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Abstract

The study of asthma in fertile women needs to consider
its potentially recurrent exacerbation in a specific phase
of the menstrual cycle. Premenstrual asthma (PMA)

Baishidenge ~ WIR | www.wjgnet.com

refers to the deterioration of asthma in some women of
fertile age during the premenstrual phase. Prevalence
varies considerably according to studies (11%-47.44%)
mainly because there is no standardized definition of
the illness. There is a possible link between PMA and
premenstrual syndrome, which is a set of physical and
psychic manifestations that occur in some fertile women
during the same premenstrual phase. This relation has
been widely studied but there are still several unknowns.
PMA etiopathogeny is not known. It involves possible
causes such as hormonal variations in the premenstrual
phase, the coexistence of atopy, variations during the
cycle in substances related to inflammation, like LTC4
leukotrienes, catecholamines, E2 and F2a prostaglandins
and certain cytokines. Also considered are psychological
factors related to this phase of the menstrual cycle, a
high susceptibility to infection or increased bronchial
hyperreactivity prior to menstruation. Yet no factor fully
explains its etiology, consequently no specific treatment
exists. Researchers have investigated hormones, anti-
leukotrienes, prostaglandin synthesis inhibitors, diuretics,
phytoestrogens and alternative therapies, but none has
been shown to be effective.

Key words: Premenstrual asthma; Definition; Etiology;
Risk factors; Treatment

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Premenstrual asthma (PMA) refers to the
exacerbation of asthma in women of fertile age during
the premenstrual phase. Whether or not it is an asthma
phenotype, its definition, etiopathogeny and treatment
are issues still to be resolved. PMA seems to be a female
asthma phenotype despite contradictory results. It can
occur at any level of asthma severity and it is usually
associated with poorer disease control. Its etiology is not
well known, and there is no specific widely recognized
treatment. We need new well-designed studies to
compare asthmatic women with or without PMA, and
good quality clinical trials.
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INTRODUCTION

Unfortunately, there are illnesses or phenotypes of
illnesses whose etiopathogeny remains unknown and
for which specific treatment is still not available. One
such is premenstrual asthma (PMA).

Bronchial asthma in women of fertile age has several
specific connotations that include factors such as female
sexual hormones and the variations they undergo in the
menstrual cycle, women’s psychology and metabolism,
aspects related to reproduction and the influence of
external factors on certain genetic characteristics,
among others.

Several authors have investigated the cyclical
exacerbation of asthma in fertile women in a specific
phase of menstrual cycle. Deterioration has been
described in the periovulatory phaset™?, in the middle of
the preovulatory or luteal phase** and more frequently
in the premenstrual phase, an entity defined as
premenstrual asthma™®..

As well as PMA, other exacerbations in the pre-
menstrual phase have been described, in acne, psoriasis,
porphyria, epilepsy, nasal symptoms!'®, multiple sclerosis,
migraine, urticarial, Behget syndrome and myasthenia
gravis, among others™,

All this seems to indicate that there are still more
questions than answers concerning the possible influence
of the menstrual cycle on women and their health,
especially in terms of bronchial asthma.

QUESTIONS RELATING TO
PREMENSTRUAL ASTHMA

A definition

The classic definition of PMA continues to be the cyclical
deterioration of asthma in some women of fertile age
during the premenstrual phase and/or the first days of
menstruation™”). Although it can occur at any level of
asthma severity according to the Global Initiative for
Asthma classification!*?, it is usually associated with
poorer disease control.

Definition of deterioration

Deterioration refers to the worsening of the symptoms
of asthma, lung function and inflammation markers, or
all of these factors together. As a result, the definition
of premenstrual asthma varies in the studies of this
entity. Early research”***** defined PMA merely on the
basis of a “Yes” answer by a female asthma sufferer
to the question, “Does your asthma get worse during
the premenstrual phase?” This definition is clearly
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subjective, referring to the patient’s own perception of
her asthmatic symptoms in this phase. Authors such as
Balzano et a* comment in their conclusions that it is
not clear whether the asthma exacerbation occurring in
many women during the premenstrual period is due to
an objectively measurable intensification of the disease
or to an increased perception of symptoms caused
by the particular psychological state occurring shortly
before menstruation. Our research group'’ defines this
as "PMA from a subjective perspective”.

Later authors sought a definition by formulating a
methodology that gathered data on the symptoms and
then subjected them to a structured analysis in order
to consider whether a patient’s condition conformed
to PMA criteria'®'®. These definitions still retained a
subjective component since they asked women about
their personal “perception” of asthmatic symptoms. Our
research group™” defines this as “semi-objective PMA",

Other researchers applied criteria that were more
obviously objective. These included the observation of
a premenstrual exacerbation in lung function through
peak flow!"”**! or spirometry®” (a reduction in lung
volume and flow, or lung diffusing capacity, bronchial
hyperreactivity®! to methacholine or to physical
exercise), an increase in inflammation markers such as
Nitric Oxide (NOx)"? or eosinophils in the sputum in the
premenstrual phase™™. There is also some controversy
over the level of exacerbation that needs to occur in the
premenstrual as opposed to the preovulatory phase.
Some authors!® require more than 20% in the objective
parameters while for others it must be 40%™.

Our research group™® has categorized these three
possible definitions of PMA as “"PMA from a subjective
perspective”, “semi-objective PMA” and “PMA defined
by objective criteria”, and analyzed the relation between
all three. We found that the biggest differences
between the preovulatory and premenstrual phases in
asthmatic females occurred within the semi-objective
PMA category. On the other hand, there is a greater
correlation between the semi-objective exacerbation of
the symptoms and perception of the exacerbation of
the asthma before menstruation when considering one
single menstrual cycle than requiring semi-objective
exacerbation in two consecutive cycles. We believe it
is too stringent to require that semi-objective criteria
apply in two consecutive cycles. Objective criteria,
which demand a peak flow variation of 20%, are much
more restrictive. Our results lead us to think that the
definition by semi-objective criteria in a menstrual cycle
is what best defines the problem of PMA.

These disparate definitions are seen in the variation
in figures for PMA prevalence that appear in studies (from
11% to 47%) and highlight the need to standardize
criteria.

Another aspect that further confuses the issue is
the relation between subjective, semi-objective and
objective criteria. Pauli et ai**! found that 11 asthmatic
women who had stated that their asthma did not
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deteriorate prior to menstruation (non-compliance
with subjective criteria) in fact had more symptoms
before menstruation when these same symptoms
were later analyzed (semi-objective criteria); they also
experienced deterioration in premenstrual peak flow
(objective criteria according to peak flow). However,
there was no deterioration in spirometry or in bronchial
hyperreactivity (objective criteria according to other
parameters different from peak flow).

How many cycles?

While some authors only require that deterioration
occurs in a single cycle!’”?>? others believe that
exacerbation of symptoms must be present in several
consecutive cycles!™, the question being whether
women with PMA fulfill PMA criteria in all menstrual
cycles. With this in mind, Agarwal et a/’® studied a
group of women over four consecutive menstrual
cycles and found that 61% of those with PMA showed
deterioration in almost every cycle, 39% had worsening
once every 2-3 cycles while one patient had an increase
in symptoms every 3-4 cycles. These data question how
many cycles are required for PMA criteria to be satisfied.
They also make us think about whether PMA sufferers
vary in their symptoms during different cycles in the
same year or whether these symptoms can change
over several years. We consider the semi-objective
criteria in a complete menstrual cycle as the most valid
approximation to real PMA™®,

At which point in the cycle?

Why do some women experience deterioration in some
pre-existing illnesses during the premenstrual phase
and others do not? Why do some women suffer this
exacerbation in other phases of the menstrual cycle?
Such questions remain to be answered convincingly.

Questions on the relation between premenstrual asthma
and premenstrual syndrome

Premenstrual syndrome is the cyclical recurrence of
a set of physical and psychic symptoms that occur in
some women of fertile age following ovulation, in the
luteal phase of the menstrual cycle and, in particular,
before menstruation, and which is resolved at the
beginning of the next menstrual cyclet?’ I,

More than 150 clinical manifestations of the
syndrome have been described™***%, with congestive
and edematous symptoms being predominant in the
physical aspect, and mood changes in the psychic
aspect. These premenstrual symptoms are relatively
frequent in fertile women although their intensity and
possible repercussion on quality of life vary significantly
(80% experience a slight exacerbation and 3% a
severe exacerbation)® >3, Their true etiology and
physiopathology are unknown!®?! although the
alterations in the balance between sexual hormones
and neurotransmitters are noteworthy™”.,

Several works have found links between PMA and
premenstrual syndrome™™’>®), Our research group™
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has shown a clear connection between PMA and
premenstrual syndrome. A detailed analysis of the
various symptoms related to premenstrual syndrome
reveals that the relation is particularly intense in psychic
and edematous symptoms such as abdominal and
mammary tension. This could be due to the fact that
the generalized nature of the edema in women also
occurs in nasal and bronchial mucosa® leading to a
deterioration of nasal and asthmatic symptoms, and
lung function in this premenstrual phase.

Although we believe there exists a relation between
PMA and the symptoms related to premenstrual
syndrome, the etiology and physiopathology of both
is unknown, and not all women with PMA necessarily
present with premenstrual syndrome and vice versa.

Questions relating to the etiology of premenstrual
asthma

Premenstrual asthma’s true etiology is still in doubt.
Some authors stress the influence of hormonal factors
(premenstrual decline in estrogens or progesterone, or
variations in the estrogen/progesterone relation in the
premenstrual phase®>**®! | H" FSH*) atopy™™!,
variations during the menstrual cycle of inflammation-
related substances [leukotrienes (LTC) 4>, the E2 and
F20!** prostaglandins and cytokines™"], psychological
factors, diminished resistance to infections or increased
bronchial hyperreactivity (Table 1)®**>*®, The results of
studies that have analyzed the possible factors vary and
are occasionally contradictory.

For the possible genetic factors involved, Gorovenko
et al*”! studied aspects related to asthma genetics and
found that women with PMA showed a greater frequency
of functioning alleles in Glutathione transferase T1. This
genetic polymorphism (in terms of inactive GSTM1
alleles) relates to the metabolism of prostaglandins (PG),
LTC and the sexual hormones. The genetic component
associated to the atopy could also influence the relation
found in some studies between levels of total IgE and
premenstrual asthma™”’,

Other factors such as sensibility to aspirin (ASS)
use of aspirin or non-steroidal anti-inflammatory
drugs®® or body mass index (BMI)**! have been related
to premenstrual asthma. No clear link has been found
between ASS and PMA, and although Rao et ai*®! found
higher BMI scores in asthmatics with PMA, other authors
found no link between obesity and premenstrual
asthma™.

A priori, the varying behaviors of the sexual hormones
in the premenstrual phase compared to the preovulatory
phase would seem to be the best explanation of the
mechanism by which to describe why some women with
bronchial asthma have PMA and others do not. However,
the studies have found no difference between the
blood levels of the different hormones between women
with and without PMA™, Researchers have always
explored this relation via hormone levels in the blood but
perhaps this relation is more complex, and is found in
intermediary mechanisms such as the cyclical variations

[48]
I

November 28, 2015 | Volume 5 | Issue 3 |



Pereira-Vega A et a/. Premenstrual asthma

Table 1 Etiological factors in premenstrual asthma

Group Factor Ref. Design Level of factor in PMA  Level of factor in non P vaule Evidence
PMA level'
Hormones Estrogen Pasaogluet  Pre-post study PM: 89.3 pg/mL PM: 72 pg/mL N/A 4
ul[4l]
Estrogen Pereira et al™”  Cross-sectional study PO: 111.49 pg/mL PO: 131.31 pg/mL (for change) 4
PM: 95.9 pg/mL PM: 123.83 0.845
Progesterone Pasaogluet  Pre-post study PM: 7.3 pg/mL PM: 9.2 pg/mL N/A 4
ul[Al]
Progesterone Pereira et al™” Cross-sectional study PO: 0.83 pg/mL PO: 1.39 pg/mL (for change) 4
PM: 6.82 pg/mL PM: 6.31 0.225
Estrogen/ Pereira et al™”  Cross-sectional study PO: 219.26 pg/mL PO: 356.6 0.865 4
Progesterone PM: 35.53 pg/mL PM: 355.22 0.371
LH Pasaogluet  Pre-post study PM: 3.5 mU/mL PM: 4.9 mU/mL N/A 4
ﬂl[41]
FSH Pasaogluet  Pre-post study PM: 13.3 mIU/mL PM: 3.3 mIU/mL N/A 4
ul[Al]
Inflammation LTC4 Nakasato et~ Pre-post study PO: 24.0 pg/mL PO: NA' NA 4
al™ PM: 69.0 pg/mL PM: NA'
LTC4 Pereira et al®™ Cross-sectional study PO: 1.5 ng/mL PO: 1.4 ng/mL NS 4
PM: 1.31 pg/mL PM:1.29
Prostaglandin F2o.  Eliasson et Cross-sectional study Early cycle: 143 pg/0.1 mL 169.3 pg/0.1 mL Ns' 4
al® Late cycle: 15.9 pg/0.1 mL 9.5 pg/0.1 mL Ns'
Atopy Total IgE (geometric Pereira et al’”! Cross-sectional study 206.31 87.99 0.01 4
mean)
Total IgE (% >100  Pereira et al”! Cross-sectional study 84 43 0.001 4
kU/L)
Total IgE (mean) Rao et al™! Cross-sectional study 208.4 292.2 0.06 4
Phadiatop (% +) Pereira et al'”! Cross-sectional study 68 50 0.17 4
Skin prick test + Rao et al™ Cross-sectional study 60 (76 %) 297 (88%) 0.01 4
Others Aspirin sensitivity ~ Rao™ Cross-sectional study 23 (39%) 36 (10%) <0.0001 4
Use of aspirin or Forbes™ Cross-sectional study 14/38 (36.8%) 172/421 (40.9%) NS 4

non-steroidal anti-
inflammatory drugs

'Oxford Centre for Evidence-based Medicine-Levels of Evidence (March 2009, http:/ /www.cebm.net/ oxford-centre-evidence-based-medicine-levels-
evidence-march-2009/). N/ A: Not available; PMA: Premenstrual asthma; NS: Not significant; LTC: Leukotrienes.

of substances like cytokines (CK) or LTC, among others,
which are, in turn, influenced by hormone variations.

In short, despite the studies carried out so far and
the reviews published on the subject’®®, the research
results are inconclusive and the causal factors of this
entity remain unknown.

Questions related to treatment

Some women with PMA experience a slight worsening of
their asthmatic symptoms before menstruation, which
is resolved by increasing the dosage of base medication.
However, other women suffer severe exacerbation that
require frequent visits to hospital emergency rooms
or even hospitalization®®®, The latter cases would be
those most urgently requiring a treatment specific to the
patient’s condition®®**¢”), Various specific treatments for
PMA have been analyzed (Table 2) without agreement
as to which is the most effective. Study results continue
to be contradictory. The most attractive hypothesis to
explain the cause of PMA is hormonal variations in the
premenstrual phase, and the proposed treatments involve
oral or intramuscular®® progesterone, estrogens®>*!
and oral contraceptives!®*”, Other treatments tested
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include gonadotropin analogues'®, which can cause

uncomfortable side effects such as amenorrhea or
osteoporosis, leukotrienes antagonists™®**! and sodium
meclofenomate!’? among others.

Our research group is currently carrying out a
randomized double-blind placebo-controlled clinical trial to
analyze the possible benefits of phytoestrogens (Genistein)
in cases of premenstrual asthma'’®. Phytoestrogens
are natural estrogens that present fewer side effects
than human estrogens. They can have an agonistic or
antagonistic effect according to the tissue on which they
act”. Tt is shown to be useful in treating postmenopausal
symptoms”!, premenstrual syndrome”® and asthma””"®.
Our study is based on the relation that we have found
between PMA and symptoms related to premenstrual
syndrome, and it is boosted by the fact that the side
effects of these substances are few. The results have not
been published yet.

So we can say that due to the absence of a definitive
PMA etiology, and despite the various therapeutic
interventions proposed!®**427%7! ‘the best approach
for this entity remains unknown. Treating this condition
requires well-designed randomized double-blind placebo-

November 28, 2015 | Volume 5 | Issue 3 |



Pereira-Vega A et a/. Premenstrual asthma

Table 2 Specific treatments used in premenstrual asthma

Group Treatment Ref. Design patients Outcome Results P vaule Evidence
level
Hormonal Oral or Beynon et al®!  Case-series 3 Premenstrual dips 3 eliminated NS 4
intramuscular in peak flow premenstrual dips in
progesterone peak flow
Estrogen Ensom et al™ Cross-over 12 (mild Asthma Quality of No differences NS 1b
trial severity) Life Questionnaire,
FEV1
Ensom et al'® Case report 1 (severe Symptoms, Improved N/A 4
asthma) pulmonary
function, peak flow
ocC Murphy et al™  Case-series 28 (16 with ~ OC use (%) 5.42% in Non PMA NS 4
PMA) 6.38% in PMA
Tan et al*! Cross- 18 (9 taking  Changes between Changes in patients not 0.03 4
sectional 0Q) follicular and luteal taking OC;
study phases inairway ~ No changes in patients NS
reactivity and peak taking OC
flow
Derimanov et  Casereport 1 Deterioration of After discontinuing N/A 4
al™ asthma, decline the contraceptives, her
of pulmonary condition returned to
function tests baseline
Gonadotropin ~ Murray etal”  Casereport 1 Respiratory Improvement N/A 4
analogues symptoms, PEFR
dips premenstrual
and prednisolone
dosage and hospital
admissions
Anti- Anti- Nakasato et al™  Pre-post study 5 Respiratory Improved asthma <0.05 4
inflamma-tory leukotrienes: symptoms, PEFR  symptom scores,
pranlukast inhibited maximal
decreases in PEFR <0.01
Anti- Pasaoglu et al'”!  Pre-post study 24 mild PEFR and symptom Improvement in PEFR  0.005 4
leukotrienes: asthma-tics ~ scores variability and symptom
montelukast (11 with PMA) scores in women with
PMA. No differences in
women without PMA  0.002
Prostaglandin  Shimoda et al”  Cross-over 17 PMA Peak flow, Improvement in peak 0.025 2
synthesis trial symptoms score  flow during the early
inhibitors: premenstrual period.
sodium No effect on the NS
meclofenomate exacerbation of
asthma during the late
premenstrual period and
early menstruation
Others Phytoestrogens  Bime et al”” Case series 300 poorly FEV1 and asthma  Participants with little ~ 0.01 4
50y genistein controlled control or no genistein intake
asthma had a lower baseline
FEV1 and poorer asthma
control than those with a 0.001
moderate or high intake
Phytoestrogens ~ Smith et al”! Clinical trial ~ 386 poorly FEV1 at 24 wk Not result in improved NS 1b
soy isoflavone controlled symptoms, lung function or clinical
asthma episodes of poor  outcomes
asthma control,

asthma control test
score

N/ A: Not available; NS: Not significant; PEFR: Peak expiratory flow rate; PMA: Premenstrual asthma; OC: Oral contraceptives.

controlled clinical trials.

order for results to be compared.

CONCLUSION

Relation between premenstrual asthma and
premenstrual syndrome

Definition

Although a relation between both events seems to exist,

The definition used in studies needs to be clarified in there are still doubts about the type of premenstrual
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syndrome-related symptoms that can be clearly linked
to PMA; and doubts persist as to the etiology of both
phenomena.

Etiology of premenstrual asthma

The type of relation that exists between hormonal
changes throughout the cycle and PMA has yet to
be established; this relation would be the most likely
hypothesis. Investigators have searched for this link
in hormone levels of the blood but the relation seems
to be more complex. There are still doubts about PMA
etiology, and like Skoczynsky et al**!, we believe that
close collaboration between medical specialities such as
pneumology, gynaecology and endocrinology, among
others, could shed light on this issue.

Specific treatment for premenstrual asthma

Although there are several works published on the
subject, there is currently no treatment specifically
designed for PMA. More studies are needed in this area.

Final conclusion

Although the results are contradictory, it seems that
PMA can be considered a phenotype specific to asthma
in women. Although it can occur at any level of asthma
severity classification® it is usually associated with
poorer disease control®®’*5, We still do not know its
etiology entirely and no specific treatment exists that
has been widely accepted. All this requires new studies
to compare groups of asthmatic women with or without
premenstrual asthma, with clear criteria regarding
definition of the entity.
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Abstract

The standard treatment for acute respiratory distress

Baishidenge ~ WIR | www.wjgnet.com

syndrome (ARDS) is supportive in the form of low tidal
volume ventilation applied after significant lung injury
has already developed. Nevertheless, ARDS mortality
remains unacceptably high (> 40%). Indeed, once
ARDS is established it becomes refractory to treatment,
and therefore avoidance is key. However, preventive
techniques and therapeutics to reduce the incidence of
ARDS in patients at high-risk have not been validated
clinically. This review discusses the current data
suggesting that preemptive application of the properly
adjusted mechanical breath can block progressive acute
lung injury and significantly reduce the occurrence of
ARDS.
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Core tip: In all patients at risk of developing acute lung
injury or acute respiratory distress syndrome (ARDS),
protective mechanical ventilation should be applied
immediately upon intubation. However, the optimally
protective breath to block progressive acute lung injury
is not known. Recent clinical studies have shown that
preemptive low tidal volume can both reduce and
increase mortality. Application of preemptive airway
pressure release ventilation has shown a great deal of
promise at reducing ARDS occurrence in both animal
and clinical studies.
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INTRODUCTION

The standard treatment for acute respiratory distress
syndrome (ARDS) is supportive in the form of low
tidal volume (Vt) ventilation applied after significant
lung injury has already developed!'!. Nevertheless,
ARDS mortality remains unacceptably high (> 40%)™.
Indeed, once ARDS is established it becomes refractory
to treatment®*, and therefore avoidance is key.
However, preventive techniques and therapeutics to
reduce the incidence of ARDS in patients at high-risk
have not been validated clinically. This review discusses
the current data suggesting that preemptive application
of the properly adjusted mechanical breath can block
progressive acute lung injury and significantly reduce
the occurrence of ARDS.

Currently the concept of ARDS is binary; either a
patient has ARDS or they do not. However, it is now
recognized that ARDS begins sub-clinically as early
acute lung injury (EALI), which is developing long
before (hours to days) the patient is even intubated™.
Over time EALI becomes clinically apparent and
the patient is intubated and placed on mechanical
ventilation. Non-protective mechanical ventilation
(N-Pwmv) during this EALI stage works synergistically
with the initiating event (i.e., systemic inflammatory
response syndrome-SIRS) to amplify lung injury by
a mechanism of increased alveolar and alveolar duct
mirco(u)-strain and if unchecked will culminate in ARDS
(Figure 1). This concept is supported by recent studies
showing that application of mechanical ventilation
with Vt during EALI significantly reduced the incidence
of ARDS®*, In addition, early application of a novel
ventilator strategy using an extended time at inspiration
and minimal time at expiration delivered using the
airway pressure release ventilation (APRV) mode,
dramatically reduced the incidence of ARDS in patients
at high risk secondary to major trauma™. It has been
shown that N-Pwv exacerbates alveolar and alveolar
duct p-strain*®'”! causing extensive damage to the
pulmonary parenchyma and deactivating surfactant,
both of which are established mechanisms driving EALI
to ARDS (Figure 1). Thus it has been shown that the
combination of the parameters that comprise the MBr
(i.e., airway pressures, volumes, flows, rates and most
importantly the time that these parameters are exposed
to the lung during each breath) can either exacerbate
or block progressive acute lung injury. Therefore a
key research goal is to identify the optimal mechanical
breath necessary to protect the lung and reduce ARDS
incidence.

Ineffective ARDS treatments

There are no drugs currently available to reduce the
occurrence of ARDS in patients at high-risk™*®!. Thus
clinicians must attempt to treat the syndrome once it has
fully developed™. Although many treatment strategies
have been tested in clinical trials almost all have
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failed®'**"! and mortality of ARDS remains higher than
40%". In addition ARDS survivors often develop chronic
pulmonary® and brain'**! lesions. Mechanical ventilation
is essential in patients with respiratory failure™ but, if not
adjusted properly, it can cause additional lung damage,
termed ventilator induced lung injury (VILI) (Figure 1)P*,
Injurious mechanical ventilation has not only been shown
to damage the lung but to also injure distant organs, and
thus VILI is a potential mechanism for the development
of multiple organ dysfunction syndrome with an even
higher mortality than ARDS"..

MclIntyre et al¥ rated multiple ARDS treatment
strategies from “A” (highly effective) to “E™ (no effect
above placebo). Most treatments either received a “D” or
“E” except for Low tidal volume and Open Lung protective
ventilation strategies, which received a Recommendation
of “B” (no treatments received “A”). Brower et a/'¥
published a similar report demonstrating the difficulty of
treating established-ARDS. Thus, it appears that there
is no effective treatment of established-ARDS and thus
reducing the incidence of ARDS would have a remarkable
benefit in reducing ARDS mortality. Therefore, if ARDS
morbidity and mortality are going to be reduced, a pre-
emptive treatment strategy will have to be employed to
prevent the syndrome before it develops.

Ventilator-induced ARDS pathogenesis
It is well established that ARDS pathogenesis is due
to an increased vascular permeability, which causes a
high permeability pulmonary edema and sequentially
deactivates pulmonary surfactant, resulting in alveolar
instability (Figure 1), However, the current binary
concept that the lungs are “sick” only after ARDS
criteria are met perpetuates less than optimal treatment
strategies, which are implemented only after established-
ARDS has already developed. We postulate that in the
EALI phase the identical pathologic mechanisms are at
work, but lung injury is not identified because in this
early stage only a relatively small percentage of the
lung is damaged®®”. With progressive alveolar flooding,
which deactivates more and more surfactant, there is
an alteration in alveolar mechanics (i.e., the dynamic
change in alveolar size and shape during tidal ventilation)
leading to alveolar instability and induced tissue damage
at the cellular level (i.e., p-strain) (Figure 1). Because of
the limited volume of lung initially involved, the ability
of hypoxic pulmonary vasoconstriction®® to match
ventilation with perfusion, and rapid transit time of
hemoglobin saturation>", there are minimal clinical
signs or symptoms of EALI; nevertheless, over time a
larger and larger portion of these patient’s lungs become
abnormal despite normal blood gases. Thus, in the
studies demonstrating that VILI occurs in “normal” lungs
before the development of acute lung injury (ALI)®73Y,
we postulate that these lungs were not normal but rather
a significant portion of lung was already edematous with
unstable alveoli (EALI).

We also postulate that the systemic inflammatory
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Figure 1 Pathogenesis of acute respiratory distress syndrome. 1:
Systemic inflammation, also know as the systemic inflammatory response
syndrome (SIRS) activates white blood cells and increases vascular
permeability (red arrows); 2: Surfactant disruption occurs if increased
permeability result in alveolar edema (tan color) forces surfactant molecules
off of the alveolar surface into the lumen of the alveolus; 3: Early acute lung
injury (EALI) pathology is associated with moderate surfactant deactivation
and pulmonary edema with limited clinical symptoms; 4: Mechanical
ventilation (MV) if non-protective (N-Pwv) will cause a ventilator induced
lung injury, which greatly exacerbates progressive acute lung damage; 5:
Micro-strain on the alveolar walls occurs as alveoli with limited surfactant
function collapse and reopen during each breath. N-Pwv greatly accelerates
and expands micro-strain injury and is one of the primary VILI mechanisms.
However, if a protective mechanical breath (Pwv) is applied immediately
upon intubation alveolar micro-strain is avoided; 6: Acute respiratory distress
syndrome (ARDS) is caused by a combination of systemic inflammation-
induced pulmonary edema, deactivation of surfactant and N-Pwv, resulting in
alveolar micro-strain. If micro-strain is prevented by applying Pwy, VILI will be
avoided and ARDS incidence reduced. Puv: Protective mechanical ventilation;
VILI: Ventilator induced lung injury.

response syndrome (SIRS) and VILI often work addi-
tively or synergistically in a progressive manner until a
“tipping point” in lung pathology is reached (Figure 2)
resulting in the clinical manifestation of ARDS (Figure 1);
however if preemptive mechanical ventilation with an
appropriate airway mechanical breath is applied before
this “tipping point”, ARDS can be prevented (Figure 1).

Our preemptive ventilator strategy

ARDS is rarely present at the time of hospital admission
but develops over a period of hours to days®™?, providing
an opportunity for intervention. We postulate that not
only airway pressure, but the time that this pressure is
applied to the lung during each breath, is important to
lung protection. Andrews et al™*! placed all intubated
patients arriving in the Multitrauma Critical Care (MTCC)
unit on APRV with an extended time at inspiration and
minimal time at expiration and showed ARDS rates were
reduced (1.4%) by an order of magnitude as compared
to the incidence of 15 other SICUs (14%). In addition,
Roy et al®® showed a direct correlation between an
elevated pressure/time integral (PT: - an integral of
airway pressure over the time from peak inspiration to
end expiration) and reduced ARDS incidence using the
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Figure 2 Appropriate mechanical breath settings prevent ‘tipping point’
cascade and acute respiratory distress syndrome. Control mechanisms at
the Local (Cell), Regional (Tissue) and Systemic (Organ) level attempt to balance
insults/perturbations such as loss of surfactant (Sf) function and pulmonary
edema formation but can fail without additional support. The control systems can
be overwhelmed, leading to a cascading effect that culminates in dysfunction
at the next higher biologic level (Cell—Tissue—Organ). Current therapies for
acute lung injury are applied too late, after the health state has cascaded all
the way down to the Organ Level (i.e., development of established-ARDS). We
propose that mechanical ventilation modulation strategies with an appropriate
pressure time integral (PT)) directed at lower level control structures (i.e., Sf
function by normalizing alveolar mechanics and edema prevention by altering the
Starling fluid flux forces) early in the failure sequence, prior to complete loss of
containment and tipping to the organ level, may help reset the underlying control
mechanisms, limit spill-over effects and bolster maintenance of compartmental
containment. Application of a preemptive mechanical breath with the proper
PTi can assist the endogenous control mechanisms and “shore up” the insults/
perturbations to prevent the development of established-ARDS. ARDS: Acute
respiratory distress syndrome; PTi: Pressure/time integral.

identical APRV strategy used by Andrews et af'>l, APRV
has the ability to precisely regulate the time spent during
the plateau pressure as well as the time spent in the
release phase. This allows precise control of the variables
of pressure and time thus, controlling the breath profile
that directly impacts the lung. However, the APRV
acronym is a nebulous term for ventilation with an
extended time (Thigh) at peak airway pressure (Phighn) and
with a short time (Tiow) at end expiratory pressure (Pow).
Any combination of these times and pressures would be
defined as APRV, yet, only a specific combination of these
settings, developed by our group, is effective at reducing
the incidence of ARDS™ 7?33 Our work shows that
a specific protocol of Thigh, Pnigh and Tiow settings must
be precisely followed in order for this airway PT: to be
effective at preventing ARDS.

To summarize, trauma/sepsis/hemorrhage induced
SIRS initiates a heterogeneous lung injury caused by
edema-induced surfactant deactivation, resulting in
unstable alveoli. As the disease progresses and overwhelms
more and more lung, the patient is intubated and placed
on ventilation often with relatively high Vt. Ventilation with
a N-Pw strategy using an inappropriate PT: exacerbates
alveolar instability causing VILI (Figure 1). SIRS plus
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Figure 3 Pulmonary Histopathology - Photomicrographs of representative lung sections of specimens from each treatment group at 40 x magnification.
A: Sham- animals received 48 h of mechanical ventilation without peritoneal sepsis + gut ischemia/reperfusion (PS + I/R) injury. Specimen exhibits stigmata of lung
injury including fibrinous deposits, blood in alveolus, congested capillaries, and thickened alveolar walls; B: LTV- animals received PS + IR injury and LTV ventilation
after onset of ALI. Specimen exhibits stigmata of lung injury including fibrinous deposits, blood in alveolus, congested capillaries, leukocyte infiltration, and thickened
alveolar walls; C: APRV- Animals received APRV one hour following PS + I/R injury. Specimen shows normal pulmonary architecture, alveoli are well expanded, thin
walled and there are no exudates. APRV applied early in animals with severe septic shock protected the lung superior to Sham animals with conventional mechanical
ventilation without septic shock. (with permission)™. F: Fibrinous deposit in the air compartment; Arrow: Blood in alveolus; Arrowhead: Congested alveolar capillary;
Bracket: Thickened alveolar wall; APRV: Airway pressure release ventilation.

VILI (i.e., N-Pmv) combine to progress the lung from EALI will affect only the physiology characteristic of that scale.
into established-ARDS (Figure 1). The fact that acute If the perturbation can be reversed within that scale,
lung injury develops slowly in stages while the patient is before a critical “tipping point” is reached, it will limit
in the hospital, suggests the possibility that mechanical the possibility of impacting higher scales (Figure 2)1**,
ventilation can be used as a therapeutic tool and if applied A global system-level insult, such as severe injury and
before a certain pathophysiological “tipping point” can hemorrhagic shock, can lead to SIRS. This containment
prevent or reduce the development of established-ARDS failure leads to the presence of inflammatory mediators
(Figure 2)%. Our preliminary data has shown that the  throughout the circulation that when combined with
early application of the proper mechanical breath reduced injurious mechanical ventilation will cause progressive
the incidence of ARDS to 1.4%!"*!, as compared to the lung injury and if untreated will develop into ARDS (Figure
Nation Wide average of 13.5% = 2.2%, in severely injured 1)1,

trauma patients™**! and in a high fidelity translational We clearly recognize that inappropriate ventilation
animal model®®!. The mechanisms of lung protection therapies themselves carry detrimental potential (i.e.,
involve limiting vascular permeability and pulmonary ventilator-associated injury - VILI). However, if ventilation
edema, and preservation of surfactant function'”*. The  therapies with appropriate mechanical breath are
Andrews study™, combined with our animal data®’?*,  applied at an early ARDS stage, the initial tipping from
strongly supports our hypothesis that the ventilator can cellular to the tissue level may be prevented without
reduce ARDS occurrence. Indeed, Villar and Slutsky™® any negative side effects (i.e., VILI). We postulate that
recently suggested that it makes much more sense to preemptive application of our APRV protocol arrests lung

prevent rather than treat ARDS once it fully develops. pathogenesis before the “tipping point” is reached, thus
preventing the damage from jumping scales, therefore

"Tipping point" theory preventing damage at the organ level (Figure 3)**,

Our group has been analyzing sepsis-induced ARDS Starling forces: Although vascular permeability is

pathogenesis using mathematical modeling™’*?, We critical in edema formation it is only one component in
found that sepsis pathogenesis does not progress in the Starling equation for fluid flux®*". Capillary filtration
a linear fashion, but rather proceeds at a given scale  rate (Jv) is governed by the balance between capillary
until it exceeds a “tipping point” (i.e., conversion from hydrostatic pressure (Pc) and plasma colloid osmotic
EALI to established-ARDS). Below this tipping point, pressure (np), interstitial hydrostatic pressure (Pi) and
mechanical stress/strain-induced tissue damage and colloid osmotic pressure (ri), the hydraulic conductivity
inflammation is contained and manageable; when this (Lp), the surface area available for filtration (PS) and the

threshold is crossed, mechanical damage and infla- vascular permeability expressed as a reflection coefficient
mmation escalates, and dysfunction propagates to a (o) (Equation 1):

higher biological scale (e.g., progressing from cellular, Jv = LpPS [(Pc - Pi) — o(np — mi)] (Equation 1)
to tissue/organ, to multiple organs, to the organism; It is our hypothesis that ventilation with the appropriate

Figure 2)"*, We hypothesize that for as long as tissue mechanical breath can shift the balance of the Starling
injury and inflammation remain effectively controlled and equation from high capillary filtration to a significantly
confined to a given scale or compartment the process reduced filtration rate, even in the presence of increased o,
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by increasing Pi. Alternatively, an appropriate mechanical
breath may prevent stretch induced increases in o by
stabilizing alveoli®**?,

VENTILATOR AS A THERAPEUTIC TOOL

TO PREVENT ARDS

We hypothesize that ARDS can be prevented if
mechanical ventilation with the appropriate mechanical
breath is applied during the EALI stage, before a “tipping
point” of no return is reached. We tested this hypothesis
initially in our clinically applicable porcine model of
peritoneal sepsis (PS) and gut ischemia/reperfusion (I/R)
ARDS model™. This is a highly sophisticated model that
treats the animal as a trauma or septic patient would be
treated in the ICU. Animals are ventilated with a critical
care grade ventilator;, receive fluid resuscitation according
to surviving sepsis criteria®*, are given scheduled doses
of wide spectrum antibiotics, vasopressors to maintain
arterial pressure and urine output and, in spite of this
treatment 100% of the animals develop ARDS over a
48hr period without additional protection. All of the main
pathologic features required in a clinically applicable
animal ARDS model including: (1) histological evidence
of tissue injury; (2) alteration of alveolar capillary barrier;
(3) an inflammatory response; and (4) evidence of
physiological dysfunction™, are also present in our
porcine model®**, Since so many features of our model
match those seen in the clinical practice, the model has
been described as “good evidence” in that whatever
treatment proves successful in this model will also be
successful in a clinical trial®”’.

Animal experiment reducing ARDS incidence

We chose to use the APRV mode to test our first
mechanical breath because APRV allows precise
control of the time during which airway pressure and
volume are applied to the lung with each breath and
hypothesized that the Thigh at plateau pressure would
keep the pulmonary interstitial pressure sustained
for the majority of each breath, which would reduce
transvascular fluid transduction by elevating Pi (Equation
1) and thus reduce edema. In addition we postulated
that Tww at expiratory pressure would prevent alveolar
collapse and instability and that this combination would
prevent ARDS development. We tested our hypothesis
in our PS + I/R porcine ARDS model. In this study
animals were on conventional mechanical ventilation
(CMV) during the surgery and injury (i.e., PS + I/R)
period and then either remained on CMV or were
converted to APRV 1 h into the 48 h experiment.

APRYV settings

There are 4 basic APRV adjustments that can be made:
(1) time at high pressure (Thign); (2) the magnitude of
high pressure (Pigh); (3) time at low pressure (Tww); and
(4) the magnitude of low pressure (Pow). In our studies
the Thish was set at 90% of each breath. Pxish was set to
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be similar to the plateau pressure with CMV. Tiow was very
brief and is calculated as 75% of the peak expiratory flow
rate (PEFR) thus, it is adjusted in response to changes in
lung physiology (i.e., the rate of lung collapse) in a closed
loop fashion®". Pow was always set at zero to maximize
the bulk gas flow movement during exhalation. However,
PLow never reached zero since Tww is so short, the lung
does not have sufficient time to totally deflate and thus
Pow is always positive. Unpublished observations suggest
that the Pww is approximately 33%-50% of Phigh with
a Tww set to 75% of the PEFR. We postulate that the
combined effects of our Prigh, Trigh and Tiow Strategy will
create a mechanical breath that can block the ARDS
progressive pathogenesis and prevent the development
of ARDS (Figure 1).

Experiments in our laboratory

In our initial study we compared two groups of animals®”:
Group 1: Non-protective ventilation (NPV) - animals
were ventilated with volume cycled ventilation [Tidal
volume (Vt) = 10 cc/kg] with 5 cmH20 of PEEP. Group 11
animals were converted to our APRV ventilation protocol
with the settings described above, immediately following
PS + I/R and remained on APRV for the entire 48 h
experiment. The results of the study were very definitive;
APRV completely protected the lung from injury™”. Lung
injury was assessed at many levels including organ
function, histologic and molecular. Lung function was
assessed by oxygenation using the PaO2/FiO: (P/F) ratio.
Oxygenation was clearly maintained throughout the 48
h experiment in the APRV group, whereas in the CMV
group P/F fell below 200", which is the Berlin definitions
of ARDSP®, This was due to almost complete protection
at the tissue level. APRV also protected the lung at the
molecular level. There was a significant reduction in total
protein and interleukin-6 (IL-6) in bronchoalveolar lavage
fluid (BALF)™”. This suggests that APRV prevents the
increase in pulmonary microvascular permeability and
reduces lung inflammation. In addition, APRV preserved
surfactant protein B (SP-B) concentration, which is
known to play a critical role in surfactant function,
thus, maintaining normal levels of SP-B would prevent
alveolar instability®®”. All of these physiologic, cellular
and molecular improvements translated into a significant
reduction in pulmonary edema'®”.

More recently we compared preemptive application
of APRV with the current standard of care low tidal vo-
lume ventilation (LVt). LVt was adjusted using the
ARDSnet strategy and was applied similarity to current
clinical practice once the patient’s P/F fell below > 300.
Additional adjustments were made using the ARDSnet
protocol following the high PEEP scale, as well as the
protocol guidelines(i.e., Sa0z2 < 88%)™. APRV kept
the lung fully inflated preventing the severe atelectasis
associated with ARDS. In addition, APRV significantly
reduced interstitial and airway edema as compared with
the LVt group, with significantly less histopathologic
injury (Figure 3). These improvements in lung function
and pathology were coupled with preservation of
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Figure 4 Bronchoalveolar lavage and lung tissue analysis. A: Epithelial Cadherin in Lung tissue showing APRV had significantly greater E-Cadherin
abundance in lung tissue than LTV (°P < 0.05); B: Surfactant protein A in BALF showing APRV had significantly higher SP-A abundance in BALF than LTV (*P <
0.05); C: Interleukin-6 (IL-6) in BALF showing APRV had significantly lower IL-6 in BALF than LTV (°P < 0.05)™. APRV: Airway pressure release ventilation; BALF:
Bronchoalveolar lavage fluid (with permission)

133]

E-Cadherin (reduced vascular permeability), surfactant
protein-A (improved surfactant function) and IL-6 (reduced
inflammation) (Figure 4)*. Combined, these studies

’ ) ) . o
. clearly show that preemptive mechanical ventilation
}.-_-, '}. v < . a2 1 applied early in the disease processes can block ARDS
A 4 . ! . / . f = . ..
VR (f,* e {.‘n . ("”*W} pathogenesis, significantly reducing ARDS incidence.
Pt : A ‘N;A, 2 4 air?
o ' R a0 | *‘\ s Clinical studies reducing ARDS incidence
5 7 4 f'?( T & We have conducted a statistical review comparing
S L | ‘"‘””“»«-‘““‘s!.' < the incidence and mortality of ARDS in patients with
W B 4 L7 ¥ . . . . . .
D P e B S ¢ }v\ 0 um APRV applied immediately upon intubation, against
}‘.b“ ¢ -‘@i’»‘l.%“" Ay G ,2 [ - . L.
4 oty ey ' T the standard of care ventilation in severely injured

trauma patients. Even though our Injury Severity
Figure 5 Histological comparison of a rat receiving early airway pressure Score was in the upper quartile, our ARDS incidence
release ventilation with a rat receiving volume cycled ventilation. The VC animal (14% vs 1.3%) and mortality (14.1% vs 3.9%) were
exhibits hallmarks of acute respiratory distress syndrome, including alveolar flooding both below the lower quartile. Although this study was
(stars), fibrinous deposits in the air compartment (arrowheads) and high cellularity . . .
(between arrows). The APRV animal shows patent alveoli with notable preservation of a retrospective meta-analysis and not a prospective
nearly normal histology (with permission)®™. APRV: Airway pressure release ventilation; clinical trial, the order of magnitude differences in ARDS

VC: Volume cycled ventilation. incidence and mortality strongly suggest that early

Raishidenge ~ WJR | www.wjgnet.com 193 November 28, 2015 | Volume 5 | Issue 3 |



Nieman GF et a/. Never let the lung collapse

Figure 6 In vivo photomicrographs and image analysis of inflated subpleural alveoli in the volume cycled ventilation (A, B) and airway pressure release
ventilation (C, D) groups. Measurement of the % Air Space was accomplished by circling the inflated alveoli using computer image analysis. All inflated alveoli were
then assigned the color yellow and noninflated areas were assigned the color red generating a sharp contrast for the image analysis software to identify and measure
the % of inflated alveoli/microscopic field. Arrows (A, C) identify a single alveolus (with permission)*™. VC: Volume cycled ventilation.

1.0 - a a Figure 7 Macro-strain vs micro-strain. Macro-strain
_ ) was that calculated for the entire lung and Micro-strain
l c L] Microstrain calculated for individual alveoli in the same lung under
08 |- [ Macrostrain the identical conditions. Low PEEP (5 cmH:0) with
a conventional breath and an extended time at low
pressure (10%) with APRV showed the largest difference
e between Macro- and Micro-strain. High PEEP (16
‘© cmH:0) and a brief time at low pressure with APRV (75%)
& 04 | minimized the differences between Macro- and Micro-
strain. See text for description of APRV settings. °P < 0.05
a between Macro- and Micro-strain; °P < 0.05 between
02 L — PEEP 5 and APRV 10 (with permission)!”. APRV: Airway
ﬁ % ﬁ pressure release ventilation.
00 [ ] Ea
PEEP 5 cmH:0 APRV T-PEFR PEEP 16 cmH20 APRV T-PEFR
to PEFR ratio to PEFR ratio
10% 75%

application of protective mechanical ventilation, in the
form of properly adjusted APRV, can reduce both ARDS
incidence and mortality™,

MECHANISM OF MECHANICAL BREATH

PROTECTION

Although these studies offer proof-of-concept that
preemptive APRV can reduce ARDS incidence'”**, we
need to better understand the mechanisms by which
APRV protects the lung from progressive acute lung
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injury. To this end we have developed a rat trauma/
hemorrhagic shock (T/HS) model with dlinically applicable
fluid resuscitation and mechanical ventilation protocols™.
This model initiates a systemic inflammatory injury that
results in progressive acute lung injury culminating in
the development of ARDS over a 6 h period. This model
gives an opportunity to study progressive acute lung
injury that if unblocked will lead to ARDS. Our hypothesis
was that early application of APRV immediately following
HS, when the lungs were still normal, would block
progressive lung damage and reduce ARDS incidence.

In our preliminary experiments we studied two groups
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Figure 8 Impact of multiple ventilation strategies on the terminal airways. A: Schematic of the terminal airway before and after color demarcation; B: A standard
hematoxylin-eosin staining of the lung is first analyzed for conducting airway air spaces and demarcated in green. The alveoli are demarcated in lilac while the

remaining interstitium, blood vessels and lymphatics are colored in magenta (with permission)"™.

of rats: Group 1 - volume cycled ventilation (VC) with
0.5 cmH20 PEEP and Group 2 - APRV with our standard
settings (see APRV Settings above). Our model uniformly
causes ARDS between 4 and 6 h after HS when
ventilated with VC. Lung function declined gradually over
time in the VC group and all animals either died due
to pulmonary edema, which was so severe that they
could not be ventilated or the P/F ratio was below 200
at the end of the experiment®®. Pulmonary edema was
confirmed histologically (Figure 5). Pulmonary edema-
induced surfactant deactivation resulted in alveolar
instability (Figure 6). Preemptive application of APRV
maintained P/F in the normal range and prevented lung
damage (Figure 5) and alveolar instability (Figure 6).
Thus, early application of APRV protects the lung and
prevents progressive lung injury by reducing pulmonary
edema (see Starling forces above) and by stabilizing
alveoli, which prevents mechanical damage caused by
shear-stress during alveolar collapse and reopening.
More recently we have begun to explore the impact
of any mechanical breath on the pulmonary micro-
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environment (i.e., alveoli and alveolar ducts). Gattinoni’s
group has shown that excessive whole lung stress and
strain, caused by injurious mechanical breath, are the
mechanical mechanism of VILI®®. Our group has taken
the whole lung stress/strain concept one step further and
has analyzed the impact of ventilator-induced stress and
strain in the microenvironment, or the alveoli and alveolar
ducts™®*”, We used an in vivo microscopic technique to
analyze the p-strain on individual alveoli in a rat ARDS
model using 4 different mechanical breath settings:
(CMV - Vt 6 cc/kg + PEEP 5 and 16 cmH20 and APRV
Thigh 90% + Tiow 10% and 75%)"®". ARDS was caused
using Tween-20 lavage and subpleural alveoli were
photographed at peak inspiration and end-expiration
using all 4 mechanical breath settings. Appropriately set
APRV with a Thish of 90%, regardless of the Tiow setting
(10% or 75%), caused significantly more alveolar
recruitment than did CMV at any PEEP level. However,
APRV with an inappropriately set Tiwow Of 10% allowed
a large derecruitment of alveoli, which was prevented
by setting Tww appropriately at 75%. The fully recruited
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Figure 9 Airway duct p-strain, was calculated from conducting airway
perimeters at inspiration and expiration in all 4 mechanical breath strategies
(CMV with PEEP 5 and 10; APRV with Twow at 10% and 75%) tested, plus
a Control group with normal lung under mechanical ventilation. (with
permission)™. CMV: Conventional mechanical ventilation; APRV: Airway
pressure release ventilation.

alveoli at peak inspiration, followed by collapse at end-
expiration, caused a large p-strain on the alveoli being
ventilated with inappropriately set APRV Tww 10% (Figure
7). Conversely, APRV with an appropriately set Tiow set
at 75% PEFR had the least p-strain, demonstrating
the importance of all the parameters that make up the
mechanical breath (see APRV Settings). Also important is
the large difference between macro- and p-strain (Figure
7). CMV with PEEP 5 caused a very small macro-strain,
although it was the largest p-strain of all the mechanical
breaths tested. Thus, if a clinician used a protective
ventilator strategy set to minimize the macro-strain,
it would not be protective unless the pu-strain was also
reduced. This highlights the importance of understanding
how any mechanical breath impacts the strain on alveoli
and alveolar ducts.

Although in vivo microscopy is a highly effective tool
with which to measure dynamic alveolar p-strain, we
could not directly observe the impact of the mechanical
breath on the alveolar ducts. We therefore developed a
technique using lung tissue fixed at peak inspiration and
end-expiration to analyze the p-strain on both alveoli
and alveolar ducts (Figure 8)™". We color coded alveoli
blue and alveolar ducts green and measured the change
in alveolar and alveolar duct size using computer image
analysis. Using the same four mechanical breath settings
that we used in our previous study®, we demonstrated
that APRV with a Tww set at 75% PEFR caused the least
u-strain on the alveolar duct, whereas APRV with an
inappropriately Tiow set at 10% PEFR, effected the largest
p-strain (Figure 9).

CONCLUSION

To our knowledge we are the only group that is conducting
experiments investigating the optimal mechanical breath
necessary to reduce the incidence of ARDS in animals
models of secondary ARDS (i.e., hemorrhagic shock and
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sepsis). Our work clearly shows that preemptive APRV
using the settings developed by our group will reduce
ARDS incidence in a rat trauma/hemorrhagic shock
model and in a high fidelity, clinically applicable porcine
ARDS model®**!, Because our animal model so closely
represents the clinical progression from injury (i.e.,
hemorrhagic shock and sepsis) to established-ARDS, it
is considered “good evidence” that any treatment shown
efficacious in this model will be successful in a clinical
trial®”. In addition, we have shown that part of the
protective mechanism of preemptive APRV is minimizing
u-strain in the alveolus and alveolar ducts, highlighting
the importance of understanding the impact of any given
PT: on the microenvironment!'®'”). The meta-analysis
on severely injured trauma patients showed an order of
magnitude reduction in ARDS incidence and mortality
with preemptive application of APRV strongly suggesting
that a prospective clinical trail is warranted. In conclusion,
the optimal method of protecting a patients lung with
established-ARDS, as described by Dr. Lachmann!®”
in 1992, is to “Open the Lung and Keep it Open” and
likewise, the goal of preemptive mechanical ventilation to
reduce ARDS incidence is to “Never let the Lung Collapse”.

REFERENCES

1 Ventilation with lower tidal volumes as compared with traditional
tidal volumes for acute lung injury and the acute respiratory distress
syndrome. The Acute Respiratory Distress Syndrome Network. N
Engl J Med 2000; 342: 1301-1308 [PMID: 10793162 DOI: 10.1056/
NEJM200005043421801]

2 Villar J, Blanco J, Aiion JM, Santos-Bouza A, Blanch L, Ambros
A, Gandia F, Carriedo D, Mosteiro F, Basaldua S, Fernandez RL,
Kacmarek RM. The ALIEN study: incidence and outcome of acute
respiratory distress syndrome in the era of lung protective ventilation.
Intensive Care Med 2011; 37: 1932-1941 [PMID: 21997128 DOI:
10.1007/s00134-011-2380-4]

3 Mclntyre RC, Pulido EJ, Bensard DD, Shames BD, Abraham E.
Thirty years of clinical trials in acute respiratory distress syndrome. Crit
Care Med 2000; 28: 3314-3331 [PMID: 11008997 DOI: 10.1097/0000
3246-200009000-00034]

4  Brower RG, Fessler HE. Another “negative” trial of surfactant.
Time to bury this idea? Am J Respir Crit Care Med 2011; 183:
966-968 [PMID: 21498819 DOI: 10.1164/rccm.201101-0018ED]

5 Levitt JE, Bedi H, Calfee CS, Gould MK, Matthay MA.
Identification of early acute lung injury at initial evaluation in an
acute care setting prior to the onset of respiratory failure. Chest
2009; 135: 936-943 [PMID: 19188549 DOI: 10.1378/chest.08-2346]

6 Gajic O, Dara SI, Mendez JL, Adesanya AO, Festic E, Caples SM,
Rana R, St Sauver JL, Lymp JF, Afessa B, Hubmayr RD. Ventilator-
associated lung injury in patients without acute lung injury at the
onset of mechanical ventilation. Crit Care Med 2004; 32: 1817-1824
[PMID: 15343007 DOI: 10.1097/01.CCM.0000133019.52531.30]

7 Determann RM, Royakkers A, Wolthuis EK, Vlaar AP, Choi
G, Paulus F, Hofstra JJ, de Graaff MJ, Korevaar JC, Schultz MJ.
Ventilation with lower tidal volumes as compared with conventional
tidal volumes for patients without acute lung injury: a preventive
randomized controlled trial. Crit Care 2010; 14: R1 [PMID:
20055989 DOI: 10.1186/cc8230]

8 Fuller BM, Mohr NM, Drewry AM, Carpenter CR. Lower
tidal volume at initiation of mechanical ventilation may reduce
progression to acute respiratory distress syndrome: a systematic
review. Crit Care 2013; 17: R11 [PMID: 23331507 DOI: 10.1186/
cc11936]

9 Fuller BM, Mohr NM, Hotchkiss RS, Kollef MH. Reducing the
burden of acute respiratory distress syndrome: the case for early

November 28, 2015 | Volume 5 | Issue 3 |



19

20

21

22

JRaishideng®

intervention and the potential role of the emergency department.
Shock 2014; 41: 378-387 [PMID: 24469236 DOI: 10.1097/
SHK.0000000000000142]

Futier E, Constantin JM, Paugam-Burtz C, Pascal J, Eurin M,
Neuschwander A, Marret E, Beaussier M, Gutton C, Lefrant JY,
Allaouchiche B, Verzilli D, Leone M, De Jong A, Bazin JE, Pereira
B, Jaber S. A trial of intraoperative low-tidal-volume ventilation
in abdominal surgery. N Engl J Med 2013; 369: 428-437 [PMID:
23902482 DOI: 10.1056/NEJMo0a1301082]

Severgnini P, Selmo G, Lanza C, Chiesa A, Frigerio A, Bacuzzi
A, Dionigi G, Novario R, Gregoretti C, de Abreu MG, Schultz MJ,
Jaber S, Futier E, Chiaranda M, Pelosi P. Protective mechanical
ventilation during general anesthesia for open abdominal surgery
improves postoperative pulmonary function. Anesthesiology 2013; 118:
1307-1321 [PMID: 23542800 DOL: 10.1097/ALN.0b013e31829102de]
Jia X, Malhotra A, Saeed M, Mark RG, Talmor D. Risk factors
for ARDS in patients receiving mechanical ventilation for & gt;
48 h. Chest 2008; 133: 853-861 [PMID: 18263691 DOI: 10.1378/
chest.07-1121]

Serpa Neto A, Cardoso SO, Manetta JA, Pereira VG, Esposito
DC, Pasqualucci Mde O, Damasceno MC, Schultz MJ. Association
between use of lung-protective ventilation with lower tidal volumes
and clinical outcomes among patients without acute respiratory
distress syndrome: a meta-analysis. JAMA 2012; 308: 1651-1659
[PMID: 23093163 DOI: 10.1001/jama.2012.13730]

Serpa Neto A, Nagtzaam L, Schultz MJ. Ventilation with lower
tidal volumes for critically ill patients without the acute respiratory
distress syndrome: a systematic translational review and meta-
analysis. Curr Opin Crit Care 2014; 20: 25-32 [PMID: 24275571
DOI: 10.1097/MCC.0000000000000044]

Andrews PL, Shiber JR, Jaruga-Killeen E, Roy S, Sadowitz
B, O’Toole RV, Gatto LA, Nieman GF, Scalea T, Habashi NM.
Early application of airway pressure release ventilation may
reduce mortality in high-risk trauma patients: a systematic
review of observational trauma ARDS literature. J Trauma Acute
Care Surg 2013; 75: 635-641 [PMID: 24064877 DOI: 10.1097/
TA.0b013e31829d3504]

Kollisch-Singule M, Emr B, Smith B, Roy S, Jain S, Satalin J,
Snyder K, Andrews P, Habashi N, Bates J, Marx W, Nieman G,
Gatto LA. Mechanical breath profile of airway pressure release
ventilation: the effect on alveolar recruitment and microstrain
in acute lung injury. JAMA Surg 2014; 149: 1138-1145 [PMID:
25230047 DOI: 10.1001/jamasurg.2014.1829]

Kollisch-Singule M, Emr B, Smith B, Ruiz C, Roy S, Meng Q, Jain
S, Satalin J, Snyder K, Ghosh A, Marx WH, Andrews P, Habashi N,
Nieman GF, Gatto LA. Airway pressure release ventilation reduces
conducting airway micro-strain in lung injury. J Am Coll Surg 2014;
219: 968-976 [PMID: 25440027 DOI: 10.1016/j.jamcollsurg.2014.0
9.011]

Zeni F, Freeman B, Natanson C. Anti-inflammatory therapies to
treat sepsis and septic shock: a reassessment. Crit Care Med 1997,
25:1095-1100 [PMID: 9233726 DOI: 10.1097/00003246-19970700
0-00001]

Doyle IR, Bersten AD, Nicholas TE. Surfactant proteins-A and -B
are elevated in plasma of patients with acute respiratory failure. 4m J
Respir Crit Care Med 1997; 156: 1217-1229 [PMID: 9351625 DOI:
10.1164/ajrcem.156.4.9603061]

Matthay MA, Brower RG, Carson S, Douglas IS, Eisner M, Hite D,
Holets S, Kallet RH, Liu KD, MacIntyre N, Moss M, Schoenfeld D,
Steingrub J, Thompson BT. Randomized, placebo-controlled clinical
trial of an aerosolized B-agonist for treatment of acute lung injury.
Am J Respir Crit Care Med 2011; 184: 561-568 [PMID: 21562125
DOI: 10.1164/rccm.201012-20900C]

Spragg RG, Gilliard N, Richman P, Smith RM, Hite RD, Pappert
D, Robertson B, Curstedt T, Strayer D. Acute effects of a single
dose of porcine surfactant on patients with the adult respiratory
distress syndrome. Chest 1994; 105: 195-202 [PMID: 8031347 DOI:
10.1378/chest.105.1.195]

Herridge MS, Tansey CM, Matté A, Tomlinson G, Diaz-Granados
N, Cooper A, Guest CB, Mazer CD, Mehta S, Stewart TE, Kudlow

WJR | www.wjgnet.com

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Nieman GF et a/. Never let the lung collapse

P, Cook D, Slutsky AS, Cheung AM. Functional disability 5 years
after acute respiratory distress syndrome. N Engl J Med 2011; 364:
1293-1304 [PMID: 21470008 DOI: 10.1056/NEJMoal011802]
Mikkelsen ME, Christie JD, Lanken PN, Biester RC, Thompson
BT, Bellamy SL, Localio AR, Demissie E, Hopkins RO, Angus DC.
The adult respiratory distress syndrome cognitive outcomes study:
long-term neuropsychological function in survivors of acute lung
injury. Am J Respir Crit Care Med 2012; 185: 1307-1315 [PMID:
22492988 DOI: 10.1164/rccm.201111-20250C]

Uhlig U, Uhlig S. Ventilation-induced lung injury. Compr Physiol
2011; 1: 635-661 [PMID: 23737198 DOI: 10.1002/cphy.c100004]
Del Sorbo L, Slutsky AS. Acute respiratory distress syndrome and
multiple organ failure. Curr Opin Crit Care 2011; 17: 1-6 [PMID:
21157315 DOI: 10.1097/MCC.0b013e3283427295]

Matthay MA, Zemans RL. The acute respiratory distress syndrome:
pathogenesis and treatment. Annu Rev Pathol 2011; 6: 147-163
[PMID: 20936936 DOI: 10.1146/annurev-pathol-011110-130158]
Roy S, Sadowitz B, Andrews P, Gatto LA, Marx W, Ge L, Wang G,
Lin X, Dean DA, Kuhn M, Ghosh A, Satalin J, Snyder K, Vodovotz
Y, Nieman G, Habashi N. Early stabilizing alveolar ventilation
prevents acute respiratory distress syndrome: a novel timing-
based ventilatory intervention to avert lung injury. J Trauma Acute
Care Surg 2012; 73: 391-400 [PMID: 22846945 DOI: 10.1097/
TA.0b013e31825¢7a82]

Benzing A, Mols G, Brieschal T, Geiger K. Hypoxic pulmonary
vasoconstriction in nonventilated lung areas contributes to differences
in hemodynamic and gas exchange responses to inhalation of nitric
oxide. Anesthesiology 1997; 86: 1254-1261 [PMID: 9197293 DOI:
10.1097/00000542-199706000-00005]

Syring RS, Otto CM, Spivack RE, Markstaller K, Baumgardner JE.
Maintenance of end-expiratory recruitment with increased respiratory
rate after saline-lavage lung injury. J Appl Physiol (1985) 2007; 102:
331-339 [PMID: 16959915 DOI: 10.1152/japplphysiol.00002.2006]
Williams EM, Viale JP, Hamilton RM, McPeak H, Sutton L, Hahn
CE. Within-breath arterial PO2 oscillations in an experimental
model of acute respiratory distress syndrome. Br J Anaesth 2000; 85:
456-459 [PMID: 11103189 DOI: 10.1093/bja/85.3.456]

Gajic O, Frutos-Vivar F, Esteban A, Hubmayr RD, Anzueto A.
Ventilator settings as a risk factor for acute respiratory distress syndrome
in mechanically ventilated patients. Intensive Care Med 2005; 31:
922-926 [PMID: 15856172 DOI: 10.1007/s00134-005-2625-1]

Shari G, Kojicic M, Li G, Cartin-Ceba R, Alvarez CT, Kashyap
R, Dong Y, Poulose JT, Herasevich V, Garza JA, Gajic O. Timing
of the onset of acute respiratory distress syndrome: a population-
based study. Respir Care 2011; 56: 576-582 [PMID: 21276315 DOI:
10.4187/respcare.00901]

Roy S, Habashi N, Sadowitz B, Andrews P, Ge L, Wang G, Roy P,
Ghosh A, Kuhn M, Satalin J, Gatto LA, Lin X, Dean DA, Vodovotz
Y, Nieman G. Early airway pressure release ventilation prevents
ARDS-a novel preventive approach to lung injury. Shock 2013; 39:
28-38 [PMID: 23247119 DOI: 10.1097/SHK.0b013e31827b47bb]
Habashi N, Andrews P. Ventilator strategies for posttraumatic acute
respiratory distress syndrome: airway pressure release ventilation
and the role of spontaneous breathing in critically ill patients.
Curr Opin Crit Care 2004; 10: 549-557 [PMID: 15616399 DOI:
10.1097/01.ccx.0000145473.01597.13]

Roy SK, Emr B, Sadowitz B, Gatto LA, Ghosh A, Satalin JM,
Snyder KP, Ge L, Wang G, Marx W, Dean D, Andrews P, Singh
A, Scalea T, Habashi N, Nieman GF. Preemptive application of
airway pressure release ventilation prevents development of acute
respiratory distress syndrome in a rat traumatic hemorrhagic shock
model. Shock 2013; 40: 210-216 [PMID: 23799354 DOI: 10.1097/
SHK.0b013¢31829¢fb06]

Emr B, Gatto LA, Roy S, Satalin J, Ghosh A, Snyder K, Andrews P,
Habashi N, Marx W, Ge L, Wang G, Dean DA, Vodovotz Y, Nieman
G. Airway pressure release ventilation prevents ventilator-induced
lung injury in normal lungs. JAMA Surg 2013; 148: 1005-1012
[PMID: 24026214 DOI: 10.1001/jamasurg.2013.3746]

Chaiwat O, Lang JD, Vavilala MS, Wang J, MacKenzie EJ, Jurkovich
GJ, Rivara FP. Early packed red blood cell transfusion and acute

November 28, 2015 | Volume 5 | Issue 3 |



38

39

40

41

42

43

44

45

46

47

48

JRaishideng®

Nieman GF et a/. Never let the lung collapse

respiratory distress syndrome after trauma. Anesthesiology 2009; 110:
351-360 [PMID: 19164959 DOI: 10.1097/ALN.0b013e3181948a97]
Dicker RA, Morabito DJ, Pittet JF, Campbell AR, Mackersie
RC. Acute respiratory distress syndrome criteria in trauma
patients: why the definitions do not work. J Trauma 2004; 57:
522-526; discussion 526-528 [PMID: 15454797 DOI: 10.1097/01.
TA.0000135749.64867.06]

Johnston CJ, Rubenfeld GD, Hudson LD. Effect of age on the
development of ARDS in trauma patients. Chest 2003; 124: 653-659
[PMID: 12907556 DOLI: 10.1378/chest.124.2.653]

Laudi S, Donaubauer B, Busch T, Kerner T, Bercker S, Bail H,
Feldheiser A, Haas N, Kaisers U. Low incidence of multiple organ
failure after major trauma. Injury 2007; 38: 1052-1058 [PMID:
17572416 DOI: 10.1016/j.injury.2007.03.020]

Martin M, Salim A, Murray J, Demetriades D, Belzberg H, Rhee
P. The decreasing incidence and mortality of acute respiratory
distress syndrome after injury: a 5-year observational study. J
Trauma 2005; 59: 1107-1113 [PMID: 16385287 DOI: 10.1097/01.
ta.0000188633.94766.d0]

Nast-Kolb D, Aufmkolk M, Rucholtz S, Obertacke U, Waydhas
C. Multiple organ failure still a major cause of morbidity but not
mortality in blunt multiple trauma. J Trauma 2001; 51: 835-841;
discussion 841-842 [PMID: 11706328 DOI: 10.1097/00005373-200
111000-00003]

Plurad D, Martin M, Green D, Salim A, Inaba K, Belzberg
H, Demetriades D, Rhee P. The decreasing incidence of late
posttraumatic acute respiratory distress syndrome: the potential role
of lung protective ventilation and conservative transfusion practice. J
Trauma 2007; 63: 1-7; discussion 8 [PMID: 17622861 DOI: 10.1097/
TA.0b013e318068b1ed]

Salim A, Martin M, Constantinou C, Sangthong B, Brown C,
Kasotakis G, Demetriades D, Belzberg H. Acute respiratory distress
syndrome in the trauma intensive care unit: Morbid but not mortal.
Arch Surg 2006; 141: 655-658 [PMID: 16847235 DOI: 10.1001/
archsurg.141.7.655]

Treggiari MM, Hudson LD, Martin DP, Weiss NS, Caldwell E,
Rubenfeld G. Effect of acute lung injury and acute respiratory
distress syndrome on outcome in critically ill trauma patients. Crit
Care Med 2004; 32: 327-331 [PMID: 14758144 DOI: 10.1097/01.
CCM.0000108870.09693.42]

Villar J, Slutsky AS. Is acute respiratory distress syndrome an
iatrogenic disease? Crit Care 2010; 14: 120 [PMID: 20236490 DOI:
10.1186/cc8842]

Nieman G, Gatto LA, Habashi N. Lung recruitment: the combined
effect of pressures “North” and “South” of the diaphragm. Crit
Care Med 2012; 40: 1985-1986 [PMID: 22610215 DOI: 10.1097/
CCM.0b013e31824c8fc0]

An G, Nieman G, Vodovotz Y. Toward computational identification
of multiscale “tipping points” in acute inflammation and multiple
organ failure. Ann Biomed Eng 2012; 40: 2414-2424 [PMID:
22527009 DOI: 10.1007/s10439-012-0565-9]

WJR | www.wjgnet.com

198

49

50

51

52

53

54

55

56

57

58

59

60

An G, Nieman G, Vodovotz Y. Computational and systems biology
in trauma and sepsis: current state and future perspectives. Int J
Burns Trauma 2012; 2: 1-10 [PMID: 22928162]

Parker JC. Hydraulic conductance of lung endothelial phenotypes
and Starling safety factors against edema. Am J Physiol Lung
Cell Mol Physiol 2007; 292: L378-L380 [PMID: 17041015 DOI:
10.1152/ajplung.00196.2006]

Effros RM, Parker JC. Pulmonary vascular heterogeneity and
the Starling hypothesis. Microvasc Res 2009; 78: 71-77 [PMID:
19332080 DOI: 10.1016/j.mvr.2009.03.004]

Lowe K, Alvarez D, King J, Stevens T. Phenotypic heterogeneity
in lung capillary and extra-alveolar endothelial cells. Increased
extra-alveolar endothelial permeability is sufficient to decrease
compliance. J Surg Res 2007; 143: 70-77 [PMID: 17950075 DOI:
10.1016/j.jss.2007.03.047]

Nilius B, Vriens J, Prenen J, Droogmans G, Voets T. TRPV4 calcium
entry channel: a paradigm for gating diversity. Am J Physiol Cell
Physiol 2004; 286: C195-C205 [PMID: 14707014 DOI: 10.1152/
ajpcell.00365.2003]

Kubiak BD, Albert SP, Gatto LA, Vieau CJ, Roy SK, Snyder KP,
Maier KG, Nieman GF. A clinically applicable porcine model of
septic and ischemia/reperfusion-induced shock and multiple organ
injury. J Surg Res 2011; 166: €59-e69 [PMID: 21193206 DOLI:
10.1016/j.jss.2010.10.014]

Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal
SM, Sevransky JE, Sprung CL, Douglas IS, Jaeschke R, Osborn TM,
Nunnally ME, Townsend SR, Reinhart K, Kleinpell RM, Angus DC,
Deutschman CS, Machado FR, Rubenfeld GD, Webb S, Beale RJ,
Vincent JL, Moreno R. Surviving Sepsis Campaign: international
guidelines for management of severe sepsis and septic shock, 2012.
Intensive Care Med 2013; 39: 165-228 [PMID: 23361625 DOI:
10.1007/s00134-012-2769-8]

Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay
MA, Slutsky AS, Kuebler WM. An official American Thoracic
Society workshop report: features and measurements of experimental
acute lung injury in animals. Am J Respir Cell Mol Biol 2011; 44:
725-738 [PMID: 21531958 DOI: 10.1165/rcmb.2009-0210ST]
Piper RD, Cook DJ, Bone RC, Sibbald WJ. Introducing Critical
Appraisal to studies of animal models investigating novel therapies
in sepsis. Crit Care Med 1996; 24: 2059-2070 [PMID: 8968277]
Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell
E, Fan E, Camporota L, Slutsky AS. Acute respiratory distress
syndrome: the Berlin Definition. JAMA 2012; 307: 2526-2533
[PMID: 22797452 DOI: 10.1001/jama.2012.5669]

Protti A, Andreis DT, Monti M, Santini A, Sparacino CC, Langer T,
Votta E, Gatti S, Lombardi L, Leopardi O, Masson S, Cressoni M,
Gattinoni L. Lung stress and strain during mechanical ventilation: any
difference between statics and dynamics? Crit Care Med 2013; 41:
1046-1055 [PMID: 23385096 DOI: 10.1097/CCM.0b013e31827417a6]
Lachmann B. Open up the lung and keep the lung open. Intensive
Care Med 1992; 18: 319-321 [PMID: 1469157]

P- Reviewer: Aggarwal D, Deng B, Kuan YH, Ledford JG
S- Editor: Tian YL L- Editor: A E- Editor: LuYJ

November 28, 2015 | Volume 5 | Issue 3 |



wdJ R

World Journal of
Respirology

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.5320/ wjr.v5.i3.199

World ] Respirol 2015 November 28; 5(3): 199-206
ISSN 2218-6255 (online)
© 2015 Baishideng Publishing Group Inc. All rights reserved.

MINIREVIEWS

B2-adrenoceptor in obstructive airway diseases: Agonism,

antagonism or both?

Daniel WS Tan, Jyi Lin Wong, Siew Teck Tie, John A Abisheganaden, Albert YH Lim, WS Fred Wong

Daniel WS Tan, WS Fred Wong, Department of Pharmacology,
Yong Loo Lin School of Medicine, National University Health
System, Singapore 117600, Singapore

Jyi Lin Wong, Siew Teck Tie, Respiratory Unit, Department of
Medicine, Sarawak General Hospital, 93586 Kuching, Malaysia

John A Abisheganaden, Albert YH Lim, Department of Respiratory
and Critical Care Medicine, Tan Tock Seng Hospital, Singapore
308433, Singapore

WS Fred Wong, Immunology Program, Life Science Institute,
National University of Singapore, Singapore 119077, Singapore

Author contributions: All authors equally contributed to the
writing of the review article.

Supported by NMRC/CBRG/0027/2012 from the National
Medical Research Council of Singapore (in part); and by NUHS
Seed Fund R-184-000-238-112.

Conflict-of-interest statement: There is no conflict of interest.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Dr. WS Fred Wong, Department of
Pharmacology, Yong Loo Lin School of Medicine, National
University Health System, 16 Medical Drive, MD3 #04-01,
Singapore 117600, Singapore. phcwongf@nus.edu.sg

Telephone: +65-65163266

Fax: +65-68737690

Received: May 28, 2015
Peer-review started: May 28, 2015
First decision: August 4, 2015
Revised: September 1, 2015
Accepted: October 1, 2015

Baishidenge ~ WIR | www.wjgnet.com

Article in press: October 8, 2015
Published online: November 28, 2015

Abstract

Obstructive airway disease is a complex disease
entity including several maladies characterized by bro-
nchoconstriction and abnormal airway inflammation.
Reversing bronchoconstriction leads to symptomatic relief
and improvement in quality of life, both in reversible
(bronchial asthma) and partially reversible (chronic
obstructive airway disease) obstructive airway diseases.
B2-adrenoceptor expressed in human airway is the main
B-receptor subtype, and its activation in airway smooth
muscle cells leads to bronchodilatation. Drugs targeting
B-adrenoceptors have been around for many years, for
which agonists of the receptors are used in bronchodilation
while antagonists are used in cardiovascular diseases.
This review article summarizes the effect and usage of
B2-agonist in obstructive airway disease, addressing the
benefits and potential risks of Bz-agonist. The article also
looks at the safety of B-blocker usage for cardiovascular
disease in patients with obstructive airway disease.
There is also emerging evidence that non-selective
B-blockers with inverse agonism ironically can have long-
term beneficial effects in obstructive airway disease
that is beyond cardiovascular protection. Further trials
are urgently needed in this area as it might lead to a
dramatic turnaround in clinical practice for obstructive
airway diseases as has already been seen in the usage of
B-blockers for heart failure.

Key words: B-adrenoceptors; Bz2-agonist; p-blocker;
Inverse agonist; Heart failure; B-arrestin
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of Bz2-agonist in obstructive airway disease, addressing
the benefits and potential risks of B2-agonist. The review
also looks at the safety of p-blocker for cardiovascular
disease in patients with obstructive airway disease.
There is also emerging evidence that non-selective
B-blockers with inverse agonism ironically can have
long-term beneficial effects in obstructive airway
disease beyond cardiovascular protection. Further trials
are urgently needed in this field as it might lead to a
dramatic turnaround in clinical practice for obstructive
airway diseases as has already been seen in the usage
of B-blockers for heart failure.

Tan DWS, Wong JL, Tie ST, Abisheganaden JA, Lim AYH, Wong
WSF. B2-adrenoceptor in obstructive airway diseases: Agonism,
antagonism or both? World J Respirol 2014; 5(3): 199-206
Available from: URL: http://www.wjgnet.com/2218-6255/full/
v5/i3/199.htm DOI: http://dx.doi.org/10.5320/wjr.v5.i3.199

INTRODUCTION

According to the 2015 reports from Global initiative for
Asthma and Global initiative for chronic obstructive lung
disease, the prevalence of asthma ranges from 1% to
18% worldwide, while prevalence of chronic obstructive
pulmonary disease (COPD) is about 6%™%. Obstructive
airway diseases, both asthma and COPD, are characterized
by abnormal inflammation and bronchoconstriction.
Bronchospasm is contributed by both airway smooth
muscle contraction and mucus production by the epithelial
cells. Pathogenesis of obstructive airway disease is
therefore a complex interaction among inflammatory cells,
epithelial cells of the bronchial airway, smooth muscle
cells and fibroblasts. While the role of inflammation is
emphasized in the pathogenesis and treatment of airway
diseases, especially asthma, the role of airway smooth
muscle cells beyond inflammation has been gaining
increased recognition. This has led to the development
of new Bz-agonists, especially the long-acting Bz-agonists
since the 1990s. Their introduction into clinical practice
however has generated some controversy. Recently, there
was a paradigm shift in the understanding of obstructive
airway disease and increasing evidence points to the role
of p-blockers, especially those with inverse agonist action
(or negative intrinsic efficacy), in the management of
obstructive airway diseases.

Adrenoceptors in the airways

Adrenoceptors (AR) belong to the G protein-coupled
receptor family and are activated by endogenous
hormone adrenaline and neurotransmitter noradrenaline.
Receptor activation stimulates the heterotrimeric G
proteins (Ga and Gpy subunits) and, in turn, the Ga
subunit activates effector molecule (e.g., adenylyl
cyclase, phospholipase Cs, and transducin) for signal
transduction. Various subtypes of Go protein have been
described, including Gaq, Gat, Gos and Gai proteins.
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There are two main groups of AR which have been
classified as a- and B-subtypes, and are encoded by
at least nine unique genes (oA, 018, 0D, G2A/D, A28, OL2C,
B1. B2 and B3)™. ai-AR typically induce vascular smooth
muscle contraction via a Gaqg protein. a2-AR are mainly
expressed in presynaptic terminals and regulate
release of neurotransmitters. Despite evidence for a-AR
distribution in the lung, neither receptor subtype has a
clear role in regulating human airway smooth muscle
tone or plays a significant role in the pathogenesis of
asthma or COPD™. In contrast, B-AR activate adenylyl
cyclase via the Gas protein to produce cyclic adenosine
monophosphate (cAMP), which promotes airway smooth
muscle relaxation (Figure 1).

B-AR are subdivided into at least three distinct
groups: B, B2, and Bs. In mouse or guinea pig trachea,
airway bronchial tissues have twice the density of Bz-
AR compared to B, and the density of Bs is much less™.
In humans, however, quantitative autoradiographic
analyses of human isolated bronchus have shown that
B-AR of airway smooth muscle are entirely of the p2-
receptor subtype. Similarly, B-AR of airway epithelium
are also entirely of the Bz-receptor subtype. Only in
bronchial sub-mucosal glands was p:-AR found™®. As
such, B2-AR play a more important role than B:-AR in
the pathogenesis of obstructive airway diseases.

Role of 52-AR in obstructive airway disease

Studies using non-selective B-blockers with inverse
agonism or B2-AR”" knockout mice demonstrated that pa-
AR signaling is required for the full asthma phenotypic
development in mice!”’.

Smooth muscle relaxation in the airways is one of
the most critical targets of drug therapy during acute
exacerbation of bronchial asthma. It is believed that p2
agonist action is primarily mediated by cAMP-dependent
protein kinase A (PKA). Activated PKA will phosphorylate
myosin light chain kinase, reducing its ability to activate
myosin light chain which is essential for airway smooth
muscle contraction, hence, leading to the bronchodilatory
effect™. Another biologically important action of B2-AR
agonist is to induce membrane hyperpolarization via
activation of the K* channels in the plasma membrane
by PKA, which counteracts the electrical excitation and
subsequent Ca* influx contributing to contraction®.
Cyclic AMP has also been shown to cross-talk with the
mitogen-activated protein kinase (MAPK) pathway
through the inhibition of Ras-dependent activation of Raf,
resulting in inhibition of this proliferative pathway. pz-
agonist usage may prevent smooth muscle remodeling
as well as contraction™.

B2-AR are also found on the surface of bronchial
epithelial cells. A study in transgenic mice shows that
an over-expression of B2-AR on the epithelial cells of
bronchial airway could prevent bronchoconstriction and
hyperresponsiveness to methacholine. B-AR activation
could lead to increase ciliary beat frequency and increase
alveolar fluid clearance in animal and human lung
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Figure 1 Long-term usage of 3-agonists will result in a loss of Broncho-Protective Effect where B-adrenoceptors desensitization occurs. Broncho-
Protective Effect is conferred when B-agonist binds to B2-AR, activating adenyl cyclase through Gas, leading to an increase in cCAMP levels. The surge in cCAMP in turn
activates PKA which phosphorylates myosin light chain to inhibit contraction. PKA also activates K" channels, inducing membrane hyperpolarization which counteracts
electrical excitation leading to contraction. Chronic use of B-agonist will lead to a loss of this Broncho-Protective Effect due to the uncoupling of Gais from B2-AR,
phosphorylation by PKA/GRK and the binding of B-arrestin which leads to internalization, downregulation and desensitization towards p-agonist™*"**. PKA: Protein

kinase A; GRK: G-protein receptor kinases; AR: Adrenoceptors.

tissues. B2-AR appear to be responsible for most of the
pB-receptor-sensitive alveolar active Na* transport which
facilitates alveolar fluid removal™®. Experimental data
also suggest that pz-agonist inhibits endothelial cell
contraction and reduces intercellular gap, improving
the endothelial barrier function. Human B2-AR have
been shown to regulate mucin production and increase
mucous viscosity. In animals, usage of Bz-agonist is
associated with increasing goblet cell hyperplasial'",
while the treatment with B-blockers in mouse epithelial
cells significantly reduces the density of mucus-producing
goblet cells™™,

The role of B2-AR in inflammatory cells is more cont-
roversial. In vitro studies of long-acting Bz-agonists (LABA)
formoterol and salmeterol show that activation of B2
receptors inhibited neutrophil and eosinophil adhesion
to tracheal venules, and interlukin (IL-1) and leukotriene
B4 secretion from human alveolar macrophages!*®. f-
receptor activation inhibits the production of IL-6, IL-8,
RANTES, eotaxin, granulocyte-macrophage colony
stimulating factor, and monocyte chemotactic protein 1.
However, some recent evidence has pointed towards
the detrimental effects of LABA in promoting further
inflammation in asthma. Loza et al**' showed that p-
agonist promoted IL-13" T-helper 2 cell survival by
activation of the PKA pathway. An in vitro study by
Oehme et al'*®! demonstrated that prolonged treatment
with B2-agonists reduced Bz-receptor expression and
stimulated IL-6 and IL-8 production in human bronchial
epithelial cell line.

S2-agonist and its role in obstructive airway disease

The Chinese have been inhaling herbs containing
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ephedrine for asthma from centuries ago. In 1698,
John Foyer'™® understood that asthma treatment is
“both in fit and out of it”, suggesting early recognition
of both acute treatment and maintenance therapy.
Since the early 1900s, direct adrenergic bronchodilators
were introduced in Western medicine for the treatment
of asthmatic attacks'’”!, way before the usage of
corticosteroids in the 1940s. During the 1960s and
1970s, relatively specific B2-agonists were developed
for inhalational use'®. The introduction of LABA such as
salmeterol and formoterol in the 1990s was considered
a major advancement in asthma therapy with evidence
of improved lung function and quality of life. In 2011,
the once daily Bz-agonist indacaterol is being used in
COPD patients!*.,

Drugs that act on B2-AR are classified by their speed
of onset, duration of action, affinity, intrinsic efficacy and
potency. The duration of action and onset of action is
influenced by lipophilicity and kinetics of binding. Among
the agents currently used, salmeterol and formoterol
sustain longer duration of action than salbutamol as
their lipophilicity produces a depot effect at the cell
membrane, allowing slow and sustained release of the
drugs™®. Formoterol has a shortened lipophilic side
chain compared to salmeterol and hence while it's
moderate lipophilicity allows it to enter and be retained
in the plasmalemma, sufficient drugs are still available
in the aqueous biophase to allow immediate interaction
with the active site of the receptor, accounting for its
rapid onset of action.

The affinity of a drug depends on its specific bin-
ding to the B2-AR and is usually described in terms
of dissociation constant between the agonist and the
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receptors. The intrinsic efficacy of a B2-AR agonist will
depend on the ability of the drug to activate its receptor.
Drugs that have high intrinsic efficacy are termed full
agonist while drugs with lower intrinsic efficacy are
termed partial agonist. The potency of a drug depends
on both its affinity and intrinsic efficacy. Drugs that inhibit
the B-AR (B-blockers) are either antagonists or inverse
agonists. Antagonists are drugs that prevent the agonist
from binding to the receptors, while inverse agonists are
drugs that bind the receptor and inactivate constitutive
downstream signaling. Many B-blockers in the market
possess inverse agonist action on the B-AR, such as
propranolol and nadolol, where they are able to inhibit
constitutively active receptors’”’.

Although the role of the Bz-adrenergic agonists had
long been recognized, their long term usage has been
controversial. Occasional epidemics of asthma-related
deaths have been linked to the use of B2-agonists such
as fenoterol®!, The Serevent National Survey (SNS)**
study in the United Kingdom and the Salmeterol
Multicenter Asthma Research Trial (SMART)"** study
in the United States raised the concern that regular
usage of LABAs such as salmeterol may increase
asthma-related mortality. This mortality is not seen
when a LABA is used concomitantly with an inhaled
corticosteroid®. The increased mortality is attributed
to increased bronchial hyperresponsiveness, loss of
protection against bronchoconstrictor stimuli and the
development of tolerance™',

It has long been appreciated that the ability of p2-
agonist to induce bronchodilatation weans over time'®®.
This is termed as loss of Broncho-Protective Effect of f2-
agonist, which was initially attributed to desensitization
and down-regulation of the B2-AR (Figure 1). The
mechanism for desensitization and down-regulation of
B2-AR is linked to receptor phosphorylation by PKA and
by B-adrenergic receptor kinase (BARK), a member of
the G-protein receptor kinases, leading to conformational
change in the receptor and its consequent reduced
coupling to G proteins, leading to desensitization'”’*.,
BARK also promotes the binding of p-arrestin proteins
to the receptor™. Arrestins act as scaffolding proteins
that allow desensitized receptors to undergo endocytosis
into the cells, lysis, and termination of further signaling
process.

Bz-blocker or inverse agonist and their role in
obstructive airway disease

Traditionally pB-blockers have been contraindicated in
various diseases including obstructive airways disease
and congestive cardiac failure. A recently published
study by Bellocchia et a/l*®, which recruited 229
patients, showed that 51% COPD and 30% asthmatic
patients had cardiovascular disease. Congestive heart
failure (CHF) in COPD patients range from 8% to 27%
while coronary artery disease (CAD) in COPD patients
range from 15% to 25%"". In a recent RHYTHMOS
study, in a population of 280 CAD with COPD patients,
only 52.8% were treated with B-blockers, where
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most were treated with sub-optimal dosages®. In
another study by Puente-Maestu et al*", only 58%
of COPD patients with indication for CHF/CAD were
prescribed with B-blockers, while 97% of non-COPD
patients with indications were treated with B-blockers.
Studies of using B-blockers in asthma and COPD have
demonstrated decreased airway reversibility”*! and
reduction in FEVi®***), A large retrospective electronic
medical record database review of 11592 adult patients
with asthma and COPD by Brooks et a/*® in 2007
revealed that patients with asthma with or without
COPD who were taking selective or non-selective
B-blockers had an increased risk of hospitalization
and emergency department visits. All these added to
the reluctance to use B-blockers in obstructive airway
disease.

However, a recent single center randomized double-
blind placebo-controlled trial with a sample size of
16 in the United Kingdom showed that 80 mg/d of
propranolol given to patients with persistent asthma did
not cause adverse effects™**, Using an OVA-induced
murine asthma model, nadolol, a non-selective p-blocker
with inverse agonist action, was shown to reduce mu-
cous metaplasia, BALF cellular infiltrates and airway
hyperresponsiveness'”. In a 4-mo rat model of smoking,
it was shown that cigarette smoking leads to excessive
sympathetic stimulation, resulting in down-regulation
of p2-AR™. Propranolol was found to be able to reduce
inflammatory cell infiltration in lungs, mucus secretion,
Tumor necrosis factor (TNF)-o and IL-8 levels'™.. It also
reduced norepinephrine level in the serum and increased
airway smooth muscle response to isoprenaline™*"’. These
studies highlight the feasibility of using p-blockers in
obstructive airway disease (Figure 2).

It has been shown that p-inverse agonists such as
propranolol inhibit G protein-dependent signaling, but
activate MAPK through p-arrestin in mouse embryonic
fibroblasts and CHO cells"****!. B2-AR have been studied
intensively, and depending on the ligand binding site,
it can induce differential stabilized conformation which
in turn elicits a variety of selectivity toward G-protein-
dependent and p-arrestin-dependent signaling™***.
It was further proposed that a secondary binding site
may be exposed upon adequate conformational state,
leading to a different signaling cascade!*!. However, a
recent study reveals that chronic propranolol treatment
reduced MAPK activation through p-arrestin-dependent
signaling, leading to reduced MUC5AC expression and
mucus hypersecretion induced by cigarette smoke™®’.
The discrepancy could be due to a different models
with acute vs chronic treatment with propranolol. It
has been reported that acute treatment with nadolol
led to an increase in airway resistance to methacholine
in @ murine asthma model, but chronic administration
reduced it together with lower mucin content™”). In
addition, chronic treatment with nadolol in HEK293
cells led to reduced B2-AR degradation and increased
protein levels!*”). Therefore the beneficial effects of
chronic treatment with B-inverse agonists are worthy
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Figure 2 Potential therapeutic benefits by chronic B-blocker usage in
obstructive airway diseases observed in animal and clinical studies">****4 %,
AR: Adrenoceptors; TNF: Tumor necrosis factor; IL: Interlukin.

of further investigation (Figure 3).

Use of s-blocker for cardiovascular protective effects
In 1975, Waagstein et a*® published the first positive
results using a B-blocker to treat congestive cardiac
failure (CHF), and this led to the FDA in approving the
usage of B-blockers in CHF. Since then, B-blockers have
been widely used in treating patients with ischemic
heart disease (IHD) and impaired cardiac contractility.
However, a significant proportion of patients with IHD
also have risk factors for COPD. Reluctance on usage
of B-blockers in patients with COPD and asthma has
become a major cause of under usage of p-blockers
in IHD. In one study, COPD patients had a nearly two-
fold increase in cardiovascular disease (CVD) death
rates compared to the general population. In fact,
impaired lung function seems to be an independent risk
factor for arrhythmias, coronary events, and all-cause
mortality™. Therefore, it seems crucial to explore the
potential survival benefit of using p-blockers in obst-
ructive airways disease.

A meta-analysis by Salpeter et a/"! (2005) examined
all randomized, blinded and controlled trials from 1966
to 2005, on the effect of single dose or longer duration
cardio-selective B-blockers on FEV: or symptoms in
patients of COPD. This meta-analysis demonstrated
that cardio-selective B-blockers do not affect the FEV: or
respiratory symptoms compared to placebo. It is also
a relief to see that the cardio-selective B-blockers do
not blunt the effect of p2-agonists on FEVi1*!. Another
recent meta-analysis of observational studies also
concluded that non-selective p-blockers can reduce
overall mortality risk and exacerbation risk®?. Over the
past decade, the are a plethora of observational trials
suggesting that non-selective B-blockers in patients
with COPD is not only safe but beneficial in terms of
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reducing mortality, hospitalization, health-care utilization,
and even admissions for respiratory disease including
COPD exacerbations®®*****%, The benefit was not only
shown in a wide range of COPD patients with CVD like
hypertension, acute myocardial infarction™**", congestive
heart failure and patients that underwent major vascular
surgery™®, but it was also shown in patients without
any overt cardiovascular disease™.. Recent heart failure
guidelines published by the Heart Failure Society of
America recommend that for the majority of patient
with left ventricular systolic dysfunction, cardioselective
B-blocker therapy is recommended even in the presence
of concomitant COPD™”. Nevertheless, caution must be
exercised as the non-selective B-blockers were associated
with an increase rate of hospitalization and emergency
room visits in the study by Brook et af*®.,

B-blockers beyond cardiovascular protective effects —
the new frontier in asthma treatment

There is good evidence to suggest at least the usage of
cardio-selective p-blockers in patients with obstructive
airway disease with concomitant CVD. However their
role beyond cardiovascular protection is still unknown,
especially in asthma. Since the publication of the SMART
and SNS studies documenting the potential side effects
of Bz-agonist, several studies have now been undertaken
to evaluate the role of chronic B-blocker usage in
reducing the long term side effects of pz-agonist, and in
asthma control beyond the cardiovascular protection.
This is a very bold and exciting development in the field
of asthma pharmacotherapy and control.

The safety of B-blockers has also been demonstrated
in asthmatic patients. A recent observational study
in Scotland investigated the effect of non-selective
B-blockers in 1527 asthmatic patients. The study did
not find any significant increase in steroid rescue use
in B-blocker treatment group™". Another meta-analysis
study of randomized, blinded, and placebo-controlled
trials reveals that acute single dosing with cardioselective
B-blockers produced a slight but significant reduction in
FEV: of 7.46% without affecting symptoms, while chronic
dosing did not significantly reduce FEV:i. In addition, a
significant increase in subsequent Bz2-agonist response
was seen upon chronic dosing, indicating that Bz-receptor
up-regulation might have occurred™.

In an experimental asthma model, acute administration
of B2-agonist salbutamol or alprenolol, a B-blocker without
inverse agonist action, reduced airway resistance in mice,
but upon chronic use, either drug did not affect the airway
resistance response to antigen challenge. On the other
hand, acute administration of B2-AR inverse agonist nadolol
or carvedilol did not affect airway responsiveness, but after
28 d of treatment, the inverse agonists markedly reduced
airway responsiveness to antigen®”. The beneficial effect
may be contributed by an up-regulation B2-AR expression
in chronic usage of the p-inverse agonist, as demonstrated
by the increased receptor staining in histological lung
sections', Furthermore, chronic B-blocker usage also
reduces eosinophilic inflammation, cytokine production,
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Figure 3 Acute and chronic inverse agonist treatment in obstructive airway diseases. It was shown in cell and animal models that acute treatment of 3-blockers
induced a partial agonist response that led to an increase in MUC5AC production via B-arrestin2 which serves as a multi-protein scaffold, activating ERK1/2 and p38
mitogen-activated protein kinase (MAPK), resulting in mucus hypersecretion and increased airway resistance response to methacholine. However, chronic treatment
of B-blockers led to a reduction in mucus secretion, decreased airway hyperresponsiveness and reduced inflammation, through the non-canonical B-arrestin2-

mediated signaling induced by inverse agonism of B2-adrenoceptors'*”

. The differential response could be due to the binding of ligand to a shallower secondary

binding site exposed only when an adequate conformational state is obtained as proposed by Soriano-Urstia et af**, however more work need to be done to validate

the mechanism.

and mucin content in a chronic mouse asthma model**?.

These findings in murine models led to the first proof-
of-concept open-label study by Hanania et a®. Ten
patients with mild steroid-naive asthma (mean FEV: of
90%) were given incremental doses of nadolol from 10 to
40 mg for 9 wk. There was an initial decrease in FEV:, but
with chronic dosing this effect tended to ameliorate, and
airway hyper-responsiveness to methacholine challenge
significantly improved (amounting to 1.8 doubling doses
in PC20, the provocative dose of methacholine that leads
to a 20% fall in FEV1)™®. The effect of another p-blocker
propranolol was further tested in a mandomized control trial
conducted by Short et af*®. Although the primary outcome
of the trial was not met, the trial demonstrated the safety
of B-blocker in carefully selected steroid-treated stable
patients with asthma. The usage of concomitant inhaled
steroid may have caused the up-regulation of B2-AR hence
reducing the effect of the B-blocker'®'. More trials are
warranted in this exciting field.

CONCLUSION

It is projected that obstructive airway disease will become
the third leading cause of death by the year 2020 by the
World Health Organization. Obstructive airway disease is a
spectrum of disease that ranges from reversible bronchial
asthma to irreversible COPD with significant overlap. Both
inflammatory cells and resident cells expressing pz2-AR are
vital in the pathogenesis of obstructive airway disease.
Anti-inflammatory drugs and pz-agonists are the pillars
of treatment for the disease. Acute usage of B2-agonist
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allows bronchodilatation and symptomatic relief. However
the long term use of LABA monotherapy has been linked
to reduced bronchoprotective effect of the drugs.

Emerging evidence shows that Bz-blockers, parti-
cularly those with inverse agonist action and cardio-
selective properties are safe in obstructive airway disease
and should be used for its cardioprotective effect in at-
risk patients. There is also evidence of benefit beyond
the cardioprotective effects, particularly in reversible
airway disease’®¥. The risk of p2-AR blockade-mediated
bronchoconstriction should be balanced against the long-
term benefit of B-blocker usage in asthma. While early
clinical studies of p-blocker in asthma shows exciting and
promising results, further larger, more comprehensive
studies are needed to address both the safety and long
term benefit of B-blocker before changes to the treatment
of obstructive airway disease can be justified.

REFERENCES

1 Global initiative for asthma. Global strategy asthma management
and prevention. 2015. Available from: URL: http://www.ginasthma.
org

2 Global initiative for chronic obstructive lung disease. Global
Strategy for the diagnosis, management, and prevention of chronic
obstructive pulmonary disease. 2015. Available from: URL: http://
www.goldcopd.org

3 Giembycz MA, Newton R. Beyond the dogma: novel beta2-
adrenoceptor signalling in the airways. Eur Respir J 2006; 27:
1286-1306 [PMID: 16772391 DOI: 10.1183/09031936.06.00112605]

4 Goldie RG. Receptors in asthmatic airways. Am Rev Respir Dis 1990;
141: S151-S156 [PMID: 2155564 DOL: 10.1164/ajrccm/141.3_Pt 2.
S151]

November 28, 2015 | Volume 5 | Issue 3 |



10

11

15

16
17

18

20

21

22

23

JRaishideng®

Tan DWS et a/. B,-adrenoceptor in obstructive airway diseases

Henry PJ, Rigby PJ, Goldie RG. Distribution of beta 1- and
beta 2-adrenoceptors in mouse trachea and lung: a quantitative
autoradiographic study. Br J Pharmacol 1990; 99: 136-144 [PMID:
1970491 DOI: 10.1111/5.1476-5381.1990.tb14667 ]

Carstairs JR, Nimmo AJ, Barnes PJ. Autoradiographic visualization
of beta-adrenoceptor subtypes in human lung. Am Rev Respir Dis
1985; 132: 541-547 [PMID: 2864008]

Nguyen LP, Lin R, Parra S, Omoluabi O, Hanania NA, Tuvim MJ,
Knoll BJ, Dickey BF, Bond RA. Beta2-adrenoceptor signaling is
required for the development of an asthma phenotype in a murine
model. Proc Natl Acad Sci USA 2009; 106: 2435-2440 [PMID:
19171883 DOI: 10.1073/pnas.0810902106]

Billington CK, Ojo OO, Penn RB, Ito S. cAMP regulation of airway
smooth muscle function. Pulm Pharmacol Ther 2013; 26: 112-120
[PMID: 22634112 DOIL: 10.1016/j.pupt.2012.05.007]

Cook SJ, McCormick F. Inhibition by cAMP of Ras-dependent
activation of Raf. Science 1993; 262: 1069-1072 [PMID: 7694367]
Mutlu GM, Dumasius V, Burhop J, McShane PJ, Meng FJ, Welch L,
Dumasius A, Mohebahmadi N, Thakuria G, Hardiman K, Matalon
S, Hollenberg S, Factor P. Upregulation of alveolar epithelial active
Na+ transport is dependent on beta2-adrenergic receptor signaling.
Circ Res 2004; 94: 1091-1100 [PMID: 15016730 DOI: 10.1161/01.
RES.0000125623.56442.20]

Kamachi A, Munakata M, Nasuhara Y, Nishimura M, Ohtsuka Y,
Amishima M, Takahashi T, Homma Y, Kawakami Y. Enhancement
of goblet cell hyperplasia and airway hyperresponsiveness by
salbutamol in a rat model of atopic asthma. Thorax 2001; 56: 19-24
[PMID: 11120899 DOI: 10.1136/thorax.56.1.19]

Nguyen LP, Omoluabi O, Parra S, Frieske JM, Clement C, Ammar-
Aouchiche Z, Ho SB, Ehre C, Kesimer M, Knoll BJ, Tuvim MJ,
Dickey BF, Bond RA. Chronic exposure to beta-blockers attenuates
inflammation and mucin content in a murine asthma model. Am J
Respir Cell Mol Biol 2008; 38: 256-262 [PMID: 18096872 DOI:
10.1165/rcmb.2007-0279RC]

Johnson M. Effects of beta2-agonists on resident and infiltrating
inflammatory cells. J Allergy Clin Immunol 2002; 110: S282-S290
[PMID: 12464937 DOI: 10.1067/mai.2002.129430]

Loza MJ, Peters SP, Foster S, Khan IU, Penn RB. beta-Agonist
enhances type 2 T-cell survival and accumulation. J Allergy Clin
Immunol 2007; 119: 235-244 [PMID: 17208607 DOI: 10.1016/
jjaci.2006.09.019]

Oehme S, Mittag A, Schrodl W, Tarnok A, Nieber K, Abraham G.
Agonist-induced B2-adrenoceptor desensitization and downregulation
enhance pro-inflammatory cytokine release in human bronchial
epithelial cells. Pulm Pharmacol Ther 2015; 30: 110-120 [PMID:
24915152 DOI: 10.1016/j.pupt.2014.05.007]

Floyer JS. A treatise of the asthma. London: R. Wilkins, 1698
Melland B. The treatment of spasmodic asthma by the hypodermic
injection of adrenalin. Lancet 1910; 175: 1407-1411 [DOI: 10.1016/
S0140-6736(01)14446-6]

Smith JM. The recent history of the treatment of asthma: a personal
view. Thorax 1983; 38: 244-253 [PMID: 6408749]

Mabhler DA, D’Urzo A, Bateman ED, Ozkan SA, White T, Peckitt C,
Lassen C, Kramer B. Concurrent use of indacaterol plus tiotropium
in patients with COPD provides superior bronchodilation compared
with tiotropium alone: a randomised, double-blind comparison.
Thorax 2012; 67: 781-788 [PMID: 22544891]

Hanania NA, Dickey BF, Bond RA. Clinical implications of the
intrinsic efficacy of beta-adrenoceptor drugs in asthma: full, partial
and inverse agonism. Curr Opin Pulm Med 2010; 16: 1-5 [PMID:
19887938 DOI: 10.1097/MCP.0b013¢328333def8]

Pearce N, Beasley R, Crane J, Burgess C, Jackson R. End of the
New Zealand asthma mortality epidemic. Lancet 1995; 345: 41-44
[PMID: 7799709]

Castle W, Fuller R, Hall J, Palmer J. Serevent nationwide
surveillance study: comparison of salmeterol with salbutamol in
asthmatic patients who require regular bronchodilator treatment.
BMJ 1993; 306: 1034-1037 [PMID: 8098238]

Nelson HS, Weiss ST, Bleecker ER, Yancey SW, Dorinsky PM.
The Salmeterol Multicenter Asthma Research Trial: a comparison

WJR | www.wjgnet.com

205

24

25

26

27

28

29

30

31

32

33

34

35

36

37

of usual pharmacotherapy for asthma or usual pharmacotherapy
plus salmeterol. Chest 2006; 129: 15-26 [PMID: 16424409 DOI:
10.1378/chest.129.1.15]

Jaeschke R, O’Byme PM, Mejza F, Nair P, Lesniak W, Brozek J,
Thabane L, Cheng J, Schiinemann HJ, Sears MR, Guyatt G. The
safety of long-acting beta-agonists among patients with asthma using
inhaled corticosteroids: systematic review and metaanalysis. 4m
J Respir Crit Care Med 2008; 178: 1009-1016 [PMID: 18776152
DOI: 10.1164/rccm.200804-4940C]

Lin R, Degan S, Theriot BS, Fischer BM, Strachan RT, Liang J,
Pierce RA, Sunday ME, Noble PW, Kraft M, Brody AR, Walker
JK. Chronic treatment in vivo with B-adrenoceptor agonists induces
dysfunction of airway B(2) -adrenoceptors and exacerbates lung
inflammation in mice. Br J Pharmacol 2012; 165: 2365-2377 [PMID:
22013997 DOI: 10.1111/j.1476-5381.2011.01725 %]

Larj MJ, Bleecker ER. Effects of beta2-agonists on airway tone
and bronchial responsiveness. J Allergy Clin Immunol 2002; 110:
S304-S312 [PMID: 12464940 DOI: 10.1067/mai.2002.130045]
Morgan SJ, Deshpande DA, Tiegs BC, Misior AM, Yan H,
Hershfeld AV, Rich TC, Panettieri RA, An SS, Penn RB. -Agonist-
mediated relaxation of airway smooth muscle is protein kinase
A-dependent. J Biol Chem 2014; 289: 23065-23074 [PMID:
24973219 DOLI: 10.1074/jbc.M114.557652]

Benovic JL, Pike LJ, Cerione RA, Staniszewski C, Yoshimasa
T, Codina J, Caron MG, Lefkowitz RJ. Phosphorylation of the
mammalian beta-adrenergic receptor by cyclic AMP-dependent
protein kinase. Regulation of the rate of receptor phosphorylation
and dephosphorylation by agonist occupancy and effects on coupling
of the receptor to the stimulatory guanine nucleotide regulatory
protein. J Biol Chem 1985; 260: 7094-7101 [PMID: 2987243]

Penn RB, Pascual RM, Kim YM, Mundell SJ, Krymskaya VP,
Panettieri RA, Benovic JL. Arrestin specificity for G protein-coupled
receptors in human airway smooth muscle. J Biol Chem 2001; 276:
32648-32656 [PMID: 11418617 DOI: 10.1074/jbc.M104143200]
Bellocchia M, Masoero M, Ciuffreda A, Croce S, Vaudano A,
Torchio R, Boita M, Bucca C. Predictors of cardiovascular disease in
asthma and chronic obstructive pulmonary disease. Multidiscip Respir
Med 2013; 8: 58 [PMID: 24004921 DOI: 10.1186/2049-6958-8-58]
Puente-Maestu L, Calle M, Ortega-Gonzélez A, Fuster A, Gonzalez
C, Marquez-Martin E, Marcos-Rodriguez PJ, Calero C, Rodriguez-
Hermosa JL, Malo de Molina R, Aburto M, Sobradillo P, Alcazar
B, Tirado-Conde G. Multicentric study on the beta-blocker use
and relation with exacerbations in COPD. Respir Med 2014; 108:
737-744 [PMID: 24635914 DOI: 10.1016/j.rmed.2014.02.009]
Andrikopoulos G, Pastromas S, Kartalis A, Toli K, Mantas I, Tzeis S,
Kyrpizidis C, Olympios C, Manolis AJ, Foussas S, Kranidis A, Pras
A, Pipilis A, Chryssos D, Gotsis A, Trikas A, Richter D, Alexopoulos
D, Parthenakis F, Theodorakis G, Konstantinides S, Vardas P.
Inadequate heart rate control is associated with worse quality of
life in patients with coronary artery disease and chronic obstructive
pulmonary disease. The RYTHMOS study. Hellenic J Cardiol 2012;
53: 118-126 [PMID: 22484777]

Boskabady MH, Snashall PD. Bronchial responsiveness to beta-
adrenergic stimulation and enhanced beta-blockade in asthma.
Respirology 2000; 5: 111-118 [PMID: 10894099 DOI: 10.1046/
j.1440-1843.2000.00236.x]

Salpeter SR, Ormiston TM, Salpeter EE. Cardioselective beta-
blockers in patients with reactive airway disease: a meta-analysis.
Ann Intern Med 2002; 137: 715-725 [PMID: 12416945 DOI: 10.732
6/0003-4819-137-9-200211050-00035]

Loth DW, Brusselle GG, Lahousse L, Hofman A, Leufkens HG,
Stricker BH. f-Adrenoceptor blockers and pulmonary function in the
general population: the Rotterdam Study. BrJ Clin Pharmacol 2014;
77: 190-200 [PMID: 23772842 DOI: 10.1111/bcp.12181]

Brooks TW, Creekmore FM, Young DC, Asche CV, Oberg
B, Samuelson WM. Rates of hospitalizations and emergency
department visits in patients with asthma and chronic obstructive
pulmonary disease taking beta-blockers. Pharmacotherapy 2007; 27:
684-690 [PMID: 17461703 DOI: 10.1592/phco.27.5.684]

Anderson WJ, Short PM, Williamson PA, Manoharan A, Lipworth

November 28, 2015 | Volume 5 | Issue 3 |



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

JRaishideng®

BJ. The inverse agonist propranolol confers no corticosteroid-sparing
activity in mild-to-moderate persistent asthma. Clin Sci (Lond) 2014;
127: 635-643 [PMID: 24938324 DOI: 10.1042/CS20140249]

Short PM, Anderson WJ, Williamson PA, Lipworth BJ. Effects of
intravenous and oral B-blockade in persistent asthmatics controlled
on inhaled corticosteroids. Heart 2014; 100: 219-223 [PMID:
24203262 DOI: 10.1136/heartjnl-2013-304769]

Rinaldi B, Capuano A, Gritti G, Donniacuo M, Scotto Di Vettimo
A, Sodano L, Rafaniello C, Rossi F, Matera MG. Effects of chronic
administration of B-blockers on airway responsiveness in a murine
model of heart failure. Pulm Pharmacol Ther 2014; 28: 109-113
[PMID: 24769100 DOI: 10.1016/j.pupt.2014.04.005]

Zhou Y, Xu M, Zhang Y, Guo Y, Zhang Y, He B. Effects of long-
term application of metoprolol and propranolol in a rat model of
smoking. Clin Exp Pharmacol Physiol 2014; 41: 708-715 [PMID:
24837395 DOI: 10.1111/1440-1681.12261]

Guo Y, Zhang Y, Shen N, Zhou Y, Zhang Y, Wupuer H, He B.
Effects of one month treatment with propranolol and metoprolol on
the relaxant and contractile function of isolated trachea from rats
exposed to cigarette smoke for four months. Inhal Toxicol 2014; 26:
271-277 [PMID: 24669949 DOI: 10.3109/08958378.2014.885098]
Azzi M, Charest PG, Angers S, Rousseau G, Kohout T, Bouvier M,
Pifieyro G. Beta-arrestin-mediated activation of MAPK by inverse
agonists reveals distinct active conformations for G protein-coupled
receptors. Proc Natl Acad Sci USA 2003; 100: 11406-11411 [PMID:
13679574 DOI: 10.1073/pnas.1936664100]

Baker JG, Hall IP, Hill SJ. Agonist and inverse agonist actions of
beta-blockers at the human beta 2-adrenoceptor provide evidence
for agonist-directed signaling. Mol Pharmacol 2003; 64: 1357-1369
[PMID: 14645666 DOLI: 10.1124/mol.64.6.1357]

Soriano-Ursia MA, Trujillo-Ferrara JG, Correa-Basurto J, Vilar
S. Recent structural advances of Bl and 2 adrenoceptors yield
keys for ligand recognition and drug design. J Med Chem 2013; 56:
8207-8223 [PMID: 23862978 DOI: 10.1021/jm400471z]
Amezcua-Gutierrez MA, Cipres-Flores FJ, Trujillo-Ferrara JG,
Soriano-Ursua MA. Clinical implications of recent insights into the
structural biology of beta2 adrenoceptors. Curr Drug Targets 2012; 13:
1336-1346 [PMID: 22812411 DOIL: 10.2174/138945012802429741]
Zhou Y, Zhang Y, Guo Y, Zhang Y, Xu M, He B. f2-Adrenoceptor
involved in smoking-induced airway mucus hypersecretion through
B-arrestin-dependent signaling. PLoS One 2014; 9: €97788 [PMID:
24905583 DOLI: 10.1371/journal.pone.0097788]

Peng H, Bond RA, Knoll BJ. The effects of acute and chronic
nadolol treatment on B2AR signaling in HEK293 cells. Naunyn
Schmiedebergs Arch Pharmacol 2011; 383: 209-216 [PMID:
21225244 DOI: 10.1007/s00210-010-0591-9]

Waagstein F, Hjalmarson A, Varnauskas E, Wallentin 1. Effect
of chronic beta-adrenergic receptor blockade in congestive
cardiomyopathy. Br Heart J 1975; 37: 1022-1036 [PMID: 1191416]
Huiart L, Ernst P, Suissa S. Cardiovascular morbidity and mortality
in COPD. Chest 2005; 128: 2640-2646 [PMID: 16236937 DOI:
10.1378/chest.128.4.2640]

Sin DD, Man SF. Chronic obstructive pulmonary disease: a novel
risk factor for cardiovascular disease. Can J Physiol Pharmacol
2005; 83: 8-13 [PMID: 15759045]

Salpeter SR, Ormiston TM, Salpeter EE. Cardiovascular effects of
beta-agonists in patients with asthma and COPD: a meta-analysis.
Chest 2004; 125: 2309-2321 [PMID: 15189956]

Du Q, Sun Y, Ding N, Lu L, Chen Y. Beta-blockers reduced the
risk of mortality and exacerbation in patients with COPD: a meta-
analysis of observational studies. PLoS One 2014; 9: e113048

WJR | www.wjgnet.com

206

Tan DWS et a/. B,-adrenoceptor in obstructive airway diseases

53

54

55

56

57

58

59

60

61

62

63

64

65

[PMID: 25427000 DOI: 10.1371/journal.pone.0113048]

Short PM, Lipworth SI, Elder DH, Schembri S, Lipworth BJ. Effect
of beta blockers in treatment of chronic obstructive pulmonary
disease: a retrospective cohort study. BMJ 2011; 342: d2549 [PMID:
21558357 DOI: 10.1136/bmj.d2549]

Lee DS, Markwardt S, McAvay GJ, Gross CP, Goeres LM, Han
L, Peduzzi P, Lin H, Dodson JA, Tinetti ME. Effect of B-blockers
on cardiac and pulmonary events and death in older adults with
cardiovascular disease and chronic obstructive pulmonary disease.
Med Care 2014; 52 Suppl 3: S45-S51 [PMID: 24561758 DOI:
10.1097/MLR.0000000000000035]

Tavazzi L, Swedberg K, Komajda M, Bohm M, Borer JS, Lainscak
M, Robertson M, Ford I. Clinical profiles and outcomes in patients
with chronic heart failure and chronic obstructive pulmonary disease:
an efficacy and safety analysis of SHIFT study. /nt J Cardiol 2013;
170: 182-188 [PMID: 24225201 DOI: 10.1016/j.ijcard.2013.10.068]
Chen J, Radford MJ, Wang Y, Marciniak TA, Krumholz HM.
Effectiveness of beta-blocker therapy after acute myocardial
infarction in elderly patients with chronic obstructive pulmonary
disease or asthma. J Am Coll Cardiol 2001; 37: 1950-1956 [PMID:
11401137 DOI: 10.1016/S0735-1097(01)01225-6]

Gottlieb SS, McCarter RJ, Vogel RA. Effect of beta-blockade on
mortality among high-risk and low-risk patients after myocardial
infarction. N Engl J Med 1998; 339: 489-497 [PMID: 9709041 DOI:
10.1056/NEJM199808203390801]

van Gestel YR, Hoeks SE, Sin DD, Welten GM, Schouten O,
Witteveen HJ, Simsek C, Stam H, Mertens FW, Bax JJ, van
Domburg RT, Poldermans D. Impact of cardioselective beta-blockers
on mortality in patients with chronic obstructive pulmonary disease
and atherosclerosis. Am J Respir Crit Care Med 2008; 178: 695-700
[PMID: 18565952 DOI: 10.1164/rccm.200803-3840C]

Rutten FH, Zuithoff NP, Hak E, Grobbee DE, Hoes AW. Beta-blockers
may reduce mortality and risk of exacerbations in patients with chronic
obstructive pulmonary disease. Arch Intern Med 2010; 170: 880-887
[PMID: 20498416 DOI: 10.1001/archinternmed.2010.112]

Heart Failure Society of America. Executive summary: HFSA 2006
Comprehensive Heart Failure Practice Guideline. J Card Fail 2006,
12: 10-38 [PMID: 16500578 DOI: 10.1016/j.cardfail.2005.12.001]
Morales DR, Guthrie B, Lipworth BJ, Donnan PT, Jackson
C. Prescribing of B-adrenoceptor antagonists in asthma: an
observational study. Thorax 2011; 66: 502-507 [PMID: 21459857
DOI: 10.1136/thoraxjnl-2011-200067]

Callaerts-Vegh Z, Evans KL, Dudekula N, Cuba D, Knoll BJ,
Callaerts PF, Giles H, Shardonofsky FR, Bond RA. Effects of acute
and chronic administration of beta-adrenoceptor ligands on airway
function in a murine model of asthma. Proc Natl Acad Sci USA 2004;
101: 4948-4953 [PMID: 15069206 DOI: 10.1073/pnas.040045210]
Lin R, Peng H, Nguyen LP, Dudekula NB, Shardonofsky F, Knoll
BJ, Parra S, Bond RA. Changes in beta 2-adrenoceptor and other
signaling proteins produced by chronic administration of ‘beta-
blockers’ in a murine asthma model. Pulm Pharmacol Ther 2008;
21: 115-124 [PMID: 17689122 DOI: 10.1016/j.pupt.2007.06.003]
Hanania NA, Singh S, ElI-Wali R, Flashner M, Franklin AE, Garner
WI, Dickey BF, Parra S, Ruoss S, Shardonofsky F, O’Connor BJ, Page
C, Bond RA. The safety and effects of the beta-blocker, nadolol, in
mild asthma: an open-label pilot study. Pulm Pharmacol Ther 2008,
21: 134-141 [PMID: 17703976 DOI: 10.1016/j.pupt.2007.07.002]
Short PM, Williamson PA, Anderson WJ, Lipworth BJ. Randomized
placebo-controlled trial to evaluate chronic dosing effects of
propranolol in asthma. Am J Respir Crit Care Med 2013; 187:
1308-1314 [PMID: 23593932 DOI: 10.1164/rccm.201212-22060C]

P- Reviewer: Pessi T, Soriano-Ursua M~ S- Editor: Ji FF
L- Editor: A E- Editor: LuYJ

November 28, 2015 | Volume 5 | Issue 3 |



JRnishideng®

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wijgnet.com
Help Desk: http://www.wijgnet.com/esps/helpdesk.aspx
http:/ /www.wjgnet.com

© 2015 Baishideng Publishing Group Inc. All rights reserved.



	WJRv5i3-Cover.pdf
	WJR-Editorial Board.pdf
	WJRv5i3-Contents.pdf
	180.pdf
	188.pdf
	199.pdf
	WJRv5i3-Back Cover.pdf

