligand, the phar-
maceutical industry now implements assay 
platforms in which multiple parameters are 
simultaneously monitored. The early use of 
in vivo models that are hopefully representa-
tive of human disease situations is another 
approach that is now being used to reveal 
and investigate such complexities. Although 
these strategies may lead to a better selec-
tion of drug development candidates that are 
disease-specific yet share the same primary 
molecular target, defining the parameters for 
such selection poses many challenges.
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