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SUMMARY

The objective of this study was to investigate whether emphysema induced by elastase

or papain triggers the same effects on skeletal muscle, related to oxidative stress and

proteolysis, in hamsters. For this purpose, we evaluated pulmonary lesions, body

weight, muscle loss, oxidative stress (thiobarbituric acid-reactive substances, total and

oxidized glutathiones, chemiluminescence stimulated by tert-butyl hydroperoxide and

carbonyl proteins), chymotrypsin-like and calpain-like proteolytic activities and mus-

cle fibre cross-sectional area in the gastrocnemius muscles of emphysemic hamsters.

Two groups of animals received different intratracheal inductions of experimental

emphysema: by 40 mg/ml papain (EP) or 5.2 IU/100 g animal (EE) elastase (n = 10

animals/group). The control group received intratracheal instillation of 300 ll sterile
NaCl 0.9%. Compared with the control group, the EP group had reduced muscle

weight (18.34%) and the EE group had increased muscle weight (8.37%). Addition-

ally, tert-butyl hydroperoxide-initiated chemiluminescence, carbonylated proteins and

chymotrypsin-like proteolytic activity were all elevated in the EP group compared to

the CS group, while total glutathione was decreased compared to the EE group. The

EE group showed more fibres with increased cross-sectional areas and increased cal-

pain-like activity. Together, these data show that elastase and papain, when used to

induce experimental models of emphysema, lead to different speeds and types of

adaptation. These findings provide more information on choosing a suitable experi-

mental model for studying skeletal muscle adaptations in emphysema.
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Chronic obstructive pulmonary disease (COPD) comprises a

group of pulmonary abnormalities of the airways or lung

parenchyma, bronchitis or emphysema and is a major cause

of morbidity and death throughout the world (Petty 2006;

Huertas & Palange 2011). In addition to these pulmonary

abnormalities, COPD is associated with significant effects in

distant organs outside the lungs (Agust�ı et al. 2003; Gan

et al. 2004). Peripheral skeletal muscle dysfunction is charac-

terized by reduced muscle strength and endurance and con-

sidered one of the main systemic effects of emphysema

(Couillard & Prefaut 2005; Swallow et al. 2007). Therefore,

it is important to understand how muscle function is affected,

and to identify the factors that contribute to the muscle dys-

function, and to identify the mechanism of muscle wasting in

COPD so as to improve the management of the disease (W€ust

& Degens 2007). The literature contains numerous animal

models that develop emphysema, resulting in destruction of

lung parenchyma structure with morphological and histologi-

cal alterations equivalent to those in humans (Mahadeva &

Shapiro 2002; Wright & Churg 2002).
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Experimental models using proteolytic enzymes such as

papain or elastase, instilled into the airways of animals, are

based on unbalanced protective and aggressive substances in

pulmonary tissue (Fusco et al. 2002; Antunes & Rocco

2011). In general, animal models present advantages such as

homogeneity, usually good reproducibility, no difference

with different therapies and a wide range of unpredictable

factors affecting the development of the disease in clinical

conditions (Holecek 2012). As the prevalence of cachexia in

patients with COPD is up to 45% (Schols et al. 1993), its

aetiology in the disease is multifactorial, and the number of

papers examining muscle loss in models of COPD is extre-

mely small, it would be beneficial if animal models could

reproduce the human cachectic disorders as closely as possi-

ble. Mattson et al. (2004) demonstrated that emphysema

induces fibre atrophy and the response is not specific to

locomotory muscles composed of a given fibre-type or oxi-

dative capacity, in hamsters after 180 days of pulmonary

emphysema induced by elastase instillation (25 IU/100 g

body weight). Rinaldi et al. (2012) described muscular

changes and dysfunction, particularly in muscles with a

mixed fibre-type composition, on an experimental model of

six months of cigarette smoke exposure, and showed that

this model led to systemic problems resembling those seen

in humans with emphysema. In addition, Tonon et al.

(2013) demonstrated that muscle atrophy, observed in a

model of 60 days of emphysema induced by papain instilla-

tion (40 mg/ml) in rats, is mediated by increased muscle

proteolysis, with involvement of oxidative stress.

Oxidative stress, resulting from an inability of the antioxi-

dant systems to cope with elevated oxidant production, plays

an important role in altering peripheral muscle function in

patients with COPD (Zhang et al. 2010). Skeletal muscle is a

highly malleable tissue that responds to changes in its pattern

of activity or the mechanical and environmental stresses

placed upon it. The signalling pathways involved in these

multiple adaptations have been described. Reactive oxygen

species are produced at various sites in skeletal muscle, and

there is increasing evidence that these species play targeted

roles in modulating redox-sensitive signalling pathways that

are important to the muscle for making adaptations (Jackson

2009; Powers et al. 2010). The oxidative modifications

induced by oxidants on key muscle proteins involved in mus-

cle structure, metabolism and contraction of experimental

models of disease have a great impact on their function, struc-

ture and protein balance, leading to degradation and conse-

quent atrophy (Powers et al. 2010; Barreiro 2014).

Our study was motivated by three observations which

emerge from the previous literature:

(1). Different changes are observed at different experimental

times in different experimental models of emphysema.

(2). Redox and proteolytic modifications can be considered

representative of skeletal muscle loss as a systemic manifes-

tation of the disease.

(3). Thus far, no studies have compared oxidative stress,

muscle mass loss and muscle adaptation in different models

of pulmonary emphysema.

In order to explore these three poins in this study, we have

investigated whether emphysema induced by elastase or papain

triggers the same systemic effects on skeletal muscle and how

this might be related to oxidative stress and proteolysis.

Materials and methods

Animals

Adult male Syrian Golden hamsters, weighing 100–140 g,

were used (n = 10/group). The animals were given water

and commercial food (Nuvilab CR1; Nuvital Nutrients Ltd,

Colombo, PR, Brazil) ad libitum, and the environment was

controlled on a 12-h light/dark cycle.

The protocols conformed to the Guide for the Care and

Use of Laboratory Animals [DHEW Publication No. (NIH)

86–23, Revised 1985, Office of Science and Health Reports,

DRR/NIH, Bethesda, MD 20892], and the study was

approved by the Ethics Committee on Animal Experimenta-

tion from the Universidade Estadual de Londrina, Brazil

(ref. 8288).

The animals were randomly divided into three groups,

according to the instillation procedure used to induce

emphysema. Under deep ketamine/xylazine anaesthesia

(150/30 mg/kg i.m.), saline (0.3 ml/100 g body weight;

control + saline [CS] group); papain (40 mg/100 g body

weight in 0.3 ml normal saline) emphysema with papain

[EP] group) (Tonon et al. 2013) or porcine elastase

(5.2 IU/100 g body weight [Alfa Aesar, Shrewsbury, MA,

USA] in 0.3 mL normal saline) emphysema with porcine

elastase [EE] group) (Hayes et al. 1975) were instilled in-

tratracheally through a 27-gauge hypodermic needle,

according to the procedure described by Mattson et al.

(2002b) with modifications. The procedure involves making

a short incision in the skin of the tracheal region, seclusion

of the muscle layer and trachea, insertion of the needle

between tracheal rings, instillation and final suturing of the

skin. To ensure a uniform distribution of saline, elastase or

papain throughout the lungs, each animal was submitted

to a gentle manual negative pressure manoeuvre. Briefly,

just after instillation, in the moment of final expiration, the

thorax was momentarily restrained to prevent lung expan-

sion. After active inspiration, a negative pressure is gener-

ated and the thorax released. This manoeuvre, through

acute differences of pressure, allows complete spread of the

instilled solution to the distal airways.

After the procedure, the animals were returned to their

cages. Their appearance and body weights were monitored

daily for the first two weeks and then once a week for

70 days (Tonon et al. 2013). The cachexia index was deter-

mined {[(initial body mass � final body mass + body mass

gain of control)/(initial body mass + body mass gain of con-

trol)] 9 100%}, considering the initial and final body weight

of the emphysemic animals and body weight gain in the CS

group to identify a pattern of general wasting. (Guarnier

et al. 2010). This index reflects both loss of total body weight

and absence of weight gain (Tonon et al. 2013).
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Ethical approval

The experimental design and protocols were approved by

Ethic in Animal Experimentation Committee from Universi-

dade Estadual de Londrina (register n. 19011201362).

Tissue collection and preparation

Seventy days after intratracheal instillation, the hamsters

were weighed and euthanized. The right gastrocnemius mus-

cle was excised, weighed, frozen in liquid nitrogen and

stored at �86°C until use for analysis of oxidative parame-

ters. The left gastrocnemius was divided: one portion was

saved for morphometric histological procedures, and the

other portion was pulverized, frozen in liquid nitrogen and

stored at �86°C until used for proteolysis assays.The gas-

trocnemius muscle has previously been demonstrated as a

good indicator of alterations in the skeletal muscle of

emphysemic hamsters (Mattson et al. 2004), including in

aspects related to oxidative parameters (Mattson et al.

2002b; Tonon et al. 2013). In hamsters there is no gross

division of fibres in this muscle (Mattson et al. 2002a), and

therefore, the whole muscle, and consequently both fibre

types, is typically analysed. In addition, the middle lobe of

the right lung was fixed in 10% formalin for morphometric

evaluation.

For the oxidative stress analysis, muscles from CS, EP and

EE hamsters were prepared as described above. Tissues were

placed on ice and homogenized for 60 s periods at 60 s

intervals in an Ultraturrax homogenizer containing 10 mg/

ml, 50 mg/ml or 60 mg/ml tissue in 50 mM or 10 mM

KH2PO4/K2HPO4 buffer and 120 mM KCl at pH 7.4. The

total homogenate (10 mg/ml) was used for the tert-butyl

hydroperoxide-stimulated chemiluminescence and thiobarbi-

turic acid-reactive substances (TBARS) assays. For total pro-

tein carbonylation determination, tissues (60 mg/ml) were

treated according to the method of Reznick and Packer

(1994), with adaptations as described below. For total and

oxidized glutathione assays, the supernatant from total

homogenate was obtained by centrifugation at 10,000 9 g

for 15 min at 4°C from a homogenate 50 mg/ml.

Morphometric analysis of lungs and gastrocnemius

After the middle lobe of the right lung had been removed,

samples were fixed in paraformaldehyde for 48 h and embed-

ded in paraffin for histological studies. Paraffin-embedded tis-

sues were semiserially sectioned into cuts of 5 lm (5 cuts/

slide per lung, interval of 50 lm/cut). After this procedure,

cuts were stained with haematoxylin and eosin.

To verify emphysema establishment and severity, alveolar

destruction was determined by the number of times that a

predetermined group of coherent lines (1.25 mm2 area and

1.50 mm total length) crossed the parenchymal structures.

The group identifications were covered, and lung images

were captured (three non-coincident fields/section) using an

optical microscope (100 9 magnification). Images were

obtained using a high-resolution camera coupled to the

microscope. The base lines were then superposed on to the

images; the less the structures were crossed, the more exten-

sive was the lesion (adapted from Fusco et al. 2002). Addi-

tionally, to verify whether the number of captured fields

was enough, a coefficient of variation was calculated, with

acceptable values being below 20%. All sets of measure-

ments by animal were considered acceptable. The mean of

the 30 values from each animal was calculated. These val-

ues, named the crossed alveolar intercepts (CAI), were used

to represent each animal in the group comparison.

To establish a histological parameter of muscle adapta-

tion, the cross-sectional area of gastrocnemius fibres was

measured. Muscle samples were collected and fixed in meth-

anol and glacial acetic acid (3:1 v/v) for 70 min and then

embedded in paraffin. Semiserial sections of 5 lm were

made (5 cuts/slide, interval of 50 lm/cut) from each muscle.

The sections were stained with haematoxylin and eosin. To

measure the cross-sectional area, the slide identifications

were covered, and muscle images were captured (5 fields/cut

per animal), totalling approximately 600 measured fibres/

animal, using an optical microscope (200 9 magnification).

Images were obtained using a high-resolution camera cou-

pled to the microscope. An image analysis system (Image-

Pro-Plus 4.0; Media Cybernetics, Silver Spring, MD, USA)

was used to determine fibre area in square micrometres.

Because of natural heterogeneity in the fibre size distribution

within the groups, the values were grouped by procedure

(CS, EE or EP), and the frequency distribution was esti-

mated based on area intervals (30 classes) from 600 to

15000 lm2.

Oxidative stress parameters

Thiobarbituric acid-reactive substances (TBARS) assay.

Lipid peroxidation is a direct consequence of oxidative

stress in tissues. The chain reaction produces malondialde-

hyde (MDA), which can form adducts modifying protein

structures. Thus, the extent of lipid peroxidation of the mus-

cle homogenates from each group was determined by the

TBARS assay. MDA formed during peroxidation reacts with

thiobarbituric acid (TBA) to generate a coloured product, a

(TBA)2–MDA adduct. In an acid solution, (TBA)2–MDA

absorbs light at 532 nm and is readily extractable by an

organic solvent such as n-butanol. MDA levels were mea-

sured, and the results were expressed in nanomoles per gram

of tissue (Oliveira & Cecchini 2000).

Carbonyl protein content. Carbonyl proteins are a modifi-

cation caused by exposure of proteins to oxidative stress.

The carbonyl protein content was measured as described by

Reznick and Packer (1994), with modifications. Gastrocne-

mius muscle (60 mg/ml) was placed in glass homogenization

tubes containing homogenizing buffer (50 mM phosphate

buffer, 1 mM ethylenediamine tetraacetic acid, pH 7.4). The

tissue samples were homogenized and incubated for 15 min

in an ice bath. The samples were centrifuged at 3000 9 g
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for 10 min at room temperature, and 1 ml of each protein

extract was placed in a glass tube. A volume of 4 ml 2,4-di-

nitrophenylhydrazine (DNPH) solution prepared in 2.5 N

HCl was added to each tube, and the reaction mixtures

were incubated for 1 h at room temperature, with vortexing

every 15 min. Next, the samples were washed with 5 ml

20% trichloroacetic acid (TCA) (w/v) and centrifuged for

10 min to collect the protein precipitates. Another wash was

performed using 10% TCA, and the protein pellets were dis-

persed mechanically. Finally, the pellets were washed three

times with 4 mL ethanol–ethylacetate (1:1, v/v) to remove

free DNPH and lipid contaminants. The final precipitates

were dissolved in 2 ml 6 M guanidine hydrochloride, and

any insoluble materials were removed by additional centrifu-

gation. The carbonyl content was calculated by comparing

the peak absorbance at 355–390 nm of the DNPH-treated

samples with that of samples treated with only 2.5 M HCl.

The following formula was used to calculate the concentra-

tion of carbonyls: C = Abs (355–390 nm) 9 45.45 nmol/ml,

where C is the concentration of DNPH per millilitre, and

45.45 is its absorption coefficient. The procedures were per-

formed in an ice bath until the TCA wash step. The car-

bonyl content was expressed as nanomoles per milligram of

total protein.

Tert-butyl hydroperoxide-initiated chemiluminescence. The

tert-butyl hydroperoxide-initiated chemiluminescence assay

was used to analyse the levels of lipid hydroperoxides in

muscle homogenate of animals. In this assay, an increase in

chemiluminescence is closely related to the oxidative stress

previously suffered by the tissue. The assay induces the con-

sumption of antioxidants and augments the formation of

lipid hydroperoxides, which results in increased photon

emission (Oliveira & Cecchini 2000; Barbosa et al. 2003;

Mattson & Martin 2005).

Reaction mixtures in 2-ml luminescence tubes consisted of

total muscle homogenate (8.75 mg/ml), 10 mM KH2PO4/

K2HPO4 buffer (with 120 mM KCl, pH 7.4) and 6 mM

tert-butyl hydroperoxide, in a final volume of 1 ml. The

tert-butyl hydroperoxide-initiated chemiluminescence reac-

tion was assessed using a TD 20/20 luminometer (Turner

Designs, Sunnyvale, CA, USA), with a response range of

300–650 nm. The tubes were kept in the dark until the

assay was carried out in a room at 33 � 1°C (Gonzalez-Fle-

cha et al. 1991; Oliveira & Cecchini 2000). For each ani-

mal, a 60-min curve, in which each point represented the

differential smoothing of 600 readings, was obtained by

interpolation; after that, the area under the chemilumines-

cence curve was extracted by integral calculus of each ani-

mal curve. This value, expressed as area under the

chemiluminescence curve in relative light units and corrected

by gram of tissue (RLU/g tissue), together with total analysis

of the chemiluminescence curve, was used to determine the

amount of lipid hydroperoxides present in the sample.

Total (GST) and oxidized (GSSG) glutathiones. Redox

state was determined by the levels of total (GST) and oxi-

dized (GSSG) glutathione in homogenate supernatant,

extracted as described above. The reactions were based on

titration with 5,5-dithio-bis (2-nitrobenzoic acid), which

results in the formation of a yellow colour. Oxidized gluta-

thione (GSSG) was determined by previous incubation with

4-vinylpyridine for 60 min at room temperature, according

to the method described by Tietze (1969). Supernatant vol-

umes were adjusted for the assay to contain 50-mg tissue

per millilitre of KH2PO4. The results are expressed in micro-

moles per milligram of protein.

Muscle proteolytic activity

Chymotrypsin-like proteolytic activity was quantified using a

Proteasome GloTM Chymotrypsin-like Cell Based Assay kit

(Promega, Madison, WI, USA). This kit estimates the activity

of the proteasome; the final objective is to evaluate whether

proteolytic activity is present in skeletal muscle. The assay

involves the use of a specific luminogenic substrate (succinyl-

leucine-valine-tyrosine-aminoluciferin) to determine chymo-

trypsin-like activity. Proteasome cleavage of the substrate pro-

duces a luminescent signal from the luciferase contained in the

reaction medium. The three major proteolytic activities (chy-

motrypsin-like, trypsin-like and postglutamyl peptide hydro-

lytic or caspase-like activity) occurring within the 20S core of

the 26S proteasome complex are responsible for most of the

protein degradation, which includes degradation of damaged

cellular proteins. Therefore, this coupled-enzyme system, with

simultaneous proteasome cleavage of substrate and luciferase

consumption of the released aminoluciferin, results in a lumi-

nescent signal that can be considered proportional to the

amount of proteasome activity in the muscle tissue.

For the assay, 25 mg muscle powder was added to 1 ml

10 mM KH2PO4, pH 7.4, in 0.9% NaCl and gently homog-

enized. Fifty microlitres of the resulting muscle homogenate

was pipetted in duplicate on to 96-well microplates, and the

final reagent mixture with luminescent substrate was added

to the medium. After 5 min, under light protection, the

luminescent signal at the plate was detected with a Glo-Run-

ner microplate reader luminometer (Turner Designs), and

the results were expressed as RLU per milligram total

protein.

In a similar manner, the activity of a calcium-dependent

protease was measured by a chemiluminescence assay using

a Calpain-GloTM Protease Assay kit (Promega). Homogenates

were prepared at a concentration of 6.25 mg/ml 10 mM

KH2PO4 buffer, pH 7.4, in 0.9% NaCl. The luminescent

signal is proportional to the calcium-dependent proteolytic

activity in samples, which is also based on the specific reac-

tion of the labelled luciferin substrate by the enzyme lucifer-

ase. The results are expressed as RLU per milligram tissue.

Protein concentration

The protein concentration was determined by the method of

Lowry et al. (1951) modified by Miller (1959). This method

involved the use of bovine serum albumin (BSA) as a standard.
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Statistical analysis

When the distribution was considered normal, the results

are presented as mean � standard error of the mean (SEM)

for 10 animals and values were compared using one-way

analysis of variance followed by Bonferroni’s multiple com-

parison test, with P < 0.05 considered significant. Curves of

chemiluminescence induced by tert-butyl hydroperoxide

were compared by two-way ANOVA. When the distribution

did not pass a normality test, data are presented as median

and interquartile range, and values were compared by

Kruskall–Wallis test followed by Dunn’s multiple compari-

son test. For the muscle morphometry data, histograms of

the fibre cross-sectional areas were prepared and absolute

frequencies calculated.

Results

Emphysema status

The extent of lung damage in each group was evaluated by

the number of CAI. A previous pilot study demonstrated no

lung damage in the saline-treated group (CS) relative to a

control (no saline, papain or elastase instillation – data not

shown). The EE and EP groups had significantly lower CAI

values (48.17 � 1.16 and 51.56 � 0.49, respectively) than

the CS group (70.64 � 0.58, P < 0.0001 in both compari-

sons). The EE and EP groups also had significant differences

in pulmonary emphysema (P < 0.05). Representative images

of lung injury are presented in Figure 1, and CAI values are

presented in Table 1. The cachexia index, using gain of body

mass in the control group as the reference, was

4.6% � 0.48% in the EP group. The EE group did not show

cachexia (0.76% � 1.17%). In addition, general body

weight showed by CS, EE and EP during the course of

70 days is demonstrated on supplemented Figure 1. The

ratio of gastrocnemius mass (MM)/total mass (MT) was sig-

nificantly increased in the EE (0.16 � 0.003%) when com-

pared to CS (0.14 � 0.004%). In contrast, when the CS and

EP groups were compared, the relationship showed a signifi-

cantly decrease (0.12 � 0.004%). These results represented

8.37% muscle gain in the EE group and 18.34% muscle loss

in the EP group compared with the gastrocnemius muscle

weight of the CS animals.

The frequency distribution of fibre cross-sectional areas

showed differences between groups. Representative images

of gastrocnemius muscles are presented in Figure 2. The

50th percentile of fibre area occurred in the fourth class

(2000–2499 lm2) for the CS group, the fifth class (2500–
2999 lm2) for the EE group and the third class (1500–

(a) (b) (c)

Figure 1 Histological images from lungs of hamsters treated with elastase, papain or saline. (a) control + saline (CS): animals treated
with 0.3 ml sterile saline only; (b) emphysema + elastase (EE): animals treated with 0.3 ml 5.2 IU elastase in sterile saline; and (c)
emphysema + papain (EP): animals treated with 0.3 ml 40 mg/ml papain in sterile saline. Alveolar destruction was determined by
the number of times that a predetermined group of coherent lines (1.25 mm2 total area and 1.50 mm total length) crossed the
parenchymal structures, named crossed alveolar intercepts. The less these structures are crossed, the more extensive is the lesion.

Table 1 Animal and skeletal muscle adaptation characteristics

CS EE EP

Crossed alveolar intercept 70.64 � 0.58 48.17 � 1.16* 51.56 � 0.49*†

Cachexia index (%) – 0.76 � 1.17 4.6 � 0.48

MM/MT (%) 0.14 � 0.004 0.16 � 0.003* 0.12 � 0.004*†

% of variation on gastrocnemius (compared with CS) – +8.37 �18.34

CS – Group instilled with 300 ll NaCl 0.9%; EE – Group instilled with 300 ll papain 40 mg/ml in NaCl 0.9%; EP – Group instilled with

300 ll elastase 5.2 IU in NaCl 0.9%. Cachexia index = (initial body weight � final body weight + body mass gain of CS group)/(initial body

weight � body mass gain of CS group) 9 100 (Tonon et al. 2013). MM – gastrocnemius weight; MT – Total animal weight; MM/MT – ratio
between values 9 100, expressed as percentage. Values are expressed as means � SEM (CS: n = 10; EE: n = 10; EP: n = 10). *P < 0.05

compared with CS and †P < 0.05 comparing EP with EE by one-way ANOVA followed by Bonferroni’s multiple comparison test.
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1999 lm2) for the EP group. The cumulative frequency to

the class containing the 50th percentile was 1401 occur-

rences in the CS group, compared with 1811 occurrences for

the EE group, and 2195 for the EP group. The complete

histograms of the frequency distributions are presented in

Figure 2(d).

Table 2 Effect of emphysema on skeletal muscle in terms of TBARS, GST, GSSG in hamsters

CS EE EP

TBARS (nmol/g tissue) 0.42 [0.35–0.67] 0.49 [0.41–0.59] 0.42 [0.28–0.49]
GST (lM/mg total proteins) 73.5 [67.13–83.7] 82.1 [65.83–86.26] 62.15 [50.07–70.68*
GSSG (lM/mg total proteins) 6.15 [5.6–7.78] 6.82 [2.75–7.65] 4.13 [2.42–5.85]

CS – Group instilled with 300 ll NaCl 0.9%; EE – Group instilled with 300 ll papain 40 mg/ml in NaCl 0.9%; EP – Group instilled with

300 ll elastase 5.2 IU in NaCl 0.9%. TBARS – thiobarbituric acid-reactive substances. GST – total glutathione. GSSH – oxidized glutathione.
Values are expressed as median [25–75 percentile]. Groups were composed of 10 animals. *P < 0.05 when EP with EE were compared by

Kruskall–Wallis test followed by Dunn’s multiple comparison test.

(b)(a) (c)

(d)

Figure 2 Histological and morphometric differences in skeletal muscles of hamsters with emphysema induced by papain or elastase.
(a) control + saline (CS): animals treated with 0.3 ml sterile saline only; (b) emphysema + elastase (EE): animals treated with 0.3 ml
5.2 IU elastase in sterile saline; and (c) emphysema + papain (EP): animals treated with 0.3 ml 40 mg/ml papain in sterile saline.
Animals were euthanized after 70 days and lungs stained with haematoxylin and eosin. Original magnification 200 9 . (d)
Histogram of frequency distribution of fibre cross-sectional areas (lm2). Muscles were sectioned, and five semiserial cuts per slide
(50-lm interval) were positioned on two slides. Three fields per cut were captured and 20 fibres measured per field per animal,
totalling 600 fibre measurements per animal. The values were grouped by procedure (CS, EE or EP) and frequency distribution
determined. Values of median [25–75 percentiles], minimal and maximal values were inserted in the graph to illustrate changes in
the distribution between groups.
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Oxidative stress

Figure 3(a) presents chemiluminescence curves from the CS,

EE and EP groups at 60 min, obtained by interpolation. The

two-way ANOVA showed significant differences in all compar-

isons (CS 9 EE, CS 9 EP and EE 9 EP, P < 0.05). The

area under the chemiluminescence curve, obtained by inter-

polation, was significantly higher in the EP group

(18960 � 2598 RLU/g tissue) compared with the CS group

(10775 � 1564 RLU/g tissue, P < 0.05), but the EE group

(15106 � 2469 RLU/g tissue) was not significantly different.

Figure 3(c) shows carbonyl protein levels in the CS, EE and

EP groups. Only the EP group (80.71 � 3.39 nmol car-

bonyl/mg total proteins) showed higher carbonyl protein lev-

els relative to the CS group (69.16 � 3.55 nmol carbonyl/

mg total proteins, P < 0.05).

TBARS and GSSG did not show any significant differ-

ences between the groups. GST levels were not significantly

different between the CS group (median, 73.5 [IQR, 67.13–
83.7] lM/mg total proteins) and the EP group (median,

62.15 [IQR, 50.07–70.68] lM/mg total proteins) or the EE

group (median, 82.10 [IQR, 65.83–86.26] lM/mg total

*
*,

(a) (b)

(c)

Figure 3 Effect of emphysema induced by papain or elastase on skeletal muscle of hamsters in terms of lipid hydroperoxide and
carbonyl proteins. (a) The tert-butyl hydroperoxide-initiated chemiluminescence was monitored continuously for 60 min in
gastrocnemius homogenates. Each curve represents the mean of 10 animals’ curves, corrected by grams of tissue. The entire curves
were used to perform statistical comparison by two-way ANOVA. (b) Area under the curve of each animal curve was determined to
compare groups. (c) Levels of protein carbonylation in muscle homogenates of control, emphysema induced by elastase and
emphysema induced by papain animals. The difference was assessed by one-way ANOVA followed by Bonferroni’s multiple
comparison test. Values are expressed as means � SEM (n = 10 per group).*P < 0.05 compared with CS and #P < 0.05 comparing
EP with EE.
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Figure 4 Quantification of proteolytic activity in gastrocnemius of hamsters with emphysema induced by papain or elastase
quantified by a luminescent kit. (a) Chymotrypsin-like activity (b) Calpain-like activity. Control and experimental groups were
compared by one-way ANOVA followed by Bonferroni’s test. *P < 0.05 compared with CS. #P < 0.05 compared with EE. CS – Group
instilled with 300 ll NaCl 0.9%; EE – Group instilled with 300 ll papain 40 mg/ml in NaCl 0.9%; EP – Group instilled with
300 ll elastase 5.2 IU in NaCl 0.9%.
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proteins). However, the GST level in the EP group was sig-

nificantly lower than in the EE group (P < 0.05). These data

are presented on Table 2.

Analyses of chymotrypsin and calpain-like proteolytic
activities

Chymotrypsin-like proteolytic activity did not differ between

the CS group (24259 � 9445 RLU/mg protein) and the EE

group (55665 � 12299 RLU/mg tissue). However, the EP

group (66265 � 7905 RLU/mg protein) had a significantly

higher chymotrypsin-like proteolytic activity (Figure 4a).

On the other hand, calpain-like activity was significantly

higher in the EE group (45490 � 4585 RLU/mg total

protein) than the CS group (21330 � 3382 RLU/mg total

protein) and the EP group (20735 � 1668 RLU/mg total

protein), but the CS and EP groups did not differ

(Figure 4b).

Discussion

Emphysema has been shown to reduce the contractile func-

tion of locomotory skeletal muscle (Bernard et al. 1998) and

leads to skeletal muscle loss in humans (Gosselink et al.

1996). These processes have been credited to muscle mass

adapting to modified oxygen uptake and distribution (W€ust

& Degens 2007). In addition, oxidative stress is involved in

the process of skeletal muscle changes in patients with

COPD (Fermoselle et al. 2011). However, as gaining access

to human biopsy samples for experiments is difficult, most

studies regarding molecular and biochemical aspects of

COPD use animals, with different ways of inducing emphy-

sema. Most experimental models use proteolytic enzymes,

such as papain and elastase, instilled or nebulized into the

airways. These models are based on theory regarding the

unbalanced production of aggressive and protective

substances in the lung (Fusco et al. 2002). They result in

histological, morphological and physiological alterations to

the lungs equivalent to the changes found in human emphy-

sema (Hayes et al. 1975). In addition, few studies consider

the influence of time used for induction, or differences in

methods of inductions, on systemic manifestations.

In the present study, both elastase and papain caused pul-

monary injury at a level sufficient to promote emphysema.

Papain and elastase produced a pattern of panacinar emphy-

sema with part of the lobe histoarchitecture preserved, but

rupture of the alveolar septs. However, injuries in the rup-

tured extremities were more extensive with elastase compared

with papain induction. In addition, quantitative evaluation of

emphysema showed a significant decrease in the CAI values

compared with saline instillation. The induction doses used

were very close to the doses that increase animal mortality

immediately after induction; despite this, CAI were different

between the groups. Classic studies in the literature compared

the two models (Karlinski & Snider 1978; Schulz et al. 1989)

and demonstrated that, although they induce slightly different

patterns of lesion, they both establish the histological and

functional characteristics of emphysema. However, at pres-

ent, no studies have demonstrated differences in the skeletal

muscle adaptations between the two models.

In emphysema, the main factors that contribute to muscle

wasting dysfunction are muscle weakness and loss of muscle

mass (W€ust & Degens 2007), which both have a direct

impact on exercise tolerance. In the present study, when sys-

temic adaptation was evaluated by general and skeletal

muscle losses, gross morphological and morphometric

differences were found between the two forms of induction.

The gastrocnemius muscle has previously been demonstrated

as a good indicator of alterations in the skeletal muscle of

emphysemic hamsters, where there is no obvious gross divi-

sion of fibres and consequently, the total muscle is analysed

(Tonon et al. 2013).

In the present study, elastase induction did not promote

general loss, unlike in the papain group, which showed 4.6%

weight loss compared with control group 70 days after

induction. These data were reflected in skeletal muscle loss

and in morphometry to some extent. In principle, these data

could be explained by differences in food restriction caused

by hypoxia. Some studies reported the action of nicotine in

modulating leptin secretion and consequently appetite. This

pathway obviously reflects the influence of hypoxia and thus

seems to be particularly important in cigarette smoke-

induced emphysema. Decrease in oxygen consumption and

increase in cytokine levels are present in the very early stages

after experimental emphysema induction and have their ori-

gin in the pulmonary lesion. We monitored plasma TNF-

alpha levels at 10, 20, 40 and 70 days after instillation and

found no significant differences between CS, EE and EP

groups (data not shown). In addition, we monitored food

consumption during the first 15 days after induction and also

found no differences between groups although the surgery

procedure could affect swallow. Although the anorexic

effects of hypoxia may contribute to muscle wasting as well,

reductions in muscle mass independent of hypophagia have

also been reported (Langen et al. 2013).

Studies in humans and animals have shown that skeletal

muscle in COPD demonstrates increased oxidative stress

parameters, which could have a relationship with hypoxia

through increased generation of superoxide anion in the

respiratory electric chain (Mattson et al. 2002b). Mattson

et al. (2002a) found that fibre cross-sectional area and dis-

tribution also varied within and among muscles in their

studies of hamsters with emphysema induced by elastase.

This information is reinforced by correlation with citrate

synthase activity, a marker of muscle oxidative capacity.

However, based on our results, models of inducing emphy-

sema by elastase or papain seem to promote different sys-

temic consequences at the same time point.

The difference in the distribution of fibre cross-sectional

area in this study showed that papain induction can produce

at least initial skeletal muscle adaptation at 70 days after

induction. Although no fibre type was assayed, it is reason-

able to assume that fibre type modification would be pres-

ent, as observed in previous studies. Together, these data
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indicate that skeletal muscle adaptation is different between

the two models.

Among several factors, oxidative stress is a major compo-

nent in the aetiology of skeletal muscle dysfunction.

Although low levels of oxidants are required for normal cell

adaptation (Fermoselle et al. 2011), moderate to high levels

of reactive oxygen species alter the function and structure

of proteins (Grune et al. 2003). Langen et al. (2013) point

to oxidative stress as an important key factor in proteolysis

regulation affecting the atrophy associated with COPD. Spe-

cifically, protein carbonylation, a common variety of protein

oxidation, alters the function of key enzymes and structural

proteins involved in muscle contraction (Fermoselle et al.

2011; Tonon et al. 2013). Thus, it is reasonable to evaluate

whether both emphysema models developed oxidative modi-

fications, as other studies have shown that MDA is elevated

in skeletal muscle of humans with COPD, in hamsters

180 days after induction and in mice 34 weeks after induc-

tion of emphysema with elastase (Mattson et al. 2002b; Wi-

jnhoven et al. 2006; Fermoselle et al. 2011). In this study,

TBARS, the classic method for evaluating oxidative stress,

showed no difference between groups. In contrast, when

chemiluminescence stimulated by t-BOOH was assayed, the

gastrocnemius muscle of animals with emphysema induced

by papain showed higher membrane lipid peroxides. Chemi-

luminescence is a very sensitive method that takes into

account the kinetic analysis of the ascending part of the

curve in addition to its peak. The technique is based on the

concept that increased variation in these two parts of the

curve represents higher levels of pre-existing membrane lip-

operoxides. Thus, when a tissue is challenged with tert-

butyl hydroperoxide, the chemiluminescence curves should

reflect both the attack suffered by the membrane and the

tissue antioxidant consumption mediating the damage

caused by this attack. Thus, the change in membrane per-

meability due to oxidative imbalance can be observed based

on the analysis of the chemiluminescence curve and con-

firmed through the area under the chemiluminescence curve

(Barbosa et al. 2003). In addition, MDA can react with pro-

teins leading to carbonylation (Guarnier et al. 2010), which

could diminish its adducts at the time point of this study.

Here, the EP group showed an increase in the overall height

of the chemiluminescence curve in both experimental peri-

ods, with a maximum height achieved. This result was in

agreement with the peak of carbonyl proteins content and

area under the chemiluminescence curve. Yet, muscles from

hamsters with emphysema induced by papain showed

decreased GST compared to elastase, a parameter of redox

balance that is frequently diminished in skeletal muscle

atrophy, with no increasing in GSSG levels (Guarnier et al.

2010; Bernardes et al. 2014). Perhaps the thiolation group

or tripeptide may have other destinations, such as thiolation

or glutathiolation. As we have evidence to support this con-

clusion, we propose that the ratio GST/GSSG may not reli-

ably reflect the redox status when muscle loss occurs at

least in models of emphysema. But the evaluated parameters

still lead to the conclusion that skeletal muscle adaptation

differs between elastase and papain induction, including

events related to oxidative stress.

Oxidative stress may differentially regulate protein loss

within peripheral muscles of in patients with severe COPD

who exhibit different body composition (Fermoselle et al.

2012). This seems to be the trigger factor to the muscle

mass loss. A model that is unable to generate oxidative

stress in the muscle does not trigger skeletal muscle loss. As

far as we are aware from the previous literature, the only

model that demonstrated muscle loss in papain-induced

emphysema was the study published by Tonon et al. (2013),

which showed increased chymotrypsin-like activity in the

skeletal muscle of hamsters with emphysema 60 days after

induction. No studies involving elastase-induced emphysema

were performed in this context. Fermoselle et al. (2011)

demonstrated induction of several components of atrophy

pathways in the elastase induction model after 34 weeks.

Interestingly, no studies had evaluated calpain or calpain-

like activity. Proteasome and calpains are two of the four

proteolytic systems in skeletal muscle. They are extensively

involved in metabolic protein turnover and have different

effects on atrophy processes (Goll et al. 2007). The protea-

some is involved in and has its activity induced by oxidative

stress (Powers et al. 2010). It can accelerate degradation of

oxidatively modified proteins, leading to atrophy (Grune

et al. 2003). The calpains seem to be involved in turnover

of myofibrillar proteins (Goll et al. 2007). When activated,

calpains can degrade myofilament stabilizers, exposing

heavy- or light-chain myosin to degradation by proteasome

(Costelli et al. 2005). We can speculate that this may be

made a possible explanation as evidenced by the changes in

fibre size demonstrated in the EE group, which showed a

concomitant increase in calpain-like activity.

In summary, elastase and papain can induce pulmonary

emphysema through practically the same extension of pul-

monary lesions. However, by 70 days after emphysema

induction, the papain model of induction led to skeletal

muscle atrophy and oxidative stress activation concomitant

to chymotrypsin-like proteolytic activity; elastase induction

led to increased muscle weight and fibres of higher sizes

concomitant to calpain-like activity participation in the

adaptation. These data, when put together, indicate that

elastase and papain, when used to induce experimental mod-

els of emphysema, lead to different types of adaptation.

These findings provide more information for choosing a suit-

able experimental model when studying skeletal muscle

adaptations to emphysema.
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