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Oxidative stress plays an important role in the development of
fibrotic responses in the lung. However, it is not clear whether
inhibiting oxidative stress with antioxidants can attenuate fi-
brotic processes in the lung. The objective of these studies
was to test whether the catalytic antioxidant porphyrin man-
ganese (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP)

 

could protect mice against bleomycin-induced lung fibrosis. A
10 mg/kg intraperitoneal dose of MnTBAP was established as
safe and had a serum and lung half-life of 9.5 h in mice. Based
on this data, four groups of mice were given one dose of bleo-
mycin (3.2 U/kg, intratracheal) or saline and MnTBAP (5 mg/kg,
intraperitoneal) or saline twice daily for 14 d. Lung fibrosis

 

was assessed by measuring (

 

1

 

) lung hydroxyproline content
as an index of collagen accumulation, (

 

2

 

) airway dysfunction
by whole body plethysmography, and (

 

3

 

) histopathology. Ble-
omycin produced a 20% loss in body weight that was only
10% in the bleomycin/MnTBAP group. Bleomycin produced a
twofold increase in hydroxyproline content that was de-
creased 23% by MnTBAP. Bleomycin produced a twofold in-
crease in airway dysfunction that was also attenuated 30% by
MnTBAP. Histopathologic analysis of the lungs of mice treated
with bleomycin demonstrated a severe fibrotic response that
was attenuated 28% by MnTBAP. Future studies on the oxi-
dant mechanisms that MnTBAP is affecting in this bleomycin
model of lung fibrosis may shed light on potential new thera-
peutic approaches for treating interstitial lung diseases.

 

Interstitial pulmonary fibrosis is characterized by an al-
tered cellular composition of the alveolar region with ex-
cessive deposition of collagen. The etiology of this disease is
unknown; however, lung inflammation is a major underly-
ing component of a wide variety of pulmonary fibroprolif-
erative disorders. Reactive oxygen species (ROS), such as
superoxide, hydrogen peroxide, peroxynitrite, and hydroxyl
radical, are major mediators of lung inflammatory pro-
cesses (1). Many xenobiotics that stimulate the overpro-
duction of ROS, such as oxygen and paraquat (2), buty-
lated hydroxytoluene (3), and bleomycin (4), are capable
of producing lung fibrosis. Yet, the direct linkage of ROS
formation and pulmonary fibrosis has not been firmly es-
tablished.

Bleomycin is a commonly used chemotherapeutic agent
that can cause dose-dependent pulmonary fibrosis (5). Bleo-

mycin has been extensively used in animal models of inter-
stitial lung disease and it produces an acute lung injury re-
sponse followed by lung fibrosis (6). The lung is selectively
affected because this tissue lacks an enzyme that hydro-
lyzes the 

 

�

 

-aminoalanine moiety of bleomycin, which pre-
vents its metabolite from binding metals such as iron (7).
Bleomycin can bind metal ions and DNA at the same time
at two different sites, and this complex can generate ROS
such as superoxide and hydroxyl radicals (8). The ability of
bleomycin to bind both iron and DNA is thought to selec-
tively target ROS toward DNA over other biomolecules
such as proteins and lipids. Bleomycin produces DNA strand
breakages that are lung specific and can be stimulated with
exposure to oxygen in mice (9). The DNA strand breakage
by bleomycin can be inhibited 

 

in vitro

 

 by the addition of a
variety of antioxidants, such as superoxide dismutase (10),
glutathione (11), and dimethylurea (12).

The role of ROS in many disease states has led to the
development of metalloporphyrin catalytic antioxidants.
Manganese (III) meso-tetrakis (4-benzoic acid) porphyrin
(MnTBAP) is a stable metalloporphyrin that can catalyze
the dismutation of superoxide (13) and hydrogen peroxide
(14), scavenge peroxynitrite (15), and inhibit lipid peroxi-
dation (16). MnTBAP has been shown to protect DNA
from ROS-mediated strand breaks (15) and, more recently,
protect mitochondrial DNA from ROS-mediated damage
(17). Given the broad range of antioxidant activities of me-
talloporphyrins, it was of interest to examine their efficacy
in an animal model of pulmonary fibrosis. The goal of these
studies was to determine if the catalytic antioxidant MnT-
BAP could protect mice from bleomycin-induced lung fi-
brosis. MnTBAP was found to attenuate all parameters used
to assess bleomycin-induced lung fibrosis by 20 to 30%.

 

Materials and Methods

 

Preparation of MnTBAP

 

A 1.5-M excess of manganese chloride (Fisher, Fair Lawn, NJ) was
incubated with tetrakis-(4-benzoic acid) porphyrin (H

 

2

 

TBAP)
(Aldrich, Milwaukee, WI) that was dissolved in water and the pH
titrated to 7.0 with 0.1 N sodium hydroxide. The reaction mixture
was stirred and heated to 80

 

�

 

C. The pH of the reaction was moni-
tored every hour and readjusted to 7.0 with 0.1 N sodium hydrox-
ide. Metal ligation was followed spectrophotometrically (UV-
2101 PC; Shimadzu, Columbia, MD). Over time, the Soret band
for the H

 

2

 

TBAP (

 

�

 

 

 

�

 

 415 nm) disappeared with the emergence
of the Soret band for MnTBAP (

 

�

 

 

 

�

 

 468 nm), which has an ex-
tinction coefficient of 

 

�

 

 

 

�

 

 9.3 

 

�

 

 10

 

4

 

 M

 

�

 

1

 

 cm

 

�

 

1

 

 (18). Excess metal
was removed by batch adsorption with chelex-100 resin (BioRad,
Hercules, CA). The product was passed through a 0.22-

 

	

 

m filter
(Millipore, Bedford, MA) and stored in the dark at 4

 

�

 

C until

 

(
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used. The purity of the MnTBAP was found to be greater than
90% by high performance liquid chromatography (HPLC) analy-
sis. MnTBAP was tested for endotoxin content using a kinetic
QCL inhibition/enhancement test (BioWhittaker, Walkersville, MD)
and was found to contain less than 5 ng endotoxin/mg MnTBAP.

 

Animals and Treatments

 

Balb/c male mice that were 6 to 8 wk of age were used in these
studies (Taconic, Germantown, NY). Mice were acclimated to 22

 

�

 

C
in an environmentally controlled room (12-h light cycles) at least
6 d before treatment. Toxicity studies were employed using a
moving average method previously described by Weil (19). Four
groups of four mice were given MnTBAP (50, 88, 153, and 268
mg/kg, intraperitoneally) and observed over a 48-h time period.
Mice were given one bolus dose of MnTBAP (10 mg/kg, intra-
peritoneally) dissolved in phosphate-buffered saline (PBS) and
blood and lung tissue levels of MnTBAP were determined at sev-
eral different time points for pharmacokinetic analysis. Separate
sets of mice were used for the lung fibrosis study. Mice were ran-
domized into two groups of 10 mice that received intratracheal
bleomycin (3.5 U/kg; ICN, Aurora, OH) or an equivalent volume
of saline (50 

 

	

 

l). Half the animals in these groups also received
MnTBAP (5 mg/kg, intraperitoneally) or an equivalent volume
of PBS (1 ml/kg, intraperitoneally) twice daily for 14 d. Animal
use was reviewed and approved by an Animal Use Committee,
which follows recommended guidelines reported in the 

 

Guide for
the Care and Use of Laboratory Animals.

 

Analysis of MnTBAP in Serum and Lung Homogenates

 

Mice were anesthetized with pentobarbital (60 mg/kg, intraperito-
neally), and blood was obtained by a cardiac puncture. Blood sam-
ples were placed in 1.5-ml tubes and left at room temperature to
clot for 30 min. Serum was removed after spinning the blood sam-
ples at 1,000 

 

�

 

 

 

g

 

 for 10 min. Serum samples were stored at 

 

�

 

20

 

�

 

C
until used. Lungs were perfused with PBS through the pulmonary
artery to clear blood from the vasculature. The lungs were re-
moved and homogenized in 10 mM Tris-HCl buffer containing
1.15% potassium chloride at pH 7.5 with a polytron (Turrax-25;
Janke & Kunkel, Staufen, Germany). Lung homogenates were stored
at 

 

�

 

20

 

�

 

C until used. MnTBAP was extracted from serum (50 

 

	

 

l)
and lung homogenates (100 

 

	

 

l) with 800 

 

	

 

l of methanol, vortexed
for 2 min, and centrifuged at 7,000 

 

�

 

 

 

g

 

. The top layer was re-
moved, and the extraction process was repeated twice. The pooled
fractions were evaporated to dryness and redissolved in 100 

 

	

 

l of
water. This substance was then transferred to HPLC vials for anal-
ysis. Standards were prepared in control lung or serum samples
and extracted as described previously. MnTBAP was quantitated
using an HPLC (Ranin, Emeryville, CA) equipped with an ultravi-
olet-1 detector set at 

 

�

 

 

 

�

 

 468 nm and a flow rate of 1 ml/min. The
stationary phase consisted of a YMC ODS C-18 column (1.4 

 

�

 

 100
mm) and a mobile phase consisting of 60% solution A and 40% so-
lution B (solution A: water 

 




 

 0.1% trifluoroacetate; solution B: ac-
etonitrile/water [90:10] 

 




 

 0.1% trifluoroacetate). MnTBAP ex-
tracted from lung homogenates and serum eluted at 5.9 min.
Recovery of MnTBAP from samples using the extraction method
described previously ranged from 85 to 91%. The linear regression
analysis of the standard curves were 

 

r

 

2

 

 

 

�

 

 0.99.

 

Pharmacokinetics

 

A standard, two-compartment model was used to calculate serum
and tissue half-life (20). The data were fitted to the following
equation: C

 

d
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bt

 

, where a and b are rate constant for
the distribution phase and elimination phase, respectively. The
constants A and B are intercepts on the 

 

y

 

-axis for each exponential
segment of the curve. The constant B was used as an estimate of
the peak serum and lung MnTBAP levels, respectively. The cal-

 

culated values were computer generated from Prizm 3.0 (Graph-
Pad, San Diego, CA).

 

Noninvasive Measurement of Airway Dysfunction in Mice

 

The baseline enhanced pause (P

 

ENH

 

) in unrestrained, conscious
mice was assessed by whole body barometric plethysmography
(Buxco Electronics, Troy, NY). The techniques used were similar
to those described by Zhu and coworkers (21). Mice were placed
in whole body plethysmographs with fast differential transducers
interfaced to a computer. Measurements were made of respiratory
rates, tidal volumes, and P

 

ENH

 

. Airway dysfunction was expressed
as P

 

ENH
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 expiratory
time (seconds), T

 

r

 

 

 

�

 

 relaxation time (seconds), P

 

ef

 

 

 

�

 

 peak expira-
tory flow (milliliters/second), and P

 

if

 

 

 

�

 

 peak inspiratory flow (mil-
liliters/second). Animals were allowed to equilibrate in the cham-
bers for 15 min, and then P

 

ENH

 

 was calculated over a 5-min period
using a running average.

 

Hydroxyproline Measurement

 

The left lung was dried at 80

 

�

 

C until a constant weight was ob-
tained. The dried lung was hydrolyzed under vacuum in a glass vial
in 1 ml of 12 N HCl at 120

 

�

 

C overnight. The samples were lyo-
philized and assayed for hydroxyproline content using chloram-
ine-T as previously described (22).

 

Histopathology

 

The lungs were fixed in 4% paraformaldehyde for 24 h and then
processed for paraffin embedding. Sections of lung were stained
with routine hematoxylin and eosin or with a Masson trichrome
stain to assess the degree of fibrosis. The extent of lung injury
and fibrosis was graded by a pathologist (T.D.O.), blinded as to
the treatment group, on a scale of 0 for normal lung to 8 for se-
vere distortion of structure and large tissue areas as previously
reported by Ashcroft and colleagues (23). The major criteria ex-
amined included interstitial thickening of alveolar or bronchiolar
walls, collagen deposition, and inflammatory cell infiltration.

 

Statistical Analyses

 

Data were analyzed using a two-way analysis of variance (ANOVA).
Significant differences between groups were assessed using a
Newman-Keuls multiple comparison test. Data were analyzed us-
ing the computer program Prizm (GraphPad). Scoring data were
analyzed (SASV6.12) using a two-way ANOVA. Statistically sig-
nificant effects were tested by Bonferroni corrected 

 

t

 

 test. Statis-
tical significance was set at 

 

P

 

 

 

�

 

 0.05.

 

Results

 

Toxicity and Pharmacokinetic Assessment
of MnTBAP in Mice

 

To test the efficacy of the catalytic antioxidant MnTBAP
(Figure 1) in a model of pulmonary fibrosis, we first needed
to establish a dosing regimen that would result in MnT-
BAP lung levels without drug toxicity. MnTBAP toxicity was
assessed using a moving average method that consisted of
four geometric dose groups (50, 88, 153, and 268 mg/kg, in-
traperitoneally) of four mice each over 48 h. There were no
deaths associated with the 50 mg/kg group and one death
in the 88 mg/kg group. The two highest doses were lethal
to the mice. MnTBAP had a calculated LD

 

50

 

 of 100 mg/kg
with a 95% confidence interval of 98 to 104 mg/kg. We
then choose a 10-mg/kg intraperitoneal injection of MnT-
BAP to conduct pharmacokinetic studies based on the tox-
icity data. Serum and lung tissue levels of MnTBAP were
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determined at 0.3, 0.5, 1, 2, 4, 6, and 24 h after drug treat-
ment. The data were fitted to a two-compartment pharma-
cokinetic model, and the distribution and elimination half-
lives were calculated from the data fitted curves (Figure
2). MnTBAP rapidly equilibrated into the lung from the
bolus intraperitoneal injection with a distribution half-life
of 14 min (Table 1). The estimated peak serum and lung tis-
sue concentration of MnTBAP was 42 mg/liter and 80 

 

	

 

g/g
protein, respectively. The elimination half-lives of MnT-
BAP from the serum and lung were identical at 9.5 h. This
information suggests that (

 

1

 

) MnTBAP does not accumu-
late in the lung and (

 

2

 

) using a twice-a-day dosing regimen
based on its half-life of 9.5 h.

 

Attenuation of Bleomycin-Induced Lung Fibrosis
by MnTBAP

 

Mice were randomized into four groups using a two-by-two
contingency table where two groups received either saline

 

or bleomycin (3.5 U/kg body weight) by intratracheal in-
stillation. Two groups also received either saline or MnT-
BAP (5 mg/kg body weight) by intraperitoneal injection
twice daily for 14 d. The groups that received bleomycin
lost significantly more weight than did vehicle control mice
over 14 d with a maximum average loss of 20% of their ini-
tial body weight (Figure 3). MnTBAP treatment did not
cause weight loss as compared with the saline control group.
The group of mice that received both bleomycin and MnT-
BAP had less weight loss than did the bleomycin group
from Days 5 to 14 with a maximum average loss of 10%.

Bleomycin given by intratracheal instillation produces a
marked airway and alveolar fibrotic response (24). Mice
were assessed for changes in airway function by measuring
a marker, P

 

ENH

 

, of airway dysfunction using noninvasive
whole body barometric plethysmography. Intratracheal in-
stillation of bleomycin treatment produced a threefold in-
crease in the P

 

ENH

 

 index of airway dysfunction after 14 d
(Figure 4A). MnTBAP treatment alone did not affect the
P

 

ENH

 

 marker but caused a 30% decrease in airway dys-
function produced by bleomycin treatment. Lung fibrosis
was also assessed by measuring hydroxyproline content in
the lung as an index of collagen accumulation. Bleomycin
treatment produced a twofold increase in hydroxyproline
content of the lung after 14 d (Figure 4B). MnTBAP treat-
ment had little effect on hydroxyproline content of the
lung but produced a 23% decrease in hydroxyproline con-
tent caused by bleomycin treatment. Increases in both
P

 

ENH

 

 and hydroxyproline content correlated well with fi-
brotic changes seen by histopathologic assessment.

Figure 1. Chemical structure of a catalytic antioxidant, MnTBAP,
is shown.

Figure 2. The pharmacokinetic profile of MnTBAP in mice given
a single 10 mg/kg, intraperitoneal dose. MnTBAP levels in serum
(solid squares) and lung tissue (open squares) were measured at
0.3, 0.5, 1, 2, 4, 6, and 24 h after drug treatment. Results are ex-
pressed as the mean of three mice 
 SEM. Data were calculated
from curve-fitted data assuming a two-compartment pharmaco-
kinetic model. MnTBAP rapidly equilibrated into the blood
stream and the lungs of mice.

 

TABLE 1

 

Pharmacokinetic profile of MnTBAP
(10 mg/kg, intraperitoneal) in mice

 

Peak Level
(

 

C

 

O

 

)
Distribution Half-life

(

 

T

 

1/2

 

, 

 

min

 

)
Elimination Half-Life

(

 

T

 

1/2

 

, 

 

h

 

)

 

Serum 42 mg/liter 27 9.5
Lung 80 

 

	

 

g/g protein 14 9.5

Figure 3. MnTBAP attenuates bleomycin-induced weight loss in
mice. Control (PBS, 1 ml/kg, intraperitoneal, twice daily; open
squares) and MnTBAP-treated (5 mg/kg, intraperitoneal, twice
daily; open triangles) mice had similar weight changes throughout
the study period. Bleomycin-treated (solid triangles) mice had
significantly more weight loss than control mice, and this was at-
tenuated in the bleomycin plus MnTBAP–treated (solid dia-
monds) mice after 5 d of treatment and continued to the end of
the study. Results are expressed as the mean of five mice 
 SEM.



 

Oury, Thakker, Menache, 

 

et al.

 

: Catalytic Antioxidants and Pulmonary Fibrosis 167

One lung from each mouse was fixed with 4% parafor-
maldehyde by intratracheal instillation and embedded in
paraffin for histopathologic assessment. Tissue sections were
stained with hematoxylin and eosin or with Masson trichrome
stain to assess the degree of lung injury/fibrosis. Bleomy-
cin treatment produced an inflammatory response charac-
terized by substantial thickening and loss of normal alveo-
lar structure, type 2 cell hyperplasia, and an intense acute
inflammatory response in alveolar and interstitial spaces
(Figure 5A) as compared with control lungs (Figure 5A).
Lung sections from bleomycin-treated animals stained for
collagen with a trichrome stain showed marked increased
collagen accumulation, predominately in the thickened alve-
olar regions and to a lesser extent around small bronchi-
oles (Figure 5G), compared with control lungs (Figure 5E).
MnTBAP treatment alone had no effect on lung histology
(Figures 5B and 5F) but attenuated the marked interstitial

thickening and inflammatory responses produced by bleo-
mycin (Figure 5D) and also decreased the collagen accu-
mulation as assessed by trichrome staining (Figure 5H).
Lung sections were semiquantitatively assessed for fibrotic
response on a scale of 0 to 8, with a score of zero repre-
senting a normal lung and a score of eight representing a
very severe fibrotic lung, as previously described by Ash-
croft and associates (23). Lung sections were randomized
and scored blind. Bleomycin treatment produced a two-

Figure 4. MnTBAP attenuates bleomycin-induced airway con-
striction and collagen accumulation. (A) Whole body barometric
plethysmography was employed and PENH was used as a noninva-
sive index of airway dysfunction. Control (PBS, 1 ml/kg, intra-
peritoneal, twice daily; open bar) and MnTBAP-treated (5 mg/kg,
intraperitoneal, twice daily; hatched bar) mice had similar PENH

values after 14 d of treatment. Bleomycin-treated (solid bar) mice
had significantly elevated PENH values compared with control
mice, and this was attenuated in the bleomycin plus MnTBAP–
treated (cross-hatched bar) mice. (B) Lung fibrosis was biochem-
ically assessed using hydroxyproline as an index of collagen accu-
mulation. Control (open bar) and MnTBAP-treated (hatched bar)
mice had similar hydroxyproline values after 14 d of treatment.
Bleomycin-treated (solid bar) mice had significantly elevated hy-
droxyproline values compared with control mice, and this was at-
tenuated in the bleomycin plus MnTBAP–treated (cross-hatched
bar) mice. Results are expressed as the mean of five mice 
 SEM.
Bars with different letters are significantly different from one an-
other, P � 0.05.

Figure 5. MnTBAP attenuates bleomycin-induced pulmonary in-
jury. Mice were treated with PBS (1 ml/kg, intraperitoneal, twice
daily for 14 d), MnTBAP (5 mg/kg, intraperitoneal, twice daily
for 14 d, bleomycin (3.5 U/kg, intratracheal, once), or bleomycin
plus MnTBAP and killed after 14 d. Lungs were inflation fixed in
10% neutral-buffered formalin. Five-micron-thick sections were
stained with hematoxylin and eosin and examined microscopi-
cally. (A) Representative lung section from a PBS/PBS-treated
mouse. (B) Representative lung section from a PBS/MnTBAP-
treated mouse. (C) Representative lung section from a bleomy-
cin/PBS-treated mouse. (D) Representative lung section from a
bleomycin/MnTBAP-treated mouse. Bar � 100 	m. Five-micron-
thick sections were stained with Masson trichrome and examined
microscopically. (E) Representative lung section from a PBS/
PBS-treated mouse. (F) Representative lung section from a PBS/
MnTBAP-treated mouse. (G) Representative lung section from
a bleomycin/PBS-treated mouse. (H) Representative lung sec-
tion from a bleomycin/MnTBAP-treated mouse. Bar � 20 	m.
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fold increase in the pathology score as compared with the
control group (Figure 6). MnTBAP treatment had no ef-
fect on the pathology score but attenuated the bleomycin
pathology score by 28%. The statistical analysis indicated
a significant interaction between the bleomycin and MnT-
BAP treatments (P � 0.01). These results closely support
the physiologic and biochemical indices where bleomycin
produced about a twofold increase in the various indices
and MnTBAP attenuated these increases by roughly 30%.

Discussion
This study provides a pharmacokinetic profile of the cata-
lytic antioxidant MnTBAP, showing that it can be delivered
to the lung from an intraperitoneal injection with a half-life
of approximately 10 h, allowing for a twice-a-day dosing
regimen. In addition, this information was applied to a bleo-
mycin model of pulmonary lung injury/fibrosis, and MnT-
BAP was found to attenuate the bleomycin-induced injury
response in mice. Specifically, MnTBAP (10 mg/kg/d) was
found to attenuate bleomycin-induced weight loss, collagen
accumulation, airway dysfunction, and injury by 20 to 50%.

Animal models do not completely mimic the interstitial
lung disease in humans and usually require an acute lung in-
jury response followed by a slower fibrosis phase that dif-
fers from the chronic and insidious features of this disease
in humans. Inflammation is a major component in the patho-
genesis of interstitial lung disease that is orchestrated in part
by endogenous and migrating leukocytes. These leuko-
cytes together with lung epithelial and endothelial cells cre-
ate a feedback loop where stimuli from injury responses can
activate alveolar and interstitial macrophages (25). Acti-
vated leukocytes can release reactive oxygen and nitrogen
species (superoxide, hydrogen peroxide, hydroxyl radi-
cal, hypochlorous acid, nitric oxide, and peroxynitrite) and
proteases that sustain the injury/repair processes that are
thought to contribute to the fibrotic processes (26). The

scenario creates an approach to break the feedback loop
by using catalytic antioxidants such as MnTBAP that can
scavenge a broad spectrum of reactive oxygen and nitro-
gen species. Oxidants may alter the structure of target pro-
teins to render them more susceptible to proteolytic attack
and may inactivate antiproteases as well as activate latent
proteinases that are crucial in collagen remodeling in the
lung (27). MnTBAP has been successfully used to prevent
injury responses in activated macrophages (15) and is an
effective agent in preventing oxidant-induced injury re-
sponses both in vitro and in vivo (13, 28).

Bleomycin-induced fibrosis is the most commonly used
animal model and appears as a significant drug-induced
lung disease in the clinical setting (29). Genetic backgrounds
of mice contribute to the degree and intensity of lung in-
jury induced by bleomycin. In these studies, a more resis-
tant strain of mice, Balb/c, was used to limit the mortality
seen in the bleomycin model with the more commonly
used sensitive strain, C57/B6. Common features of bleo-
mycin-induced lung injury include marked hyperplasia
and metaplasia of type II cells and a pleiomorphic inflam-
matory infiltrate in the interstitial and alveolar spaces (30).
Alveolar inflammation is a major component of the initial in-
flammatory processes, and the thickened interstitium re-
sults from its repair. MnTBAP treatment attenuated these
typical changes in the alveolar regions, but significant fi-
brotic areas still remained and collagen accumulation was
only attenuated by 20%. These data suggest that the major
effects of MnTBAP were on decreasing the initial injury
responses triggered by bleomycin. Other groups have also
reported similar effects of agents thought to diminish the
initial injury response of bleomycin (31).

The presence and severity of fibrosis likely depends on
the severity and protraction of the initial lung injury in-
duced by bleomycin. Reactive oxygen and nitrogen species
have been implicated in lung injury caused by combining
bleomycin and hyperoxia results in a synergistic develop-
ment of pulmonary injury characterized by diffuse alveo-
lar damage and interstitial fibrosis (32). In addition, admin-
istration of manganese superoxide dismutase (MnSOD)
inhibited bleomycin-induced fibrosis, further implicating a
role of superoxide in mediating bleomycin-induced lung
injury (31). MnTBAP has superoxide dismutase activity
(33) and can substitute for MnSOD in knockout mice (34).
Iron deficiency also blunts bleomycin-induced injury and
lipid peroxidation, suggesting iron-catalyzed oxygen radi-
cals may be responsible for the initial injury response.
MnTBAP is a potent inhibitor of iron-mediated lipid per-
oxidation (16) and may be providing some protection
through this mechanism as well. The ability of bleomycin
to bind both iron and DNA is thought to selectively target
ROS toward DNA over other biomolecules such as pro-
teins and lipids. MnTBAP can protect DNA from hydro-
gen peroxide–mediated damage (17) as well as from oxi-
dants generated from leukocyte activation (15). Work is
currently under way looking at markers of oxidant injury
in MnTBAP/bleomycin-treated lungs to better understand
which mechanisms are important in its protective effects.
Clearly, there is probably a host of nonoxidant mecha-
nisms also at play in the fibrotic processes that limit the ef-
ficacy of a catalytic antioxidant in this model.

Figure 6. MnTBAP atten-
uates bleomycin-induced lung
injury as determined by his-
topathologic analysis. Mice
were treated with either ble-
omycin (3.5 U/kg, intratra-
cheal) or PBS (50 	l), and
then given MnTBAP (5 mg/
kg, intraperitoneal, twice daily)
or PBS (1 ml/kg, intraperi-
toneal, twice daily) for 14 d.
Lungs were inflation fixed
in 10% neutral-buffered for-

malin. Five-micron-thick sections were stained with hematoxylin
and eosin or Masson Trichrome and examined microscopically.
Slides were systematically scanned on a microscope using a �10
objective. Each successive field was individually assessed for se-
verity of interstitial fibrosis and allotted a score between 0 and 8
using a predetermined scale of severity as described in the MATE-

RIALS AND METHODS. Scores from the fields were averaged to ob-
tain the pathologic score for each animal. Bars with asterisks are
statistically different from the PBS/PBS group (P � 0.05). A dag-
ger indicates a significant interaction between MnTBAP and ble-
omycin (P � 0.05). Solid squares, solid triangles, and solid dia-
monds indicate different treatment groups.
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Disruption of mitochondrial function may be a novel
aspect of fibroproliferative disorders. Niacin and nicotina-
mide have also been found to attenuate fibrosis induced by
bleomycin (4). The mechanism of protection is not known
but speculated to be due to an inhibitory effect on the ini-
tial lung injury response by maintaining nicotinamide ade-
nine dinucleotide levels, and thus adenosine triphosphate
levels, required for repair of damaged epithelial cells.
These results are intriguing and may implicate a mitochon-
drial metabolic dysfunction as part of the fibrotic process.
MnTBAP can protect mitochondrial targets against oxida-
tive damage and may also be working indirectly to pre-
serve mitochondrial function (17, 28). Mitochondrial dys-
function as a process of aging has been thought to be a
critical element in many late onset diseases (35). Given the
late onset of idiopathic pulmonary fibrosis and the ability
of oxidants to produce fibrotic changes in the lung, there is
a distinct possibility that this may be a disease associated
with mitochondrial degeneration.

In summary, the catalytic antioxidant MnTBAP may
prove a valuable tool in our understanding the role of oxi-
dant mechanisms in pulmonary fibrosis. MnTBAP can be
delivered to animals in a reasonable dosing regimen that
can attenuate the accumulation of collagen, lung dysfunc-
tion, weight loss, and lung pathology associated with an
animal model of pulmonary fibrosis. Future studies to
identify which oxidant mechanisms MnTBAP is affecting
in the bleomycin model may shed light on potential new
therapeutic approaches for the fatal lung disease known as
idiopathic pulmonary fibrosis.
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