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Abstract 

 

Single dose (SD) of bleomycin induces acute alveolitis followed by a reparative process 

whilst a repeated dose (RD) results in progressive fibrosis, which may lead to distinct 

lung tissue biomechanical changes. To test this hypothesis, rats were intratracheally 

instilled with saline (n=11) or bleomycin (2.5 mgU/kg) once (SD, n=8) or three times 

(RD, n=9) one week apart, and sacrificed 28 days after challenge. Forced oscillatory 

mechanics as well as the amount of collagen fibre and myeloperoxidase content (MPOL) 

were studied in lung tissue strips. Both elastic modulus (H), tissue damping (G), and 

MPOL increased only in RD-challenged rats. Although fibroblast focus was found in 

RD, collagen fibre content increased in both challenged groups. However, the amount 

of collagen fibre in SD group was not enough to induce lung tissue mechanical changes. 

In conclusion, single and repeated sub-lethal doses of bleomycin led to different 

inflammatory and fibrogenic behaviour resulting in distinct lung biomechanical changes 

28 days after challenge.  

 

Word count: 158 
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1. Introduction 

 

Bleomycin (BLM), an antineoplastic drug able to cause epithelial cell damage 

by inducing lipid peroxidation (Hay et al., 1991), is widely used to study lung structural 

and biomechanical changes during experimental pulmonary fibrosis (Dolhnikoff et al., 

1999; Iraz et al., 2006). Immediately after intratracheal instillation of BLM, a patchy 

inflammatory reaction, characterised by diffuse alveolitis, is followed by fibroblast 

proliferation, and extracellular matrix deposition (Bowden, 1984; Molina-Molina et 

al., 2007). Single sub-lethal dose of BLM usually induces an inflammatory and fibrotic 

(Bowden, 1984) process, which tends to recede with the time course of lung injury 

(Brown et al., 1988). We recently reported that during the first two weeks after a single 

BLM challenge, pulmonary inflammation was mainly responsible for lung tissue 

mechanical changes (Pinart et al., 2008). Repeated doses of BLM cause an 

inflammatory process resulting in a progressive fibrosis with increase in collagen 

deposition and proliferative activity of fibroblasts (Brown et al., 1988). However, so far 

no studies have analysed the impact of repeated BLM challenge on lung tissue 

mechanics.  

In the present study, we hypothesised that alveolitis determined by a single sub-

lethal dose of BLM results in a reparative process whilst repeated doses lead to a 

progressive fibrosis, which may cause distinct lung tissue biomechanical changes. For 

this purpose, in vitro lung tissue mechanics, inflammatory and fibrogenic parameters 

were analysed after a single and repeated intratracheal instillations of BLM at day 28.    
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2. Material and Methods 

2.1 Animals and Experimental Protocol 

Specific pathogen-free (SPF), male Sprague-Dawley rats (200-250 g) at the 

beginning of the experiments, were obtained from Harlan Ibérica S.L (Sant Feliu de 

Codines, Spain). Rats were fed a standard rat chow and housed under SPF controlled 

environmental
 
conditions (temperature 22°C, 12 h light/dark cycle). Animals

 
were given 

water and food ad libitum. The experiments were carried out in accordance with the 

current
 
legislation on animal experiments in the European Union and approved by our 

institutional committee for animal care and research. Eight rats received a single sub-

lethal dose of BLM (2.5 U/kg dissolved in 0.25 ml of 0.9% NaCl) intratracheally, and 

were studied at day 28 (group SD or single dose), and a second group of 9 rats received 

similar doses of BLM three times one week apart and were sacrificed 28 days after the 

last dose (group RD or repeated doses). Control groups (CTRL, n=11) received either a 

single dose (n=8) or repeated doses (n=3) of sterile saline solution (0.9% NaCl) 

intratracheally (0.25 ml i.t.) (Serrano-Mollar et al., 2002; Molina-Molina et al., 2006) 

and were studied 28 days after the last instillation. Since there were no significant 

differences in lung mechanical and histological parameters of CTRL group between 

single and repeated doses, we pooled all control data into a single group. For 

intratracheal instillation, rats were anesthetized with isofluorane. The day of the last 

intratracheal injection with BLM or saline was designated day 0. Body weight was 

recorded daily or every two days after instillation.  

At the time of the study, the rats were anesthetized with intraperitoneal injection 

of ketamine (75 mg/kg) and diazepam (5 mg/kg). After anaesthesia, heparine (1000 IU) 

was intravenously injected and, 5 min later the animals were exsanguinated by 

sectioning abdominal aorta and vena cava. The lungs were removed en bloc, and placed 
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in a modified Krebs–Henseleith (K–H) solution [mM: 118.4 NaCl, 4.7 KCl, 1.2 K3PO4, 

25 NaHCO3, 2.5 CaCl2·H2O, 0.6 MgSO4·H2O, and 11.1 glucose] buffered at pH = 7.40 

and stored at 6 C (Lopez-Aguilar and Romero, 1998).  

2.2 Apparatus. 

Subpleural strips (15 x 3 x 3 mm) were cut from right lung and suspended 

vertically in a K–H organ bath maintained at 37 ºC, continuously bubbled with a 

mixture of 95% O2–5% CO2 (Romero et al., 2001). Lung strips were weighed (W), and 

their unloaded resting lengths (L0) were determined with a calliper. Lung strip volume 

was measured by simple densitometry, as: vol=ΔF/δ, where ΔF is the total change in 

force before and after strip immersion in K–H solution and δ is the mass density of K–H 

solution (Lopez-Aguilar and Romero, 1998; Romero et al., 2001). One end of the 

strip was attached to a force transducer (FT03, Grass-Telefactor, RI, USA), and the 

other one was fastened to a lever arm actuated by means of a modified woofer driven by 

the signal generated by a computer and analogue-to-digital converted (AT-MIO-16-E-

10, National Instruments, Austin, TX, USA). A sidearm of this rod was linked to a 

second force transducer (LETICA TRI-110, Scientific Instruments, Barcelona, Spain) 

by means of a silver spring of known Young's modulus, thus allowing the measurement 

of displacement. 

2.3 Preconditioning. 

Cross-sectional, unstressed area (A0) of the strip was determined from strip 

volume and unstressed length, according to A0=vol/L0. Basal force (FB) for a stress of 

10 hPa was calculated as FB (g)=10(hPa)·A0 (cm
2
) and adjusted by vertical displacement 

of the force transducer as described before (Romero et al., 2001). The displacement 

signal was then set to zero. Once basal force and displacement signals were adjusted, 
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the length between bindings (LB) was measured by means of a precision calliper. 

Instantaneous length (Li) during oscillation around LB was determined by adding the 

value of LB to the measured value of displacement at any time. Instantaneous average 

cross-section area (Ai) was determined as Ai=Vs/Li (cm
2
). Instantaneous stress (ζi) was 

calculated by dividing force (g) by Ai (cm
2
). Instantaneous strain was calculated as 

εi=(Li−LB)/LB.  

Amplitude was adjusted to 5% LB and the oscillation maintained for another 30 

min, or until a stable length-force loop was reached. After preconditioning, the strips 

were oscillated at a frequency (f) = 1 Hz. Bath solution was renewed regularly (every 20 

min) with 37 ºC K–H solution. 

 

2.4 Biomechanical study.  

After preconditioning, samples were set at an operating stress of 10 hPa. Then, 

three 20-seconds recordings of multifrequency forced oscillations were performed. 

Pseudorandom driven signal was composed of five sinusoids of same power amplitude 

and frequencies (f) 0.2, 0.5, 1.1, 1.9, and 3.1 Hz. Both force and displacement signals 

were pre-amplified, filtered at 30Hz, and sampled at a frequency of 150 Hz.  

2.5 Calculation of complex impedance parameters of lung tissue:  

Lung tissue impedance (Zti) was determined according to: 

dtd
Zti

/
 

where σ is stress ε is strain. Both are functions of angular frequency ( =2 f). dε( )/dt
 
is 

the derivative of displacement strain with respect
 
to time (t). Z( ) was fitted with the 

constant-phase model:
 
 

jHG
RZ v  
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where Rv is flow-independent or Newtonian resistance of lung tissue, G is tissue 

damping, H is
 
tissue elastance, j is the imaginary unit, and  = (2/ )·tan

–1
(H/G). Model 

fit was performed as follows: after calculation of the real and imaginary components of 

impedance: 

·GRZ vreal  

·HZ im  

the value of Rv was obtained by recursive linear regression to obtain the value that 

accomplished the constant phase paradigm (αreal = αim). Analysis and parameter 

estimation were performed by means of specific software elaborated with LabVIEW 5.1 

(National Instruments Co., Austin, TX, USA). Hysteresivity at ω=1 (η0) has been 

calculated as: 

H

G
0  

2.6 Biochemical studies 

Lung wet weight (LW) was measured after excision of non-pulmonary tissues. 

Lung index (LI), a marker of lung damage, was determined by the equation (Moore et 

al., 1981; Duchaine et al., 1996):  

avgctrl

blm

BW

LW

BW

LW

LI  

where BW is body weight, and subscripts blm and avgctrl indicate bleomycin 

challenged and average control values respectively. 

Lung myeloperoxydase (MPO) activity was measured photometrically 

employing 3,3’-5,5’-tetramethylbenzidine as a substrate (Trush et al., 1994) but with 

some modifications (Folch et al., 1998).  

 

2.7 Histological assessment 
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Subpleural strips were fixed with 4% paraformaldehyde in PBS for 24 h, 

dehydrated in a graded series of ethanol, embedded in paraffin, and cut into 4-µm thick 

serial sections. They were stained with haematoxylin-eosin for histological analysis, and 

Masson’s trichrome to quantify collagen deposition. A total of five photomicrographs of 

each preparation were used to quantify collagen fibre content at 400. Total tissue 

surface was measured after binary conversion. After identification of an area of interest 

(blue stained collagen), colour threshold analysis was applied and binary converted. 

Area covered by collagen was expressed as percentage of total tissue surface. The 

program used was IMAQ Vision Builder 5.0 (National Instruments, Austin, TX, USA). 

2.8 Drug sources 

BLM sulphate (BLM) was purchased from Almirall-Prodesfarma (Barcelona, 

Spain). Isoflurane (Forane) was obtained from Abbot Laboratories S.A (Madrid, 

Spain). Unless otherwise stated, chemicals and reagents used were purchased from 

standard commercial sources. 

2.9 Statistical analysis 

SPSS 12.0 statistical software package was used. Data are expressed as mean  

SD unless otherwise specified. One-way ANOVA test followed by Bonferroni´s post 

hoc test was used to compare BLM-induced group with controls. Correlation between 

lung tissue mechanical parameters and MPOL, LI, and collagen fibre content was 

determined by Spearman correlation test.  In all instances the significance level was set 

at 5% (α = 0.05). 
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3. Results 

Lung weight (LW) and lung index (LI) were higher in both BLM-challenged 

groups compared to CTRL. The final body weight was significantly lower in RD 

compared to CTRL group (Table 1).  

 Myeloperoxidase (MPOL) was significantly increased only in RD group. 

Although fibroblast focus was found only in RD group (Fig. 1), collagen fibre content 

was higher in both challenged groups compared to CTRL, but lower in SD than RD 

(Table 2). Lymphocyte and macrophage infiltrations were observed in RD-challenged 

group, but not in SD. 

At stress of 10 hPa, both elastic modulus (H) and tissue damping (G) were 

higher in RD compared to CTRL and SD groups (Table 3). In Figure 2 both real and 

imaginary parts of tissue impedance presented a different behaviour in RD-challenged 

animals, while no significant differences were found between CTRL and SD. 

Significant correlations were found between G and MPO ( =0.571, P=0.021), and LI 

( =0.759, P=0.001) in BLM-challenged animals (Fig. 3). The amount of collagen fibre 

in BLM-challenged animals was correlated with H (  =0.534, P=0.023) but not with G 

(  = 0.244, P>0.05).  

4. Discussion 

In the present study repeated doses of BLM induced inflammatory cell 

infiltration, an increase in myeloperoxidase, collagen fibre deposition, and fibroblast 

focus yielding an augment in both elastic modulus (H) and tissue damping (G) 28 days 

after challenge. In contrast, only one dose of BLM results in an increase in collagen 

fibre content with no significant changes in lung mechanics.  
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The role of early inflammation in the pathogenesis of pulmonary fibrosis has 

been extensively studied (Strieter et al., 2002, Lagente et al., 2005), although so far 

there is no consensus. Some authors described that the early inflammatory response is 

critical for the development of BLM-induced fibrosis (Molina-Molina et al., 2007). In 

addition, it has been proposed that a “fibrogenic microenvironment” including some 

tissue remodelling mediators interacting with the extracellular matrix (ECM) could be 

sufficient to start the fibrogenic process (Gauldie et al., 2002). In our study, we 

observed that the degree of lung inflammation with a single dose of BLM is sufficient to 

induce fibrosis. However, repeated doses of BLM maintain both the inflammatory and 

fibrogenic processes (Figure 1).  

Biochemical and histological changes suggestive of pulmonary fibrosis were 

observed 14 days after single BLM challenge, with maximal responses usually around 

day 21 (Janick-Buckner et al., 1989; Izbicki et al., 2002; Moore and Hogaboam, 

2008). After this time point, fibrosis can either progress for 60-90 days (Starcher et al., 

1978; Thrall et al., 1979; Goldstein et al., 1979) or begin to resolve (Phan et al., 

1983; Gharaee- Kermani et al., 2005; Lawson et al., 2005). Our results are in 

agreement with these latter reports: collagen fibre content was augmented but lung 

tissue biomechanics was similar to controls. Therefore, it is important to choose the 

correct end-point in the BLM model, since lung histological changes were highly 

variable after day 21 and may even return to normal  (Izbicki et al., 2002). In 1988, 

Brown et al. showed that the fibrosis score was highest two weeks after a single dose of 

BLM (0.5 U/animal) reducing late in the course of lung injury, although it remained 

higher than controls at day 30. According to these authors, in order to induce a 

progressive fibrosis, both in extent and severity, a minimum of three doses of BLM 

have to be given a week apart. Indeed, single dose of BLM induces subchronic lesions, 
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while repeated dose results in a long-lasting fibrosis (Chua et al., 2005). Using the 

same dose of BLM (0.25 U/100g for animals weighing 200-250 g), we observed similar 

results. Furthermore, Brown et al (1988) showed a maximal increase in 

polymorphonuclear leucocyte (PMN) and macrophage infiltration 14 days after the 

single dose of BLM receding at day 30. In our previous study, a single dose of BLM led 

to maximal MPOL concentration at day 14 (Pinart et al., 2008), and in the current study 

no increase in MPOL was observed at day 28 (Fig. 4a). In this line, Moeller and 

colleagues reported that a single dose of BLM resulted in a significant increase of 

MPOL, an index of inflammatory cell infiltration, at days 7 and 15 with no changes at 

day 28 (Moeller et al., 2008).  

The correlation between changes in lung function and histology in pulmonary 

fibrosis is not easy to establish. So far there is no study analysing the association 

between lung mechanics and histology in a model of repeated BLM administration. 

Whilst Goldstein and colleagues (1979) were unable to establish a relationship between 

changes in lung mechanics and modifications in the composition of connective tissues 

after BLM-induced lung fibrosis, two other studies (Dolhnikoff et al., 1999; Ebihara 

et al., 2000) demonstrated a positive correlation between the volume proportion of 

collagen fibre and in vitro tissue resistance and elastance. Conversely, in our study, we 

observed a non-significant increase in G and H 28 days after a single instillation of 

BLM, although there was an increase in collagen fibre content. The differences among 

these studies could be attributed to the dose of BLM used. In our study we used a dose 

of 2.5 U/kg, which represents half the dose used in Dolhnikoff´s and Ebihara´s studies.  

 The collagen-elastin-proteoglycan matrix is believed to play a major role in 

determining the viscoelastic behaviour of the parenchyma tissues and is potentially 

responsible for tissue resistance (Fredberg and Stamenovic, 1989; Mijailovich et al., 
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1993). It has been suggested that the increase in collagen fibres is important in 

determining changes in lung tissue mechanics (Dolhnikoff et al., 1999). Although 

animals from the RD group showed a significant increase in G, H and collagen, SD rats 

presented an increase in collagen fibre with no significant changes in G or H. Thus, lung 

mechanical changes may be related to collagen fibre stiffness and the type of cross-

linking between molecules and fibrils, as well as the number of fibrils. In this context, 

both the increase in the amount of fibrils and the cross-linking tend to augment the 

elastic modulus in normal collagen (Suki et al., 2005). For a given volume fraction of 

collagen fibres in the alveolar walls, a lower limit of collagen fibre stiffness in the 

alveolar wall can be estimated (Cavalcante et al., 2005). Therefore, it is feasible to 

suppose that an increase in the amount of collagen would reach the critical limit of 

stiffness yielding lung mechanical changes.  

The increase in LI may be accounted for by cellular components, ECM 

components and lung water are embedded in the ground substance. According to Pinart 

et al. (2008), BLM-induced lung injury induces a thickening of alveolar wall and tissue 

oedema contributing to the increase in resistance. The same correlation holds in our 

present results (Fig.3), supporting the idea that changes in the components of ground 

substance may play a substantial role in determining internal frictions between fibrilar 

components of ECM and ground substance (Suki et al., 2005).  

In conclusion, single and repeated doses of BLM led to different inflammatory 

and fibrogenic behaviour resulting in distinct lung biomechanical changes 28 days after 

challenge. Our model of three repeated doses of BLM simulated the key events in some 

human interstitial diseases (non specific interstitial pneumonia, desquamative interstitial 

pneumonitis, etc) characterised by inflammation, aberrant epithelial repair, deregulated 
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fibrosis activity and progressive tissue scarring. This model may be appropriate for the 

assessment of novel antifibrotic drugs.  
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Figure Legends 

 

Figure 1. Photomicrographs of lung parenchyma stained with haematoxilin eosin in a 

RD animal. Note the presence of a fibroblast focus (arrow) protruding into the alveolar 

space (A).  

 

Figure 2. Real and imaginary parts of lung tissue impedance versus angular frequency, 

in CTRL (▲), SD (Δ), and RD (O) groups. Lines represent the fit of the model to 

impedance data. 

 

Figure 3. Scatter plot of G (hPa·s
-1

) versus LI (▲ CTRL; Δ SD; O RD). Spearman 

correlation for bleomycin-challenged rats is = 0.759 (P<0.001). 

 

Figure 4. Composition plots of data from the present study (dark bars) and the previous 

one (white bars) by Pinart et al. (2008). Values of MPO (U/lung) (plot A) and G (hPa) 

(plot B) obtained in both control groups and at days 3, 7, 15 and 28 days (SD: black, 

and RD: grey). Observe the parallelism between both parameters. 
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Table 1: Demographic data in control and bleomycin groups  

 

 CTRL 

N = 11 

SD 

N = 8 

RD 

N = 9 

ANOVA 

F        (P) 

LW (g) 1.90 ± 0.24 2.58 ± 0.11* 3.35 ± 0.23*
‡
 120.2 <0.001 

Body weighti (g) 268 ± 11.87  275 ± 9.89 255 ± 9.91*
‡
 8.11 0.002 

Body weightf (g) 365 ± 26.16  328 ± 11.94 292 ± 45.0* 13.58 <0.001 

Lung Index (LI) 0.95 ± 0.05  1.47 ± 0.08* 2.00 ± 0.32*
‡
 77.8 <0.001 

 

Descriptive and ANOVA analysis of demographic data of control (CTRL) and 

bleomycin (BLM) challenged animals (SD: single dose; RD: repeated doses). Values 

are mean ± SD. 
*
Significantly different from CTRL (P<0.05).

‡ 
Significant difference 

between SD and RD (P<0.05). LW: Lung weight; Body weighti: initial body weight; 

Body weightf (g): final body weight.  
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Table 2: Biochemical and morphometric data in control and bleomycin groups 
 

 CTRL 

N = 11 

SD 

N = 8 

RD 

N = 9 

ANOVA 

F        (P) 

MPOL (U/g) 245 ± 124 247 ± 68 1825 ± 539*
‡
 75.8 <0.001 

Collagen % tissue 12.2 ± 8.3 23 ± 13* 43.2 ± 16*
‡
 33.7 <0.001 

 

 

Total myeloperoxydase content of the lung (MPOL) and the percentage of collagen fibre 

in lung tissue in control (CTRL) and bleomycin (BLM) challenged animals (SD: single 

dose; RD: repeated doses). Values are mean ± SD. 
*
Significantly different from CTRL 

(P<0.05).
‡ 
Significant difference between SD and RD (P<0.05). 
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Table 3: Biomechanical data in control and bleomycin groups at 10 hPa stress. 

 

CTRL 

N = 11 

SD 

N = 8 

RD 

N = 9 

ANOVA 

F        (P) 

H (hPa) 128 ± 32.74 138 ± 32.14 245 ± 19.14*
‡
 42.19 <0.001 

G (hPa) 5.10 ± 0.97 5.43 ± 1.93 9.36 ± 2.63*
‡
 13.78 <0.001 

G/H 0.041 ± 0.009 0.039 ± 0.007 0.038 ± 0.011 0.25 0.78 

-1.01 ± 0.07 -0.99 ± 0.03 -1.06 ± 0.09 2.52 0.10 

 

Biomechanical parameters in control (CTRL) and bleomycin (BLM) challenged animals 

(SD: single dose; RD: repeated doses). Values are mean ± SD. 
*
Significantly different 

from CTRL (P<0.05).
‡ 

Significant difference between SD and RD (P<0.05).  H (hPa): 

elastic modulus. G (hPa·s
-1

): tissue damping.  G/H: hysteresivity. α: is the logarithmic 

slope of Real and Imaginary components of tissue impedance versus ω (constant phase 

model). 
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FIGURE 1  
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FIGURE 2 
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FIGURE 3  
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FIGURE 4 
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