
Summary. Methylcyclopentadienyl manganese
tricarbonyl (MMT), an organometallic compound, used
as an antiknock additive in fuels, may produce alveolar
inflammation and bronchiolar cell injury. 

The aim of the experimental study on female rats
was to determine by morphological examination and
sensitive biomarkers, the course of the injury and repair
process following a single i.p. injection of 5 mg/kg
MMT. The animals were sacrificed 12, 24, 48 hours or 7
days post-exposure (PE). The first biochemical changes
12 h PE showed an increase in GSH-S-transferase (GST)
activity in the lung parallel to the earliest observed
morphological changes -vacuolation and swollen
cytoplasm in type I pneumocytes. Alterations in type I
pneumocytes were most prevalent in rat lung 24 h PE.
Clara cells with dilated smooth endoplasmic reticulum
membranes and cytoplasmic vacuolation could be
observed. Compared to the values found for controls,
Clara cell protein (CC16) in the bronchoalveolar lavage
fluid (BALF) at 24 and 48 h PE decreased by 58% and
55%, respectively. At the same time (at 24 and 48 h), the
total protein concentration in BALF increased 5 and 7
times, respectively. A significant rise in hyaluronic acid
(HA) level was observed 24 and 48 h PE. Divided type
II pneumocyte cells and Clara cells in their mitotic phase
were observed in immunocytochemistry (detecting BrdU
binding into DNA) 48 h PE. Seven days after MMT
administration, fibroblasts, macrophages, collagen and
elastin fibres could be seen in the alveolar walls as well
as neutrophils, lymphocytes, and alveoli macrophages in
the alveolar lumen. We conclude that injury and repair of
bronchial epithelium cells, especially of Clara cells and
type II pneumocyte cells, play an important part in MMT

toxicity, probably depending on the antioxidant status of
these cells. The sensitive biomarkers of CC16 and
hyaluronic acid in BALF and serum reflect lung injury
and indicate the time course of pulmonary damage and
repair processes.
Key words: MMT, Lung, Clara cell protein, Hyaluronic
acid, BrdU

Introduction

A number of environmental agents and commonly
used chemical compounds show pneumotoxicity and can
cause pulmonary disorders. The toxicity of
methylcyclopentadienyl manganese tricarbonyl (MMT),
an organometallic compound used as an antiknock
additive in a variety of fuels, was investigated in animal
experiments on several species (Hinderer, 1979; Hanzlik
et al., 1980; Hakkinen and Haschek, 1982; Penney et al.,
1985; McGinley et al., 1987). It was concluded that this
compound produced severe alveolar inflammation with
only mild bronchiolar airway cell injury. The rat was
found to be 26 times more sensitive to MMT than the
mouse, and 45 times more sensitive than the hamster, as
judged by the comparative LD50 values after i.p.
administration (Hakkinen and Haschek, 1982).
Bronchiolar damage was most severe in the mouse and
only mild in rats in which interstitial inflammation and
oedema dominated. Degenerative changes as shown by
cytoplasmic vacuolation were found in rat Clara cells.
Activation by organomanganese (MMT) compounds in
Clara cells probably leads to the production of active
metabolites that are capable of reaching targets in rat
alveolar type II cells (Clay and Morris, 1989; Blanchard
et al., 1996). It is known that many metabolically
activated pneumotoxic compounds, such as furans

Pulmonary response to 
methylcyclopentadienyl manganese tricarbonyl 
treatment in rats: injury and repair evaluation
T. Halatek1, B. Opalska2, K. Rydzynski1 and A. Bernard3
1Department of Toxicology and Carcinogenesis, 2Department of Pathomorphology, 
Nofer Institute of Occupational Medicine, Lodz, Poland and 3Unit of Industrial Toxicology 
and Occupational Medicine, Catholic University of Louvain, Brussels, Belgium

Histol Histopathol (2006) 21: 1181-1192

Offprint requests to: Dr. T. Halatek, Department of Toxicology and
Carcinogenesis, Nofer Institute of Occupational Medicine, 8, Teresy St.,
91-348 Lodz, Poland. e-mail: halatek@imp.lodz.pl

DOI: 10.14670/HH-21.1181

http://www.hh.um.es

Histology and
Histopathology
Cellular and Molecular Biology



(Boyd and Reznik-Schuller, 1984), naphthalene (Lin et
al., 2005), 3-methylindole (Woods et al., 1993) or
bromobenzene (Forkert, 1985), induce Clara cell injury.
Moreover, it was shown that Clara cells are involved in
the renewal of distal airway epithelium after the injury
(Hakkinen and Haschek, 1982). Many studies in a
number of species have indicated the Clara cell as a
possible progenitor cell for bronchiolar epithelium in the
repair process (Hackett et al., 1992, Van Winkle et al.,
1995).

In the alveolar epithelium, type II pneumocytes play
a significant role in the rebuilding processes after lung
injury since they are the progenitor cells for both type I
and type II epithelial cells (Durham and Gijbels, 1989;
Sulkowska et al., 1996). Type I pneumocytes cover
approximately 90-95% of the alveolar surface; the
remaining part being type II pneumocytes where the
synthesis and secretion of surfactant occur. An
interaction between type II pneumocytes and fibroblasts
also plays a significant role in the fibrosis processes.

Clara cell 16 kDa protein (CC16), a counterpart of
rabbit uteroglobin (Miele et al., 1987; Mantile et al.,
1993) is a potent inhibitor of phospholipase A2 and is
thought to have some role in the anti-inflammatory
activity (Lesur et al., 1995). This protein can be detected
by a sensitive immunoassay in bronchoalveolar lavage
fluid (Bernard et al., 1992). The BALF procedure allows
cells and soluble components to be collected from the
distal part of the respiratory tract. Some of these
components such as fibronectin, hyaluronan and
collagen can serve as biomarkers, since their elevated
level in BALF indicates interstitial lung disease
(Rennard and Crystal, 1982; Hallgren et al., 1985;
Bjermer et al., 1987; Blaschke et al., 1990). They are
also involved in the pathogenic mechanisms leading to
fibrosis (Davidson, 1990). 

The aim of this study was to determine, using
morphological and biochemical markers, the time course
of injury and repair processes in the rat lung after
treatment with a pneumotoxic agent. Special attention
was paid to the relationships between the morphology of
Clara cells and type II pneumocytes, and the levels of
Clara cell protein in BALF and serum during the injury
and repair processes.
Material and methods 

Animals and treatment

Female rats of the Wistar strain were used in the
experiment. All animals were kept in propylene plastic
cages on hardwood bedding at 22-25°C, a relative
humidity of 50%, on a 12-hour light-dark cycle, and fed
with laboratory chow Murigran and tap water ad libitum.
Animals were divided into two groups: a group of 40
rats were injected i.p. with methylcyclopentadienyl
manganese tricarbonyl (MMT, Aldrich) in a single dose
of 5 mg/kg b.w. dissolved in corn oil (1 ml/kg); 40
control rats were given corn oil (1 ml/kg) by i.p.

injection. The tests were performed 12 h, 24 h, 48 h or 7
days after injection. The animals were anaesthetised with
sodium pentobarbital (50 mg/kg, i.p.) and exsanguinated
via the abdominal aorta. Blood samples were stored at
4°C for 3 hours and then centrifuged at 2000 g for 10
minutes and the serum samples were stored at -20°C
until further analysis. The trachea was cannulated when
respiration had ceased and bronchoalveolar lavage was
performed. The lungs were lavaged with normal saline,
using a total volume of 10 ml. The bronchoalveolar
lavage fluid was centrifuged (200 g, 10 min, 4°C) and
the cell-free supernatant was used for testing. For
pathomorphological examination the lungs were quickly
removed. The lungs of animals from each group were
fixed by intratracheal infusion (20 cm of hydrostatic
pressure) with glutaraldehyde/paraformaldehyde
(1%/0.5%) in cacodylate buffer (pH7.4) and processed
for light- and electron-microscopy.
Biochemical analysis

In BAL fluid the following measurements were
performed: Clara cell protein (CC16), total protein and
hyaluronic acid (HA). Clara cell protein concentration
was determined by latex immunoassay (Halatek et al.,
1998). Specific rabbit antibodies against CC16 and a
standard for CC16 based on the purified protein were
obtained as described earlier (Halatek et al., 1998).
CC16 was determined in BALF without sample pre-
treatment. To eliminate the possible interference
(complement, chylomicrons), the serum samples were
pre-treated by heating at 56°C for 30 min. and by the
addition of polyethylene glycol 600 (16%, v/v 1/1) and
trichloroacetic acid (10%, v/v 1/40). After overnight
sedimentation, the samples were centrifuged and CC16
was determined in supernatants. Total protein
concentration in BALF was determined. Hyaluronic acid
(HA) was measured in BALF by radiometric assay
according to Engstrom-Laurent et al., (1985), using
Pharmacia HA kit (Uppsala, Sweden).

GSH-S-transferase (EC 2.5.1.18) in post-
mitochondrial supernatants of rat lung was determined
with 1-chloro-2,4-dinitrobenzene (CDNB) (Habig et al.,
1974). 
Immunocytochemistry

At each time-point the animals were injected i.p.
with BrdU (100 mg/kg) in phosphate-buffered saline
(PBS) 1 h before anaesthesia. Lung tissue sections were
then embedded in paraffin and sectioned. After standard
dewaxing and rehydration, lung sections were stained
with monoclonal anti-BrdU antibody and NBT-x
phosphatase kit (Boehringer-Mannheim) to detect BrdU
incorporated into DNA of proliferating cells. To
eliminate nonspecific binding of the primary antibody,
the sections were blocked with 1% bovine serum
albumin after a 15 min digestion with 2N HCl (Van
Winkle et al., 1995). The avidin-biotin peroxidase
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procedure was used to identify antibody binding sites.
Light and transmission electron microscopy

After fixation with glutaraldehyde/para-
formaldehyde, lung sections were postfixed in 1%
osmium tetroxide, dehydrated in ethanol and embedded
in epoxy resin (Poly-Bed 812). Semithin sections (1µm)
from lung were cut on LKB Ultratome III with glass
knives and stained with toluidine blue. The sections
were examined and some areas were selected for
electron microscopy evaluation. Ultrathin sections (70
nm) were stained with uranyl acetate and lead citrate and
examined using JEM 100-C (JEOL) electron microscope
at 80 kV.

Statistical analysis

All statistical analyses were performed using the
Sigma Stat software. Differences between groups were
assessed by one-way analysis of variance (ANOVA)
followed by the multiple comparison test. The level of
significance was set at p<0.05.
Results

Table 1 shows the concentrations of the study
parameters: CC16, total protein, and HA in BALF, CC16
in serum and GST in lung as well as lung weight/100g
b.w. 12 h, 24 h, 48 h and 7 days following a single i.p.
injection of MMT in the study group and the respective
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Fig. 1. Biochemical and morphological changes
following MMT injection, per cent values for the
exposed group vs. matching controls, at a given
time-point.



values for the control group receiving pure corn oil
injection. Figure 1 presents the per cent values of the
study parameters in the exposed and control groups and
displays the most important morphological findings
post-exposure. The first statistically significant changes
concerned GSH-S-transferase activity. 12 h post
injection, an increase was observed in GST activity in
the lung of rats intoxicated with MMT (p<0.05). A
statistically significant increase in this activity was also
found 24 h PE, but not after 48 h and 7 days PE (Table 1,
Fig. 1). 

Most of the study parameters presented statistically

significant changes 24 h PE (CC16, total protein, HA,
GST, lung/100g b.w.) and 48 h PE (total protein, HA,
CC16-S, lung/100g b.w.). Seven days PE, this referred
only to total protein and lung weight/100g b.w. (Table 1,
Fig. 1).

The mean CC16 concentration in BALF of rats
intoxicated with MMT decreased by 63 % at 24 h PE,
significantly compared to controls, p<0.05 (Table 1, Fig.
1). Decreased concentrations of CC16 protein in BALF
of rats treated with MMT were also found after 48 h
significantly compared to controls, p<0.05. Seven days
after exposure to MMT, CC16 concentration increased
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Fig. 2. Alveolar epithelium of
control rat. Normal image of
type I and type II
pneumocyte and capillary. 
x 3200

Table 1. Concentration of CC16, total protein and HA in BALF, CC16-S in serum and GST activity in lung and weight of lung/100 g b.w. following MMT
i.p. injection at 5 mg/kg b.w.

Treatment group Control **
Parameters/Time of examination – PE 12 h (N=5) 24 h (N=5) 48 h (N=5) 7 days (N=5) (N=20)

Lung weight/100 g; b.w. 0.96±0.01 1.27±0.03 * 2.04±0.20 * 1.26±0.24 * 0.90±0.10
Total protein; mg L-1 1252±422 6957±2651* 8548±3482 * 2961±687 * 1262±586
CC16-BALF; µg L-1 5767±118 2500±180 * 2667±2146 6257±1723 5917±1472
CC16-S; µg L-1 26.2±11.5 28.3±20.9 28.4±6.5 * 26.8±9.8 20.0±10.1
HA; µg L-1 13.6±6.1 35.7±11.9 * 42.0±11.3 * 20.9±2.9 16.8±7.9
GST; nmol/CDNB-GSH/min/mg protein 257±12 * 276±20 * 235±18 226±26 206±21

* Values are mean ± SD significantly different from control at p<0.05; ** Control values pooled from different PE groups.
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Fig. 3. Alveolar epithelium of
rat 12 h after MMT treatment.
Type I pneumocyte with
vacuoles (V) and swollen
cytoplasm. x 16000

Fig. 4. Alveolar epithelium of
rat 24 h after MMT injection.
Type I pneumocyte with
swollen cytoplasm, and
disruption of cellular
membranes. x 13000
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Fig. 5. Ultrastructure of
bronchiolar epithelium of rat
24 h after MMT injection.
Clara cell with dilated smooth
endoplasmic-reticulum
membranes (SER) and
vacuolated cytoplasm. 
x 10000 

Fig. 6. Lung of rat 48 h after
MMT treatment. Proliferation
of type II pneumocytes.
Mitotic figures in II
pneumocytes (arrows).
Stained with toluidine blue. 
x 450
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Fig. 7. Alveolar epithelium
of rat 48 h after MMT
injection. Numerous type II
pneumocyte (P) young
forms lining alveolar walls.
x 3500

Fig. 8. Distribution of cell
proliferation by
immunodetection of BrdU
incorporation (arrows) in
alveoli of rat after MMT
administration. Alveoli from
corn oil treated controls (A)
and MMT treated rats at 48 h
PE (B). x 70

A B
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Fig. 10. Lung tissue of rat
at seven days after MMT
administration. Focal
thickening of alveolar wall,
primarily in the alveolar
duct region (AD) and
perivascular tissue. Some
mononuclear cells (arrows)
visible in the alveolar
lumen. Stained with
toluidine blue. x 200

Fig. 9. Clara cell with mitotic
figure (arrow) in bronchiolar
epithelium of rat 48 h after
MMT injection. Stained with
toluidine blue. x 450



and exceeded the values found for controls, but the
difference was statistically insignificant. The
concentration of CC16 protein in serum increased after
exposure and at 48 h PE was significantly higher
(p<0.05) than the values in the control group.

At 24 h PE, the concentration of total protein in
BALF of MMT-exposed rats was 5 times as high as in
the control group of rats not exposed to MMT. This
effect of MMT exposure was even more pronounced 48
h PE and could be observed at seven days PE. The
results of hyaluronic acid (HA) determination in BALF
showed a significant rise in HA levels 24 h and 48 h PE
(Table 1, Fig. 1). MMT exposure resulted in an increase
in lung weight expressed as lung/100 g b.w. at 24 h, 48 h
and 7 days after MMT administration compared to the
findings for controls and the values at 12 h PE (Table 1,
Fig. 1). The initial body weight in both groups: MMT-
treated and controls, was similar and did not change
throughout the whole experiment, data not shown. 

Figure 2 shows EM micrograph of alveolar
epithelium with type I and type II pneumocytes of
control rat. Electron microscopic evaluation (Fig. 3)
revealed that 12 h PE, the lung tissue of exposed rats
was morphologically similar to that observed in the
control animals. However, ultrastructural findings for the
parenchymatous cells revealed vacuoles and swollen
cytoplasm in some type I pneumocytes. Bronchiolar
epithelium cells in most cases were not changed, but in
some Clara cells, the dilation of SER intracellular
membranes could be seen. Some of the ciliated cells had
swollen mitochondria.

In the lungs of rats examined 24 h after MMT
injection, alterations in type I pneumocytes were most
prevalent. In many of these cells, the cytoplasm was
severely swollen and cellular membranes were disrupted
(Fig. 4). In the alveolar lumen, erythrocytes, neutrophils
and macrophages were sometime present. In the Clara
cells with dilated SER membranes and degenerative
cytoplasm, vacuolation was found in the bronchiolar
epithelium (Fig. 5). Some type II pneumocytes had
vacuoles in their cytoplasm as well. At 48 h after MMT
administration to rats, type II pneumocytes in mitotic
phase could be observed. Proliferation of type II
pneumocytes was confirmed by light microscopy (Fig.
6) and electron microscopy (Fig. 7) and by the presence
of numerous type II pneumocytes with a BrdU-positive
reaction (Fig. 8). Cell division, to a lesser extent, was
noted also in Clara cells (Fig. 9). Destruction of cell
membranes was still observed in type I pneumocytes.

Rats pulmonary tissue examination, seven days after
MMT administration showed focal thickening of the
alveolar wall, primarily in the alveolar duct region.
Numerous mononuclear cells were found in the alveolar
lumen (Fig. 10). EM analysis revealed numerous
fibroblasts, macrophages, collagen and elastin fibres in
the alveolar walls as well as alveoli macrophages and
lymphocytes in the alveolar lumen. Type II pneumocytes
were less numerous as compared with the findings at 48
h PE.

Discussion

Several countries, including Canada, the United
States, Argentina, Australia, Bulgaria, France and Russia
have replaced lead (Pb) in gasoline with the manganese-
containing antiknock compound MMT (Zayed, 2001). It
has been well documented that MMT, regardless of the
route of administration, can cause organ-specific,
pulmonary effects (Hanzlik et al., 1980; Hakkinen and
Haschek, 1982; Haschek et al., 1982; MacGinley et al.,
1987; Clay and Morris, 1989). This study confirmed that
in MMT toxicity, rat alveolar and bronchiolar epithelium
was the target. The process of lung injury was dynamic
and consisted of several steps. The earliest changes in
ultrastructure were observed in type I pneumocytes (Fig.
3) and in bronchiolar epithelium Clara cells 12 h PE.
Degenerative changes in the epithelium, consisting of
cytoplasmic vacuolation and disruption of cellular
membranes in rat type I pneumocytes could be found 24
h PE. (Fig. 4). The damage of the blood-air barrier was
manifested by an increase in total protein in BALF and
increased levels of CC16 in serum (Table 1, Fig. 1). In
Clara cells, mild degenerative changes were observed at
the same time and were confirmed by decreased levels
of CC16 protein in BALF. As an index of toxicity,
increased level of total protein in BALF was noted at 24
h PE (Figs. 1 and 2). Decreased ratio of CC16 to total
protein in BALF could be found at 24 h, 48 h and 7
days; however seven days PE, the CC16 level returned
to control values (Table 1, Fig. 1). These changes reflect
a massive leakage of proteins from the blood vessels into
the alveolar space due to the alteration in permeability of
blood vessels/bronchoalveolar barrier (Jones et al., 1983;
Broeckaert et al., 2000). The proliferation of type II
pneumocytes (Figs. 6, 7), and to a lesser extent of Clara
cells, as seen 48 h after MMT i.p. injection, was
evidenced by the presence of mitotic-phase cells and
cells incorporating BrdU into their DNA (Fig. 8). These
observations confirmed that type II pneumocytes
participated in the regeneration of disrupted epithelium
(Dormans, 1996). It seems reasonable to suppose that
Clara cells also show the progenitor activity (Van
Winkle et al., 1999). The role of the Clara cell in the
renewal of the bronchiolar epithelium in the rat was well
defined in some investigations (Evans et al., 1978;
Harard et al., 1996).

The reported impairment and massive proliferation
of type II pneumocytes and milder effects in Clara cells
may be due to the different antioxidant reserves in these
cells. A key protective system present in the lung is
gluthatione with associated enzymes (Meister and
Anderson, 1983; Cantin and Begin, 1991). The reaction
of glutathione with electrophiles is catalysed by
glutathione S-transerases, a family of closely related
enzymes, several of which have been shown to be
present in lung tissue. The GSTs in the lung tend to be
bronchiolar in disposition. The activation of GSH-S-
transferase was recognized as another class of secondary
antioxidant mechanisms (Aniya and Naito, 1993). The
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increase in GST activity observed 12 h and 24 h after
MMT administration (Table 1) suggests an induction of
oxidative stress in lung cells (Bouttin et al., 1998;
Monteil et al., 1999; Shukla et al., 2000). It was shown
that MMT metabolites were present in the lungs as soon
as 3 h after MMT exposure (McGinley et al., 1987). In
the study by Cox et al. (1987), MMT was found to have
an LD50 value of 12.1 mg/kg. Neither of the metabolites
appeared to have significant acute toxicity even when
doses as high as 250 mg/kg had been given. The
difference in toxicity may be due in part to the changes
in the solubility of MMT metabolites (Zheng et al.,
2000). This implies that the oxidative metabolism of
MMT that results in the formation of these metabolites is
an important detoxifying pathway.

Clara cells and type II pneumocytes are the principal
source of CYP450 (CYP 1A1) monooxygenase activity
in the lung (Boyd, 1977; Jones et al., 1983; Plopper et
al., 1992, Verschoyle et al., 1993; Blanchard et al.,
1996). The increase in GSH-S-transferase activity
observed in our study suggests that MMT toxicity can be
related to P450-dependent monoooxygenase MMT
metabolites. SER dilation noted 12 h after MMT
injection in metabolically active Clara cells supports
these observations. The rat was considerably more
sensitive to MMT than the mouse (Hakkinen and
Haschek, 1982), may be because much lower GST levels
were demonstrated in the rat Clara cells (Mainwaring et
al., 1996). In oxidative stress, regardless of the
mechanism involved in its generation (e.g. via oxygen
radicals, redox cycling, lipid peroxidation, GSH
depletion), an increase in GSH-S-transferase activity is
an important factor (Sagara et al., 1998).

Ultrastructural examination of swollen SER
membranes in Clara cells supports these observations
(Fig. 4). As suggested earlier, an activation of
organomanganese (MMT) compounds in Clara cells
probably leads to the production of active metabolites
which are capable of reaching the target in the rat type II
pneumocyte (Clay and Morris, 1989; Blanchard et al.,
1996). The GSTs appear to behave as reservoirs for both
GSH conjugates and nonsubstrate ligands, presumably
releasing them slowly for further metabolism in the cell.
The most abundant targets for GSTs are polyunsaturated
fatty acyl residues in phospholipids. GSH-S-transferase
may be activated by oxygen radicals via forming dimmer
protein with an S-S bond and can act as selenium-
independent peroxide/scavenging lipid peroxides (Aniya
and Naito, 1993). Free fatty acids can be made available
for GSTs by action of phospholipase A2 (Tan et al.,
1984; Van Kuijk et al., 1987). Clara cells protein (CC16)
as a potent inhibitor of phospholipase A2 may play a
role in the control of repair of membrane damage and in
an anti-inflammatory action (Jorens et al., 1995). Based
on the findings that CC16 is deficient in fibrotic lung
diseases and that decreased CC16 levels well correlate
with enhanced PLA2 activity in alveolar fluids, it was
speculated that CC16 deficiency might contribute, by
loss of regulatory control, to triggering the cascade

leading to fibroblast activation and overgrowth (Lesur et
al., 1995).

Increased HA level in BALF of intoxicated rats was
observed 24 h and 48 h after MMT administration (Table
1). The excess synthesis of HA may be a consequence of
fibroblast proliferation. Hyaluronic acid may take part in
tissue remodelling during inflammation and repair, and
may originate from interstitial fibroblasts (Cooper and
Rathbone 1990). Increased levels of HA in BALF have
been reported in experimental models, e.g. bleomycin-
induced alveolitis in the rat (Nettenblad et al., 1989) or
in glutaraldehyde exposure (Halatek et al., 2003). These
findings indicate that MMT-induced inflammation is
associated with changes in the production/degradation of
extracellular matrix components (Teder and Heldin,
1997).

It is possible that HA is produced by the lung in
response to complement-mediated stimulation. The
results of the studies discussed above support the
possible mechanism of pulmonary fibrosis with
epithelial repair and subsequent proliferation of
fibroblasts (Hashek and Witschi, 1979; Dunsmore et al.,
1996; Sannes et al., 1996). The fibrotic process may
have a close relationship with enhanced HA level
observed in the present study after 24 and 48 h, and may
by related to fibrosis observed after seven days. At that
time-point, the HA level in BALF decreased and
numerous fibroblasts, macrophages, collagen and elastin
fibres, indicating an advanced repair process, were found
in the lungs. However, the high level of total protein
indicated a still enhanced permeability of
blood/bronchoalveolar barrier (Table 1, Fig. 1). It was
reported that in rats, the epithelial cells of bronchioles
returned to normal 21 days after MMT treatment
(Hakkinen and Haschek, 1982). 

In conclusion, the injury and repair of bronchial
epithelium cells, especially of Clara cells and type II
pneumocyte cells, play an important part in MMT
toxicity, probably depending on the antioxidant status of
these cells. The sensitive biomarkers of CC16 and
hyaluronic acid in BALF and serum reflect lung injury
and indicate the time course of pulmonary damage and
repair processes.
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