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Abstract: In obstructive lung diseases, airway inflammation leads to bronchospasm and thus
resistive breathing, especially during exacerbations. This commentary discusses experimental
evidence that resistive breathing per se (the mechanical stimulus) in the absence of underlying
airway inflammation leads to lung injury and inflammation (mechanotransduction). The potential
implications of resistive breathing-induced mechanotrasduction in COPD exacerbations are
presented along with the available clinical evidence.
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Introduction

Resistive breathing (breathing through increased airway resistance) is the hallmark
of the most prevalent pulmonary diseases, COPD, and asthma. During severe
exacerbations, these diseases often culminate in respiratory failure with increased
morbidity and mortality. In COPD, inflammation of the airways results in variable
airway narrowing through a variety of mechanisms such as mucus hypersecretion,
goblet cell hyperplasia, mucosal edema, cytokine upregulation' and inflammation,
and alveoli destruction (emphysema), leading to a loss of elastic distending traction
on the distal airways and bronchospasm.** During COPD exacerbations, the inciting
factor (eg, mainly infections and/or environmental stress, such as air pollution*) aug-
ments inflammation, which worsens airway mucosal edema and through release of
mediators, which can cause smooth muscle contraction, leads to bronchoconstriction/
bronchospasm, further increasing airway resistance. This sequence of events often
culminates in both hypercapnic and/or hypoxemic respiratory failure through largely
unexplored mechanisms.

During resistive breathing, the inspiratory muscles contract strenuously to
inflate the lung, resulting in large negative intrathoracic pressures during inspiration.
Both the strenuous muscle contractions and the large negative intrathoracic pressures
lead to mechanical stress on cells residing in the diaphragm and the lungs, respectively.
This mechanical stress may lead to injury of both the diaphragm and the lung through
either direct “tearing” forces® or through mechanotransduction (ie, transformation of
mechanical distortion into intracellular cascade activation, including the formation
of oxidative stress).’

Thus, it is plausible that bronchoconstriction can injure both the lung and the dia-
phragm even in the absence of underlying airway inflammation (ie, in the previous
healthy lung). The clinical paradigm is acute upper airway obstruction in a previously
healthy human can culminate in pulmonary edema.
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It is also tempting to speculate that in the presence of
underlying airway inflammation (like in COPD), the augmen-
tation of bronchoconstriction would by itself cause inflam-
mation and injury in the lung periphery and the diaphragm.
The clinical paradigm would be a severe COPD exacerbation
requiring hospitalization.

Effect of inspiratory resistive
breathing on the lung

We have long been interested in studying the “isolated”
effects of resistive breathing/(acute) airway obstruction on
the lung and the diaphragm. Over the last 15 years, we have
developed an experimental model of resistive breathing
in healthy animals and humans.®!? The model consists of
external resistors of appropriate magnitude in the inspiratory
line of a two-way valve, with the expiratory line having no
resistance. Our aim was to decipher the effects of mechani-
cal stressor (increased inspiratory airway resistance) from
the effects of the underlying airway inflammation which
is observed in COPD. A series of studies have been per-
formed by adding an inspiratory resistance, so that the
tidal pressure during inspiration is set at 50% of maximum
(P/P, ,,=0.5).>'" The major findings of these studies are that
in a healthy rat lung, inspiratory resistive breathing increases
the permeability of the alveolar-capillary membrane of the
lung, deranges the respiratory system mechanics, shifting
the pressure—volume curve to the right and downward (ie,
making the lung less distensible), induces lung inflam-
mation, activates matrix metalloproteinases, and results
in acute lung injury and respiratory failure (Figure 1).>!
These findings raise the intriguing possibility that during
severe COPD exacerbations, bronchoconstriction leads
to distal lung inflammation and acute lung injury, thus
contributing to the development of hypoxemic respiratory
failure. The resulting less distensible lung contributes to the
development of dyspnea. Furthermore, bronchoconstriction-
resistive breathing leads to the activation of matrix metal-
loproteinases (MMPs, mainly MMP-9 and MMP-12) in
the lung tissue (Figure 1G), which in turn leads to the
destruction of lung tissue (ie, loss of functional lung units
[emphysema]).!” This finding may explain the observation
that patients with frequent COPD exacerbations experi-
ence more rapid loss of lung function over time (ie, at
each exacerbation, bronchoconstriction would cause MMP
activation and thus alveolar destruction and loss of lung
function).'>'* Although the exact signaling pathways that
mediate inspiratory resistive breathing-induced lung injury
are largely unknown, preliminary results from our ongoing

research have shown that early after the initiation of resistive
breathing, sensors of mechanical stress, such as Src kinase,'’
are activated in the lung tissue,'® which is followed by ERK
activation.’ Interestingly, inhibition of Src kinase activation
partially prevented inspiratory resistive breathing-induced
lung injury.'*

The load used in our studies was chosen based on
extrapolation from data on COPD exacerbations. The
actual load faced by the respiratory muscles of patients
with a severe COPD exacerbation is not known, because it
is extremely difficult to perform pathophysiological studies
in the emergency department. Thus, only indirect estimates
can be made. In patients with stable severe COPD (forced
expiratory volume in 1 second [FEV ], 0.7940.35 L) with
hypercapnia (PCO,, 62.4£5.5 mmHg), the mean inspiratory/
maximum inspiratory pressure was 0.27+0.15."7 Similarly, a
group of Italian investigators found mean pleural/maximum
pleural pressure (Pplwal/ plemlmx) values amounting to
0.35 in patients with stable severe COPD (stage IV: FEV ,
0.5710.06 L [20.6%=%2.12% of predicted]) and with less
severe hypercapnia (PCO,, 45.8+1.65 mmHg)."® We can
speculate that these values would be expected to be even
higher during an exacerbation because of worsening lung
mechanics (increased bronchoconstriction delaying lung
emptying) and the accompanying dynamic hyperinflation,
which decreases the capacity of the respiratory muscles to
generate pressure.

A relatively good model of COPD exacerbations, which
mimics its pathophysiological characteristics, is patients
with COPD requiring mechanical ventilation or in the
weaning phase who have similar respiratory muscle loads
to severely exacerbated COPD patients. In this situation
physiological measurements are allowed because the patient
is in the controlled environment of the intensive care unit.
In these exacerbated COPD patients, the load on their respi-
ratory muscles is quite similar to the one selected for the
animal studies we conducted. Accordingly, our group has
shown that in COPD patients requiring invasive mechani-
cal ventilation, the peak/maximum inspiratory pressure
value was 0.6210.15 (the peak inspiratory pressure is the
sum of the elastic and resistive pressure required for the
given tidal volume).'” In COPD patients who fail to wean
was ~0.6

pleural,max

from mechanical ventilation, the P

pleural

(range, 0.38-0.95) and the transdiaphragmatic pressure to

maximal transdiaphragmatic pressure (P /P, ) ratio was

di,max
0.62 (range, 0.42-0.85).2° Similarly, our group has shown
that COPD patients who fail to wean from mechanical ven-

tilation have mean inspiratory/maximum inspiratory ratios
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Figure | Inspiratory resistive breathing (IRB) at a load of 50% of maximum induces acute lung injury.

Notes: (A) Following 3 and 6 hours of IRB, increased clearance of intratracheally administered 99™ Tc-DTPA from the lung is noticed, as a result of increased epithelial
permeability (representative figures of 99™ Tc-DTPA scintigraphy over time: upper, control; middle, 3 hours IRB; lower, 6 hours IRB; red denotes strong signal of the
radiotracer). (B) IRB deranges respiratory system mechanics by decreasing static compliance after both 3 and 6 hours, as assessed by static pressure-volume (P-V) curves.
Note the downward shift of the P-V curve after both 3 and 6 hours of IRB, as seen in the presence of lung injury. (C) IRB is associated with decreased PaO,:FiO, ratio, both
after 3 and 6 hours, indicating the presence of impaired gas exchange. (D) Following 6 hours of IRB, increased bronchoalveolar lavage (BAL) cellularity is noticed, due to
increased counts of both macrophages and neutrophils (and lymphocytes to a lesser degree). (E) The induction of pulmonary inflammation after 6 hours of IRB is also confirmed
by the presence of increased protein levels of various inflammatory cytokines in the lung tissue. (F) Representative figures of H&E-stained lung sections showing the presence
of acute lung injury after 6 hours of IRB (right), compared to control (left). Note the high degree of membrane thickening, intraalveolar hemorrhage, capillary congestion, and
inflammatory cell infiltration in animals that underwent 6 hours of IRB. (G) Upper: gelatin zymography of lung tissue samples revealed increased levels of MMP-9 following
6 hours of IRB, compared to control (gelatinolytic activity is visualized as white bar against blue background). Lower: alveolar macrophages and the pulmonary epithelium were
the main sources of MMP-9 production after 6 hours of IRB, as detected by immunohistochemistry (representative figures of lung tissue sections, where brown denotes the
presence of MMP-9). *P<<0.05 to ctr; P<<0.05 to 3 hours IRB. (A)—(F) Reprinted with permission of the American Thoracic Society. Copyright © 2016 American Thoracic
Society. Toumpanakis D, Kastis GA, Zacharatos P, et al.” Inspiratory resistive breathing induces acute lung injury. Am | Respir Crit Care Med. 2010;182:1129~1136. The American
Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society. (G) Reproduced with permission from Toumpanakis D, Noussia O,
Sigala |, et al. Inspiratory resistive breathing induces MMP-9 and MMP-12 expression in the lung. Am | Physiol Lung Cell Mol Physiol. 2015;308:L683-L692."°

Abbreviations: DTPA, diethylene-triamine-pentaacetate; ctr, control; hrs, hours; MIP, macrophage inflammatory protein; TNF-o, tumor necrosis factor alpha; IL, interleukin;
H&E, hematoxylin and eosin; MMP, matrix metalloproteinase.

amounting to 0.490+0.09.%' Vitacca et al** found P /P

di,max

can cause lung injury and inflammation and which is the
values of 0.58 at the end of a failing weaning trial. Thus, the = smallest injurious load.

choice of loads in our animal model with inspiratory pres-

sures amounting to 50% of maximum inspiratory pressures Combined inspiratory and

is within the range of severe COPD exacerbation. It is cur- ~@Xpiratory resistive breathing

rently unknown whether inspiratory resistances leading to It could be claimed that isolated inspiratory resistive breath-
loads smaller than 50% of maximum inspiratory pressures  ing cannot exist in real life, since irrespective of where in
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the airways is the area of bronchoconstriction, both the
inspiratory and the expiratory resistances are elevated. If
bronchoconstriction is intrathoracic, the expiratory resis-
tance is greater than the inspiratory resistance, due to the
positive intrathoracic pressure during expiration, which
narrows the airways, and the negative intrathoracic pres-
sure during inspiration, which dilates the airways. This
pattern is usually observed in COPD and asthma patients.
If bronchoconstriction is extrathoracic, the reverse is true,
inspiration reducing and expiration increasing the airway
surface area. This pattern is observed in patients with upper
airway obstruction.

To have a model of concurrent inspiratory and expiratory
resistances, thus better mimicking COPD exacerbations, we
developed a mouse model of resistive breathing through
tracheal banding.”® Resistive breathing in a healthy mouse

increases the permeability of the alveolar-capillary mem-
brane of the lung, deranges respiratory system mechanics,
induces lung inflammation, and results in acute lung injury,
similarly to the rat inspiratory resistive breathing model
(Figure 2A—C).” Willms and Shure?* suggested that the
presence of expiratory resistance with its accompanying
hyperinflation (increased end expiratory volume) and intrin-
sic positive end expiratory pressure opposes during expira-
tion the large negative swings in intrathoracic pressure that
are developed during inspiration and produce pulmonary
edema. In our mouse model, the presence of expiratory resis-
tance in the face of inspiratory resistance did not prevent
lung injury? (supposedly induced by inspiratory resistance
based on the rat inspiratory resistance model).*!?
Interestingly, resistive breathing in mice downregulated
the expression of soluble guanylate cyclase in the lung
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Figure 2 Resistive breathing (RB) in mice and the role of soluble guanylate cyclase.

Notes: RB in mice: (A) Tracheal banding induces lung injury. Lung histological evaluation by light microscopy revealed the existence of neutrophil infiltration in mice 24 hours
after tracheal banding. RB increases interstitial and intraalveolar infiltration and focal congestion in the lung tissue. Representative histological section stained with hematoxylin
and eosin of quietly breathing (control) and treated mice, after tracheal banding, respectively (upper panel). (B) Tracheal banding induces inflammatory cells influx in the
BALF. Total cells and macrophages in BALF of TB mice are increased compared to sham-operated mice (control) following 24 hours of resistive breathing. Respiratory
system mechanics: (C) Airway resistance by force oscillation technique is elevated following tracheal banding. (D) The expression of sGC is decreased in the lungs of TB mice.
Protein levels of sGC subunits are decreased in mice after 24 hours of resistive breathing. Sham-operated (control) or TB mice were sacrificed 24 hours after treatment.
Representative Western blots for o-1, B-1, and B-actin are presented (upper panel). Blots were quantified by densitometry. Expression for each subunit normalized for
B-actin was set at 100% for sham-operated mice. (E) Therapeutic activation of sGC attenuates lung injury caused by tracheal banding. Lung histological evaluation by light
microscopy revealed the attenuation of inflammation and neutrophil infiltration in mice treated with BAY58-2667. BAY58-2667 decreased interstitial and intraalveolar
infiltration and focal congestion in the lung tissue, compared to the group of TB mice. (F) Activation of sGC improves lung mechanics after tracheal banding. Elevated airway
resistance, following tracheal banding, was attenuated when BAY58-2667 was administrated after TB. Values are expressed as mean £ SEM; n=10; *P<0.05 for sham-operated
(control) group and #*P<<0.05 for TB + BAY58-2667 group. Figures A—F have been reprinted with permission of the American Thoracic Society. Copyright © 2016 American
Thoracic Society. Glynos C, Toumpanakis D, Loverdos K, et al. Guanylyl cyclase activation reverses resistive breathing-induced lung injury and inflammation. Am J Respir Cell
Mol Biol. 2015;52:762-771.2 The American Journal of Respiratory Cell and Molecular Biology is an official journal of the American Thoracic Society. Smoking mice: (G) sGC
expression is decreased in mice after cigarette smoke (CS) exposure. Protein levels of sGCa-| upon acute (3 days), subacute (4 weeks), and chronic (24 weeks) CS exposure.
Example of Western blot for sGCai-1 is presented (upper panel). Western blot was performed on eight mice per group. Blots were quantified by densitometry. Expression
for the sGCa.-1 subunit normalized for B-actin was set at 100% for air-exposed mice. Values are expressed as mean + SEM; n=8/group; *P<0.05, **P<<0.0| for air-exposed
mice. (H) BAY58-2667 administration attenuates airway hyperresponsiveness on acute CS exposure. BAY58-2667 administration in acute CS-exposed mice ameliorates
bronchoconstriction. Effect of BAY58-2667 on percent increase in airway resistance (R) in a dose—response manner to serotonin (5-HT) challenge is presented. Values are
expressed as mean * SEM; n=8/group; *P<<0.05 for air-exposed group and *P<<0.05 for CS + BAY58-2667 group. COPD patients and smokers: (I) sGC protein expression
is decreased in patients with COPD. Western blot was performed on a total of 33 patients (nine never smokers, nine smokers, and |5 patients with COPD). Examples of
Western blots for sGCa.-1 and B-actin are presented (upper panel). Expression for the sGCa-1 subunit normalized for B-actin was set at 100% for NS. Values are expressed
as mean £ SEM; *P<<0.05. (J) mRNA expression of the sGCoa-1 subunit correlates with lung function in smokers and patients with COPD. sGC mRNA levels of o1 subunit
of human lung tissues were correlated with forced expiratory volume in | second (FEV,%) (% of predicted). Spearman correlation coefficient (r,) and P-value are shown.
Figures G=J have been reprinted with permission of the American Thoracic Society. Copyright © 2016 American Thoracic Society. Glynos C, Dupont LL, Vassilakopoulos T,
et al. The role of soluble guanylyl cyclase in chronic obstructive pulmonary disease. Am | Respir Crit Care Med. 2013;188:789-799.%° The American Journal of Respiratory and
Critical Care Medicine is an Official Journal of the American Thoracic Society.

Abbreviations: TB, tracheal banding; BALF, bronchoalveolar lavage fluid; sGC, soluble guanylyl cyclase; SEM, standard error of the mean; NS, never smokers; S, smokers;
wks, weeks.

(Figure 2D).? Activation of soluble guanylate cyclase
even after injury, which was well established, significantly
reversed the lung injury (Figure 2E and F).” This finding
might suggest a new therapeutic category in obstructive
airway diseases. In fact, we have shown that soluble guany-
late cyclase is downregulated secondary to chronic smoking
exposure in a mice model of COPD (Figure 2G and H) and
in the lungs of COPD patients (Figure 21-J).?

However, even this mouse model of tracheal banding
does not accurately mimic COPD exacerbations, as tracheal
banding is an extrathoracic bronchoconstriction, whereas
COPD exacerbations result in intrathoracic obstruction.
To date, we have had no data with regard to the effects of
expiratory resistances on a healthy lung. Hyperinflation
could generate an inflammatory process through excessive
deformation of the lung cells.?® However, this hypothesis has

never been tested experimentally. Furthermore, the effects of
increased expiratory resistance on healthy lung (greater than
those caused by inspiratory resistance, which is the actual
clinical situation) has not been established.

In a recent article published in the International Journal
of Chronic Obstructive Pulmonary Disease, Loverdos et al?’
added the missing information. They applied a series of pure
inspiratory resistances of various magnitudes and determined
that injury starts developing at inspiratory loads as low as
30% of maximum inspiratory pressure. As presented before,
such inspiratory loads can be present even in stable severe
COPD patients without being exacerbated.'”'® It could also be
observed in less severe COPD patients when an exacerbation
has led to bronchoconstriction.

Loverdos et al?’ showed that pure expiratory resistance
(up to 70% of maximum expiratory pressure) can also cause
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inflammation with load (ie, resistance)-dependent influx of
neutrophils and cytokine upregulation. Interestingly, mac-
rophages were downregulated, which is a behavior different
from the one observed in the other models (inspiratory resis-
tive breathing and tracheal banding).?”” Lung mechanics were
not affected (in contrast to the other models) and increased
protein levels in the bronchoalveolar lavage fluid (suggesting
the presence of increased permeability pulmonary edema)
occurred only at the highest studied load (70%).?

Combined inspiratory and expiratory resistive breathing,
with the expiratory load being higher than the inspiratory
load and thus mimicking intrathoracic obstruction similar
to that occurs during COPD exacerbations, resulted in a
dose-dependent injury and inflammation of the lung.?” Thus,
similar to our mouse model of resistive breathing through
tracheal banding, the presence of expiratory resistance did
not prevent lung injury and inflammation induced by resistive
breathing, and may have even augmented it.

All the aforementioned results were obtained in animals
with healthy lungs.>!%27 It has to be acknowledged that
no data are available on the effects of resistive breathing-
bronchoconstriction on the lung that has preexisting underlying
inflammation (as occurs in COPD). Yet, we can speculate that
a similar or even augmented response would be exhibited
by the lung with COPD, which would partly explain why
severe COPD exacerbations culminate in respiratory failure,
often requiring noninvasive and even invasive mechanical
ventilation.

Evidence from human studies

Do we have any human data? In healthy humans, inspira-
tory resistive breathing leads to plasma elevation of tumor
necrosis factor alpha (TNF-q), interleukin 1B (IL-1B), and
IL-6," and stimulates the hypothalamic pituitary adrenal
axis resulting (through cleavage of pro-opiomelanocortin)
in adrenocorticotropic hormone and B-endorphin release.!!
B-Endorphins are endogenous opioids that affect the control
of breathing rendering breathing shallow.?® Thus, this could
contribute to the development of hypercapnic respiratory
failure frequently observed during COPD exacerbations.”
Preliminary results from our laboratory suggest that inspirato-
ryresistive breathing leads to elevation of IL-6 in the induced
sputum of healthy volunteers (Figure 3).

Plasma cytokines observed in humans after resistive
breathing do not originate from monocytes.'? One clear source
of these plasma cytokines observed after resistive breathing
in humans is the lung.*!%*27 Yet another source is the strenu-
ously contracting respiratory muscles. In the rat diaphragm,

10+

IL-6 in induced sputum
(pg/mL)

Before RB

After RB

Figure 3 Inspiratory resistive breathing (IRB) induces IL-6 upregulation in the
induced sputum of healthy humans.

Notes: Five healthy nonsmoking volunteers gave an induced sputum sample on
the morning of day |. Three days later in the morning, they were under inspiratory
resistive breathing at 50% of maximum inspiratory pressure for 45 minutes. After
that resistive breathing-induced sputum was collected. Interleukin 6 (IL-6) was
determined in the sputum supernatant by ELISA. Data are presented as mean + SEM;
*P=0.038 before RB.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; SEM, standard error
of the mean; RB, resistive breathing.

inspiratory resistive breathing results in MAPK and NF-xB
activation and cytokine upregulation (Figure 4).2% These
cytokines are produced by resident myocytes and are under
the control of oxidative stress and nitric oxide (Figure 4).3303!
Indeed, although low levels of reactive oxygen species (ROS)
are present in the skeletal muscles, including the diaphragm,
under normal function, the levels of ROS are significantly
augmented under stress, including strenuous contraction,
hypoxia, and heat stress.*> Do we have any human data? In
stable COPD patients, Casadevall et al*> have shown that the
intercostal muscles express cytokines. Preliminary results
from our study show that cytokines are upregulated in the
diaphragms of COPD GOLD III and IV patients.
Regarding COPD patients, there is still little data to
support the possible injurious effect of resistive breathing
on the lung. Our group recently tested the hypothesis that
the respiratory muscles and/or the mechanically stressed
“inflammatory” lung contribute to the elevated plasma
cytokine levels in patients with severe acute exacerbation
of COPD. Hillas et al** studied 30 patients with severe
acute exacerbation of COPD, which led to endotracheal
intubation and mechanical ventilation (intervention group);
patients who had acute exacerbation of COPD received the
same drugs as the intubated patients but were not intubated
(control group 1), and patients with COPD at steady state
were intubated and mechanically ventilated for elective
surgery (control group 2). Application of mechanical
ventilation in patients with acute exacerbation of COPD,
which resulted in endotracheal intubation, led to decreased
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Figure 4 Inspiratory resistive breathing (IRB) induces cytokine upregulation in the diaphragm: the role of oxidative stress and nitric oxide (NO).

Notes: (A) Localization of interleukin 6 (IL-6) protein expression in rat diaphragms. Antibodies showed positive IL-6 staining in diaphragms of rats subjected to 6 hours of
IRB. Membrane-associated (white arrows in a) and punctuate cytosolic (white arrows in b) positive IL-6 staining were evident inside small muscle fibers, whereas large muscle
fibers showed no IL-6 staining (blue arrows). Blood vessels were negative for IL-6 protein (white arrow in c). Very weak IL-6 staining was detectable in the diaphragm of
quietly breathing rats (d). Reprinted with permission of the American Thoracic Society. Copyright © 2016 American Thoracic Society. Vassilakopoulos T, Divangahi M, Rallis
G, et al. Differential cytokine gene expression in the diaphragm in response to strenuous resistive breathing. Am | Respir Crit Care Med. 2004;170:154—161.% The American
Journal of Respiratory and Critical Care Medicine is an Official Journal of the American Thoracic Society. (B) IRB induces cytokine expression in the diaphragm of rats.
Cumulative results of ELISA depicting the protein levels of IL-6, TNF-q,, IL-2, IL-10, and IL-1f in the diaphragm of quietly breathing rats (Ctr) and rats subjected to IRB for
6 hours (RB). Data are presented as mean + SE pg/mg total protein (*P<<0.05 vs control). Modified from Sigala et al.*® (C), (D) Effect of antioxidant (NAC) administration
(€) and NO production modification with the nonselective nitric oxide synthase (NOS) inhibitor (L-NAME) and the NO donor (DETA- NONOate) (D) on IRB-induced
cytokine upregulation in the diaphragm. Protein levels (estimated with ELISA) of IL-6, tumor necrosis factor alpha (TNF-ay), IL-2, IL-10, and IL-1J, respectively, in the
diaphragm of rats subjected to IRB for 6 hours treated with NAC (RB-NAC) or not (RB) (C) and with NOS inhibitor (RB-LNAME), NO donor (RB-DETA), or nothing (RB)
(D). Data are presented as fold increase to control (mean + SE; *P<<0.05 vs RB). Reproduced with permission from Sigala I, Zacharatos P, Toumpanakis D, et al. MAPKs and
NF-kappaB differentially regulate cytokine expression in the diaphragm in response to resistive breathing: the role of oxidative stress. Am J Physiol Regul Integr Comp Physiol.
2011;300:R1152-R1162;* and Sigala |, Zacharatos P, Boulia S, et al. Nitric oxide regulates cytokine induction in the diaphragm in response to inspiratory resistive breathing.
J Appl Physiol (1985). 2012;113:1594-1603.3'

Abbreviations: ELISA, enzyme-linked immunosorbent assay; Ctr, control; SE, standard error; RB, resistive breathing; NAC, N-acetylcysteine.

plasma levels of circulating IL-6, IL-10, eotaxin, and epi-
dermal growth factor within 30 minutes to 6 hours.** These
findings suggest that the respiratory muscles and especially
the contracting diaphragm and/or the mechanically stressed
inflammatory lung contributed to the elevated levels of
these cytokines during the exacerbation. It was the relief
of mechanical stress with the application of mechanical
ventilation, which unloaded the diaphragm and alleviated
the large negative swings in intrathoracic pressure that
stressed and injured the lung, that was responsible for the
decrease in the cytokine level (given that the cytokines did
not decrease in acutely exacerbated COPD patients who

received only drugs but not mechanical ventilation). These
results might provide mechanistic insights into the beneficial
effects of noninvasive mechanical ventilation during severe
COPD exacerbations.

Based on the previously mentioned evidence, it is plau-
sible that resistive breathing-bronchoconstriction per se can
injure both the lung and the diaphragm even in the absence of
underlying airway inflammation (ie, in the previous healthy
lung). In the lung with underlying lung inflammation, this
resistive breathing-bronchoconstriction may perpetuate
distal lung injury leading to the development of respiratory
failure.
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