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Asthma therapy: how far have we come,

why did we fail and where should we go

next?
L.J. Janssen*,#

ABSTRACT: Reversible airflow obstruction and nonspecific airway hyperresponsiveness are: 1)

the two key features of asthma; 2) the primary concern for asthma patients; and 3) both directly

caused by the airway smooth muscle (ASM). As such, controlling bronchoconstriction should be

of primary importance. Unfortunately, all existing pharmacological asthma therapies that

specifically target the ASM are based on decades old strategies.

In the present study, the evolution of pharmacological asthma therapy will be briefly discussed,

some explanations will be suggested as to why substantial new advances in this area have not

occurred in several years and, finally, several new directions for novel asthma therapies will be

proposed.
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A
sthma affects ,10% of the population and
exerts a taxing drain on the economy. The
three key features of this disease com-

prise airway inflammation, reversible airflow
obstruction, and nonspecific airway hyperre-
sponsiveness. Although it can be said that the
first of these features causes the other manifesta-
tions of the disease, it has also been insightfully
pointed out that ‘‘if airway inflammation didn’t
cause bronchospasm, asthma might be a tolerable
disease’’ [1]. As such, the airway smooth muscle
(ASM) has always been an important, yet elusive,
target in the therapy of asthma, and many
important and useful gains were made in this
respect prior to the end of the 21st Century.
Nonetheless, this disease continues to be a
clinically important problem, partly due to
noncompliance on the part of the patient, but
also because bronchoconstriction and airway
hyperresponsiveness remain beyond our com-
plete control. However, no substantially new
approach to the treatment of asthma by targeting
the ASM has been developed in the last several
decades. The present study will briefly summar-
ise the gains that have been made to date in this
area (for the sake of brevity, the equally impor-
tant area pertaining to controlling airway inflam-
mation will not be considered), consider some of
the reasons why this important clinical problem
has not been solved, and propose several novel

targets which may prove useful in conquering
this disease.

HOW FAR HAVE WE COME?
Over the course of many centuries, several
substances have come to be associated with the
relief of asthma; the basis for holding on to this
association has not always been necessarily
scientific. In some cases, the evidence was
derived empirically: some of the compounds
have real and discernible pharmacological prop-
erties, and an astute correlation was made
between consumption and improvement of
symptoms. For example, the plant Stromonium
has been used probably due to its antimuscarinic
properties, while other compounds contain
methylxanthines (coffee, tea) similar to theophyl-
line, and yet others have sedative properties
(opium, chloroform, ether). Nicotine-containing
plants such as tobacco and Lobelia daturum
(sometimes referred to as asthma weed) have
also been used. Indian hemp or Apocynum
cannabinum is rich in cardiac glycosides and
may be partially effective against asthma because
of the downstream effects of the latter on reverse-
mode sodium-calcium exchange activity (this
will be discussed later). In other cases, the
improvement might have been nothing more
than a placebo effect, which is known to be a
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powerful confounder with which all well-designed clinical
studies must now contend.

Around the beginning of the last century, doctors began to
apply the scientific method to this problem, identifying the
variables involved, then proposing and testing hypotheses,
from which real and substantial gains were made. For
example, it was soon recognised that the primary excitatory
innervation to the airways is cholinergic in nature, that the
airways are also under the strong influence of inflammatory
mediators (particularly histamine and leukotrienes (LTs))
released from inflammatory cells residing in the airway walls,
and that adrenergic compounds exert an inhibitory (relaxant)
effect, in part through an action on the classical cyclic
nucleotide signalling pathway (fig. 1). Armed with this
fundamental knowledge of the external inputs to the airways,
it was possible to develop five major classes of drugs: 1)
anticholinergics; 2) antihistamines; 3) antileukotrienes; 4) b-
agonists and 5) phosphodiesterase (PDE) inhibitors. These five
diverse classes of drugs, together with steroids which address
the inflammatory aspect of asthma, have formed the mainstay
of our armamentarium against asthma, and the past several
decades have only seen modifications of these tools, with the
goal of merely making them more selective and/or longer
lasting.

Despite having and continually refining these complementary
and powerful pharmacological approaches, asthma is still not
completely controlled. We still contend with exacerbations of
symptoms. Although this is, in part, related to lack of
compliance, even patients who carefully employ these agents
still suffer from airflow obstruction. This raises the question,

why have we failed? To ponder the answers to this question is
not merely an academic exercise: it is believed that lessons can
be learnt which will guide future endeavours to better control
asthma.

WHY HAVE WE FAILED?

Current therapies are too specific
As outlined previously, the major excitatory inputs to the ASM
comprise acetylcholine, histamine and the LTs, each acting
through distinct high-affinity receptors (fig. 1). As such,
blockers were developed which would interfere with their
binding to those receptors. The first of these was the
anticholinergic group of drugs, beginning with those which
blocked muscarinic receptors nonselectively: these were
progressively refined to be more selective for muscarinic M2

or M3 receptors and/or to be longer lasting. The antimuscari-
nics were followed by agents that blocked the actions of
histamine: first those which were nonselective between the
histamine receptors, and then refined to be more selective for
the histaminergic H1-receptors in particular. More recently, we
have seen the development of the antileukotrienes, which are
both receptor blockers and synthesis inhibitors: these were
primarily developed to address the inflammation seen in
asthma, but would nonetheless ameliorate the excitatory
actions of these drugs on the ASM. As with the previous two
classes of drugs, the first LT receptor blockers were non-
selective between the LT receptor sub-types, and were later
refined to be more selective for the cys-LT1 receptor.

In all three cases, these receptor blockers are highly selective
against the action of only one ligand, and were refined to
specifically target the receptors present on the ASM (or, in the
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FIGURE 1. The airway smooth muscle cell receives multiple excitatory and inhibitory inputs, each of which act through a distinct plasmalemmal receptor; many current

asthma therapies are based on blocking or mimicking these individually at the receptor level (using anticholinergics, antihistamines, antileukotrienes, b-agonists). However,

these inputs all terminate on a common set of signalling events: a ‘‘convergent signalling pathway’’. This commonality may explain, in part, the nonspecific nature of airway

hyperresponsiveness, which is a key feature of asthma. More importantly, it may be more generally useful to target one or more steps in the convergent signalling pathway

and thereby treat bronchoconstriction imposed by any/all excitatory input.
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case of the antileukotrienes, the inflammatory cells) while side-
stepping receptors for those same ligands on other cell types.
Pharmacologically, this is an excellent strategy; however, we
now know that the airways are excited by a very wide range of
autacoids. There are other neurotransmitters, including neu-
ropeptides such as substance P, neurokinins, etc. (fig. 1). The
inflammatory cells release a wide range of autacoids other than
histamine and leukotrienes, which exert excitatory actions on
the ASM, including thromboxanes, cytokines (interleukins,
tumour necrosis factor-a), reactive oxygen species, etc.
Cytokines and reactive oxygen species are also released from
the epithelium, along with other excitatory autacoids such as
endothelin. The reactive oxygen species which arise from these
two cellular sources, as well as the general condition of
oxidative stress seen in asthma, lead to the production of
isoprostanes: peroxidative metabolites of membrane lipids [2].
While isoprostanes have long been used as markers of
oxidative stress, they are now known to exert powerful
biological responses on a wide variety of cell types, including
excitation of ASM via action on thromboxane receptors [2–4].
Growth factors released by these cells have also been shown to
evoke constrictor responses.

To fully protect the ASM against excitatory input using the
pharmacological strategy first employed against asthma (i.e.
receptor blockade), other receptor blockers would need to be
developed for each of these excitatory autacoids, leading to a
dizzying array of therapeutic molecules that would continually
expand as new mediators are always being discovered.
Clearly, receptor blockers are not the final answer to the
treatment of asthma.

We borrowed too heavily from other fields without doing
our own homework
Several times in the past, developments in the ASM/asthma
field have been seen following those made in other areas, most
often in the cardiovascular field given that airway and arterial
smooth muscle preparations act in a similar fashion (on certain
levels). However, in many ways, the two preparations are
quite different, and scientists in the airway field can be misled
by developments made in other areas. This is best exemplified
by the voltage-dependent Ca2+ channel blockers. As research-
ers sought to understand the mechanisms underlying vaso-
constriction, they identified a key step which was involved in
the response to many autacoids: influx of external Ca2+

through voltage-dependent Ca2+ channels. As such, they were
able to develop highly selective and potent blockers of the
channels that mediate this influx. These have since become a
mainstay in the treatment of hypertension. Subsequently, the
very same type of channel (L-type Ca2+ channels) was found in
ASM, with the exact same biophysical and pharmacological
properties. Moreover, bronchoconstrictor agents were found to
depolarise the ASM membrane while bronchodilators hyper-
polarised it. Thus, it seemed self-evident that the same class of
Ca2+-channel blockers would prove to be effective against
asthma, and clinical studies were launched to test this
hypothesis, despite the fact that pre-clinical work showed
bronchoconstriction to be largely independent of voltage-
dependent mechanisms and to be insensitive to L-type Ca2+

channel blockers. The clinical studies soon concluded that
these drugs were relatively ineffective against asthma [5–11].

The physiological role(s) for these abundantly expressed
channels is as yet unclear, but may relate to regulation of
gene expression, proliferation or apoptosis [12]. Despite this
negative finding, asthma research soon shifted focus toward
K+ channel openers, which were concurrently being developed
and found to be useful in hypertension. Although the
mechanism of action of these newer agents was essentially
the same as the L-type Ca2+ channel blockers, rather than
blocking the open Ca2+ channels, K+ channel openers hyper-
polarise the membrane in order to prevent the Ca2+ channels
from opening. After much effort and precious research
funding, it was concluded (not surprisingly) that K+ channel
openers were also not useful against asthma [13–16].

The lesson to be learned from this is that we should not look
for short-cuts through the field of cardiovascular research (or
work being carried in other fields), but clinical studies must be
firmly based on the pre-clinical work performed using airway
tissues. However, this mistake continues to be made. For
example, as will be shown later, myosin light chain kinase
(MLCK) could prove to be an exceedingly tantalising novel
target in the efforts to control asthma if a way to exploit the
differences between MLCK in airway and pulmonary vascular
smooth muscles could be found. Unfortunately, almost
nothing has been specifically learnt about MLCK in ASM,
presumably because it is felt that we already know about
MLCK from the work performed in the vascular fields. The
same point could be made for many of the other novel targets
presented below.

We became lazy: too much of the pre-clinical work was not
performed in an optimal fashion
The point that more research needs to be carried out using
airway tissues has been made previously. However, even the
basic studies that are already being performed using those
airway tissues may not be carried out in the most clinically
relevant way: too much of the pre-clinical work has been based
on cholinergic responses in tracheal preparations, too often
using supra-maximal concentrations of agents, as elaborated
below.

First, too many pre-clinical studies are carried out using
tracheal smooth muscle preparations, largely because they are
easier to obtain and handle than the small airways, or because
it is easier to get a pure cell culture preparation without other
cell types. However, there are several differences between the
trachealis and smaller airways, e.g. differences related to
structure, cellular composition, innervation, pharmacology,
distribution of ion channels and receptors; reviewed in greater
detail elsewhere [17, 18], and it is the small airways that are
more important in physiology (determining resistance to
airflow) and pathophysiology (inflammation, asthma).
Related to this, cultured ASM is being used in more and more
studies, even though cultured cells have long been known to
exhibit markedly different phenotypes compared with their
native counterparts, and control experiments are all too
infrequently performed to assess how similar a given
preparation of cells, let alone a given batch of that preparation,
retains the relevant native properties of the original cells.

Secondly, pre-clinical studies are most often carried out using
cholinergic agonists to evaluate a particular intervention.
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However, as mentioned previously, there are many other
autacoids that excite ASM, and these can show markedly
different pharmacological sensitivity compared with choliner-
gic responses. For example, the present author has found
serotonin-evoked responses are sensitive to Src-kinase inhibi-
tors while cholinergic responses appear not to be [19]. Thus, it
may be that certain interventions have been tested and
dismissed only because they were relatively ineffective against
cholinergic responses, but might have been highly useful
against other forms of bronchoconstrictor stimuli. In other
words, the mistake which may have been made all along is that
only cholinergic excitation is being effectively controlled, while
bronchoconstriction evoked by other autacoids has escaped
pharmacological/therapeutic control.

Thirdly, a great many basic pre-clinical studies are performed
using overwhelming concentrations of pharmacological
agents. For example, many in vitro studies are carried out to
compare the responses to high-micromolar concentrations of
cholinergic or adrenergic stimuli before and during some form
of intervention. However, such extreme degrees of stimulation
are rarely, if ever, seen in real life. Certainly sub-threshold
levels of stimulation to any given autacoid are seen in both
normal and asthmatic individuals, and these levels of
stimulation might rise further in asthmatics than in normals,
but it seems unlikely that autacoids (acetylcholine, norepi-
nephrine, histamine, leukotrienes, endothelin, etc.) accumulate
to such levels that their respective receptors become maximally
stimulated. Even if it were possible for such supra-maximal
levels of stimulation to be realised, previous studies have
shown that only half-maximal stimulation of the ASM is
sufficient to completely close the airways [20]: as such the
upper half of these in vitro concentration–response relation-
ships are physiologically irrelevant. It doesn’t matter how
much more tension or shortening an airway preparation can
generate if half-maximal stimulation is sufficient to obstruct
airflow in the intact airway. This point calls into question
studies of experimentally induced airway hyperresponsive-
ness, which show an increase in the maximal response to a
given stimulus without any real leftward shift in the
concentration–response relationship for that stimulus, as is
seen in human asthma, but rarely shown in animal models.
However, several studies [21–24] have documented a very
provocative phenomenon of ‘‘agonist synergism’’ in ASM, in
which relatively low concentrations of one agonist markedly
enhance the lower portion of the concentration–response
relationship for several other agonists, but have no effect
whatsoever at the upper ends of those relationships (fig. 2).
This synergism has been demonstrated using acetylcholine,
histamine, serotonin, adenosine triphosphate, potassium chlor-
ide and the isoprostane 15-E2t-IsoP, and mimics induction of
nonspecific airway hyperresponsiveness, a cardinal feature of
asthma. Pharmacological blockers and inhibitors are also often
tested at concentrations that are difficult or even impossible to
achieve under therapeutic conditions, and are often found to
reduce the maximal bronchoconstrictor response without
exerting a rightward shift in the concentration–response
relationship for the autacoid (the latter is needed to be useful
in the treatment of asthma).

Altogether, not only is it important that more pre-clinical
studies are carried out using airway tissues, but these should

be performed in a more rational, relevant manner. The pre-
clinical studies should: 1) emphasise the use of small airways
(preferably human and ideally freshly derived rather than
cultured); and 2) be performed using more physiologically
relevant levels of stimulation (preferably including noncholi-
nergic agonists) and/or therapeutically achievable concentra-
tions of interventions.

We stopped trying
During the better part of the last century, asthma was
considered to be an ASM-related disease, and attention was
primarily focused on understanding the physiology and
pharmacology of the ASM. However, the attention soon
shifted to the inflammatory response. This shift in focus
broadened and deepened and diverted limited resources
(personnel, funding, etc.) away from the work being carried
out in ASM. As a result, the latter stagnated and fell far behind
parallel work being performed in the vascular field. Although
inflammation is indeed a cardinal feature of asthma, so are
reversible airflow obstruction and nonspecific airway hyper-
responsiveness, both of which are direct products of smooth
muscle function. Moreover, the latter two features are the more
relevant to patients, who do not complain about the levels of
inflammatory cells or mediators in their airways, but rather the
fact that their airways are too constricted to allow satisfying
ventilation. Unfortunately, the current treatments for asthma
which target the ASM are based on decades old strategies, and
no substantially new molecules have appeared on the horizon.
Lately, scientists have been merely looking for variations on a
theme: agents that are longer lasting or more highly selective
than the original agents which were first introduced decades
ago. The mechanisms underlying excitation-contraction cou-
pling in ASM need to be better understood.

WHERE DO WE GO NEXT?

The convergent signalling pathway
The present study previously highlighted the fact that the ASM
is excited by a wide variety of distinct autacoids all acting
through highly selective receptors, making it impossible to
fully control asthma using an approach directed at those cell
surface receptors. However, an intracellular approach might be
superior. Relatively recent work in the ASM field has revealed
that these diverse receptors act through a common set of
signalling events, opening up a far more efficient and effective
approach. If we can identify and control a signalling event that
is common to the various bronchoconstrictors, we could far
better control bronchoconstriction evoked by any form of
stimulus, and thus better control asthma (fig. 1). This
convergent signalling pathway will be discussed later. A
graphic representation of this summary is shown in figure 3.

In general, contraction of muscle involves the interaction
between two protein filaments: actin and myosin. In the case of
skeletal and cardiac muscle, these two proteins can interact
directly and produce the basic features of contraction:
hydrolysis of adenosine triphosphate (ATP) and translocation
of one filament past another. However, in the case of smooth
muscle, myosin must first be phosphorylated before this
interaction can occur. This phosphorylation is catalysed by
MLCK, which is in turn a Ca2+/calmodulin-dependent
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enzyme: changes in cytosolic concentrations of Ca2+ are
transduced into a mechanical response.

At rest, [Ca2+]i is maintained at relatively low levels through
the action of a Ca2+ pump on the plasmalemma (which
extrudes Ca2+ out of the cell), as well as another Ca2+ pump on
the sarcoplasmic reticulum (sequesters Ca2+ from the cytosol).
In response to the appropriate stimulus (e.g. an autacoid ligand
acting on a plasmalemmal receptor), [Ca2+]i is elevated by
opening of Ca2+-permeable ion channels either on the
plasmalemma or on the endoplasmic reticulum. In the past,
many scientists focussed their attention on the solitary, brief,
spike-like Ca2+ transient evoked by a high concentration of
agonist. It is now known that agonists can often evoke
recurring [Ca2+]i transients (oscillations with a frequency
dependent on agonist concentration), which propagate (as
long as the agonist is applied) through the cell as waves and
are further shaped as they progress through the cytosol [25,
26]. The amplitudes (peak height and plateau) and frequency
of the Ca2+ waves encode information, which can be decoded
by cellular entities, such as Ca2+/calmodulin-dependent kinase
[27–33], MLCK [27], calpain [34], mitochondria [35] or the
sarcoplasmic reticulum Ca2+-pump [27]. This decoding trans-
lates, for example, into frequency dependence of contraction
[36, 37] or of gene transcription [38, 39]. Important advances
have been made in the current understanding of the mechan-
isms underlying these Ca2+ oscillations. These have been
described in far greater detail than is possible here [36, 37, 40,
41], and the biophysical and pharmacological properties of the
cellular machines (pumps and channels) involved in triggering
and propagating these Ca2+ waves have been reviewed
elsewhere [42, 43]. The present study simply introduces the
various cellular entities which are involved.

In contrast to the central importance of voltage-dependent
influx of Ca2+ in activation of vascular smooth muscle, the key
trigger for bronchoconstriction is release of internal Ca2+ that
has been sequestered within an intracellular organelle: the
sarcoplasmic reticulum. Two major Ca2+-release pathways are
involved, both comprise highly specialised receptor-channel
complexes which are activated by binding of an intracellular

signalling ligand. One is gated by inositol-1,4,5-trisphosphate
(the IP3-receptor). The other is activated by cytosolic Ca2+ itself
(a process referred to as Ca2+-induced Ca2+-release), but is also
sensitive to the plant alkaloid ryanodine (thus often referred to
as the ryanodine receptor, or RyR) or possibly also cyclic
adenosine diphosphate ribose. IP3-receptors, by definition, are
triggered by the phosphoinositide signalling cascade which in
turn is activated by agonists acting through classical G-protein
coupled receptors (e.g. acetylcholine, histamine, LT, isopros-
tanes, etc.). The physiological role(s) for the RyR are still under
debate [44].

If Ca2+ can be released from this internal pool, there must be a
pathway by which the pool can be refilled, otherwise it will
rapidly become depleted and mechanical control will be
disrupted. After decades of research, both in smooth muscle,
in general, and ASM, in particular, only one active uptake
pathway has been identified, that being the sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase (SERCA). Ca2+ can also be
extruded from the ASM cell by a second type of Ca2+ pump on
the cell membrane, i.e. the plasmalemmal Ca2+-ATPase. Once
again, to the extent that Ca2+ can be extruded from the cell,
there must be an influx–uptake pathway which replaces the
lost Ca2+ (without necessarily evoking a mechanical response),
otherwise the cell will ultimately be depleted of Ca2+ and
mechanical responsiveness will be lost. In addition to the
voltage-dependent Ca2+-channels known to be present on the
plasmalemma, and which may be important in refilling the
internal Ca2+-pool [45, 46], there are several other influx
pathways that have recently been identified in ASM. However,
nonselective cation channels have been found and charac-
terised in ASM [47–49]; these may include members of the
transient receptor potential (TRP) family of channels, first
discovered in the Drosophila visual transduction pathway, and
which have subsequently been found on essentially every cell
type where researchers have looked for them. More recently,
an intriguing role for the Na+/Ca2+ exchanger (NCX) has been
found for refilling of the internal Ca2+ store in ASM [45, 50].
NCX has traditionally been viewed as an efflux pathway, using
the energy stored within the transmembrane gradients for
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FIGURE 2. Isoprostanes markedly enhance responsiveness to submaximally-effective concentrations of carbachol (Cch), without altering maximal cholinergic

responses. a) Cch concentration–concentration relations formed in the presence (––––) or absence (????????) of 15-E2t-Isoprostane P (15-E2t-IsoP). b) Cch responsiveness in

the presence (#) or absence ($) of 15-E2t-IsoP. Reproduced from [21] with permission from the publisher.
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[Na+] and membrane potential to extrude Ca2+ against its own
concentration gradient. However, during excitation, the mem-
brane becomes depolarised and the [Na+] gradient decreases
(due to influx of Na+ through nonselective cation channels and
its accumulation in diffusionally restricted spaces underneath
the plasmalemma) such that the driving force on Ca2+ is now
inward. The NCX operates in ‘‘reverse-mode’’ to now serve as
a high-capacity influx pathway to refill the store which
triggered the entire excitatory response.

Altogether, these various pumps, channels and exchangers
work together to produce the Ca2+ oscillations, the frequency
of which appears to be the direct signal transduced by the
contractile apparatus [36, 37, 40, 41]. As yet it is unclear
whether it is MLCK itself and/or myosin light chain
phosphatase (MLCP) that actually sense Ca2+-wave frequency.

Whereas MLCK catalyses the phosphorylation of myosin and
thereby triggers ASM contraction, MLCP is the enzyme
responsible for undoing these changes. As such, MLCP is
clearly expected to be important in bronchodilation.
Surprisingly, however, it is now recognised to also be central
to bronchoconstriction. That is, even at rest, there is an ongoing
MLCP activity which constantly opposes the actions of MLCK.
However, spasmogens trigger certain signalling events which
suppress MLCP activity, thereby increasing the net amount of
myosin phosphorylation for a given amount of Ca2+ signal, i.e.
increasing the Ca2+ sensitivity of the contractile apparatus. At
least two signalling pathways mediate this spasmogenic
regulation of MLCP: 1) RhoA-activated kinase (ROCK), which
directly phosphorylates MLCP and inactivates it; and 2)
protein kinase C (in turn activated by diacylglycerol generated
within the phosphoinositide signalling cascade), which acts
through CPI-17, an endogenous inhibitor of MLCP.

Finally, given that interaction between both actin and myosin
is necessary and sufficient for contraction, it goes without
saying that interfering with actin structure/function can have
important effects upon excitation–contraction coupling. It is
now known that acetylcholine can alter actin function [51],
although the physiological relevance of these changes is still
being explored. There is no information as to whether other
noncholinergic agonists also act in this way.

Novel targets for asthma based on this convergent
signalling pathway
Thus, altogether, contraction of ASM is triggered by phos-
phorylation of ASM by MLCK (which in turn is dependent
upon Ca2+-oscillation frequency) and perhaps also by ROCK,
and is often amplified by inhibition of MLCP by RhoA/ROCK
and diacylglycerol/protein kinase C (PKC). Armed with this
knowledge it is now possible to propose novel treatments for
asthma, just as it was possible to propose the existing classes of
bronchodilators based on a pharmacological understanding of
the excitatory and inhibitory inputs to the ASM. In each case,
reference will be made to compounds or techniques that are
currently available to achieve these goals experimentally
(fig. 3), to reassure readers that control of those cellular targets
is already feasible and not some futuristic dream. However,
many of these compounds are not yet ready for clinical use
against asthma (e.g. they are too toxic or too nonspecific). It is
now necessary to modify/adapt them, or identify better
alternatives, for actual use in the clinical setting.

First, it may be possible to interfere with the Ca2+ oscillations
themselves, which trigger the excitatory events. This can be
achieved experimentally by loading the cells with Ca2+

chelators, which buffer the changes in [Ca2+]i (including
ethylene glycerol tetraacetic acid or 1,2-bis (aminophenoxy)
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FIGURE 3. The convergent signalling pathway centres around the phosphorylation state of myosin, which in turn is the determinant of actin–myosin interaction (i.e.

contraction). This involves phosphorylation of myosin by myosin light chain kinase (MLCK; regulated by changes in [Ca2+]i) and dephosphorylation by myosin light chain

phosphatase (MLCP; regulated by RhoA/ROCK and/or protein kinase C (PKC)). In turn, all of these then provide novel targets for the treatment of asthma. M: myosin;

P: phosphate; DAG: diacylglycerol; EGTA: ethylene glycol tetraacetic acid; BAPTA: 1,2-bis (aminophenoxy) ethane-N,N,N,9,N9-tetraacetic acid; IP3-R: inositol 1,4,5-

trisphosphate receptor; TRP: transient receptor potential; NCX: Na+/Ca2+exchanger; ML-7: ML-9: src: HSP20: heat shock protein 20.
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ethane-N,N,N,9,N9-tetraacetic acid) by inhibiting Ca2+ release
through the IP3 receptors (e.g. using 2-aminoethoxydiphenyl
borate or xestospongin), or by increasing SERCA activity and/
or expression. However, it is possible to deplete the internal
Ca2+ store within minutes using agents which inhibit SERCA
activity (cyclopiazonic acid or thapsigargin) or inhibit the
influx pathways that bring external Ca2+ in to refill the
sarcoplasmic reticulum: experimentally, these include inhibi-
tors of the NCX (KB-R7943), calcium channels (nifedipine) or
nonselective cation channels (SKF36965, gadolinium, maito-
toxin, azaspiracid-4).

Secondly, MLCK itself might be targeted, since it is ultimately
responsible for the change leading to bronchoconstriction.
Several inhibitors of MLCK activity are available experimen-
tally, including ML-7, ML-9 and wortmannin.

Thirdly, MLCP provides a tantalising target. It may be possible
to directly increase its activity: telokin is an endogenous
protein that appears to regulate MLCP activity, thereby
providing a possible handhold on this enzyme. Alternatively,
it is possible to interfere with the signalling pathways which
limit MLCP activity: ROCK can be inhibited using agents such
as Y-27632 or HA-1077, while PKC can be inhibited by selective
inhibitors too numerous to list here. Upstream from these,
RhoA can be inhibited (using cytotoxic necrotising factor) and
the phosphoinositide cascade subverted using phopholipase C
inhibitors (U73122).

Tyrosine kinase inhibitors may prove to be highly useful.
Many excitatory cellular events in ASM are highly sensitive to
nonspecific tyrosine kinase inhibitors (e.g. genistein, tyrphos-
tin) or to those which are selective for Src-kinase (e.g. PP1, PP2)
[52–67]. The specific role(s) for these tyrosine kinase(s) are very
poorly understood, but clearly include signalling events
pertaining to actin filaments [68–71]. Several potential key
players are emerging as this field develops, including heat
shock proteins and 14-3-3 proteins [51].

Finally, rather than merely interfering with certain aspects of
ASM function, we now know it is possible to eliminate the
ASM itself and thereby treat asthma: bronchial thermoplasty
involves heat delivered to the airway such that the mass of
smooth muscle in the bronchial wall is markedly reduced [72–
75]. At bronchoscopy and under local anaesthesia, radio-
frequency energy is delivered via a four-armed basket
electrode that is expanded to contact the airway wall and the
airway wall is warmed to a target temperature of 65uC. When
the resulting thermal injury resolves, over 3–6 weeks, the
treated tissue appears normal except that the muscle content is
reduced by ,50% (as such, this directly addresses the airway
remodelling that accompanies asthma and which is not treated
by any pharmacological approach). This is associated with
reduced potential for bronchoconstriction. The benefit to
patients with asthma persists for years; the first patient was
treated in 2000 and is still experiencing benefit. In clinical
trials, patients with mild, moderate and severe asthma have
been successfully treated, demonstrating persistent improve-
ment in asthma control and quality of life. The adverse events
associated with bronchial thermoplasty were encountered in
the peri-treatment period; there were no long-term adverse
outcomes, such as progressive tissue changes or airway injury.

One limitation of this approach is that only those airways
which are accessible by a bronchoscope can be treated, and
each must be treated one at a time. However, the success of this
approach offers proof-of-principle that ablating the ASM per se
is useful, and it might be possible to overcome both limitations
using a molecular approach, which would allow one to treat all
airways, including the smallest ones, simultaneously. For
example, a silver bullet approach could be taken in which a
toxin is coupled to an antibody that specifically recognises
some membrane marker unique to ASM cells, much as is
currently done for certain cancers. Alternatively, a Trojan horse
approach is possible in which RNA vectors are developed that
are preferentially expressed within ASM cells and unload
some type of cytotoxic or inhibitory protein. Finally, with a
better understanding of the mechanisms underlying migration,
apoptosis and/or proliferation in ASM [76], it might be
possible to decrease their numbers by interfering with these
normal cellular processes.

Concerns about these novel approaches
Although several interesting targets are emerging as poten-
tially exploitable in novel therapies for asthma, there are still
some fairly significant roadblocks before us. Perhaps the
biggest of these is that many of the targets put forward (fig. 3)
will also have an effect on the pulmonary vasculature, and
could act beyond that to exert systemic effects. However, this
has always been a problem for pharmacological therapies for
asthma. It must have been daunting to suggest that it might be
possible to treat this disease using anticholinergics, given the
importance of the vagal/parasympathetic innervation in
nearly every organ of the body, or to do so using phospho-
diesterase inhibitors given that every cell type employs this
enzymatic activity. However, those hurdles were circum-
vented in the past in several ways.

First, the drugs could be delivered by inhalation so that the
first cells to encounter them would be the airway epithelium
and ASM, ensuring rapid onset of action and high local
bioavailability. If reasonably low concentrations were used, the
pulmonary vasculature would be less affected and systemic
effects even less so.

Secondly, by investigating in detail the nature of the specific
targets involved, it was possible to identify isotypes or
subtypes which were present in ASM but were not relevant
(or were less so) in the pulmonary vasculature and beyond. For
example, the first anticholinergics were selective antimuscari-
nics (obviating any effects through nicotinic acetylcholine
receptors), and then were further restricted to have selectivity
against muscarinic M2 or M3 receptors. Likewise, histamine
receptors were confined to those having selectivity for
histaminergic H1 receptors, and phosphodiesterase inhibitors
to the PDE4 or PDE5 subtypes.

It may be possible to use the same strategies to focus on the
novel targets proposed above: to look for subtypes of MLCK
(or ROCK, SERCA, NCX, TRP channels or MLCP) which are
expressed in ASM but not the pulmonary vasculature.
However, very little is known about the possible existence of
subtypes of these enzymes in ASM. Unfortunately, few in the
airway field are studying MLCK, MLCP, SERCA or ROCK at
this level of molecular detail, in part because others are doing
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so using other types of smooth muscle. However, until this
changes we will never know if it is possible to selectively
regulate these ASM enzymatic activities.

CONCLUSIONS
An accumulated wealth of data has led to the development of
five fundamentally different pharmacological approaches for
the treatment of asthma which target (at least in part) the ASM,
these are: 1) anticholinergics; 2) antihistamines; 3) antileuko-
trienes; 4) b-agonists; and 5) PDE inhibitors. However, asthma
is still not fully controlled, and we have not seen substantially
new molecules become available to resolve this problem. This
may be a result, in part, of the fact that previous and ongoing
experiments may not be designed optimally (an over emphasis
on cholinergic responses, use of nonhuman and/or tracheal
preparations, or use of overwhelming concentrations of
pharmacological agents, rather than physiologically-relevant
and therapeutically-achievable ones). However, it is felt that
another major contributor to this drought is the lack of
resources being allocated to basic research of ASM physiology,
particularly the mechanisms underlying excitation–contraction
coupling.

The present study has highlighted the potential benefits (and
risks) of five new targets for asthma therapy: 1) disrupting
Ca2+ oscillations; 2) inhibiting myosin light chain kinase; 3)
stimulating myosin light chain phosphatase; 4) modulating
actin signalling; or 5) reducing airway smooth muscle mass
itself. Clearly a great deal of research remains to be done before
these possibilities can be exploited in asthma.
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