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Abstract

Obesity affects the incidence and severity of asthma in at least two
major phenotypes: an early-onset allergic (EOA) form that is
complicated by obesity and a late-onset nonallergic (LONA) form
that occurs only in the setting of obesity. Both groups exhibit airway
hyperresponsiveness to methacholine challenge but exhibit
differential effects of weight loss. Measurements of lung function in

synergizing with obesity-induced reductions in lung volume. These
testable hypotheses are based on the strong likelihood that LONA and
EOA obese asthma are distinct diseases. Both, however, may benefit
from targeted therapeutics that impose elevations in lung volume.
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patients with LONA obese asthma suggest that this group of
individuals may simply be those unlucky enough to have airways that
are more compliant than average, and that this leads to airway
hyperresponsiveness at the reduced lung volumes caused by excess
adipose tissue around the chest wall. In contrast, the frequent
exacerbations in those with EOA obese asthma can potentially be
explained by episodic inflammatory thickening of the airway wall

The obesity pandemic that is sweeping the
world is having a major effect on the
incidence of asthma (1-3). Approximately
33% of the population in the United States
is obese, but so are 50-60% of those with
severe asthma (4), implicating obesity as a
significant risk factor for asthma. Indeed,
250,000 cases of asthma per year in the
United States are related to obesity (5).
Obesity is also having a major negative
impact on asthma therapy and control.
Individuals with obese asthma are almost
fivefold more likely than lean patients with
asthma to be hospitalized for an asthma
exacerbation (2). Furthermore, those with
obese asthma do not respond as well as
their lean counterparts to standard
controller therapy with either inhaled

Clinical Relevance

A pathophysiologic basis for the airway hyperresponsiveness of
obese asthma is proposed. This provides a testable avenue for
further investigation that may help lead to novel therapies.

corticosteroids or combination inhaled
corticosteroid/long-acting [3-agonist, and
they exhibit increased use of rescue therapy
(6-14). Furthermore, systemic steroid use
in those with obese asthma tends to worsen
their situation by making them gain even
more weight, underscoring the problem of
treating this patient population with
therapies that were developed, for the most
part, when the population was less obese
than it is today.

Despite the obvious public health
implications of the asthma of obesity,
however, our current understanding of
its pathophysiology remains very unclear.
This constitutes a major impediment to
the development of much-needed
improvements in therapy. Nevertheless,

some novel hypotheses are now being
developed that potentially will explain
why obese individuals are particularly
susceptible to developing the symptoms
of asthma. In this perspective, we

focus on the phenomenon of airway
hyperresponsiveness (AHR) because this
is a hallmark feature of all forms of
asthma and it provides a quantitative
measure of disease severity. We begin
with a discussion of the physiologic
mechanisms that potentially explain

AHR in general because these mechanisms
are numerous and diverse. This provides
the necessary backdrop against which
to discuss how the AHR of obese
asthma can potentially be linked to its
pathogenesis.

(Received in original form January 14, 2016; accepted in final form February 22, 2016)
This work was supported by National Institutes of Health grant RO1 HL103405.
Correspondence and requests for reprints should be addressed to Jason H. T. Bates, Ph.D., D.Sc., 149 Beaumont Avenue, HSRF 228, Burlington, VT 05405-

0075. E-mail: jason.h.bates@med.uvm.edu

Am J Respir Cell Mol Biol Vol 54, Iss 5, pp 618-623, May 2016

Copyright © 2016 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2016-0019PS on February 24, 2016

Internet address: www.atsjournals.org

618

American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 5 | May 2016


mailto:jason.h.bates@med.uvm.edu
http://dx.doi.org/10.1165/rcmb.2016-0019PS
http://www.atsjournals.org

PERSPECTIVE

Mechanistic Bases of AHR

AHR is defined as the finding of abnormal
decrements in lung function after challenge
with standard doses of bronchial agonist. In
human patients, this invariably means
abnormally large decreases in FEV; in
response to challenge with a series of
escalating concentrations of methacholine
aerosol, possibly with added consideration
of FVC and the ratio FEV,/FVC. The
precise structure—function link underlying
changes in FEV is complex and difficult to
interpret in precise physical terms, so
spirometry remains an essentially
empirical, albeit highly sensitive, tool (15,
16). Lung function is assessed most usefully
in animal models of AHR in terms of
mechanical input impedance as measured
by the forced oscillation technique, because
impedance is interpreted readily in terms of
physiologically motivated mathematical
models (17). In principle, these models
allow structure to be linked directly to
function (18).

In both human subjects and animal
models, there is little doubt that the
instigating event behind an observation of
AHR is contraction of the airway smooth
muscle (ASM). Accordingly, it is easy to be
led to the view that AHR reflects some
abnormality of the ASM itself. However, it
has long been recognized that there are a
number of possible abnormalities not
related to the ASM that can potentially
explain AHR (19-21). One important class
of possibilities includes factors that alter the
mechanical load against which the ASM
must contract to narrow the airway lumen,
and within this class are two distinct
players. First, the force of ASM contraction
must overcome the compressive stiffness of
the airway wall. Remodeling of the airway
wall might conceivably reduce this stiffness
and thus allow for increased narrowing of
the lumen (22), although whether this
actually explains any of the AHR of asthma
remains unclear (23) despite in vitro studies
demonstrating proof of concept (24). The
second key mechanical load opposing
ASM shortening is the outward tethering
force exerted on the intrapulmonary
airways by the parenchyma in which
they are embedded. This force of
airway-parenchymal interdependence
mediates the transmission of
transpulmonary pressure across the
airway wall and thus is tied directly to
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lung volume. Indeed, airways
responsiveness is exquisitely sensitive to
lung volume (25-27), which explains why
a deep lung inflation is the most potent
means of reversing established
bronchoconstriction (25, 28, 29), at least
in normal lungs. By the same token,
reducing lung volume below normal
levels is a potent means of inducing AHR
(30), which has obvious implications for
obesity in which mass loading of the chest
wall may compress the lungs and reduce
the functional residual capacity (FRC).
Clearly, alterations in the stiffness and
parenchymal tethering of the airway wall
may occur independently of any change
in the ASM itself.

Another class of AHR mechanism
concerns the geometric arrangement of the
components of the airway. For example,
ASM cells are typically not aligned perfectly
circumferentially around the airway but
instead assume a variety of angles relative to
the circumference (31). How shortening of
these cells translates into airway narrowing
depends on the relative stiffnesses of
the airway wall in the radial and axial
directions (32), both of which might
conceivably be altered by airway
remodeling. The most potentially
important geometric factor in determining
AHR, however, is the thickness of the
material composing the airway wall that lies

Mechanical load
* reduced airway—parenchymal tethering
* reduced airway wall stiffness

between the ASM and the lumen (19, 21). If
this material becomes physically enlarged,
as typically occurs when the airway is
inflamed, then a perfectly normal degree of
ASM shortening will cause the thickened
airway to impinge on the airway lumen
more than would be the case if the wall
were normal. This effect is relatively mild in
terms of its effect on airway resistance but it
can have a large impact on lung elastance
because of the increased amount of

small airway closure that wall thickening
can cause. In fact, this mechanism has been
shown to explain almost completely the
AHR seen in BALB/c mice during acute
allergic inflammation (33). Furthermore,
AHR can become extreme if wall thickening
is combined with an increased capacity of
the ASM to shorten, either as a result of
increased delivery of the agonist to the ASM
(34, 35) or if the ASM has an intrinsically
increased capacity to shorten (36).

In addition, there are the mechanisms
of AHR tied to the contractility of the
ASM itself, which again come in several
distinct forms. Most obvious is the
possibility that asthmatic ASM is stronger
than normal ASM and thus better able to
constrict the airway lumen. Certainly,
hypertrophy and/or hyperplasia of the
ASM has been documented post mortem
in patients with chronic severe asthma
(37), although whether this is really a

Smooth muscle contractility
e increased force
e increased sensitivity

Agonist delivery
* impaired epithelial barrier function
¢ increased endothelial leak

Geometry
e thickness of airway wall
* pitch of ASM cells around airway

Figure 1. The four classes of physiologic mechanism of airway hyperresponsiveness, each
potentially affecting the caliber of the lumen of an airway embedded in parenchyma when its airway

smooth muscle (ASM) is stimulated to contract.
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Figure 2. The symbols show (A) the real part and (B) the imaginary part of respiratory impedance in
subjects with obese asthma and obese subjects without asthma before and after major weight
loss via bariatric surgery. Also shown are the fits (lines) provided by the model shown in (C). Ec,
central airway elastance; Ep, peripheral elastance; Ic, airway gas inertance; Rc, central airway
resistance; Rp, peripheral resistance. Reprinted by permission from Reference 51.

cause of asthma or simply a consequence
of disease-induced overuse remains
unclear. Pathologic alterations in the
excitation—contraction coupling of ASM
are also a distinct possibility because
hypersensitivity, represented by an
excessive response to an intermediate
dose of agonist, is as much a feature of
asthma as is an excessive response to a
supramaximal dose. Indeed, the dose of
methacholine eliciting a given modest
decrement in lung function can be an order
of magnitude of two less in an individual
with severe asthma compared with a
normal person (38).
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Yet another class of AHR mechanism
concerns the access of the agonist to the
ASM. Methacholine challenge testing is
founded on the tacit assumption that the
administered dose of agonist is an accurate
reflection of the dose that actually stimulates
the ASM. This, in fact, may be a very
poor assumption. Mice treated with agents
known to compromise epithelial barrier
function have been shown to become
hyperresponsive to methacholine aerosol in
a way that can only be explained by a
substantially greater fraction of the
administered dose reaching the ASM (35,
39). In addition, although allergically

inflamed mice appear to respond to
methacholine aerosol without any increase
in ASM shortening, when the same animals
are given intravenous injections of
methacholine, they respond with greatly
exaggerated ASM shortening (40). This
again can be explained only on the basis of
altered methacholine delivery. Specifically,
inflammation is accompanied by an
increase in endothelial leak, which allows
an increased fraction of an intravenously
administered methacholine dose to

make its way into the lung tissues and
thence to the ASM. In contrast, delivery
of methacholine via inflamed airways is
not enhanced and, if anything, would be
expected to be impaired because of
epithelial hypertrophy and increased
mucus (33).

The makeup of the phenomenon of
AHR can thus be multifactorial, involving
mechanisms from at least four classes
(Figure 1), involving (1) mechanical load,
(2) geometry, (3) ASM contractility, and (4)
agonist delivery. It is now well recognized
that asthma presents in a variety of
phenotypes (41), so it seems reasonable to
suppose that different phenotypes reflect
different mechanistic constellations.
Accordingly, being aware of the various
mechanistic possibilities is a crucial starting
point for any discussion of how AHR might
arise in the asthma of obesity.

Nature of Obese Asthma

The propensity for obese subjects to develop
asthmatic symptoms has been recognized
for some time (1-3, 42), and is supported by
the observation that mouse models of
obesity are hyperresponsive to bronchial
challenge compared with lean control mice
(43, 44). Recent studies have shown,
however, that the asthma of obesity is not
a single disease. In fact, there are at least
two distinct major phenotypes of obese
asthma (6, 41, 45-48): (I) an early-

onset allergic (EOA) form that is
complicated by obesity and (2) a late-onset
nonallergic (LONA) form that occurs only
in the setting of obesity. These two
phenotypes have a common clinical
manifestation in the general symptoms

of asthma, but they exhibit difference
responses to intervention. In particular,
when individuals with LONA obese asthma
lose large amounts of weight after bariatric
surgery, their degree of airway closure is
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Figure 3. Percentage of the population that is
hyperresponsive as a function of body mass
index (BMI) predicted by computational
modeling for a range of airway wall compliance
(solid line) and a range of airway wall thicknesses
(dashed line). Stars indicate the midregions of
BMI for corresponding prevalence of asthma.
Reproduced from Ref. 52 by permission of the
American Physiological Society.

reduced significantly, whereas closure in
those with EOA obese asthma remains
unchanged (49). Furthermore, AHR
measured by sensitivity to airway closure
is significantly reduced after weight loss
in individuals with LONA obese asthma
but not in those with EOA obese asthma,
even though the latter show very significant
improvement in symptoms (49). In
addition, those with EOA obese asthma
are distinguished from their LONA
counterparts by being at particular risk of
asthma exacerbations (45, 46).

Something that both those with LONA
obese asthma and those with EOA obese
asthma have in common is the chronic
reduction in lung volume that tends to
accompany mass loading of the chest wall by
adipose tissue in all individuals with obese
asthma (50). Reduced lung volume is a
potent mechanism for increasing AHR
through the release of airway-parenchymal
tethering forces, as discussed above, and
thus in some way presumably represents a
common pathway for all forms of obese
asthma. This being the case, that which
distinguishes those with LONA obese
asthma and those with EOS obese asthma
may be the way in which they respond to
reduced lung volume. We recently
uncovered a clue as to what this might be
by measuring respiratory system
impedance in individuals with LONA obese
asthma and obese control subjects both
before and after major weight loss achieved
through bariatric surgery (51). Impedance
from 5 to 35 Hz (Figures 2A and 2B) was
fit with a two-compartment model
featuring the compliance of both the
peripheral lung and the central airways
(Figure 2C). The individuals with asthma
started out before weight loss with larger
values of peripheral elastance compared
with the control subjects, and weight loss
caused peripheral elastance to decrease by
60% in the those with asthma but only
by 27% in the control subjects (51). The
implication of these findings is that those
with LONA obese asthma are distinguished
from obese control subjects by having

[ Reduced lung volume ]

'

!

[Increased airway wall compliance]

Increased airway wall thickness ]4—

|

|

[ Airways hyperresponsiveness

Airways hyperresponsiveness ]—»[ Allergic flare ]

| !

[ Late-onset non-allergic asthma ] [ Early-onset allergic asthma ]

[ Exacerbation ]

Figure 4. Proposed pathogenic pathways for the two principal phenotypes of obese asthma that
both begin with reductions in lung volume caused by mass loading by the obese chest wall.
Late-onset nonallergic obese asthma then manifests in those individuals whose primary abnormality
is an airway wall that is more compliant than average (left-hand path). The early-onset allergic
phenotype, in contrast, results from the synergistic interaction between inflammatory thickening of the
airway wall and enhanced airway smooth muscle shortening at low lung volumes to produce the
severe hyperresponsiveness characteristic of an asthma exacerbation.
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unusually collapsible airways that cause
their lung functions to become especially
compromised when lung volumes are
reduced by obesity.

Why the airways of those with LONA
obese asthma would be especially prone to
collapse remains unclear, but one possibility
is that these individuals simply represent a
distinct subset of the population
characterized by airway compliances lying
toward the upper end of the naturally
occurring range, perhaps as a result of
genetics or inhalational exposure history.
In other words, their asthma is a form of
plain bad luck that manifests when they
become obese. We tested this idea using a
computational model of an elastic airway
embedded in elastic parenchyma to simulate
how airway resistance increases after
bronchial challenge for a range of randomly
chosen values of airway wall compliance
(52). With appropriate choices for the
mean and standard deviation of the
parameter that controls airway wall
stiffness, this model predicts a relationship
between airway responsiveness and body
mass index similar to that reported in
obese populations (Figure 3).

This modeling study, however, also
showed that essentially the same degree of
lung hyperresponsiveness can be predicted
on the basis of thickened airway walls
(52); thicker walls cause a geometric
amplification of the amount of luminal
narrowing that occurs when the ASM
shortens, as discussed previously. Although
there is no particular reason to suspect
that individuals with LONA obese asthma
have thicker airway walls than do obese
individuals without asthma, the same
cannot be said for those with EOA asthma,
in whom lung inflammation is a key
feature, especially during an exacerbation.
One of the manifestations of inflammation
is a physically thickened airway mucosa
caused by engorgement of epithelial cells
with mucus and a general up-regulation of
innate immunity (33). Consequently,
airway wall thickening would be expected
to wax and wane over time within any
given individual with EOA asthma. In
particular, it might be relatively modest if
allergic asthma is well controlled
through the antiinflammatory effects
of corticosteroids, but could become
substantial during an acute inflammatory
event precipitated by, for example,
exposure to some environmental allergen.
Furthermore, as pointed out above, airway
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wall thickness and ASM shortening have
a strong synergistic effect on airways
responsiveness that can even be fatal (34).
The above considerations lead to a
hypothesis for the pathogenesis of obese
asthma that begins with the common
pathway of obesity-induced lung volume
depression (Figure 4). This pathway then
bifurcates to produce either LONA or EOA
asthma, depending on whether the
airways are more compliant or thicker,
respectively, than normal. Along one arm
of the bifurcation (Figure 4, right-hand
side), the inflamed airway mucosa of the
person with EOS asthma becomes
thickened, particularly during an
exacerbation, creating the risk of a severe
case of status asthmaticus. Along the other
arm (Figure 4, left-hand side), the unusually
compliant airways of the person with
LONA asthma become problematic at the
decreased FRC associated with obesity.

Implications for Therapy

Given that reductions in lung volume are
arguably a common pathway leading to both
LONA and EOA obese asthma, a seemingly
obvious therapeutic approach would be to
impose elevations in lung volume through
the application of positive pressure to the
airways. The practical details of performing
this during sleep are already well established
because of the ubiquitous application of
constant positive airway pressure for
obstructive sleep apnea. Obese individuals,
of course, also have a greatly increased
incidence of sleep apnea. Constant positive
airway pressure could thus do double duty

in those individuals who also have asthma.
This would offer protection against the
effects of severe bronchospasm during the
night and might also help mitigate or reverse
any airway remodeling caused by chronic
reductions in FRC, and this could prove
beneficial during the day.

If the compliant airway hypothesis
regarding LONA obese asthma is correct,
then imposing elevations in lung volume
should be equivalent to reducing body mass
index to a lean value as far as lung function is
concerned. The same cannot be said of
those with EOA obese asthma, however,
because these individuals, even when lean,
still have asthma, albeit less severe, because
their asthma derives from an inflammatory
process driven by a response to some
allergen. EOA asthma is thus still likely to
require antiinflammatory therapy with its
attendant side effects. Volume elevation in
these individuals might conceivably aid
in the inhalational distribution of
antiinflammatory drugs and could offset the
constrictive effects of a thickened airway
wall to some degree, but is unlikely to return
lung function completely to normal.

Finally, although we have deduced
putative mechanistic bases for LONA and
EOA obese asthma that invoke subsets of the
mechanistic possibilities laid out in Figure 1,
we have certainly not conclusively
eliminated any of the others from
contention. Our focus in this perspective
has been on the biophysical mechanisms
related to the balance of forces across
the airway wall and the geometric
features of the wall components. It must
be stressed, however, that obesity may also

lead to abnormalities in the ASM and/or
its excitation-contraction coupling. In
particular, adipose tissue has the potential
to produce mediators that could
conceivably act either directly or indirectly
on the ASM (53) and that could have
differential effects, depending on whether
or not allergic inflammation is present.

Conclusions

Obesity affects the incidence and severity
of both LONA and EOA asthma in
different ways that suggest different
pathophysiologies. The differential effects of
weight loss in these two groups lead to the
hypothesis that those with LONA obese
asthma constitute that group of individuals
unlucky enough to have airways that are
more compliant than average. In contrast,
the frequent exacerbations in those with
EOA obese asthma potentially can be
explained by inflammatory thickening of the
airway wall synergizing with obesity-
induced reductions in lung volume. This
view of differential AHR pathogenesis
provides a testable basis on which to
understand LONA and EOS obese asthma
as distinct diseases. It also makes one think
about targeted therapeutic approaches
involving imposed elevations in lung
volume.
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