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Chronic obstructive pulmonary disease (COPD) is a progressive disorder of the lung 

parenchyma which also involves extrapulmonary manifestations, such as cardiovascular 

impairment, diaphragm dysfunction, and frequent exacerbations. The development of animal 

models is important to elucidate the pathophysiology of COPD exacerbations and enable 

analysis of possible therapeutic approaches. We aimed to characterize a model of acute 

emphysema exacerbation and evaluate its consequences on the lung, heart, and diaphragm. 

Twenty-four Wistar rats were randomly assigned into one of two groups: control (C) or 

emphysema (ELA). In ELA group, animals received four intratracheal instillations of pancreatic 

porcine elastase (PPE) at 1-week intervals. The C group received saline under the same 

protocol. Five weeks after the last instillation, C and ELA animals received saline (SAL) or  

E. coli lipopolysaccharide (LPS) (200 μg in 200 μl) intratracheally. Twenty-four hours after 

saline or endotoxin administration, arterial blood gases, lung in�ammation and morphometry, 

collagen �ber content, and lung mechanics were analyzed. Echocardiography, diaphragm 

ultrasonography (US), and computed tomography (CT) of the chest were done. ELA-LPS 

animals, compared to ELA-SAL, exhibited decreased arterial oxygenation; increases in alveolar 

collapse (  p < 0.0001), relative neutrophil counts (   p = 0.007), levels of cytokine-induced 

neutrophil chemoattractant-1, interleukin (IL)-1β, tumor necrosis factor-α, IL-6, and vascular 

endothelial growth factor in lung tissue, collagen �ber deposition in alveolar septa, airways, 

and pulmonary vessel walls, and dynamic lung elastance (   p < 0.0001); reduced pulmonary 

acceleration time/ejection time ratio, (an indirect index of pulmonary arterial hypertension); 
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is currently  
the fourth leading cause of death worldwide and is expected to 
be  the third in 2020 (Lozano et  al., 2012). COPD is a disease 
of the airways and lungs that is characterized by a progressive 
air�ow limitation, which is not fully reversible (Minai et  al., 
2008). Although essentially a pulmonary disease, it is associated 
with several extrapulmonary manifestations, such as cor pulmonale 
(Bhatt and Drans�eld, 2013), diaphragm dysfunction (Ottenheijm 
et  al., 2008), skeletal muscle wasting (Maltais et  al., 2014), and 
weight loss (Agusti et  al., 2003). �ese systemic manifestations 
can increase the risk of COPD exacerbations (Cavaillès et  al., 
2013) and decrease survival (Kawut et  al., 2014). Exacerbations, 
which are de�ned as an acute worsening of respiratory symptoms 
that results in additional therapy (Vogelmeier et  al., 2017), can 
be caused or triggered by viral (Seemungal et al., 2000) or bacterial 
(Stockley et  al., 2009) infections. COPD exacerbations result in 
increased morbidity, hospital admissions, and mortality,  
and strongly in�uence health-related quality of life (Wedzicha 
and Donaldson, 2003). Several experimental models have  
used lipopolysaccharide (LPS) to induce exacerbation of established 
emphysema (Hardaker et al., 2010; Ganesan et al., 2012; Kobayashi 
et  al., 2013). Hardaker et  al. exposed rats to tobacco smoke for 
30  min twice a day for 2  days; on day 3, animals were exposed 
to LPS for 30  min, followed by exposure to tobacco smoke 5  h 
later (Hardaker et  al., 2010). Ganesan et  al. exposed mice to 
elastase and LPS for four consecutive weeks (Ganesan et  al., 
2012). Kobayashi et  al. developed a model of emphysema with 
a single dose of elastase followed by intratracheal administration 
of LPS a�er 21  days (Kobayashi et  al., 2013). �e �rst two 
studies evaluated lung function and in�ammation at day 1, whereas 
in the latter, animals were evaluated 1, 3, and 7  days a�er LPS 
instillation. However, all of these studies focused on pulmonary 
changes. To our knowledge, no experimental study has focused 
primarily on the extrapulmonary consequences of emphysema 
exacerbations. Within this context, the present study aimed to 
develop a model of endotoxin-induced emphysema exacerbation 
focused not only on the lungs but also on the heart and diaphragm.

MATERIALS AND METHODS

Ethics Statement
�is study was approved by the Ethics Committee of the Health 
Sciences Center (CEUA-CCS 059-15), Federal University of  

Rio de Janeiro. All animals received humane care in compliance 
with the “Principles of Laboratory Animal Care” formulated by 
the National Society for Medical Research and the Guide for the 
Care and Use of Laboratory Animals prepared by the National 
Academy of Sciences, USA. �e present study followed the ARRIVE 
guidelines for reporting of animal research (Kilkenny et al., 2010).

Animal Preparation and  
Experimental Protocol
�e time course of interventions is depicted in Figure 1. Twenty-
four Wistar rats (weight 442  ±  12  g) were randomly assigned 
into one of two groups: control (C) and emphysema (ELA). 
Emphysema was induced according to a protocol previously 
established by our team (Henriques et al., 2016; Wierzchon et al., 
2017). Brie�y, animals received four intratracheal instillations of 
pancreatic porcine elastase (PPE, 2 IU in 0.1 ml of saline solution, 
Sigma Chemical Co., St. Louis, MO, USA) at 1-week intervals 
(8  IU PPE in total). �e C group received sterile saline (0.1  ml) 
using the same protocol. Five weeks a�er the last instillation, 
C and ELA animals were randomly assigned to receive saline 
(200  μl, SAL) or E. coli lipopolysaccharide (LPS, O55:B5, LPS 
Ultrapure; InvivoGen, France, 200  μg in 200  μl) intratracheally. 
Before each intratracheal instillation, animals were anesthetized 
with 1.5–2.0% iso�urane (Cristália, Itapira, SP, Brazil) by mask.

Twenty-four hours a�er saline or endotoxin administration, 
pulmonary function, light and electron microscopy, collagen 
and elastic �ber content, as well as levels of pro-in�ammatory 
mediators and growth factor in lung-tissue homogenate were 
analyzed. Echocardiography, diaphragm ultrasonography (US), 
and CT of the chest were performed.

For functional analysis, animals were anesthetized with 
diazepam (10  mg/kg intraperitoneally, Compaz®, Cristália, 
Itapira, SP, Brazil), ketamine (50–100  mg/kg, Ketamin-S+®, 
Cristália, Itapira, SP, Brazil), and midazolam (2 mg/kg, Dormire®, 
Cristália, Itapira, SP, Brazil). An intravenous catheter (Jelco 24G) 
was inserted into the tail vein for continuous infusion of 
midazolam (2  mg/kg/h), ketamine (50  mg/kg/h), and Ringer’s 
lactate (8 ml/kg/h, B. Braun, Crissier, Switzerland). Anesthetized 
animals were tracheotomized via a midline neck incision a�er 
subcutaneous injection of 2% lidocaine (Xylestesin®, Cristália, 
Itapira, SP, Brazil). �e right internal carotid artery was cannulated 
(18G, Arrow International, USA) for blood sampling and mean 
arterial pressure (MAP) measurement. Heart rate (HR), MAP, 
and rectal temperature were continuously monitored (Networked 
Multiparameter Veterinary Monitor Life Window 6000V; Digicare 
Animal Health, Florida, USA). Body temperature was maintained 

decreased diaphragm thickening fraction and excursion; and areas of emphysema associated 

with heterogeneous alveolar opacities on chest CT. In conclusion, we developed a model of 

endotoxin-induced emphysema exacerbation that affected not only the lungs but also the 

heart and diaphragm, thus resembling several features of human disease. This model of 

emphysema should allow preclinical testing of novel therapies with potential for translation 

into clinical practice.
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at 37.0  ±  1°C using a heating bed. Animals were mechanically 
ventilated (Servo-I, MAQUET, Solna, Sweden) in pressure-
support mode (PSV) for 5  min with a tidal volume (VT) of 
6  ml/kg, zero end-expiratory pressure, and fraction of inspired 
oxygen (FiO2) set to 0.4. Arterial blood (300  μl) was drawn 
into a heparinized syringe for measurement of arterial oxygen 
partial pressure (PaO2), arterial carbon dioxide partial pressure 
(PaCO2), arterial pH (pHa), and bicarbonate HCO3

-( )  
(Radiometer ABL80 FLEX, Copenhagen NV, Denmark). Lung 
mechanics, arterial blood gases, and echocardiographic 
parameters were measured. At the end of the experiment, 
heparin (1,000 IU) was injected into the tail vein, a laparotomy 
was performed, and animals were killed by intravenous injection 
of sodium thiopental (50  mg/kg, Cristália, Itapira, SP, Brazil). 
At positive end-expiratory pressure (PEEP)  =  3 cmH2O, the 
le� and right lungs were removed for histological and molecular 
biology analysis, respectively.

Respiratory Data Acquisition and 
Processing
Air�ow was measured using a pneumotachograph (internal 
diameter  =  1.5  mm, length  =  4.2  cm, and distance between 
side ports = 2.1 cm) connected to a SCIREQ di�erential pressure 
transducer (UT-PDP-02; SCIREQ, Montreal, Canada). VT was 
calculated by digital integration of the air�ow signal. Tracheal 
pressure (Paw) was measured with a SCIREQ di�erential pressure 
transducer (UT-PDP-75; SCIREQ, Montreal, QC, Canada). 

Esophageal pressure was measured using a 30-cm-long water-
�lled catheter (PE205) with side holes at the tip connected 
to a di�erential pressure transducer (UT-PL-400, SCIREQ, 
Montreal, Canada) (Baydur et  al., 1982). Transpulmonary 
pressure (PL) was calculated during inspiration and expiration 
as the di�erence between Paw and Pes. Dynamic lung elastance 
(EL) was determined by dividing peak transpulmonary pressure 
(PpeakL) minus total PEEP by delta VT (Henriques et al., 2016). 
Peak (PpeakL) and mean (PmeanL) transpulmonary pressures 
were calculated. �e respiratory rate (RR) was calculated from 
Pes swings as the frequency per minute of each type of breathing 
cycle. �e ratio between inspiratory and total time (Ti/Ttot), 
as well as expiratory time (Te), were calculated.

�e esophageal pressure (Pes)-time product per minute  
(PTP/min, integral of ΔPes over time), as well as the esophageal 
pressure generated 100  ms a�er onset of inspiratory e�ort 
(P0.1), were calculated. Both measurements re�ect work of 
breathing (Sassoon et  al., 1991).

Air�ow, Paw, and Pes were continuously recorded throughout 
the experiments with a computer running so�ware written in 
LabVIEW® (National Instruments, Austin, Texas, USA) (Samary 
et  al., 2015; Santos et  al., 2018). All signals were �ltered 
(200 Hz), ampli�ed by a 4-channel conditioner (SC-24, SCIREQ, 
Montreal, Quebec, Canada), and sampled at 200  Hz with a 
12-bit analog-to digital converter (National Instruments; Austin, 
Texas, USA). All mechanical data were computed o�ine by 
a routine written in MATLAB (Version R2007a; �e Mathworks 
Inc., Natick, Massachusetts, USA).

B

A

FIGURE 1 | (A) Schematic �ow chart and (B) timeline of the study design. Animals were randomly assigned into two main groups: control (C) and emphysema (ELA). 

In the ELA group, animals received four intratracheal instillations of pancreatic porcine elastase (PPE) at 1-week intervals. The C group received saline alone using the 

same protocol. Five weeks after the last instillation, C and ELA animals received saline (SAL) or E. coli LPS (LPS) intratracheally.
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Echocardiography
Animals were shaved and placed in the dorsal recumbent 
position. Transthoracic echocardiography was performed by 
an expert (NNR) blinded to group allocation, using an UGEO 
HM70A system (Samsung, São Paulo, Brazil) equipped with 
a linear phased-array probe (8–13 MHz). Images were obtained 
from the subcostal and parasternal views. Short-axis 
two-dimensional views were acquired at the level of the 
papillary muscles to measure the right ventricular (RV) area, 
and M-mode images were obtained from the right out�ow 
tract to evaluate the RV wall thickness. �e le� ventricular 
ejection fraction (LVEF) was obtained by multiplying the 
le� ventricle (LV) out�ow tract area by the velocity–time 
integral (VTI) on the LV long parasternal view. Pulsed-wave 
Doppler was used to measure the PAT/PET ratio, an indirect 
index of pulmonary arterial hypertension (Abbas et al., 2013). 
HR was assessed from the subcostal view. All parameters 
were assessed following American Society of Echocardiography 
and European Association of Cardiovascular Imaging 
recommendations (Lang et  al., 2015).

Diaphragm Ultrasound
Ultrasonography was performed by the same trained operator 
(NNR) using an UGEO HM70A system (Samsung, São Paulo, 
Brazil) equipped with a linear phased-array probe (8–13 MHz). 
�e transducer was angled medially and anteriorly between 
the right anterior and medial axillary lines so that the 
ultrasound beam would reach the posterior third of the right 
hemidiaphragm. �e ultrasound was used in B-mode to 
visualize the diaphragm and then in M-mode to measure 
the amplitude of craniocaudal diaphragmatic excursion during 
breathing. Diaphragm thickness was also measured from the 
most super�cial hyperechoic line (pleural line) to the deepest 
hyperechoic line (peritoneal line). �e averaged value of three 
consecutive measurements was recorded for each. We  also 
calculated the thickening fraction (TF, proportional thickening 
of the diaphragm), as de�ned by the following equation 
(Umbrello et  al., 2015):

 
TF End inspiratory thickness End-expiratory thickness

End-e

= – /

xxpiratory thickness ´100

Lung Histology
Light Microscopy
Lung histology analysis was performed by an expert (MVO) 
blinded by slice coding. Microscopy was performed using an 
integrating eyepiece with a coherent system consisting of a grid 
with 100 points and 50 lines of known length coupled to a 
conventional light microscope (Olympus BX51, Olympus Latin 
America-Inc., Brazil). �e volume fraction of hyperin�ated, 
collapsed, and normal pulmonary areas (× 200 magni�cation), 
the mean linear intercept (Lm) (× 400 magni�cation), and the 
percentage of mononuclear cells and neutrophils (× 1,000 
magni�cation) in pulmonary tissue were determined by the point-
counting technique across 10–20 random, non-overlapping 
microscopic �elds (Hsia et  al., 2010). To characterize the 

heterogeneity of airspace enlargement, a hallmark of emphysema, 
the central moment of the mean linear intercept (D2 of Lm) 
was computed from 20 measurements (Parameswaran et al., 2006), 
as per Eq. 1:
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where μ is the mean, σ is the variance of airspace diameters, 
and γ is the skewness of the diameter distribution. A�er D2 
calculation, the heterogeneity index (β) was derived from Lm 
and D2 values by their ratio (Wierzchon et  al., 2017).

�e collagen �ber content (Picrosirius-polarization method) 
was computed in alveolar septa, small airways, and pulmonary 
vessel wall, while the amount of elastic �ber (Weigert’s resorcin 
fuchsin method with oxidation) was computed in alveolar 
septa using Image-Pro Plus 6.0 so�ware (400× magni�cation) 
(Fullmer et  al., 1974).

Transmission Electron Microscopy

Lung and Diaphragm Tissue
�ree 2  mm  ×  2  mm  ×  2  mm slices were cut from three 
di�erent segments of the right lung and diaphragm and �xed 
in 2.5% glutaraldehyde and phosphate bu�er, 0.1 M (pH 7.4), 
for electron microscopy analysis (JEOL 1010 Transmission 
Electron Microscope, Tokyo, Japan). On each lung electron 
microscopy image (20 �elds of view/animal), the following 
alterations were analyzed: (1) alveolar wall disruption; (2) 
elastic �ber destruction; (3) neutrophil and macrophage 
in�ltration; (4) detachment of type II epithelial cells (Rocha 
et  al., 2017); (5) endothelial-cell damage (Antunes et  al., 
2014); and (6) interstitial edema. On each diaphragm electron 
microscopy image (20 �elds/animal), the following changes 
were analyzed: disorganized I-band glycogen accumulation, 
thickened Z lines, and mitochondrial aggregates (Padilha et al., 
2016). Pathologic �ndings were graded on a �ve-point, 
semiquantitative, severity-based scoring system as follows: 
0  =  normal lung parenchyma, 1  =  changes in 1–25% of 
examined tissue, 2  =  changes in 26–50% of examined tissue, 
3  =  changes in 51–75% of examined tissue, and 4  =  changes 
in 76–100% of examined tissue of examined tissue (Antunes 
et  al., 2014). �e pathologists and technicians working on 
light microscopy and transmission electron microscopy images 
were blinded to group assignment.

Enzyme-Linked Immunosorbent  
Assay (ELISA)
Levels in lung-tissue homogenate of pro-in�ammatory mediators 
associated with lung in�ammation [keratinocyte-derived 
chemokine, also known as cytokine-induced neutrophil 
chemoattractant (CINC)-1, a rat analog of interleukin-8; 
interleukin (IL)-1β; IL-6; and tumor necrosis factor (TNF)-α] 
and of vascular endothelial growth factor (VEGF, a growth factor 
which is crucial for pulmonary vessel formation and development) 
were evaluated by ELISA using matched antibody pairs  
from PeproTech and R&D Systems (Minneapolis, MN, USA),  
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according to manufacturer instructions. �e results were 
normalized by total protein content by Bradford’s technique, 
and expressed as picograms per microgram (pg/mg).

Time-Course Study
To evaluate cardiac and lung structural changes, one additional 
group of six rats (weight: 436  ±  16  g) was evaluated in the 
elastase-induced emphysema and endotoxin-induced emphysema 
exacerbation groups. CT and echocardiography were assessed 
before (INITIAL) and a�er (ELA) the emphysema protocol, and 
a�er endotoxin-induced emphysema exacerbation (ELA-LPS).

Computed Tomography
CT scans were performed to evaluate the presence of 
emphysematous areas. CT was performed with an Optima 
560 positron emission tomography (PET)/CT scanner (GE 
Healthcare, Boston, USA). �e acquisition protocol was based 
on helical CT with axial slices of 0.625  mm 
(16  mm  ×  0.625  mm) thickness and 48 images, with a beam 
collimation of 10.0  mm and a display �eld of view of 10  cm. 
�e X-ray tube was set to 120  kV and 80  mA. �e total 
time for each scan was 12  s. Houns�eld units (HU) were 
analyzed in both lungs, at the bifurcation of pulmonary arteries, 
in the Onis 2.5 so�ware environment (DigitalCore, Co. Ltd., 
Tokyo, Japan). All slices were segmented and the CT number 
in HU was classi�ed as: hyperaerated, from −1,024 to −900 
HU; normal aeration, −900 to −500 HU; hypoaerated, −500 
to −100 HU; non-aerated, from −100 to 100 HU (Gattinoni 
et  al., 2001). Lung volume was obtained as the sum of each 
segmented area multiplied by the thickness of the slice. Lung 
mass was calculated by assuming each voxel was a linear 
combination of only air and tissue. �e speci�c gravity of 
lung volume was calculated using the formula (lung HU − air 
HU)  ∕ (tissue HU  −  air HU), and mass  =  speci�c gravity × 
total volume × 1.04  g∕cm (Busse et  al., 2013).

Statistical Analysis
�e number of animals per group was based on previous 
studies from our laboratory (Henriques et al., 2016; Wierzchon 
et al., 2017). A sample size of six animals per group (providing 
for one animal as dropout) would provide the appropriate 
power (1 − β = 0.8) to identify signi�cant (α = 0.05) di�erences 
between C and ELA animals, taking into account an e�ect 
size d  =  2.21, a two-sided test, and a sample size ratio  =  1 
(G*Power 3.1.9.2, University of Düsseldorf, Germany).

Data were tested for normality using the Kolmogorov–
Smirnov test with Lilliefors’ correction, while the Levene median 
test was used to evaluate homogeneity of variances. Two-way 
repeated-measures ANOVA followed by Holm–Šídák’s multiple 
comparisons was used to compare functional data and histology 
between groups. Nonparametric data were analyzed using 
ANOVA on ranks followed by Dunn’s test. Parametric data 
were expressed as mean  ±  standard deviation (SD), and 
nonparametric data, as median (interquartile range). CT  
and echocardiography changes over time (INITIAL, ELA, and 
ELA-LPS) were compared by repeated-measures ANOVA 

followed by Holm–Šídák’s multiple comparisons. All tests were 
performed in GraphPad Prism v6.07 (GraphPad So�ware, La 
Jolla, California, USA).

RESULTS

�e survival rate was 100% in all groups.

Pulmonary Effects
Effects of Endotoxin in Control Animals
C-LPS animals, compared to C-SAL, showed increased EL 
(Table 1), alveolar collapse (31-fold increase), neutrophil 
in�ltration (4.4-fold increase) (Supplementary Figure S1; 

Table 2), and heterogeneity index β (Figure 2), as well as 
reduced PaO2/FiO2 (Table 1) and Lm (Figure 2). Ultrastructural 
analyses of lung parenchyma exhibited increased neutrophil 
and macrophage in�ltration, detachment of type II epithelial 
cells, endothelial-cell damage, and interstitial edema in C-LPS 
rats (Table 3; Figure 3). Levels of TNF-α and IL-1β (Figure 4), 
as well as collagen �ber content in alveolar septa (3-fold 
increase) (Figure 5), were higher in C-LPS than C-SAL, while 
elastic �ber content did not di�er between groups (Figure 6).

Emphysema Induced by Multiple  

Elastase Instillations
ELA-SAL animals, compared to C-SAL, exhibited increased 
PTP/min, EL, Te (Table 1), Lm, D2 of Lm, heterogeneity 
index β (Figure 2), neutrophil in�ltration (3.5-fold increase), 
as well as fraction area of alveolar collapse (7-fold increase) 
and hyperin�ation (Supplementary Figure S1; Table 2), as 
well as decreased Ti and Ti/Ttot (Table 1). Electron microscopy 
analysis demonstrated alveolar wall destruction, elastic �ber 
rupture, neutrophil and macrophage in�ltration, detachment 
of type II epithelial cells, endothelial-cell damage, and 
interstitial edema in ELA-SAL animals (Table 3; Figure 3). 
Moreover, in ELA-SAL, CINC-1, IL-1β, IL-6, TNF-α, and 
VEGF levels in lung-tissue homogenate (Figure 4) were 
increased. ELA-SAL animals presented a modest increase in 
collagen �ber content in airways (1.4-fold increase) and 
pulmonary vessel wall (1.2-fold increase) (Figure 5), and a 
5.5-fold increase in collagen �ber content in alveolar septa. 
Elastic �ber content was reduced in ELA-SAL compared to 
C-SAL (2.4-fold decrease) (Figure 6).

Endotoxin-Induced Emphysema Exacerbation
ELA-LPS animals, compared to ELA-SAL, showed further increases 
in PTP/min, EL, (Table 1), fraction area of alveolar collapse  
(2.2-fold increase), percentage of neutrophils (1.5-fold increase) 
(Table 2), D2 of Lm, and heterogeneity index β (Figure 2), as 
well as decreased PaO2/FiO2 (Table 1) and Lm (Figure 2). ELA-LPS 
animals exhibited more evident neutrophil and macrophage 
in�ltration, detachment of type II epithelial cells, endothelial-cell 
damage, and interstitial edema compared to ELA-SAL (Table 3; 
Figure 3). In ELA-LPS, CINC-1, IL-1β, IL-6, TNF-α, and VEGF 
levels in lung-tissue homogenate were increased even further 
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compared to ELA-SAL (Figure 4). �e amount of collagen �bers 
in alveolar septa (3-fold increase), airways (1.5-fold increase), 
and pulmonary vessel walls (1.4-fold increase) was higher in 
ELA-LPS than ELA-SAL (Figure 5), but no signi�cant changes 
were observed in elastic �ber content between groups (Figure 6).

P0.1, VT, PaCO2, RR, pHa, and HCO3 did not di�er between 
groups (Table 1).

Extrapulmonary Effects
Cardiac Function
Cardiac function was evaluated using echocardiography. �e 
parameters analyzed did not di�er between C-SAL and C-LPS 
(Figure 7). In ELA-SAL, compared to C-SAL, RV end-diastolic 
area and diastolic RV wall thickness were higher, while PAT/
PET was lower (1.8-fold decrease). In ELA-LPS, compared to 

ELA-SAL, PAT/PET (2.7 fold decrease) and ejection fraction 
were reduced, whereas HR was increased.

Diaphragm Function and Morphology
Diaphragm TF and excursion were signi�cantly reduced in 
C-LPS compared to C-SAL, ELA-SAL compared to C-SAL, 
and ELA-LPS compared to ELA-SAL (Figure 8). Ultrastructural 
analysis of the diaphragm showed no modi�cations in C-LPS 
compared to C-SAL animals (Table 4). Disorganized I-band, 
thickened Z lines, mitochondrial subsarcolemmal aggregates, 
and distortion of mitochondrial cristae were greater in ELA-SAL 
compared to C-SAL (Table 4; Figure 9), and were even worse 
in ELA-LPS, compared to ELA-SAL.

Time-Course Evaluation of Chest CT and 

Echocardiography Findings
CT showed that animals at the INITIAL condition exhibited 
normal lung parenchymal densities, ranging from −695 to −514 
HU. A�er induction of emphysema (ELA) and a�er exacerbation 
(ELA-LPS), densities increased, ranging from −985 to −815 
HU and −867 to −699 HU, respectively. Speci�c gravity was 
also higher in ELA compared to INITIAL, and increased further 
a�er emphysema exacerbation. �ere were no changes in lung 
volume a�er exacerbation (Supplementary Figure S2).

Echocardiography showed increased RV end-diastolic area, 
increased diastolic RV wall thickness, and reduced PAT/PET 
ratio in ELA compared to INITIAL. PAT/PET ratio was lower 
than in ELA-LPS compared to ELA (Supplementary Figure S3).

DISCUSSION

In the present experimental study, endotoxin-induced 
emphysema exacerbation promoted changes in the lung, heart, 

TABLE 1 | Respiratory mechanics and arterial blood gases.

C ELA

SAL LPS SAL LPS

Spontaneous breathing

VT (ml/kg) 6.0 ± 0.1 5.8 ± 0.3 5.7 ± 0.4 5.8 ± 0.4

RR (breaths/min) 41 ± 4 44 ± 4 46 ± 7 50 ± 7

Ti (s) 0.55 ± 0.07 0.47 ± 0.06 0.33 ± 0.08* 0.31 ± 0.08

Te (s) 0.84 ± 0.06 0.86 ± 0.05 1.10 ± 0.11* 0.92 ± 0.16

Ti/Ttot (s) 0.38 ± 0.03 0.35 ± 0.02 0.26 ± 0.05* 0.28 ± 0.05

EL (cmH2O/ml) 3.2 ± 0.2 4.3 ± 0.5* 4.9 ± 0.6* 6.8 ± 0.4#

PTP/min (cmH2O.s/min) 11.5 ± 2.2 12.8 ± 1.3 19.4 ± 2.8* 27.1 ± 5.5#

P0.1 (cmH2O) −1.04 ± 0.44 −1.07 ± 0.57 −1.93 ± 0.53 −2.33 ± 0.67

Arterial blood gases

PHa 7.39 ± 0.06 7.38 ± 0.06 7.36 ± 0.08 7.33 ± 0.06

PaCO2 (mmHg) 38 ± 3 40 ± 4 42 ± 5 44 ± 5

PaO2/FiO2 (mmHg) 428 ± 24 295 ± 48* 349 ± 41 272 ± 59#

HCO3 (mmol/L) 22 ± 1 21 ± 1 24 ± 1 24 ± 2

VT, tidal volume; RR, respiratory rate; Ti, inspiratory time; Te, expiratory time; Ti/Ttot, inspiratory time divided by total respiratory cycle time; EL, dynamic lung elastance; PTP/min 

pressure–time product per minute; P0.1 esophageal pressure generated 100 ms after onset of inspiratory effort; pHa, arterial pH; PaCO2, arterial partial pressure of carbon dioxide; 

PaO2/FiO2, arterial partial pressure of oxygen divided by fraction of inspired oxygen (0.21); HCO3, bicarbonate. C, control; ELA, animals treated with intratracheal instillations of 

elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Values are means ± SD of six animals in each group. 

*Signi�cantly different from C-SAL group (p < 0.05).
#Signi�cantly different from ELA-SAL group (p < 0.05).

TABLE 2 | Lung morphometry.

C ELA

SAL LPS SAL LPS

Normal (%) 98.5 ± 0.5 56.7 ± 3.3* 52.3 ± 2.9* 38.9 ± 1.3#

Hyperin�ation (%) 0.0 ± 0.0 0.0 ± 0.0 37.9 ± 2.6 39.7 ± 1.0

Collapse (%) 1.4 ± 0.5 43.2 ± 3.3* 9.7 ± 0.9* 21.3 ± 1.4†,#

Mononuclear 

cells (%)
31.3 ± 1.7 50.5 ± 1.8* 43.4 ± 1.1* 55.0 ± 1.8#

Neutrophils (%) 2.0 ± 0.8 8.8 ± 1.4* 6.9 ± 1.1* 9.9 ± 1.6#

Fractional area of normal alveoli, lung hyperin�ation, collapsed alveoli, mononuclear 

cells, and neutrophils in lung tissue. C, control; ELA, animals treated with intratracheal 

instillations of elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Values are means ± 

SD of six animals in each group. 

*Signi�cantly different from C-SAL group (p < 0.05).
†Signi�cantly different from C-LPS group (p < 0.05).
#Signi�cantly different from ELA-SAL group (p < 0.05).
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and diaphragm. In the lungs, emphysema exacerbation resulted 
in: (1) increased alveolar collapse and airspace heterogeneity; 
(2) detachment of alveolar type II epithelial cells, 

endothelial-cell damage, and interstitial edema; (3) in�ltration 
of neutrophils and macrophages in lung tissue; (4) greater 
deposition of collagen �bers in alveolar septa, airways, and 
pulmonary vessel walls; (5) impairment of arterial oxygenation; 
and (6) increased dynamic lung elastance and work of breathing. 
In the heart, emphysema exacerbation reduced LVEF, increased 
HR, and reduced PAT/PET ratio, suggesting worsening of 
pulmonary arterial hypertension. Finally, in the diaphragm, 
emphysema exacerbation led to disorganized I-bands, thickened 
Z lines, mitochondrial subsarcolemmal aggregates, and 
distortion of mitochondrial cristae, as well as reduced diaphragm 
TF and excursion. A time-course imaging study con�rmed 
that exacerbation caused cardiorespiratory impairment, as 
demonstrated by an increased percentage of low-attenuation 
areas and speci�c gravity on CT and reduced PAT/PET ratio. 
�e strength of the present study is that it is the �rst to 
investigate not only lung function and morphological changes, 
but also the progression of cardiac and diaphragm dysfunction 
over 24  h in a model of endotoxin-induced exacerbation of 
elastase-induced emphysema.

�e elastase-induced emphysema model and exacerbation 
caused by LPS instillation.

In the experimental model used herein, emphysema was 
induced by multiple instillations of PPE (Henriques et  al., 
2016; Padilha et al., 2016; Wierzchon et al., 2017). �is model 
does not employ the primary disease-causing agent of COPD 
in humans, which is cigarette smoke. However, smoke-exposure 
models are di�cult to set up, require prolonged exposure 
(Churg and Wright, 2007; Antunes and Rocco, 2011), and 

A B C

D

FIGURE 2 | (A) Mean linear intercept (Lm). (B) Central moments of mean linear intercept (D2 of Lm). (C) Heterogeneity index (β) and (D) representative 

photomicrographs of lung parenchyma stained with hematoxylin-eosin (HE) (400× magni�cation). Note alveolar space enlargement in the ELA groups (horizontal 

arrows) and increased alveolar collapse after exacerbation (sloping arrows) (ELA-LPS group). C, control; ELA, emphysema; SAL, animals treated with saline; LPS, 

animals treated with E. coli LPS. Values are means + SD of six animals in each group.

TABLE 3 | Semiquantitative analysis of lung electron microscopy.

C ELA

SAL LPS SAL LPS

Alveolar wall 

destruction 0 (0–0.25) 0.5 (0–1) 4 (3.75–4)* 3.5 (3–4)†

Elastic �ber 

rupture 0 (0–0) 0 (0–0) 4 (3–4) 3 (3–4)

Neutrophil 

in�ltration 1 (1–1.25) 2 (2–2.5)* 2 (2–2)* 4 (3.75–4)†,#

Macrophage 

in�ltration 1.5 (1–2) 3 (2.75–3)* 2.5 (2–3)* 4 (4–4)†,#

Detachment of 

type II epithelial 

cells
0 (0–1) 2 (2–3)* 1.5 (1–2)* 4 (3.75–4)†,#

Endothelial-cell 

damage 0 (0–0) 2.5 (2–3) 1.5 (1–2) 4 (3–4)†,#

Interstitial 

edema 0 (0–0.25) 3 (2–3)* 1 (1–1.25)* 4 (4–4)†,#

Pathologic �ndings were graded on a �ve-point, semiquantitative, severity-based scoring 

system, where 0, normal lung parenchyma; 1, changes in 1–25% of examined tissue; 2, 

changes in 26–50% of examined tissue; 3, changes in 51–75% of examined tissue; and 4, 

changes in 76–100% of examined tissue. C, control; ELA, animals treated with intratracheal 

instillations of elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Analyses performed 

using ANOVA on ranks followed by Dunn’s test. Values are median (interquartile range) of six 

animals in each group. 

*Signi�cantly different from C-SAL group (p < 0.05).  
†Signi�cantly different from C-LPS group (p < 0.05).  
#Signi�cantly different from ELA-SAL group (p < 0.05).
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do not induce signi�cant emphysematous changes or pulmonary 
function abnormalities consistent with advanced disease (Jobse 
et  al., 2014). Protease dysregulation can also cause COPD in 
humans (e.g., in patients with α  −  1 antitrypsin de�ciency), 
thereby providing a further rationale for the use of elastase 
to induce features of COPD in rats (Abboud and Vimalanathan, 
2008). Moreover, multiple elastase administrations can lead 
to extrapulmonary e�ects that closely resemble those seen in 
human emphysema (Smith and Wrobel, 2014), such as cor 
pulmonale (Antunes et al., 2014; Oliveira et al., 2016), cachexia 
(Rocha et  al., 2017), diaphragmatic dysfunction, and exercise 
intolerance (Lüthje et  al., 2009).

�e majority of acute exacerbations in COPD patients 
are caused by Gram-negative bacteria (Albertson and Chan, 
2009), which colonize the airways even when disease is stable 
(Tufvesson et  al., 2017). LPS constitutes the major part of 

the outer membrane of Gram-negative bacteria (Erridge et al., 
2002), and recent studies from our group have shown that 
intratracheal administration of LPS can cause lung damage, 
characterized by impaired lung mechanics, atelectasis, damage 
to epithelium and alveolar–capillary membrane, and interstitial 
edema in healthy rats within 24  h (Riva et  al., 2008; 
Samary  et  al., 2015; Santos et  al., 2018). Endotoxin has been 
used to exacerbate elastase-induced emphysema models, 
resulting in bronchial mucus cell hyperplasia (Stolk et  al., 
1992),  neutrophil in�ltration, and irreversible alveolar 
destruction (Kobayashi et al., 2013). However, unlike in these 
previous  studies, we ampli�ed our readouts by evaluating 
extrapulmonary e�ects, such as cardiovascular and 
diaphragmatic complications, which are o�en the cause of 
death in patients with emphysema (Chaouat et  al., 2008; 
Barreiro and Gea, 2015; Axson et  al., 2018).

A B C
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FIGURE 3 | Transmission electron microscopy of lung parenchyma in control (C) and animals exposed to saline (A–C) or E. coli LPS (D–F), as well as in 

emphysema (ELA) rats exposed to saline (G–I) or E. coli LPS (J–L). Note preserved alveolar walls (AW), integrity of endothelial cells (EC) of the alveolar–capillary 

membrane (ACM), and lamellar bodies (LB) of alveolar epithelial cells (AEC) in the C-SAL group. C-LPS animals show collapse of AW with increased neutrophil (N) 

and macrophage (M) counts, endothelial-cell damage (ED), detachment of AEC with increased permeability of the alveolar–capillary membrane, and interstitial 

edema (IE). ELA-SAL animals show alveolar wall disruption (AWD) and irregularity (AWI), in�ammation, and destruction of elastic �bers (EF). The pattern of 

in�ammation involves increased numbers of neutrophils (N) and macrophages (M). These cells produce proteases involved in tissue destruction and release local 

and systemic in�ammatory mediators, which amplify in�ammation and structural disruption. Note detachment of AEC and reduction in LB. After emphysema 

exacerbation, there is an increase in neutrophil (N) and macrophage (M) response, increased detachment of AEC, loss of LB, and ED, causing increased 

permeability of the alveolar–capillary membrane and IE due to surfactant abnormalities.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Oliveira et al. Novel Model of COPD Exacerbations

Frontiers in Physiology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 664

Pulmonary Changes After  
Emphysema Exacerbation
�e emphysema model used herein led to greater areas of 
lung hyperin�ation coexisting with alveolar collapse, which is 
in line with increased heterogeneity of airspace enlargement 
(Wierzchon et  al., 2017), thus resulting in increased dynamic 
lung elastance. A�er emphysema exacerbation, hyperin�ation 
did not change, while alveolar collapse increased; this, in turn, 
reduced Lm while increasing airspace heterogeneity, yielding 
a further increase in dynamic lung elastance. Our data stand 
in contrast to those of a model of emphysema exacerbation 
in which Lm was found to increase a�er LPS instillation in 
mice previously treated with elastase (Kobayashi et  al., 2013). 
�ere are essentially two explanations for these di�erences: 
�rst, the elastase and LPS dosages used herein were two-fold 
and eight-fold higher, respectively, than those used by Kobayashi 
et  al.; second, rats have larger alveoli (average 100  μm of Lm) 

than mice (80  μm) at baseline conditions (Irvin and Bates, 
2003). �us, the rats used in the present study already had 
a higher Lm with signi�cant airspace heterogeneity (Henriques 
et  al., 2016; Padilha et  al., 2016; Wierzchon et  al., 2017); LPS 
instillation led to even greater in�ammatory response and 
alveolar collapse. Sajjan et  al. exposed animals to elastase 
through the intranasal route on day 1 and E. coli LPS on day 
4 of the week for four consecutive weeks. Lung elastance 
reduced in both elastase and elastase/LPS groups, with no 
changes in the LPS group compared with PBS. Conversely, in 
our study, EL was increased a�er endotoxin-induced exacerbation. 
�is di�erence is attributable not only to study design, but 
also to the route of administration (intratracheal versus intranasal 
instillation) and the dosage of both elastase and LPS.

Elastolysis, a hallmark of emphysema (Antunes et  al., 2014; 
Padilha et  al., 2015; Oliveira et  al., 2016), did not change a�er 
exacerbation. Nevertheless, we observed a more evident detachment 

A B
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FIGURE 4 | Levels of (A) keratinocyte-derived chemokine (cytokine-induced neutrophil chemoattractant [CINC]-1, a rat analog of interleukin-8), (B) interleukin (IL)-1β, 

(C) IL-6, (D) tumor necrosis factor (TNF)-α, and (E) vascular endothelial growth factor (VEGF) in lung tissue. C, control; ELA, animals treated with intratracheal 

instillations of elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Values are median (interquartile range) of six animals in each group.
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of type II epithelial cells and endothelial-cell damage, which 
also explains the increase in collapsed areas, likely due to 
surfactant reduction (Ketko and Donn, 2014) and increased 
interstitial edema, respectively. Lung in�ammation increased a�er 
emphysema induction and LPS instillations, which corresponds 
to a “two-hit” model of injury. A�er priming the lungs by 
induction of emphysema (“�rst hit”), LPS administration further 
increased lung in�ammation, as shown by the increased percentage 
of mononuclear cells and neutrophils in lung tissue (“second 
hit”). �ese cells release pro-in�ammatory cytokines, such as 
IL-1β, IL-6, TNF-α, and CINC-1, contributing to disease 
progression (Barnes, 2008). In this line, IL-1β markedly activates 
macrophages to secrete in�ammatory cytokines, chemokines, 
and matrix metalloproteinases (Culpitt et  al., 2003). IL-6 is 
involved in systemic features of COPD, such as muscle weakness 
and endothelial dysfunction (Bhowmik et al., 2000), while TNF-α 

is usually associated with airway in�ammation through activation 
of the nuclear factor kappa B pathway (Kips et al., 1993). CINC-1 
attracts neutrophils and is correlated with an increased proportion 
of these cells in the sputum of emphysema patients (Traves 
et al., 2002). VEGF levels are known to decline a�er emphysema 
induction, which suggests endothelial-cell injury (Kasahara et al., 
2001; Cruz et al., 2012; Girón-Martínez et al., 2014). Nevertheless, 
in the present study, VEGF levels were higher a�er emphysema 
induction and increased further a�er LPS instillations. 
We  hypothesized that, a�er emphysema exacerbation, lung 
endothelial cells did indeed sustain more damage, while the 
remaining undamaged and functional endothelial cells were able 
to increase VEGF levels. A similar �nding was reported in a 
previous study by our group (Oliveira et  al., 2016).

As a result of the in�ammatory process, new collagen �bers 
are resynthesized as an attempt to maintain lung structure  

A B C

FIGURE 5 | Collagen �ber content and representative photomicrographs of (A) alveolar septa, (B) airways, and (C) pulmonary vessel wall stained with the 

Picrosirius-polarization method (collagen �bers). C, control; ELA, animals treated with intratracheal instillations of elastase; SAL, saline; LPS, E. coli 

lipopolysaccharide. Values are mean ± SD of six animals in each group.

A B

FIGURE 6 | (A) Elastic �ber content in alveolar septa and (B) representative photomicrographs of the lung parenchyma stained with Weigert’s resorcin fuchsin 

method with oxidation (elastic �bers). Red arrows: elastic �bers are stained in black. C, control; ELA, animals treated with intratracheal instillations of elastase; 

SAL, saline; LPS, E. coli lipopolysaccharide. Values are mean ± SD of six animals in each group.
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(Suki et  al., 2003). In the present study, emphysema development 
increased collagen �ber deposition in the alveolar septa, airways, 
and pulmonary vessel walls, which is consistent with previous 
studies (Cruz et  al., 2012; Antunes et  al., 2014; Oliveira et  al., 
2016; Rocha et  al., 2017). �e amount of collagen �bers in the 
alveolar septa was also increased 24  h a�er LPS administration 
in control rats (Araújo et  al., 2010; Maron-Gutierrez et  al., 2013; 
Silva et  al., 2018). By contrast, a recent study did not show 
increased collagen deposition 24 h a�er nebulized LPS administration 
(Costa et  al., 2017), likely due to the dosage and technique of 
intratracheal instillation of endotoxin. A�er endotoxin-induced 
exacerbation of established emphysema, the amount of collagen 
�bers was increased, due to higher proliferation of in�ammatory 
cells and cytokines, which worsened the remodeling process.

Both dynamic lung elastance and PTP/min increased a�er 
emphysema exacerbation. �e former can be  explained by 
maximal hyperin�ation and �brosis in the alveoli, which 
limited the distension capacity of the lung and increased its 
elastic recoil (Henriques et  al., 2016). PTP/min is a surrogate 
of work of breathing, suggesting increased respiratory e�ort 
due to increased alveolar collapse, lung in�ammation, and 
reduced PaO2/FiO2 ratio. �is scenario has been observed in 
hospitalized patients (Umbrello et  al., 2015). Additionally, Ti/
Ttot has been considered an important variable associated 
with dynamic hyperin�ation in emphysema (Marini, 2011). 
In this line, Ti reduced while Te increased, which suggests 
expiratory �ow limitation due to air�ow obstruction  

(Baldi et al., 2001). A�er exacerbation, Ti/Ttot did not change 
further; this probably re�ects the restrictive conditions induced 
by LPS administration.

Extrapulmonary Consequences of 
Emphysema Exacerbation
PAT/PET ratio, an indirect index of pulmonary arterial 
hypertension, was reduced a�er emphysema development. �is 
can be  explained by increased collagen �ber content in lung 
vessels, which may reduce the diameter of the vascular lumen 
(Schreier et  al., 2013; Oliveira et  al., 2016; Rocha et  al., 2017). 
�is causes increased a�erload and, consequently, induces 
morphological changes in the right ventricle, such as increased 
area and wall thickness (Oliveira et  al., 2016). �e worsening 
of pulmonary arterial hypertension observed a�er emphysema 
exacerbation can be explained by hypoxemia (Siebenmann and 
Lundby, 2015). Structural changes in the right ventricle were 
not observed, probably due to the short time elapsed between 
exacerbation induction and analysis (De Souza et  al., 2017). 
Nevertheless, a reduction in LVEF was noticeable, which may 
be associated with increased le� ventricular end-diastolic volume 
(which, in turn, re�ects impairment of contractility). HR 
increased a�er emphysema exacerbation, which represents an 
attempt to preserve cardiac output.

Diaphragmatic dysfunction is a consequence of emphysema 
development that can lead to respiratory failure (Unal et  al., 
2000; Ottenheijm et al., 2007; Baria et al., 2014; He et al., 2014). 
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FIGURE 7 | Echocardiography. (A) right ventricular end-diastolic area, (B) diastolic right ventricular wall thickness, (C) ejection fraction, (D) heart rate, (E) PAT/PET 

ratio, and (F) representative images of pulmonary blood �ow. C, control; ELA, animals treated with intratracheal instillations of elastase; SAL, saline; LPS, E. coli 

lipopolysaccharide. Values are mean ± SD of six animals in each group.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Oliveira et al. Novel Model of COPD Exacerbations

Frontiers in Physiology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 664

Emphysema promotes higher lung volumes (Newell, 2008), as 
observed by CT images in the time-course study. �is leads to 
�attening of the diaphragm, which causes mechanical disadvantage 
during the respiratory cycle (Similowski et  al., 1991). �e 
diaphragmatic functional impairment observed a�er exacerbation, 
as depicted in our study by changes in TF and excursion, may 
be  explained by several factors, including greater recruitment 

of in�ammatory cells into the lungs (Gan et  al., 2004; 
Meduri et  al., 2009), maintenance of hyperin�ated areas  
(Ottenheijm et al., 2007), and changes in mitochondrial structure.

Dysregulated mitochondrial dynamics play an important 
role in the development of diaphragmatic weakness and 
dysfunction (Picard et al., 2015). Additionally, it is well established 
that the imbalance between �ssion and fusion can change 

A B

C

FIGURE 8 | Diaphragm ultrasound. (A) diaphragm thickening fraction, (B) diaphragm excursion, and (C) ultrasonographic view of diaphragmatic excursion (DE) 

and its thickening fraction (TF), calculated by end inspiratory thickness (EIT) – end-expiratory thickness (EET)/end-expiratory thickness × 100. C, control; ELA, 

animals treated with intratracheal instillations of elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Values are mean ± SD of six animals in each group.

TABLE 4 | Semiquantitative analysis of diaphragm electron microscopy.

C ELA

SAL LPS SAL LPS

Disorganized I-band 1 (0.50–1) 1 (1–1.75) 4 (3–4)* 3.5 (3–4)†

Thickened Z lines 1 (1–1.5) 1.5 (1–2) 3 (2–3)* 4 (4–4)†,#

Mitochondrial subsarcolemmal 

aggregates
1 (1–1.5) 2 (1.25–2) 3 (2.5–3)* 4 (4–4)†,#

Mitochondrial cristae distortion 0 (0–1.5) 1.5 (1–2) 3 (3–4)* 4 (3.25–4)†,#

Abnormal mitochondrial forms 0 (0–1) 1.5 (1–2) 2 (2–2.5)* 4 (3.25–4)†,#

Pathologic �ndings were graded on a �ve-point, semiquantitative, severity-based scoring system, where 0, normal diaphragm tissue; 1, changes in 1–25% of examined tissue; 

2, changes in 26–50% of examined tissue; 3, changes in 51–75% of examined tissue; and 4 = changes in 76–100% of examined tissue. C, control; ELA, animals treated with 

intratracheal instillations of elastase; SAL, saline; LPS, E. coli lipopolysaccharide. Analyses performed using ANOVA on ranks followed by Dunn’s test. Values are median  

(interquartile range) of six animals in each group. 

*Signi�cantly different from C-SAL group (p < 0.05).
†Signi�cantly different from C-LPS group (p < 0.05).
#Signi�cantly different from ELA-SAL group (p < 0.05).

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Oliveira et al. Novel Model of COPD Exacerbations

Frontiers in Physiology | www.frontiersin.org 13 May 2019 | Volume 10 | Article 664

mitochondrial morphology dramatically (Picard et  al., 2015). 
We  observed subsarcolemmal mitochondrial aggregates in the 
diaphragm a�er emphysema development and exacerbation, 
which may result in diaphragmatic dysfunction (Westermann, 
2010; Nunnari and Suomalainen, 2012). Disorganized sarcomere 
I-bands and thickened Z lines were also observed, which suggest 
contractile damage (Padilha et  al., 2016).

CT is one of the most accurate imaging techniques for detection 
of pulmonary emphysema in vivo (�urlbeck and Müller, 1994). 
Objective quantitation of emphysema can be  accomplished by 
measuring the relative lung area occupied by pixels with attenuation 
coe�cients (CT numbers) below a predetermined threshold (Sakai 
et  al., 1994). According to our CT measurements (−985 to −815 
HU), emphysema animals showed attenuation coe�cients similar 
to those observed in other models of elastase-induced pulmonary 
emphysema (Onclinx et  al., 2006; Henriques et  al., 2016)  
and in human emphysema, with lung CT voxels exhibiting 
attenuation values in the −950 HU range (low-attenuation areas) 

(Bhavani et  al., 2015). A higher predominance of hyperaerated 
areas increased lung volume, and, a�er exacerbation, CT values 
decreased while speci�c gravity increased as a result of increased 
alveolar collapse and lung edema.

Limitations
�is study has some limitations. First, no animal model can 
exactly mimic human COPD exacerbation. However, the model 
used herein (endotoxin-induced exacerbation of elastase-induced 
emphysema) is associated with cardiorespiratory and 
diaphragmatic functional changes which resemble the clinical 
features of human emphysema. Second, the analysis of 
extracellular matrix components was focused primarily on 
collagen and elastic �ber content, and not on organization of 
other components. �ird, the percentage of neutrophils in 
alveolar septa was not quanti�ed using immunohistochemistry 
techniques, but rather by visualization by two expert pathologists 
on slides stained with hematoxylin-eosin. Transmission electron 

A
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G H I

LKJ

B C

FIGURE 9 | Transmission electron microscopy of diaphragm in control (C) animals treated with saline (A–C) or E. coli LPS (D–F), as well as in emphysema (ELA) 

animals treated with saline (G–I) or E. coli LPS (J–L). Note I-band integrity and preserved myosin and mitochondria in C-SAL group. The C-LPS group shows 

discrete changes in these structures. The ELA-SAL group exhibits disorganized I-bands, glycogen accumulation in sarcoplasm, loss of myosin content in myo�brils, 

subsarcolemmal mitochondrial aggregates, and thickened Z lines. The ELA-LPS group shows even more intense changes in these structures.
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microscopy was also performed to con�rm neutrophil in�ltration. 
Fourth, the time course of functional and structural changes 
in the lung, heart, and diaphragm was limited to 1  day a�er 
endotoxin administration; thus, further studies are required to 
evaluate the aforementioned modi�cations over a longer period. 
Fi�h, this was not a mechanistic study; it sought to develop 
and test a new model of emphysema exacerbation that resembles 
human disease with pulmonary and extrapulmonary compromise.

CONCLUSIONS

In conclusion, this paper reports a model of endotoxin-induced 
emphysema exacerbation that mimics several pulmonary, 
cardiovascular, and diaphragmatic features of human disease. 
�is model will allow preclinical testing of novel therapies to 
improve cardiorespiratory function in COPD, with potential 
for translation into clinical practice.

ETHICS STATEMENT

�is study was approved by the Ethics Committee of the Health 
Sciences Center (CEUA-CCS 059-15), Federal University of 
Rio de Janeiro.

AUTHOR CONTRIBUTIONS

MO, NN, RS, PP, PS, and PR conceived and designed the 
experiments. MO, NN, RS, MR, RM, JS, SS, and VC performed 

the experiments and analyzed the data. MO, PS, and PR 
coordinated data collection and data quality assurance. MO, 
NN, SS, PS, PP, and PR wrote the �rst dra� of the manuscript. 
All authors participated in the manuscript writing process and 
read and approved the �nal version.

FUNDING

�is study was supported by Conselho Nacional de 
Desenvolvimento Cientí�co e Tecnológico/Ministério da Saúde/
DECIT (grants: 469716/2014-2, 465064/2014-0, and 
400462/2014-1 to PR) and Fundação Carlos Chagas Filho de 
Amparo à Pesquisa do Estado do Rio de Janeiro (grant 
E-26/103.118/2 to PR).

ACKNOWLEDGMENTS

We express our gratitude to Mr. Andre Benedito da Silva for 
animal care, Mrs. Arlete Fernandes for her help with microscopy, 
Mr. Maira Lima for her help during the experiments, and 
Mrs. Moira Elizabeth Schottler and Mr. Filippe Vasconcellos 
for their assistance in editing the manuscript.

SUPPLEMENTARY MATERIAL

�e Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fphys.2019.00664/
full#supplementary-material

 

REFERENCES

Abbas, A. E., Franey, L. M., Marwick, T., Maeder, M. T., Kaye, D. M., Vlahos, A. P., 
et al. (2013). Non-invasive assessment of pulmonary vascular resistance by 
Doppler echocardiography. J. Am. Soc. Echocardiogr. 26, 1170–1177. doi: 
10.1016/j.echo.2013.06.003

Abboud, R. T., and Vimalanathan, S. (2008). Pathogenesis of COPD. Part I. 
�e role of protease-antiprotease imbalance in emphysema. Int. J. Tuberc. 

Lung Dis. 12, 361–367.
Agusti, A. G., Noguera, A., Sauleda, J., Sala, E., Pons, J., and Busquets, X. 

(2003). Systemic e�ects of chronic obstructive pulmonary disease. Eur. Respir. 

J. 21, 347–360. doi: 10.1183/09031936.03.00405703
Albertson, T. E., and Chan, A. L. (2009). Antibiotic therapy in elderly patients 

with acute exacerbation of chronic bronchitis. Expert Rev. Respir. Med. 3, 
539–548. doi: 10.1586/ers.09.37

Antunes, M. A., Abreu, S. C., Cruz, F. F., Teixeira, A. C., Lopes-Pacheco, M., 
Bandeira, E., et al. (2014). E�ects of di�erent mesenchymal stromal cell 
sources and delivery routes in experimental emphysema. Respir. Res. 15:118. 
doi: 10.1186/s12931-014-0118-x

Antunes, M. A., and Rocco, P. R. (2011). Elastase-induced pulmonary emphysema: 
insights from experimental models. Ann. Acad. Bras. Sci. 83, 1385–1396. 
doi: 10.1590/S0001-37652011005000039

Araújo, I. M., Abreu, S. C., Maron-Gutierrez, T., Cruz, F., Fujisaki, L.,  
Carreira, H. Jr., et al. (2010). Bone marrow-derived mononuclear cell therapy 
in experimental pulmonary and extrapulmonary acute lung injury. Crit. 

Care Med. 38, 1733–1741. doi: 10.1097/CCM.0b013e3181e796d2
Axson, E. L., Sundaram, V., Bloom, C. I., Bottle, A., Cowie, M. R., and 

Quint, J. K. (2018). Hospitalisation and mortality outcomes of patients with 

comorbid COPD and heart failure: a systematic review protocol. BMJ Open 
8:e023058. doi: 10.1136/bmjopen-2018-023058

Baldi, S., Miniati, M., Bellina, C. R., Battolla, L., Catapano, G., Begliomini, E., 
et al. (2001). Relationship between extent of pulmonary emphysema by 
high-resolution computed tomography and lung elastic recoil in patients 
with chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 
164, 585–589. doi: 10.1164/ajrccm.164.4.2010066

Baria, M. R., Shahgholi, L., Sorenson, E. J., Harper, C. J., Lim, K. G., Strommen, J. A., 
et al. (2014). B-mode ultrasound assessment of diaphragm structure and function 
in patients with COPD. Chest 146, 680–685. doi: 10.1378/chest.13-2306

Barnes, P. J. (2008). �e cytokine network in asthma and chronic obstructive 
pulmonary disease. J. Clin. Invest. 118, 3546–3556. doi: 10.1172/JCI36130

Barreiro, E., and Gea, J. (2015). Respiratory and limb muscle dysfunction in 
COPD. COPD 12, 413–426. doi: 10.3109/15412555.2014.974737

Baydur, A., Behrakis, P. K., Zin, W. A., Jaeger, M., and Milic-Emili, J. (1982). 
A simple method for assessing the validity of the esophageal balloon technique. 
Am. Rev. Respir. Dis. 126, 788–791. doi: 10.1164/arrd.1982.126.5.788

Bhatt, S. P., and Drans�eld, M. T. (2013). Chronic obstructive pulmonary disease 
and cardiovascular disease. Transl. Res. 162, 237–251. doi: 10.1016/j.
trsl.2013.05.001

Bhavani, S., Tsai, C. L., Perusich, S., Hesselbacher, S., Coxson, H., Pandit, L., 
et al. (2015). Clinical and immunological factors in emphysema progression. 
�ve-year prospective longitudinal exacerbation study of chronic obstructive 
pulmonary disease (LES-COPD). Am. J. Respir. Crit. Care Med. 192, 1171–1178. 
doi: 10.1164/rccm.201504-0736OC

Bhowmik, A., Seemungal, T. A., Sapsford, R. J., and Wedzicha, J. A. (2000). 
Relation of sputum in�ammatory markers to symptoms and lung function 
changes in COPD exacerbations. �orax 55, 114–120. doi: 10.1136/thorax.55.2.114

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2019.00664/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00664/full#supplementary-material
https://doi.org/10.1016/j.echo.2013.06.003
https://doi.org/10.1183/09031936.03.00405703
https://doi.org/10.1586/ers.09.37
https://doi.org/10.1186/s12931-014-0118-x
https://doi.org/10.1590/S0001-37652011005000039
https://doi.org/10.1097/CCM.0b013e3181e796d2
https://doi.org/10.1136/bmjopen-2018-023058
https://doi.org/10.1164/ajrccm.164.4.2010066
https://doi.org/10.1378/chest.13-2306
https://doi.org/10.1172/JCI36130
https://doi.org/10.3109/15412555.2014.974737
https://doi.org/10.1164/arrd.1982.126.5.788
https://doi.org/10.1016/j.trsl.2013.05.001
https://doi.org/10.1016/j.trsl.2013.05.001
https://doi.org/10.1164/rccm.201504-0736OC
https://doi.org/10.1136/thorax.55.2.114


Oliveira et al. Novel Model of COPD Exacerbations

Frontiers in Physiology | www.frontiersin.org 15 May 2019 | Volume 10 | Article 664

Busse, N., Erwin, W., and Pan, T. (2013). Evaluation of a semiautomated lung 
mass calculation technique for internal dosimetry applications. Med. Phys. 
40:122503. doi: 10.1118/1.4830433

Cavaillès, A., Brinchault-Rabin, G., Dixmier, A., Goupil, F., Gut-Gobert, C., 
Marchand-Adam, S., et al. (2013). Comorbidities of COPD. Eur. Respir. Rev. 
22, 454–475. doi: 10.1183/09059180.00008612

Chaouat, A., Naeije, R., and Weitzenblum, E. (2008). Pulmonary hypertension 
in COPD. Eur. Respir. J. 32, 1371–1385. doi: 10.1183/09031936.00015608

Churg, A., and Wright, J. L. (2007). Animal models of cigarette smoke-induced 
chronic obstructive lung disease. Contrib. Microbiol. 14, 113–125. doi: 
10.1159/000107058

Costa, N. S. X., Ribeiro Júnior, G., Dos Santos Alemany, A. A., Belotti, L., 
Zati, D. H., Frota Cavalcante, M., et al. (2017). PLoS One 12:e0185474. 
doi: 10.1371/journal.pone.0185474

Cruz, F. F., Antunes, M. A., Abreu, S. C., Fujisaki, L. C., Silva, J. D., Xisto, D. G., 
et al. (2012). Protective e�ects of bone marrow mononuclear cell therapy 
on lung and heart in an elastase-induced emphysema model. Respir. Physiol. 

Neurobiol. 182, 26–36. doi: 10.1016/j.resp.2012.01.002
Culpitt, S. V., Rogers, D. F., Shah, P., De Matos, C., Russell, R. E., Donnelly, L. E., 

et al. (2003). Impaired inhibition by dexamethasone of cytokine release by 
alveolar macrophages from patients with chronic obstructive pulmonary disease. 
Am. J. Respir. Crit. Care Med. 167, 24–31. doi: 10.1164/rccm.200204-298OC

De Souza, X. C. N., Ribeiro, J. G., Dos Santos, A. A. A., Belotti, L., Zati, D. H., 
Frota, C. M., et al. (2017). Early and late pulmonary e�ects of nebulized 
LPS in mice: An acute lung injury model. PLoS One 12:e0185474. doi: 
10.1371/journal.pone.0185474

Erridge, C., Bennett-Guerrero, E., and Poxton, I. R. (2002). Structure and 
function of lipopolysaccharides. Microbes Infect. 4, 837–851. doi: 10.1016/
S1286-4579(02)01604-0

Fullmer, H. M., Sheetz, J. H., and Narkates, A. J. (1974). Oxytalan connective 
tissue �bers: a review. J. Oral Pathol. 3, 291–316. doi: 10.1111/j.1600-0714.1974.
tb01724.x

Gan, W. Q., Man, S. F., Senthilselvan, A., and Sin, D. D. (2004). Association 
between chronic obstructive pulmonary disease and systemic in�ammation: 
a systematic review and a meta-analysis. �orax 59, 574–580. doi: 10.1136/
thx.2003.019588

Ganesan, S., Faris, A. N., Comstock, A. T., Sonstein, J., Curtis, J. L., and 
Sajjan, U. S. (2012). Elastase/LPS-exposed mice exhibit impaired innate 
immune responses to bacterial challenge: role of scavenger receptor A. Am. 

J. Pathol. 180, 61–72. doi: 10.1016/j.ajpath.2011.09.029
Gattinoni, L., Caironi, P., Pelosi, P., and Goodman, L. R. (2001). What has 

computed tomography taught us about the acute respiratory distress syndrome? 
Am. J. Respir. Crit. Care Med. 164, 1701–1711. doi: 10.1164/ajrccm.164.9.2103121

Girón-Martínez, Á., Pérez-Rial, S., Terrón-Expósito, R., Díaz-Gil, J. J., 
González- Mangado, N., and Peces-Barba, G. (2014). Proliferative activity of 
liver growth factor is associated with an improvement of cigarette smoke-induced 
emphysema in mice. PLoS One 9:e112995. doi: 10.1371/journal.pone.0112995

Hardaker, E. L., Freeman, M. S., Dale, N., Bahra, P., Raza, F., Banner, K. H., 
et al. (2010). Exposing rodents to a combination of tobacco smoke and 
lipopolysaccharide results in an exaggerated in�ammatory response in the 
lung. Br. J. Pharmacol. 160, 1985–1996. doi: 10.1111/j.1476-5381.2010.00857.x

He, L., Zhang, W., Zhang, J., Cao, L., Gong, L., Ma, J., et al. (2014). Diaphragmatic 
motion studied by M-mode ultrasonography in combined pulmonary �brosis 
and emphysema. Lung 192, 553–561. doi: 10.1007/s00408-014-9594-5

Henriques, I., Padilha, G. A., Huhle, R., Wierzchon, C., Miranda, P. J., 
Ramos, I. P., et al. (2016). Comparison between variable and conventional 
volume-controlled ventilation on cardiorespiratory parameters in experimental 
emphysema. Front. Physiol. 7:277. doi: 10.3389/fphys.2016.00277

Hsia, C. C., Hyde, D. M., Ochs, M., and Weibel, E. R. (2010). Structure AEJTFoQAoL: 
an o�cial research policy statement of the American �oracic Society/European 
Respiratory Society: standards for quantitative assessment of lung structure. 
Am. J. Respir. Crit. Care Med. 181, 394–418. doi: 10.1164/rccm.200809-1522ST

Irvin, C. G., and Bates, J. H. (2003). Measuring the lung function in the 
mouse: the challenge of size. Respir. Res. 4:4. doi: 10.1186/rr199

Jobse, B. N., McCurry, C. A., Morissette, M. C., Rhem, R. G., Stämp�i, M. R., 
and Labiris, N. R. (2014). Impact of in�ammation, emphysema, and smoking 
cessation on V/Q in mouse models of lung obstruction. Respir. Res. 15:42. 
doi: 10.1186/1465-9921-15-42

Kasahara, Y., Tuder, R. M., Cool, C. D., Lynch, D. A., Flores, S. C., and 
Voelkel, N. F. (2001). Endothelial cell death and decreased expression of 
vascular endothelial growth factor and vascular endothelial growth factor 
receptor 2  in emphysema. Am. J. Respir. Crit. Care Med. 163, 737–744. doi: 
10.1164/ajrccm.163.3.2002117

Kawut, S. M., Poor, H. D., Parikh, M. A., Hueper, K., Smith, B. M., Bluemke, D. A., 
et al. (2014). Cor pulmonale parvus in chronic obstructive pulmonary disease 
and emphysema: the MESA COPD study. J. Am. Coll. Cardiol. 64, 2000–2009. 
doi: 10.1016/j.jacc.2014.07.991

Ketko, A. K., and Donn, S. M. (2014). Surfactant-associated proteins: structure, 
function and clinical implications. Curr. Pediatr. Rev. 10, 62–67. doi: 10.2174/ 
157339631130900006

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. 
(2010). Improving bioscience research reporting: the ARRIVE guidelines 
for reporting animal research. PLoS Biol. 8:e1000412. doi: 10.1371/journal.
pbio.1000412

Kips, J. C., Tavernier, J. H., Joos, G. F., Peleman, R. A., and Pauwels, R. A. 
(1993). �e potential role of tumour necrosis factor alpha in asthma. Clin. 

Exp. Allergy 23, 247–250. doi: 10.1111/j.1365-2222.1993.tb00317.x
Kobayashi, S., Fujinawa, R., Ota, F., Kobayashi, S., Angata, T., Ueno, M., et al. 

(2013). A single dose of lipopolysaccharide into mice with emphysema 
mimics human chronic obstructive pulmonary disease exacerbation as assessed 
by micro-computed tomography. Am. J. Respir. Cell Mol. Biol. 49, 971–977. 
doi: 10.1165/rcmb.2013-0074OC

Lang, R. M., Badano, L. P., Mor-Avi, V., A�lalo, J., Armstrong, A., Ernande, L., 
et al. (2015). Recommendations for cardiac chamber quanti�cation by 
echocardiography in adults: an update from the American Society of 
Echocardiography and the European Association of Cardiovascular Imaging. 
J. Am. Soc. Echocardiogr. 28, 1.e14–39.e14. doi: 10.1093/ehjci/jev014

Lozano, R., Naghavi, M., Foreman, K., Lim, S., Shibuya, K., Aboyans, V., et al. 
(2012). Global and regional mortality from 235 causes of death for 20 age 
groups in 1990 and 2010: a systematic analysis for the Global Burden of 
Disease Study 2010. Lancet 380, 2095–2128. doi: 10.1016/
S0140-6736(12)61728-0

Lüthje, L., Raupach, T., Michels, H., Unsöld, B., Hasenfuss, G., Kögler, H., 
et al. (2009). Exercise intolerance and systemic manifestations of pulmonary 
emphysema in a mouse model. Respir. Res. 10:7. doi: 10.1186/1465-9921-10-7

Maltais, F., Decramer, M., Casaburi, R., Barreiro, E., Burelle, Y., Debigaré, R., 
et al. (2014). An o�cial American �oracic Society/European Respiratory 
Society statement: update on limb muscle dysfunction in chronic obstructive 
pulmonary disease. Am. J. Respir. Crit. Care Med. 189, e15–e62. doi: 10.1164/
rccm.201402-0373ST

Marini, J. J. (2011). Dynamic hyperin�ation and auto-positive end-expiratory 
pressure: lessons learned over 30 years. Am. J. Respir. Crit. Care Med. 184, 
756–762. doi: 10.1164/rccm.201102-0226PP

Maron-Gutierrez, T., Silva, J. D., Asensi, K. D., Bakker-Abreu, I., Shan, Y., 
Diaz, B. L., et al. (2013). E�ects of mesenchymal stem cell therapy on the 
time course of pulmonary remodeling depend on the etiology of lung injury 
in mice. Crit. Care Med. 41, e319–e333. doi: 10.1097/CCM.0b013e31828a663e

Meduri, G. U., Annane, D., Chrousos, G. P., Marik, P. E., and Sinclair, S. E. 
(2009). Activation and regulation of systemic in�ammation in ARDS: rationale 
for prolonged glucocorticoid therapy. Chest 136, 1631–1643. doi: 10.1378/
chest.08-2408

Minai, O. A., Benditt, J., and Martinez, F. J. (2008). Natural history of emphysema. 
Proc. Am. �orac. Soc. 5, 468–474. doi: 10.1513/pats.200802-018ET

Newell, J. D. Jr. (2008). Quantitative computed tomography of lung parenchyma 
in chronic obstructive pulmonary disease: an overview. Proc. Am. �orac. 

Soc. 5, 915–918. doi: 10.1513/pats.200804-034QC
Nunnari, J., and Suomalainen, A. (2012). Mitochondria: in sickness and in 

health. Cell 148, 1145–1159. doi: 10.1016/j.cell.2012.02.035
Oliveira, M. V., Abreu, S. C., Padilha, G. A., Rocha, N. N., Maia, L. A., Takiya, 

C. M., et al. (2016). Characterization of a mouse model of emphysema 
induced by multiple instillations of low-dose elastase. Front. Physiol. 7:457. 
doi: 10.3389/fphys.2016.00457

Onclinx, C., De Maertelaer, V., Gustin, P., and Gevenois, P. A. (2006). Elastase-
induced pulmonary emphysema in rats: comparison of computed density 
and microscopic morphometry. Radiology 241, 763–770. doi: 10.1148/
radiol.2413051456

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1118/1.4830433
https://doi.org/10.1183/09059180.00008612
https://doi.org/10.1183/09031936.00015608
https://doi.org/10.1159/000107058
https://doi.org/10.1371/journal.pone.0185474
https://doi.org/10.1016/j.resp.2012.01.002
https://doi.org/10.1164/rccm.200204-298OC
https://doi.org/10.1371/journal.pone.0185474
https://doi.org/10.1016/S1286-4579(02)01604-0
https://doi.org/10.1016/S1286-4579(02)01604-0
https://doi.org/10.1111/j.1600-0714.1974.tb01724.x
https://doi.org/10.1111/j.1600-0714.1974.tb01724.x
https://doi.org/10.1136/thx.2003.019588
https://doi.org/10.1136/thx.2003.019588
https://doi.org/10.1016/j.ajpath.2011.09.029
https://doi.org/10.1164/ajrccm.164.9.2103121
https://doi.org/10.1371/journal.pone.0112995
https://doi.org/10.1111/j.1476-5381.2010.00857.x
https://doi.org/10.1007/s00408-014-9594-5
https://doi.org/10.3389/fphys.2016.00277
https://doi.org/10.1164/rccm.200809-1522ST
https://doi.org/10.1186/rr199
https://doi.org/10.1186/1465-9921-15-42
https://doi.org/10.1164/ajrccm.163.3.2002117
https://doi.org/10.1016/j.jacc.2014.07.991
https://doi.org/10.2174/157339631130900006
https://doi.org/10.2174/157339631130900006
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1111/j.1365-2222.1993.tb00317.x
https://doi.org/10.1165/rcmb.2013-0074OC
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1186/1465-9921-10-7
https://doi.org/10.1164/rccm.201402-0373ST
https://doi.org/10.1164/rccm.201402-0373ST
https://doi.org/10.1164/rccm.201102-0226PP
https://doi.org/10.1097/CCM.0b013e31828a663e
https://doi.org/10.1378/chest.08-2408
https://doi.org/10.1378/chest.08-2408
https://doi.org/10.1513/pats.200802-018ET
https://doi.org/10.1513/pats.200804-034QC
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.3389/fphys.2016.00457
https://doi.org/10.1148/radiol.2413051456
https://doi.org/10.1148/radiol.2413051456


Oliveira et al. Novel Model of COPD Exacerbations

Frontiers in Physiology | www.frontiersin.org 16 May 2019 | Volume 10 | Article 664

Ottenheijm, C. A., Heunks, L. M., and Dekhuijzen, P. N. (2007). Diaphragm 
muscle �ber dysfunction in chronic obstructive pulmonary disease: toward 
a pathophysiological concept. Am. J. Respir. Crit. Care Med. 175, 1233–1240. 
doi: 10.1164/rccm.200701-020PP

Ottenheijm, C. A., Heunks, L. M., and Dekhuijzen, R. P. (2008). Diaphragm 
adaptations in patients with COPD. Respir. Res. 9:12. doi: 
10.1186/1465-9921-9-12

Padilha, G. A., Henriques, I., Lopes-Pacheco, M., Abreu, S. C., Oliveira, M. V., 
Morales, M. M., et al. (2015). �erapeutic e�ects of LASSBio-596  in an 
elastase-induced mouse model of emphysema. Front. Physiol. 6:267. doi: 
10.3389/fphys.2015.00267

Padilha, G. A., Horta, L. F., Moraes, L., Braga, C. L., Oliveira, M. V., 
Santos, C. L., et al. (2016). Comparison between e�ects of pressure support 
and pressure-controlled ventilation on lung and diaphragmatic damage in 
experimental emphysema. Intensive Care Med. Exp. 4:35. doi: 10.1186/
s40635-016-0107-0

Parameswaran, H., Majumdar, A., Ito, S., Alencar, A. M., and Suki, B. (2006). 
Quantitative characterization of airspace enlargement in emphysema. J. Appl. 

Physiol. 100, 186–193. doi: 10.1152/japplphysiol.00424.2005
Picard, M., Azuelos, I., Jung, B., Giordano, C., Matecki, S., Hussain, S., et al. 

(2015). Mechanical ventilation triggers abnormal mitochondrial dynamics 
and morphology in the diaphragm. J. Appl. Physiol. 118, 1161–1171. doi: 
10.1152/japplphysiol.00873.2014

Riva, D., Oliveira, M., Rzezinski, A., Rangel, G., Capelozzi, V., Zin, W., et al. 
(2008). Recruitment maneuver in pulmonary and extrapulmonary experimental 
acute lung injury. Crit. Care Med. 36, 1900–1908. doi: 10.1097/
CCM.0b013e3181760e5d

Rocha, N. N., de Oliveira, M. V., Braga, C. L., Guimarães, G., Maia, L. A., 
Padilha, G. A., et al. (2017). Ghrelin therapy improves lung and cardiovascular 
function in experimental emphysema. Respir. Res. 18:185. doi: 10.1186/
s12931-017-0668-9

Sakai, N., Mishima, M., Nishimura, K., Itoh, H., and Kuno, K. (1994). An 
automated method to assess the distribution of low attenuation areas on 
chest CT scans in chronic pulmonary emphysema patients. Chest 106, 
1319–1325. doi: 10.1378/chest.106.5.1319

Samary, C. S., Santos, R. S., Santos, C. L., Felix, N. S., Bentes, M., Barboza, T., 
et al. (2015). Biological impact of transpulmonary driving pressure in 
experimental acute respiratory distress syndrome. Anesthesiology 123, 423–433. 
doi: 10.1097/ALN.0000000000000716

Santos, R. S., Maia, L. A., Oliveira, M. V., Santos, C. L., Moraes, L., Pinto, E. F., 
et al. (2018). Biologic impact of mechanical power at high and low tidal 
volumes in experimental mild acute respiratory distress syndrome. 
Anesthesiology 128, 1193–1206. doi: 10.1097/ALN.0000000000002143

Sassoon, C. S., Light, R. W., Lodia, R., Sieck, G. C., and Mahutte, C. K. (1991). 
Pressure-time product during continuous positive airway pressure, pressure 
support ventilation, and T-piece during weaning from mechanical ventilation. 
Am. Rev. Respir. Dis. 143, 469–475. doi: 10.1164/ajrccm/143.3.469

Schreier, D., Hacker, T., Song, G., and Chesler, N. (2013). �e role of collagen 
synthesis in ventricular and vascular adaptation to hypoxic pulmonary 
hypertension. J. Biomech. Eng. 135:021018. doi: 10.1115/1.4023480

Seemungal, T. A., Harper-Owen, R., Bhowmik, A., Je�ries, D. J., and Wedzicha, J. A. 
(2000). Detection of rhinovirus in induced sputum at exacerbation of chronic 
obstructive pulmonary disease. Eur. Respir. J. 16, 677–683. doi: 
10.1034/j.1399-3003.2000.16d19.x

Siebenmann, C., and Lundby, C. (2015). Regulation of cardiac output in hypoxia. 
Scand. J. Med. Sci. Sports 4, 53–59. doi: 10.1111/sms.12619

Silva, P. L., Cruz, F. F., Samary, C. D. S., Moraes, L., de Magalhães, R. F., 
Fernandes, M. V. S., et al. (2018). Biological response to time-controlled 
adaptive ventilation depends on acute respiratory distress syndrome etiology. 
Crit. Care Med. 46, e609–e617. doi: 10.1097/CCM.0000000000003078

Similowski, T., Yan, S., Gauthier, A. P., Macklem, P. T., and Bellemare, F. (1991). 
Contractile properties of the human diaphragm during chronic hyperin�ation. 
N. Engl. J. Med. 325, 917–923. doi: 10.1056/NEJM199109263251304

Smith, M. C., and Wrobel, J. P. (2014). Epidemiology and clinical impact of 
major comorbidities in patients with COPD. Int. J. Chron. Obstruct. Pulmon. 

Dis. 9, 871–888. doi: 10.2147/COPD.S49621
Stockley, R. A., O’Brien, C., Pye, A., and Hill, S. L. (2009). Relationship of 

sputum color to nature and outpatient management of acute exacerbations 
of COPD. Chest 117, 1638–1645. doi: 10.1378/chest.117.6.1638

Stolk, J., Rudolphus, A., Davies, P., Osinga, D., Dijkman, J. H., Agarwal, L., 
et al. (1992). Induction of emphysema and bronchial mucus cell hyperplasia 
by intratracheal instillation of lipopolysaccharide in the hamster. J. Pathol. 
167, 349–356. doi: 10.1002/path.1711670314

Suki, B., Lutchen, K. R., and Ingenito, E. P. (2003). On the progressive nature 
of emphysema: roles of proteases, in�ammation, and mechanical forces. 
Am. J. Respir. Crit. Care Med. 168, 516–521. doi: 10.1164/rccm.200208-908PP

�urlbeck, W. M., and Müller, N. L. (1994). Emphysema: de�nition, imaging, 
and quanti�cation. AJR Am. J. Roentgenol. 163, 1017–1025. doi: 10.2214/
ajr.163.5.7976869

Traves, S. L., Culpitt, S. V., Russell, R. E., Barnes, P. J., and Donnelly, L. E. 
(2002). Increased levels of the chemokines GROalpha and MCP-1 in sputum 
samples from patients with COPD. �orax 57, 590–595. doi: 10.1136/
thorax.57.7.590

Tufvesson, E., Markstad, H., Bozovic, G., Ekberg, M., and Bjermer, L. (2017). 
In�ammation and chronic colonization of Haemophilus in�uenzae in sputum 
in COPD patients related to the degree of emphysema and bronchiectasis 
in high-resolution computed tomography. Int. J. Chron. Obstruct. Pulmon. 

Dis. 12, 3211–3219. doi: 10.2147/COPD.S137578
Umbrello, M., Formenti, P., Longhi, D., Galimberti, A., Piva, I., Pezzi, A., et al. 

(2015). Diaphragm ultrasound as indicator of respiratory e�ort in critically 
ill patients undergoing assisted mechanical ventilation: a pilot clinical study. 
Crit. Care 19:161. doi: 10.1186/s13054-015-0894-9

Unal, O., Arslan, H., Uzun, K., Ozbay, B., and Sakarya, M. E. (2000). Evaluation 
of diaphragmatic movement with MR �uoroscopy in chronic obstructive 
pulmonary disease. Clin. Imaging 24, 347–350. doi: 10.1016/S0899-7071(00)00245-X

Vogelmeier, C. F., Criner, G. J., Martinez, F. J., Anzueto, A., Barnes, P. J., 
Bourbeau, J., et al. (2017). Global strategy for the diagnosis, management, 
and prevention of chronic obstructive lung disease 2017 report. GOLD 
executive summary. Am. J. Respir. Crit. Care Med. 195, 557–582. doi: 10.1164/
rccm.201701-0218PP

Wedzicha, J. A., and Donaldson, G. C. (2003). Exacerbations of chronic obstructive 
pulmonary disease. Respir. Care 48, 1204–1213.

Westermann, B. (2010). Mitochondrial fusion and �ssion in cell life and death. 
Nat. Rev. Mol. Cell Biol. 11, 872–884. doi: 10.1038/nrm3013

Wierzchon, C. G. R. S., Padilha, G., Rocha, N. N., Huhle, R., Coelho, M. S., 
Santos, C. L., et al. (2017). Variability in tidal volume a�ects lung and 
cardiovascular function di�erentially in a rat model of experimental emphysema. 
Front. Physiol. 8:1071. doi: 10.3389/fphys.2017.01071

Con�ict of Interest Statement: �e authors declare that the research was conducted 
in the absence of any commercial or �nancial relationships that could be construed 
as a potential con�ict of interest.

Copyright © 2019 Oliveira, Rocha, Santos, Rocco, Magalhães, Silva, Souza, Capelozzi, 

Pelosi, Silva and Rocco. �is is an open-access article distributed under the terms 

of the Creative Commons Attribution License (CC BY). �e use, distribution or 

reproduction in other forums is permitted, provided the original author(s) and the 

copyright owner(s) are credited and that the original publication in this journal is 

cited, in accordance with accepted academic practice. No use, distribution or reproduction 

is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1164/rccm.200701-020PP
https://doi.org/10.1186/1465-9921-9-12
https://doi.org/10.3389/fphys.2015.00267
https://doi.org/10.1186/s40635-016-0107-0
https://doi.org/10.1186/s40635-016-0107-0
https://doi.org/10.1152/japplphysiol.00424.2005
https://doi.org/10.1152/japplphysiol.00873.2014
https://doi.org/10.1097/CCM.0b013e3181760e5d
https://doi.org/10.1097/CCM.0b013e3181760e5d
https://doi.org/10.1186/s12931-017-0668-9
https://doi.org/10.1186/s12931-017-0668-9
https://doi.org/10.1378/chest.106.5.1319
https://doi.org/10.1097/ALN.0000000000000716
https://doi.org/10.1097/ALN.0000000000002143
https://doi.org/10.1164/ajrccm/143.3.469
https://doi.org/10.1115/1.4023480
https://doi.org/10.1034/j.1399-3003.2000.16d19.x
https://doi.org/10.1111/sms.12619
https://doi.org/10.1097/CCM.0000000000003078
https://doi.org/10.1056/NEJM199109263251304
https://doi.org/10.2147/COPD.S49621
https://doi.org/10.1378/chest.117.6.1638
https://doi.org/10.1002/path.1711670314
https://doi.org/10.1164/rccm.200208-908PP
https://doi.org/10.2214/ajr.163.5.7976869
https://doi.org/10.2214/ajr.163.5.7976869
https://doi.org/10.1136/thorax.57.7.590
https://doi.org/10.1136/thorax.57.7.590
https://doi.org/10.2147/COPD.S137578
https://doi.org/10.1186/s13054-015-0894-9
https://doi.org/10.1016/S0899-7071(00)00245-X
https://doi.org/10.1164/rccm.201701-0218PP
https://doi.org/10.1164/rccm.201701-0218PP
https://doi.org/10.1038/nrm3013
https://doi.org/10.3389/fphys.2017.01071
http://creativecommons.org/licenses/by/4.0/

	Endotoxin-Induced Emphysema Exacerbation: A Novel Model of Chronic Obstructive Pulmonary Disease Exacerbations Causing Cardiopulmonary Impairment and Diaphragm Dysfunction
	Introduction
	Materials and Methods
	Ethics Statement
	Animal Preparation and 
Experimental Protocol
	Respiratory Data Acquisition and Processing
	Echocardiography
	Diaphragm Ultrasound
	Lung Histology
	Light Microscopy
	Transmission Electron Microscopy
	Lung and Diaphragm Tissue
	Enzyme-Linked Immunosorbent 
Assay (ELISA)
	Time-Course Study
	Computed Tomography
	Statistical Analysis

	Results
	Pulmonary Effects
	Effects of Endotoxin in Control Animals
	Emphysema Induced by Multiple 
Elastase Instillations
	Endotoxin-Induced Emphysema Exacerbation
	Extrapulmonary Effects
	Cardiac Function
	Diaphragm Function and Morphology
	Time-Course Evaluation of Chest CT and Echocardiography Findings

	Discussion
	Pulmonary Changes After 
Emphysema Exacerbation
	Extrapulmonary Consequences of Emphysema Exacerbation
	Limitations

	Conclusions
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material

	References

