
Abstract. Pulmonary fibrosis (PF) is a major side effect of
radiotherapy and chemotherapy. Recent clinical trials,
unfortunately, have failed to identify any therapeutic agent
which has the potential to reduce the consequences of this
devastating condition. Reactive oxygen species and tissue
remodeling regulators, such as metalloproteinases (MMPs)
and their inhibitors (TIMPs), are thought to be involved in
the development of PF. We investigated these factors to
determine the protective effects of antioxidant α-lipoic
acid (LA) against antineoplastic agent bleomycin (BLM)-
induced oxidant lung toxicity in Sprague-Dawley rats. At
different time intervals after BLM administration,
pathological changes of the lung were analyzed with the
measurement of total protein in bronchoalveolar lavage fluid
(BALF), hydroxyproline (HYP) content and the level of three
oxidative stress markers, i.e. malondialdehyde (MDA), the
GSH/GSSG ratio, and total antioxidative capability (T-AOC).
Also, the expression changes of MMP-1 and TIMP-1 were
measured. At day 14 or 28 after BLM administration, protein
content in BALF, and HYP, MDA and T-AOC contents of
the lung increased significantly with a decreased GSH/GSSG
ratio, implicating an increased efflux of GSSG from the lung
and consumption of GSH. In contrast, treatment with LA

protected BLM-induced pulmonary injury by suppressing
oxidative stress with the reduction of MDA, and the
enhancement of the GSH/GSSG ratio and T-AOC. The
BLM-stimulated symptoms of PF were relieved with
significant reduction of HYP and total proteins in LA-treated
rats. LA also ameliorated the MMP-1/TIMP-1 ratio. These
results suggest that LA inhibits BLM-induced lung toxicity
associated with oxidative damage. Therefore, antioxidant LA
has a potential therapeutic effect in the prevention and
alleviation of PF. 

Introduction

Fibrosis is a reactive or reparative process characterized by
the formation of excessive fibrous tissue. Lung fibrosis is
associated with chronic inflammation characterized by the
recruitment of macrophages, neutrophils, and lymphocytes in
the airways (1). Accumulating evidence suggests that
reactive oxygen species (ROS), e.g. superoxide, hydrogen
peroxide, peroxynitrite, and hydroxyl radical are major
mediators of lung inflammatory processes (2). Activated
phagocytes release large amounts of ROS which induces
tissue injury and inhibits tissue repair, leading to pulmonary
fibrosis (PF) (1,3,4). The main histological features of PF
include lesions of the alveolar septa, fibroblast and myofibro-
blast proliferation in lung parenchyma, abnormal reepithelial-
ization, and excessive extracellular matrix macromolecule
deposition (2,5,6). PF is a lethal interstitial lung disease of
potential fatal prognosis and a severe post-radiotherapy or
-chemotherapy side effect (7-9). Chronic oxidative stress has
been linked with the radiation-induced injury of normal
tissue including fibrosis (10). However, the elucidation of the
molecular mechanism and development of a successful
regimen for the prevention and treatment of PF remain an
urgent challenge. 

One of the clinically important causative agents of PF is
bleomycin (BLM), a glycopeptide antibiotic used in the
chemotherapy of different types of cancer which produces its
antineoplastic effect by causing oxidant damage to DNA
(11). BLM induces PF as an adverse effect since the cysteine
hydrolase that inactivates BLM is relatively low in lung
tissue. Intratracheal instillation of BLM into the lungs of
various animal species causes alveolar cell damage,
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fibroblast proliferation and subsequent collagen deposition
(11). The animal model of PF closely resembles the symptoms
seen in patients (12), and it is a useful model with which to
assess the effects of potential therapeutic agents, including
antioxidant compounds. Previous studies have shown that
antioxidants N-acetylcysteine (NAC) and bilirubin protect
rats against the tissue damage and PF induced by BLM
(13,14). Because these compounds can attenuate the oxidant
burden in tissue, they may prevent the lung damage caused
by ROS and subsequent fibrosis.

Matrix metalloproteinases (MMPs), a family of extra-
cellular and cell surface-associated proteinases for tissue
remodeling and fibrosis, are associated with inflammatory
conditions (15,16). MMPs and their specific inhibitors, TIMPs
(tissue inhibitor of metalloproteinases), are the hallmark of
this fibrogenic microenvironment. MMP-1 (also known as
collagenase-1), produced by fibroblasts, endothelial and
epithelial cells and by cells of macrophage lineage, prefer-
entially degrades type III collagen. Increased MMP-1
expression by epithelial cells overlying intra-alveolar fibrosis
has been identified in lung samples from IPF (idiopathic
pulmonary fibrosis) patients (17). These results suggest that
MMP-1 may contribute to the collagenase activity in BALF
(bronchoalveolar lavage fluid) and plays an essential role in
PF. A ‘nondegrading microenvironment’ caused by the
induction of TIMP-1 levels in lung tissue by various agents
including BLM, which in turn lowers the MMP/TIMP ratio,
retains microenvironments and induces fibrogenicity (5,18-20).
However, the exact molecular mechanisms by which the
MMP/TIMP ratio contributes to the PF phenotype remain
elusive.

The present study evaluated the effects of antioxidant
α-lipoic acid (LA) in a rat model of lung injury induced by
endotracheal instillation of BLM. Markers of PF and oxidant
stress, and the MMP-1/TIMP-1 ratio were measured 7, 14,
and 28 days post-BLM exposure. PF was assessed by a
semiquantitative histological score and total protein in BALF,
and lung hydroxyproline was measured as a marker of
collagen deposition. MDA content, the GSH/GSSG ratio, and
T-AOC were measured as oxidative stress markers. Our data
show that LA significantly ameliorates all these markers of
lung damage at 14 and/or 28 days of BLM administration,
suggesting that LA is a potential inhibitor for ROS-mediated
lung toxicity and PF.

Materials and methods

Materials and animals. Bleomycin A5 hydrochloride (BLM),
a total antioxidative capacity (T-AOC) kit and thiobarbituric
acid (TBA) were obtained from Taihe Pharmaceutical Co.
(Tianjin, P.R. China), Jiancheng Bioengineering Institute
(Nanjing, P.R. China) and Merck (New Jersey, USA),
respectively. Glutathione (GSH), nitroblue tetrazolium
(NBT), 1,1,3,3-tetraetoxypropane and 5',5'-dithiobis-2-
nitrobenzoic acid (DTNB) were purchased from Sigma (St.
Louis, MO, USA). Other chemicals and reagents were
purchased from standard suppliers. 

A total number of 45 male Sprague-Dawley rats (12
weeks old), weighing 250-300 g at the start of the experiments,
were housed in a specific cage with a 12-h light/dark cycle

and free access to water and food ad libitum. Rats were
randomly divided into three groups of fifteen animals each
(control, BLM, and BLM+LA). All animals were instilled
intra-tracheally by the same volume, 0.1 ml/kg. Control
animals received saline and other groups were administered
bleomycin hydrochloride (5 mg/kg body weight). According to
the results from a preliminary dose-response study, BLM+LA
rats were intraperitoneally injected with 20 mg/kg body
weight LA (α-lipoic acid) individually once daily after an
intratracheal injection of BLM solution. Other groups
received the same volume of intraperitoneal saline. The rats
were sacrificed at 7, 14 and 28 days after BLM instillation.
Pulmonary fibrosis (PF) was assessed by lung histology,
hydroxyproline (HYP) content, oxidative stress marker levels
and total protein in bronchoalveolar lavage fluid (BALF).

Histological assessment. To elucidate the histopathologic
changes associated with BLM-induced lung fibrosis and the
efficacy of LA, left lungs from control (saline-treated), BLM
and BLM+LA groups were collected 7, 14, and 28 days after
BLM instillation. The lung sections were fixed in 4% para-
formaldehyde for 24 h and then processed for paraffin
embedding. Sections of lung were stained with haematoxylin
and eosin and Masson's trichrome to assess the degree of
fibrosis. Each successive field was individually assessed for
extent and severity of interstitial fibrosis using the semi-
quantitative grading system as previously described (21). The
entire lung section was reviewed at a magnification of x100.
For each lung section 30-35 microscopic fields were needed
to review the section. Criteria for grading PF were as
follows: grade  0 = normal lung; grade 1 = minimal fibrous
thickening of alveolar or bronchial walls; grade 2-3 =
moderate thickening of walls without obvious damage to
lung architecture; grade 4-5 = increased fibrosis with definite
damage to lung architecture and formation of fibrous bands
or small fibrous mass; grade 6-7 = severe distortion of
structure and large fibrous areas; and grade 8 = total fibrous
obliteration of the field. The mean score of all fields was
taken as the fibrosis score of that lung section.

Protein content in BALF. Rats were anaesthetized with an
i.p. administration of sodium thiopental (70 mg/kg) and
sacrificed. BALF was collected by washing the right lung
three times with 2-ml aliquots of saline through a tracheal
cannula. Typically, total fluid recovery exceeded 85%, and
the percentages of fluid recovered did not significantly differ
among experimental groups, i.e. BLM and BLM+LA rats.
Total protein concentration in cell-free BALF supernatants
was determined using Lowry's method and expressed as
grams of protein per liter of BALF (g/l). 

Hydroxyproline measurement. Hydroxyproline (HYP) is a
major component of the protein collagen, and it permits the
sharp twisting of the collagen helix. Therefore, the measure-
ment of this protein is an efficient index of fibrosis. Lung
HYP content was measured spectrophotometrically as outlined
by Nagase and Woessner (22). Briefly, lung tissue was
homogenized and then hydrolyzed in 6 N HCl for 18 h at
110˚C. The hydrolysate was then neutralized with 2.5 M
NaOH. Aliquots (2 ml) were mixed with citrate buffer (0.25 M,
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pH 6.0), and the reaction was terminated by 1.0 ml chloramine
T (0.05 M), and 1.0 ml perchloric acid (3.15 M). The samples
were mixed with 1.0 ml dimethylaminobenzaldehyde (100 g/l)
and incubated for 10 min at 80˚C. The colored products were
read for absorbance at 560 nm in a spectrophotometer, and
the results were expressed as micrograms of HYP per lung. 

Analysis of lung tissue oxidants and antioxidants. Lung MDA
(malondialdehyde) levels were determined by Yagi's method
(23), which is based on the reaction of MDA with thio-
barbituric acid at 100˚C. The total protein concentration was
determined using CBB (Coomassie brilliant blue G250)
staining, and the results were expressed as micromole per
gram wet tissue protein of lung (μmol/g protein). Reduced
glutathione (GSH) in lung tissue was measured fluoro-
metrically as described previously (24,25). Briefly, a 200-μl
BALF sample was mixed with an equal amount of 10% TCA
and then centrifuged at 5000 x g for 10 min. An aliquot (100 μl)
of the supernatants was mixed with 100 μl formaldehyde, 3.6 ml
of 0.1 M phosphate buffer (pH 8.3, 5 mM EDTA), 200 μl
0.1% o-phthalaldehyde (OPT) followed by incubation at
room temperature for 40 min. The GSH level in the mixture
was measured in a fluorospectrophotometer at 553 nm with
excitation at 515 nm. Commercially procured GSH (Sigma)
was used to determine a standard curve. The results were
expressed in nanomoles GSH per milligram protein. The same
method was used to detect GSSG except 0.1 M phosphate
buffer (pH 8.3, 5 mM EDTA) was substituted by 0.1 M
NaOH. The total antioxidant capacity (T-AOC) of plasma
and supernatant from lung tissue was measured using an assay
kit (Jiancheng Bioengineering Institute, Nanjing, P.R. China)
according to the manufacturer's instructions. The protocols
did not distinguish between lipid- and water-soluble anti-
oxidants, but provided an estimation of global antioxidant
capacity. All samples were assayed in duplicate and the
results were the averaged values.

RNA preparation and RT-PCR of MMP-1 and TIMP-1. Total
RNA was isolated from right lung homogenates with TRIzol
reagent (Invitrogen, Carlsbad, CA) following the manufacturer's
instructions. Analysis of MMP-1 and TIMP-1 mRNA
expression was made by the RT-PCR method. Using total RNA
(2 μg), RT-PCR for MMP-1, TIMP-1 and ß-actin control was
performed using Gene Amp PCR System 9700 (Perkin Elmer
Applied Biosystems, Foster City, CA). The forward and
reverse primers were: MMP-1 (forward 5'-GCC ATT ACC
AGT CTC CGA GGA-3' and reverse 5'-GGA ATT TGT
TGG CAT GAC TCT CAC-3'); TIMP-1 (forward 5'-CCC
AAC CCA CCC ACA GAC-3' and reverse 5'-GGC CCG
CGA AGA GAA ACT-3'); and ß-actin (forward 5'-TCA
CCC ACA CTG TGC CCA TCT A-3' and reverse 5'-CAT
CGG AAC CGC TCA TTG CCG ATA G-3'). The PCR (15-μl
reaction mixture) was carried out using the following thermal
cycles: 94˚C for 5 min, and 94˚C for 30 sec, 62˚C for 45 sec
and 68˚C for 45 sec for 30 cycles, followed by a final
elongation at 72˚C for 7 min. The amplified PCR products
(5 μl) were separated by electrophoresis on a 1.2% agarose
gel containing ethidium bromide, and were photographed
under UV light (Bio-Rad Gel system). The intensity of each
cDNA band was quantitated and normalized to the

corresponding ß-actin cDNA band intensity (internal control)
using a Bio-Rad Gel Doc 2000 System. RT-PCR and gel
electrophoresis were performed in triplicate for all specimens.

Immunohistochemical detection of MMP-1 and TIMP-1.
Five-micron lung sections were deparaffinized and then
treated with 0.2% hydrogen peroxide in 0.1 M PBS for 30 min
to block endogenous peroxidase. Following three washings
with PBS, the sections were exposed to 1.5% normal goat
serum for 30 min to block nonspecific binding. Sections were
then washed in PBS and incubated with primary antisera
including rabbit anti-MMP-1, -TIMP-1, and a negative control
antibody (1:200 dilutions; Boster, P.R. China) overnight at
4˚C. This was followed by three washings in PBS, and
incubation with a biotinylated anti-rabbit IgG (secondary
antibody; 1:200 dilutions; Boster) for 30 min at 37˚C in a
solution containing the avidin-biotin peroxidase complex
(1:100 dilutions; ABC kit, Boster) for a further 30 min. The
reaction was developed with diaminobenzidine-hydrogen
peroxide solution (0.005% 3,3'-diaminobenzidine and 0.1%
hydrogen peroxide in 0.1 M PBS). Before mounting, the
sections were counterstained with haematoxylin and eosin.

Statistical analysis. Data for control and experimental groups
were expressed as means ± SEM of n (number of observations)
experiments. Statistical analysis was carried out by analysis
of variance (ANOVA) followed by appropriate post hoc tests
including multiple comparison tests (LSD) or the non-
parametric Mann-Whitney U test. All analyses were made
using the SPSS version 11.0 statistical software package
(SPSS, Inc., Chicago, IL), and a probability (P) value <0.05
was considered significant.

Results

Assessment of pulmonary fibrosis
Histopathology. Haematoxylin and eosin- and Masson's
trichrome-stained lung sections were examined by light
microscopy to determine whether BLM-induced pulmonary
fibrosis was decreased by treatment with LA. Lung sections
from control rats were histologically normal at day 7, 14 and
28 (Fig. 1A and D, and not shown). At day 7 post-BLM,
severe edema, large amounts of inflammatory cells (including
neutrophils and lymphocytes) in both alveoli and interstitium,
and damaged endothelia and alveolar epithelia cells were
observed. Treatment with LA resulted in significant attenuation
of these histopathologic findings (not shown). At day 14
post-BLM, foci of collagen deposition and fewer inflammatory
changes were observed (Fig. 1B and E). Marked histo-
pathologic changes, such as large fibrous areas, collapsed
alveolar spaces, and traction bronchiectasis in the subpleural
and peribronchial regions, were seen at day 28 (not shown).
In contrast, although fibrotic lesions were observed in lung
sections of the BLM+LA group at day 14 or 28 (Fig. 1C and F,
and not shown), the extent of fibrosis was markedly less
severe compared with that in the BLM group. To confirm the
effects of LA on the histopathology of BLM-induced lung
injury and fibrosis, the overall grades of lung fibrosis were
estimated by numerical scoring after 14 days. Relative to the
BLM group, the scores of fibrosis in the lung sections of the
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BLM+LA group were significantly decreased. The grades of
fibrosis in the three groups are presented in Table I. 

Protein content in BALF and lung hydroxyproline
measurement. Increased protein concentration in BALF is an
important marker of alveolar edema in the acute phase of the
fibrogenetic process. At day 7, the protein content was similar
in both BLM alone and BLM+LA-treated rats, although it
was increased markedly when compared with the control
group (Fig. 2A). Also, protein in BALF was similar in the
control rats after 28 days compared to the LA-treated rats
with or without BLM administration. In contrast to 7- or 28-
day treatment, at day 14 LA treatment led to a significant
reduction in the BLM-induced increase in protein content in
alveoli, suggesting that LA has a great potential for
ameliorating lung edema.

Lung HYP (hydroxyproline) concentration reflects
collagen deposition in lungs. Therefore, pulmonary fibrosis
can be quantified by measuring HYP content in lungs as an
index of collagen accumulation. Fig. 2B shows the effect of
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Figure 1. Representative photomicrographs of lung histology in the control (saline-treated; A and D), BLM (B and E) and BLM+LA (C and F) groups. Lung
tissues were obtained 14 days post-treatment, and stained with haematoxylin and eosin (A-C) and Masson's trichrome (D-F) to evaluate histological changes
of the lungs; magnification, x100. A and D, normal appearance of lung histology in the control group. B and E, BLM produced a peribronchial interstitial
infiltration with inflammatory cells, oedema and fibrosis. C and F, reduction of BLM-induced histological changes by LA.

Table I. Grades of pulmonary fibrosis 14 days post-treatment.
–––––––––––––––––––––––––––––––––––––––––––––––––
Groups Grade of fibrosis
–––––––––––––––––––––––––––––––––––––––––––––––––
Control 0.89±0.08
BLM 4.52±0.34a

BLM+LA 3.46±0.21ab

–––––––––––––––––––––––––––––––––––––––––––––––––
aP<0.05 versus control; bP<0.05 versus BLM.
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Inhibition of BLM-induced total proteins and hydroxyproline by LA. (A) Total proteins in BALF were measured using Lowry's method at 7, 14 and
28 days in rats instilled with BLM intratracheally with or without LA treatment. (B) Lung HYP content was measured spectrophotometrically at 7, 14 and 28
days in the BLM and BLM+LA groups. Data are the mean ± SEM of three independent observations. *P<0.05 from BLM; #P<0.05 from control.
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LA on the HYP content of lung homogenates at 7, 14, and 28
days following BLM intratracheal administration. The HYP
level was similar at day 7 post-BLM with or without LA
treatment. However, at day 14 or 28, it was significantly
higher in rats exposed to BLM alone. In contrast, treatment
with LA led to a significant reduction in the HYP content
(P<0.05), indicating the beneficial effects of LA in protecting
against pulmonary fibrosis induced by BLM.

Analysis of oxidative stress markers
MDA content. Oxidative stress plays an important role in
the development of fibrotic responses in the lung. MDA
(malondialdehyde) is a highly reactive three-carbon

dialdehyde produced as a by-product of polyunsaturated fatty
acid peroxidation and arachidonic acid metabolism. The
MDA level, an index of oxidative stress, was increased in
lung tissue at day 14 or 28, but not 7 post-BLM treatment
(Fig. 3A) when compared with that of the control rats. LA
significantly prevented increases in the lung tissue MDA
content produced by BLM at day 28 (P<0.05), indicating the
crucial role of LA in reducing BLM-mediated oxidative
stress.

GSH/GSSG ratio. The GSH/GSSG ratio is an index of the
tissue redox state. We measured GSH (reduced glutathione)
and GSSG (oxidized glutathione) in lung tissue at day 7, 14
and 28 post-BLM with or without LA treatment. As shown in
Fig. 3B, a decrease in the GSH/GSSG ratio (a decrease in
GSH accompanied by an increase in GSSG) was observed in
rats instilled with BLM. These changes were significantly
reversed in the rats treated with intraperitoneal LA (P<0.05).
Therefore, treatment with LA resulted in a significant
enhancement in the GSH/GSSG ratio in the lung compared
with that in the BLM group.

T-AOC measurement. We further investigated the redox
status by measurement of total antioxidant capacity (T-AOC)
in lung tissue at day 7, 14 and 28 post-BLM with or without
LA treatment. Although the T-AOC of the lung was slightly
reduced following BLM exposure, it was significantly
increased at day 7 and 28 by treatment with LA (P<0.05;
Fig. 3C). Together with Fig. 3A and B, this result indicates
that LA treatment markedly ameliorated BLM-induced
alterations in oxidative damage and antioxidative enzyme
activities.

MMP-1 and TIMP-1 expression
MMP-1 and TIMP-1 gene mRNA analysis by RT-PCR in rat
lung tissue. Metalloproteinases (MMPs) play a crucial role in
the fibrogenic process (16), and MMP activity is closely
regulated through endogenous inhibitors, mainly through
TIMPs (22). The abnormal expression of MMPs and/or
TIMPs has a role in human lung fibrosis (5,26). To investigate
whether the reduction of BLM-induced lung fibrosis by LA
(Fig. 1; Table I) was caused by altered degradation of collagen,
we analyzed mRNA for MMP-1 and TIMP-1 by the RT-PCR
method. Fig. 4 shows that both MMP-1 and TIMP-1 mRNA
levels were raised at day 7 post-BLM and -BLM+LA
compared to the control rats. The MMP-1 mRNA level was
decreased at day 14 but increased at day 28 by BLM exposure.
However, MMP-1 expression remained constant at day 7 or
14 in rats exposed to BLM and LA (Fig. 4A and B; left
panel). The increase in TIMP-1 mRNA at day 7 persisted for
28 days following BLM exposure (Fig. 4A and B; right panel).
In contrast, relative to the control, the enhanced TIMP-1
mRNA at day 7 was found reduced at day 14 or 28 by
combined treatment of BLM and LA. These results indicate
that bleomycin injury led to a significant increase in TIMP-1
at all time points, while LA could lower its expression at day
14 or 28. Taken together, as described below (Fig. 5), the
differential levels of MMP-1 and TIMP-1 mRNA indicate an
altered MMP-1/TIMP-1 ratio in rats treated with BLM+LA
compared to BLM alone.
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Figure 3. Effect of LA in BLM-modulated malondialdehyde (MDA), the
GSH/GSSG ratio, and total antioxidant capacity (T-AOC) at day 7, 14 and
28 after BLM administration. (A) Reduction of MDA levels in lung tissue
after 28 days of BLM administration in rats treated with intraperitoneal LA.
(B) Enhancement of BLM-induced decreases in the GSH/GSSG ratio at day
14 and 28 by LA. The GSH and GSSG contents of the lung in the BLM and
BLM+LA groups were measured as described in Materials and methods to
determine the GSH/GSSG ratio. (C) Induction of T-AOC levels after 7 and
28 days post-BLM in the LA-treated group. Data are presented as the mean
± SEM. *P<0.05 versus BLM; #P<0.05 versus control. 
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Figure 4. RT-PCR analysis of mRNA expression levels of MMP-1 and TIMP-1. (A) Total RNA was isolated from the lung tissue of the control, BLM and
BLM+LA groups for RT-PCR analysis at day 7, 14 and 28 (data not shown). Lanes 1, 2 and 3 correspond to control, BLM and BLM+LA, respectively. (B)
The relative MMP-1 (left panel) and TIMP-1 (right panel) mRNA levels, at day 7, 14 and 28 in each group as indicated were estimated using densitometry
and were normalized to control ß-actin. Note: MMP-1 expression in lane 2 (A; left lower panel) was low when compared with lane 3; even the ratio showed
no difference (B, left panel).

Figure 5. Immunohistochemical analysis of MMP-1 and TIMP-1. Lung sections were obtained at day 14 from control rats and from rats exposed to BLM with
or without LA treatment. (A) Induction of MMP-1 expression in BLM-treated rats, which was further enhanced slightly in BLM+LA rats. Lung sections were
stained with anti-MMP-1 antibody followed by incubation with avidin-biotin peroxidase complex. The reaction was developed with diaminobenzidine-
hydrogen peroxide solution. The immunohistochemical localization of MMP-1 appears as dark-brown staining. There is a low staining level in control lungs
(original magnification x40). (B) Reduction of BLM-induced TIMP-1 expression by LA. Lung sections were stained with antibody to TIMP-1 and then
incubated with the avidin-biotin complex. The reaction was developed with diaminobenzidine-hydrogen peroxide solution. The immunohistochemical
localization of TIMP-1 appears as dark-brown staining. There is a low staining level in control lungs (original magnification x40). 
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α-lipoic acid modulates BLM-induced MMP-1 and TIMP-1
protein expression. A decrease in the MMP/TIMP ratio is
believed to worsen lung fibrosis. For instance, significant
increases in both MMP-9 and TIMP-1 expression, i.e. a
decrease in the MMP-9/TIMP-1 ratio in the WT mouse lungs
were detected after bleomycin treatment (27). The fibrogenetic
cytokines (e.g. TGF-ß) reduce collagen degradation by
downregulation of MMPs and upregulation of TIMPs
(28,29). In this study, lung sections from the control rats
showed a small degree of immunostaining for MMP-1 (Fig. 5A)
and TIMP-1 (Fig. 5B). An increase in staining (dark-brown)
for MMP-1 was noticed at 14 days post-bleomycin exposure,
and LA treatment slightly enhanced MMP-1 immunostaining
(Fig. 5A). Compared to the control rats, the immunostaining
for MMP-1 inhibitor TIMP-1 was severely increased in rats
injected with bleomycin. The increased level of dark-brown
TIMP-1 staining was significantly reduced by LA (Fig. 5B).
These results indicate that LA ameliorates the MMP-1/
TIMP-1 ratio, which indicates a potential inhibitory role of
LA in BLM-induced pulmonary fibrosis in rats. 

Discussion

Pulmonary fibrosis (PF) is a severe side effect of anti-cancer
therapy, characterized by an altered cellular composition of
the alveolar region with excessive deposition of collagen.
Lung inflammation is thought to be a major underlying
component of a wide variety of pulmonary fibroproliferative
disorders. Although current medical therapies have mainly
focused on anti-inflammation with glucocorticoid and some
cytotoxin-like medicine, an ideal therapeutic strategy for PF
in the clinic has yet to be established. The present study
examined, for the first time in vivo, the potential protective
effects of α-lipoic acid (LA) in an animal model of bleomycin
(BLM)-induced PF. LA is a thiol-replenishing and redox
modulating agent, which acts as an effective scavenger of
hydroxyl, peroxyl and superoxide radicals in both the
aqueous and lipid phases. The commonly used chemo-
therapeutic drug BLM-induced pulmonary injury involves
generation of oxidant species by an iron-dependent mechanism
(11). Further damage is elicited by increased amounts of
reactive oxygen species (ROS) produced by activated
inflammatory cells which accumulate in the lung lesions
induced by BLM (30). However, the direct linkage of ROS
formation and PF has not been firmly established. 

The results of the present study show that antioxidant LA
was effective in reducing lung injury by intratracheal
instillation of BLM in rats. The mechanism through which
LA limits PF remains unclear but, since it is a cell-permeable
compound, it readily enters cells and may act directly as an
oxygen radical scavenger. Also, the observed beneficial
effect of LA is associated with its antioxidant effect as well
as diminished accumulation of collagen and the increment of
the MMP-1/TIMP-1 ratio. Previously, we reported that
induction of activation of nuclear factor-κB (NF-κB), a tran-
scription factor that regulates >200 genes, was correlated with
cellular toxicity induced by ionizing radiation (31) and with
radiation-induced adaptive responses (32,33). Because BLM-
induced ROS generation is due to NF-κB activation (34), and
antioxidant (e.g. NAC) inhibits NF-κB activation (35,36), we

speculate that LA might inhibit NF-κB activity to reduce
lung injury. The possible mechanism of LA/NF-κB-mediated
protection of BLM-induced PF needs to be clarified. 

Earlier reports suggest that lung damage by BLM appears
to act via the generation of ROS, which participates in DNA
chain breakage (37) and lipid peroxidation of the cell
membrane (38). To determine the antioxidant effect of LA on
BLM-induced lung injury, we measured MDA (malondi-
aldehyde), the GSH/GSSG ratio and T-AOC (total anti-
oxidant capacity). Our data showed that MDA, a key marker
of lipid peroxidation, was increased in BLM-treated rats at
day 14 and 28, but decreased in the BLM+LA group. High
levels of reduced glutathione (GSH), an important anti-
oxidant defense mechanism in lungs, play a critical role in the
protection of lung cells against oxidative damage (39). By
measuring the levels of GSH and GSSG (oxidized glutathione),
we found that the ratio of GSH/GSSG was lower in the BLM-
treated rats compared to the control rats at day 14 or 28,
while treatment with LA resulted in a significant enhance-
ment in the GSH/GSSG ratio, which indicates an attenuation
of oxidant stress. T-AOC levels, including superoxide
dismutase, catalase, vitamin C and vitamin E, represent the
ability and status of the antioxidant system in the lungs. In
BLM-treated rats, T-AOC was found reduced at each time
point we examined, which could be due to the consumption
or inhibition of the synthesis mechanism of antioxidants
by ROS. This reduction of T-AOC was significantly reversed
in the rats treated with intraperitoneal LA. This result,
collectively with those of the MDA content and GSH/GSSG
ratio, indicate the attenuation of BLM-produced oxidant
stress by LA. Also, previous studies suggest that several
natural or synthetic antioxidants are protective in BLM-
induced PF (40-43).

The fibrotic response, an irreversible process, is
characterized by a striking increase in fibroblast population
and a profound and complex change in extracellular matrix
(ECM) turnover. An imbalance between the synthesis and
degradation of ECM molecules in the local lung micro-
environment appears to be of central importance in the patho-
genesis of the fibrotic component of PF. MMPs are key
enzymes that regulate tissue remodeling through turnover of
ECM in both the normal and pathological conditions. They
play a crucial role in the fibrogenic process, as demonstrated
through the marked reduction of BLM-induced PF in mice by
MMP-inhibitor batimastat (16). Of the 17 members of the
MMP family, only three interstitial collagenases, i.e. MMP-
1, -8 and -13, can catalyze the rate-limiting initiating step in
the degradation of the interstitial collagens. Thus, changes in
the levels or activities of these MMPs may play a significant
role in the altered collagen metabolism of PF. The
mechanisms that regulate MMP activity in response to lung
injury are largely undefined. Members of the TIMP gene
family regulate the actions of MMPs in the injured lung.
Furthermore, the altered expression of TIMPs in the pulmonary
microenvironment could have important biologic effects
independent of their ability to inactivate MMPs. A reduced
molar MMP/TIMP ratio is considered to be a hallmark of PF.
In humans, increased levels of TIMP mRNA and protein are
observed in lungs of patients with IPF, and TIMP expression
there exceeds that of MMP (5). TIMP-1 expression and protein
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were also increased by BLM administration (16,20,44). In
this study, both MMP-1 mRNA and protein were increased at
day 7 post-BLM, but were decreased at day 14 or 28. On the
otherhand, BLM exposure led to a significant increase in
TIMP-1 at all time points, while LA lowered its expression at
day 14 or 28. Together with the data of oxidant stress
markers, these results suggest that ROS may be involved in
the modulation of MMP/TIMP balance. 

In conclusion, LA is a potential inhibitor of BLM-induced
PF by acting as an antioxidant, as determined by semi-
quantitative morphological indices of lung injury and lung
collagen content (measured as hydroxycholine content and
total protein in BALF). Thus, LA may have promise in the
prevention of BLM-induced oxidative lung damage and
human IPF. However, further studies are needed to investigate
the mechanism of the beneficial effect of LA in the treatment
of IPF. 
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