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ABSTRACT: Idiopathic pulmonary fibrosis has a poor prognosis and few efficacious treatments.

The immunosuppressant cyclosporin A has been shown to inhibit tumour growth factor (TGF)-b-

induced collagen deposition in vitro, and is widely used in Japan as a potent antifibrotic agent.

Tacrolimus (FK506) is another attractive immunosuppressant, which may be useful in the

treatment of pulmonary fibrosis. The aim of the present study was to elucidate the antifibrotic

effect of FK506.

The inhibitory effect of FK506 on collagen synthesis in cultured lung fibroblastic cells, TIG-3-20,

and its antifibrotic effect on bleomycin (BLM)-induced pulmonary fibrosis in mice was

investigated.

FK506 inhibited TGF-b-induced collagen synthesis, and suppressed the expression of TGF-b

type I receptor (TbR-I) in TIG-3-20 cells. Consistent with the in vitro findings, FK506 treatment

starting on day 6 attenuated BLM-induced pulmonary fibrosis, in part, via reduced TbR-I

expression. FK506 treatment in the acute BLM injury phase unexpectedly increased pro-

inflammatory cytokine levels in bronchoalveolar lavage fluid and enhanced lung injury, resulting

in poor survival.

In conclusion, the present results suggest that FK506 has a potent antifibrotic effect and may be

useful for the treatment of pulmonary fibrosis, although its use in the acute inflammatory phase

may exacerbate lung injury.

KEYWORDS: Bleomycin, fibroblast, FK506, pulmonary fibrosis, tacrolimus, transforming growth

factor-b

I
diopathic pulmonary fibrosis is an incurable
disorder with a poor prognosis. The molecu-
lar mechanisms that lead to pulmonary

fibrosis are poorly understood. The resulting
pulmonary histopathological changes can be
diverse with overlapping features, characterised
by varying degrees of inflammation and accu-
mulation of extracellular matrix (ECM) molecules
in the alveolar and interstitial spaces [1].
Corticosteroids, with or without cytotoxic agents,
are currently used to treat pulmonary fibrosis [2].
However, this disease is generally progressive
and irreversible, regardless of treatment.

Tacrolimus (FK506) is a calcineurin inhibitor and
a specific inhibitor of T-lymphocyte function that
has been used widely as an immunosuppressant
in human organ transplantation. The inhibitory
mechanism of FK506 is similar to that of
cyclosporin A (CsA), although there are substantial
differences in potency and chemical structure [3].
Recently, it was reported that CsA inhibits tumour
growth factor (TGF)-b-induced signalling and
collagen deposition in vitro via direct inhibition of

AP-1/JunD activation [4]. Furthermore, in clin-
ical reports CsA has been noted as an attractive
drug for the treatment of interstitial pneumonia
[5]. FK506, which is a higher-potency immuno-
suppressant, may be a useful antifibrotic agent
for the treatment of pulmonary fibrosis.

TGF-b is a central fibrogenic factor in the
development of pulmonary fibrosis [6]. This
cytokine is mitogenic and chemotactic for fibro-
blasts and promotes the accumulation of ECM
proteins by increasing collagen synthesis and
inhibiting matrix degradation. Neutralisation of
TGF-b with antibodies reduces experimental lung
fibrosis [7] and exogenous over expression of
Smad7, an inhibitor of the TGF-b signalling
pathway, prevents bleomycin (BLM)-induced
lung fibrosis in mice [8]. Therefore, blockage of
the cellular effects of TGF-b may provide an
effective therapy for pulmonary fibrosis. FKBP12,
a cytoplasmic binding protein of FK506, has been
shown to interact with the activation domain of
the TGF-b receptor (TbR)-I, which is responsible
for initiating the downstream signalling pathway
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[9]. However, it has not been fully elucidated if, or how, FK506
interacts with TbR-I in lung fibrosis. The present study
examined the effect of FK506 on TGF-b-induced collagen
synthesis in fibroblasts. The antifibrotic effect of FK506 in a
murine BLM-induced lung fibrosis model was also evaluated.

MATERIAL AND METHODS
Reagents
FK506 was kindly provided by Astellas Pharma Inc. (Tokyo,
Japan). The solution form of FK506 (5 mg?ampoule-1) was
diluted in 4 mL sterile PBS to make a stock solution, which was
then further diluted into an appropriate concentration with PBS
for use in experiments. BLM hydrochloride (Nihonkayaku,
Osaka, Japan) was dissolved in sterile PBS.

Cell culture
Human lung fibroblastic cell line TIG-3-20 was obtained from
the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan). Cells were cultured in tissue culture flasks
(Falcon, Franklin Lakes, NJ, USA) in basal Eagle’s medium
(BEM; GIBCO Invitrogen, Carlsbad, CA, USA), supplemented
with 10% foetal bovine serum (FBS; Serologicals Corp.,
Norcross, GA, USA) and 1% penicillin-streptomycin (GIBCO
Invitrogen). Treatments were performed in 5% CO2 at 37uC in a
humidified atmosphere. Cells were used between the 25th and
30th passage.

Collagen assay
Collagen assays were performed with the Sircol Collagen
Assay kit (Biocolor, Newtownabbey, UK) according to the
manufacturer’s protocol. Briefly, 1 mL Sircol dye reagent was
added to 100 mL culture supernatant or collagen standard and
incubated at 25uC for 30 min. After centrifugation at 10,0006g
for 5 min, supernatants were discarded. To release the bound
dye into solution, 1 mL of 0.5 NaOH was added to the
collagen-bound dye pellet. The optical density of each sample
at 540 nm was determined with a spectrophotometer.

Preparation of proteins and western blots
TIG-3-20 cells were grown to subconfluence in BEM plus 10%
FBS. After 24-h serum starvation, cells were dissolved in
radioimmunoprecipitation assay (RIPA) lysis buffer (sc-24948;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The
lysates were stored at -80uC for further analysis.

Murine lung tissues were homogenised (1 g in 3 mL) in RIPA
lysis buffer. The homogenates were incubated on ice for 1 h
and clarified by centrifugation at 15,000 rpm for 10 min. The
upper layer containing lipids was discarded and the samples
were again centrifuged at 15,000 rpm for 10 min. After
removal of the remaining top lipid layer, the supernatants
were stored at -80uC until analysis.

For Western blot analysis, 15 mg of protein sample determined
using a DC Protein Assay kit (Bio-Rad, Hercules, CA, USA)
was separated by SDS-polyacrylamide gel electrophoresis and
transferred to a PVDF membrane (Invitrogen, Carlsbad, CA,
USA). Blots were probed overnight with a 1:1000 dilution of
primary antibody against TbR-I or TbR-II (rabbit polyclonal
antibody to TbR-I (v-22) or TbR-II (c-16); Santa Cruz
Biotechnology Inc.) in 0.5% milk/Tris-buffered saline plus
0.05% Tween 20. Blots were incubated with horseradish

peroxidase-conjugated anti-rabbit immunoglobulin (Ig)G.
Protein levels were visualised with Western Lightning Plus
Chemiluminescence Reagent (PerkinElmer Life Sciences,
Boston, MA, USA) and quantified with a scanning densitometer.

Animals and treatments
Six-week-old male C57BL/6 mice weighing 20–22 g were
purchased from Japan SLC Inc. (Shizuoka, Japan) and
maintained under specific pathogen-free conditions at a
constant temperature with food and water ad libitum at the
Kumamoto University animal facility (Kumamoto, Japan). All
procedures involving animals were approved by the Animal
Care and Use Committee of Kunamoto University.

Mice were randomly assigned to one of five groups each
containing five mice. Mice in groups one and two were treated
intratracheally with 50 mL sterile PBS alone or PBS containing
FK506 (1 mg?kg-1). To induce pulmonary fibrosis, mice in
groups three, four and five were given BLM (3–5 U?kg-1 body
weight in 50 mL sterile PBS). Group three was then treated with
PBS as a vehicle, and mice in groups four and five were treated
daily with intraperitoneal injections of FK506 (1 mg?kg-1)
starting on day 0 or day 6. All procedures were performed
under anaesthesia induced by intraperitoneal injection of
chloral hydrate (400 mg?kg-1 i.p.). At the designated time
points (days 3, 7 or 14 after BLM administration) mice were
killed, bronchoalveolar lavage (BAL) was performed and both
lungs were removed and frozen immediately in liquid
nitrogen. Tissue samples were stored at -80uC until further
processing.

Histology
Animals were anaesthetised and perfused via the left ventricle
with 2.5 mL PBS. Lungs were fixed by inflation with 0.7 mL
buffered 10% formalin solution for 24 h, then processed
according to standard procedures and embedded in paraffin.
Sections 3 mm in size were cut, mounted on slides and stained
with haematoxylin and eosin.

Hydroxyproline quantification
To quantify collagen deposition, hydroxyproline content was
measured as described previously [10]. In brief, a minced lung
was homogenised in 6 N HCl and hydrolysed at 110uC for
16 h. The pH was adjusted to 6.5–7.0 with NaOH, and the
sample volume was adjusted to 30 mL with sterile water. A
2-mL aliquot of the sample solution was added to 1 mL 1.4%
chloramine T and incubated at room temperature for 20 min,
1 mL 3.15 M perchloric acid was then added and incubated for
5 min, followed by the addition of 1 mL Erlich’s solution. After
incubation at 60uC for 20 min, absorbance was measured at
560 nm with a spectrophotometer. The amount of hydroxypro-
line was determined by comparison with a standard curve
prepared from known concentrations of hydroxyproline
reagent.

Immunohistochemistry
Lung sections (3 mm thick) embedded in paraffin were
deparaffinised in xylene and rehydrated in a graded ethanol
series and PBS. Immunohistochemical staining for TbR-I was
performed with a rabbit polyclonal antibody to TbR-I (v-22)
diluted 1:200 overnight at 4uC. Immunoreactivity was
visualised with a secondary antibody conjugated to
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peroxidase-labelled dextran polymer (ENVISION+; DAKO
Corp., Carpinteria, CA, USA) and diaminobenzidine as a
substrate (DAKO), according to the manufacturer’s recom-
mendations. The sections were then counterstained with
haematoxylin.

BAL and lung tissue preparation
Following intraperitoneal chloral hydrate anaesthesia, a total
of 3 mL PBS was injected intratracheally, in three aliquots
of 1 mL each, and retrieved. The BAL fluid (BALF) was
centrifuged at 1,500 rpm for 5 min, and cell-free supernatants
were used for biochemical assays. For each animal, the cell
pellet was resuspended in 1 mL PBS, and total white blood cell
counts were performed with a haemocytometer. Cell differ-
entials were determined by centrifuging in a cytospin and
staining with DiffQuik (Sysmex, Kobe, Japan).

Assessment of albumin leakage
To examine pulmonary vascular permeability, BALF/serum
albumin (B/S) ratios were determined by means of ELISA
(Bethyl Laboratories Inc., Montgomery, TX, USA).

Lung wet-to-dry weight ratios
In another series of experiments, mice were anaesthetised and
the chest opened via a midline incision. The lungs were gently
infused with 2.5 mL sterile PBS from the heart for 30 s and
carefully dissected from large airways, heart and mediastinal
structures, and excess fluid was absorbed with soft tissue
paper. The lungs were immediately weighed in dishes (wet
weight) and again after being placed overnight at 80uC in a
drying oven (dry weight) for calculation of the wet/dry (W/D)
weight ratio.

Determination of cytokine levels in BALF
The level of active TGF-b1 was measured with a mouse
immunoassay kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s recommendations. The sensi-
tivity of the assay was 3 pg?mL-1. Levels of interleukin (IL)-
1b, tumour necrosis factor (TNF)-a and interferon (IFN)-c in
BALF were determined with mouse ELISA kits (BioSource
International, Camarillo, CA) according to the manufacturer’s
protocols.

Statistical analysis
Data are expressed as mean¡SEM for all analyses in which
mean values were compared. A t-test or Mann–Whitney U-test
was used for two-group comparisons. A p-value of ,0.05 was
considered statistically significant.

RESULTS
FK506 inhibits TGF-b-induced collagen synthesis in TIG-3-
20 cells
To test the ability of FK506 to decrease TGF-b-induced collagen
synthesis, human lung TIG-3-20 cells were stimulated with
10 ng?mL-1 recombinant human TGF-b in the absence or
presence of varying concentrations of FK506 (fig. 1a). Stimu-
lation with 10 ng?mL-1 TGF-b1 induced 1.5-fold enhancement
of collagen production. Treatment with FK506 significantly
reduced TGF-b1-induced collagen synthesis. However, FK506
showed no effect on baseline levels of collagen production in
these cells. FKBP12, a cytoplasmic binding protein of FK506,
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FIGURE 1. a) Confluent TIG-3-20 cells were incubated in 0.5% foetal bovine

serum (FBS) for 24 h, then stimulated with 10 ng?mL-1 recombinant human tumour

growth factor (TGF)-b1 with or without the indicated concentrations of FK506

(presented in ng?mL-1). Soluble collagen production was determined as described.

Data reported as mean¡SEM of triplicate measurements of culture supernatants. *:

p,0.05 compared with TGF-b1 stimulation without FK506; **: p,0.01 compared

with control without TGF-b1 stimulation. b) Confluent TIG-3-20 cells were incubated

in 0.5% FBS for 24 h, then stimulated with 100 ng?mL-1 bleomycin (BLM) with or

without 10 ng?mL-1 FK506. TGF-b receptor (TbR)-I and TbR-II expression was

determined by western blotting. c) TbR-I protein levels measured by scanning

densitometry are shown relative to control, which was set at 100 densitometric units.

BLM 100 ng?mL-1; FK506 in ng?mL-1. Data reported as mean¡SEM of triplicate

measurements. *: p,0.05 compared with BLM stimulation alone; **: p,0.01

compared with control.
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has been reported to interact with the activation domain of
TbR-I [9]. Therefore, the present authors hypothesised that
FK506 inhibits TGF-b-induced collagen synthesis by modulat-
ing TbR-I expression. Western blotting was used to analyse the
expression level of TbR-I induced by BLM stimulation in the
absence or presence of FK506 (fig. 1b). Compared with
unstimulated cells, the cells stimulated with 100 ng?mL-1

BLM showed increased levels of TbR-I protein. Treatment
with FK506 (10 ng?mL-1) significantly reduced BLM-induced
expression of TbR-I. Expression of TbR-II was also determined.
In contrast to TbR-I, TbR-II was expressed constitutively and
was not significantly altered in response to BLM treatment.

FK506 attenuates BLM-induced pulmonary fibrosis in mice
The previously mentioned results encouraged investigation
into the effect of FK506 in vivo. Therefore, a mouse model of
BLM-induced pulmonary fibrosis was used to evaluate the
antifibrotic effect of FK506. FK506 treatment was initiated on
day 6 to avoid the anti-inflammatory effect of FK506 in the

acute BLM-injury phase, from day 1 to day 5 [11]. The
antifibrotic effect of FK506 was assessed by histological
examination of haematoxylin and eosin stained slides on day
14 (fig. 2). No histological changes were observed in control
lungs from PBS-treated mice (PBS/vehicle; fig. 2a) or from
PBS/FK506-treated mice (PBS/FK506; fig. 2b). Lung sections
from BLM-challenged mice in the absence of FK506 showed
marked histological changes including: 1) large fibrous areas;
2) collapsed alveolar spaces; and 3) traction bronchiectasis in
subpleural and peribronchial regions (BLM/vehicle; fig. 2c).
However, compared with lungs from BLM/vehicle mice,
lungs from BLM/FK506-treated mice (days 6–13) showed
limited fibrotic lesions of attenuated intensity (BLM/FK506;
fig. 2d).

Lung fibrosis was also examined by measuring the pulmonary
hydroxyproline content as an index of collagen accumulation.
Data are expressed as hydroxyproline content per left lung
(fig. 3a). The upregulated hydroxyproline accumulation in
response to BLM administration was significantly decreased in

a) b)

c) d)

FIGURE 2. Haematoxylin and eosin photomicrographs of lungs at day 14. a) PBS/vehicle: normal-lung architecture. b) PBS/FK506: normal-lung architecture. c)

Bleomycin (BLM)/vehicle: extensive fibrosis with marked inflammatory cell infiltration. d) BLM/FK506: fibrotic lesions were observed in the peribronchial area, but the extent

was limited and the intensity was attenuated compared with those in BLM/vehicle mice. Scale bar5500 mm.
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response to FK506 compared with vehicle (BLM/vehicle,
61.8¡8.4 mg/left lung versus BLM/FK506 76.8¡7.2 mg/left
lung; n57; p,0.05). FK506 treatment alone did not alter
hydroxyproline levels (PBS/FK506: 51.7¡5.5 mg/left lung,
n53; PBS/vehicle: 55.1¡4.9 mg/left lung, n53).

It has been reported that TGF-b plays a crucial role in the
pathogenesis of pulmonary fibrosis [6]. To determine whether
the antifibrotic effect of FK506 depends on TGF-b activity, the
levels of active TGF-b in BALF was measured on days 7
and 14. The TGF-b level was increased in response to BLM

administration, and was higher on day 14 than on day 7.
However, there was no significant difference in active TGF-b
levels between BLM/vehicle mice and BLM/FK506 mice
(day 7: 49.9¡17.5 pg?mL-1 versus 40.1¡5.1 pg?mL-1; day 14:
87.6¡6.8 pg?mL-1 versus 92.8¡8.6 pg?mL-1; fig. 3b).

To show a biological effect of active TGF-b, cells require the
presence of TbR-I. Therefore, immunohistochemical examina-
tion of TbR-I expression was performed on lung sections from
BLM-challenged mice in the absence or presence of FK506.
Lung sections from control or BLM-challenged mice on day 14
were stained with an anti-TbR-I antibody. In normal lungs
(PBS/vehicle), TbR-I staining was ubiquitous on bronchial
cells (data not shown), alveolar epithelial cells and alveolar
macrophages (fig. 4a). In lungs from BLM/vehicle mice, strong
TbR-I staining was identified in epithelial cells and spindle-
shaped interstitial cells in the area of fibrosis (fig. 4b). In
contrast, lungs from BLM/FK506 mice showed reduced TbR-I
staining in the cells throughout the fibrous area (fig. 4d). In
particular, TbR-I staining of fibroblasts in the fibrous area was
significantly decreased in BLM/FK506 mice compared with
that in BLM/vehicle mice. Control lungs with rabbit IgG
instead of anti-TbR-I showed no immunoreactivity (fig. 4f).
Furthermore, Western blotting was used to analyse the TbR-I
expression level in lung tissues (fig. 5). Compared with PBS/
vehicle mice, BLM-challenged mice showed increased levels of
TbR-I protein. Treatment with FK506 (days 6–13) significantly
reduced the BLM-induced TbR-I expression. In contrast to
TbR-I, TbR-II was expressed constitutively and was not
significantly altered in response to BLM or FK506 treatment.

Effect of early FK506 treatment in BLM mice
It has been reported that calcineurin inhibitors inhibit the
release of pro-inflammatory mediators in addition to posses-
sing T-lymphocyte-associated immunosuppressive activity
[12]. Therefore, continuous FK506 treatment initiated at the
acute BLM injury phase would be expected to result in
decreased fibrosis in the BLM model. BLM-challenged mice
were given FK506 daily from the day before BLM administra-
tion until day 13, and survival was analysed by Kaplan–Meier
curves (fig. 6). Only a few BLM/vehicle or BLM/FK506 (days
6–13) mice died by day 14. The survival of BLM/FK506 (days
0–13) mice was clearly decreased, and the survival rate was not
improved even when FK506 treatment was limited to days 0–5
(data not shown). Early FK506 treatment in this group also
decreased the survival.

To determine why early FK506 treatment decreased the
survival of BLM-challenged mice, lung sections from day
7 were examined histologically (fig. 7). Sections from PBS/
vehicle mice and PBS/FK506 (days 0–6) mice showed normal
lung architecture (fig. 7a and 7b). Sections from BLM/vehicle
(days 0–6) mice showed localised interstitial wall thickening
and interstitial mononuclear cell infiltrates, predominantly in
peribronchial areas (fig. 7c). Sections from BLM/FK506 (days
0–6) mice showed marked interstitial oedema with inflamma-
tory cell infiltration in the alveolar space (fig. 7d).

To analyse the effect of FK506 on lung inflammation in BLM-
challenged mice, total cell counts and differential cell analysis
were assessed in BALF on days 3, 7 and 14. Compared with
PBS-treated mice, BLM-challenged mice showed significantly
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FIGURE 3. FK506 treatment (days 6–13) decreased hydroxyproline content in

bleomycin (BLM)-challenged mice, but did not alter active tumour growth factor

(TGF)-b levels in bronchoalveolar lavage fluid (BALF). a) Effect of FK506 on

hydroxyproline content, an index of collagen accumulation, in BLM-administrated

mice on day 14. BLM administration significantly increased hydroxyproline content.

FK506 treatment starting at day 6 significantly decreased hydroxyproline content. #:

p,0.05, PBS/vehicle or PBS/FK506 versus BLM/vehicle; *: p,0.05, BLM/vehicle

versus BLM/FK506. b) Effect of FK506 on active TGF-b levels in BALF from BLM-

challenged mice on days 7 and 14. No difference was identified between BLM/vehicle

mice and BLM/FK506 mice. Data shown are representative of three independent

experiments and are expressed as the mean¡SEM values of five animals.
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increased total cell numbers in BALF on days 3 and 7 (table 1).
The major cell type in BALF was alveolar macrophages, often
with signs of activation (enlargement with increased numbers
of intracellular vacuoles). On day 7, BLM /FK506 (days 0–7)

mice showed higher total cell counts than BLM/vehicle mice.
There were no significant differences in differential cell
analysis between these two groups.

Effect of FK506 on pulmonary vascular permeability
On the basis of the histological findings and results of BALF
analysis, the current authors hypothesised that FK506
enhances pulmonary permeability in BLM mice, particularly
in the acute BLM injury phase. Changes in lung permeability in
response to BLM were analysed by comparing B/S ratios
(fig. 8a). On day 7, the B/S ratios in BLM/vehicle mice and
BLM/FK506 (days 0–6) mice were significantly increased
compared with those of control mice, PBS/vehicle mice or

a) b) c)

d) e) f)

FIGURE 4. Tumour growth factor (TGF)-b receptor (TbR)-I expression in lungs of control and bleomycin (BLM)-challenged mice on day 14. Immunohistochemical

demonstration of TbR-I representing: a) normal control lungs (PBS/vehicle), showing ubiquitous TbR-I staining in alveolar epithelial cells; b and c) BLM/vehicle mice, showing

strong TbR-I immunoreactivity in interstitial spindle-shaped cells in areas of fibrosis; d and e) BLM/FK506 mice showed decreased immunostaining for TbR-I in the interstitial

cells compared to lungs from BLM/vehicle mice; f) control with rabbit immunoglobulin G instead of anti-TbR-I. Haematoxylin was used as a counterstain. Scale bar550 mm.
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FIGURE 5. a) Western blot analysis on tumour growth factor-b receptor (TbR)-I

and TbR-II expression in lungs of control and bleomycin (BLM)-challenged mice on

day 14. Representative results of three different experiments are shown. b) TbR-I

protein levels measured by scanning densitometry shown relative to control set at

100 densitometric units. Data are reported as the mean¡SEM of triplicate

measurements. *: p,0.05 compared with BLM stimulation alone; **: p,0.01

compared with control.
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FIGURE 6. Kaplan–Meier survival curves of bleomycin (BLM)-challenged mice

with or without FK506 treatment. Mice were followed for 14 days after administration

3 U?kg-1 BLM. Mice were assigned to one of three groups (each n512) and treated

with PBS or with FK506 (days 0–13 or days 6–13, respectively). There was no

difference in survival between BLM/vehicle mice and BLM/FK506 (days 6–13) mice.

However, a significant reduction in survival of BLM/FK506 (– – –; days 0–13) mice

was observed compared with BLM/vehicle mice or BLM/FK506 (- - -; days 6–13)

mice (p,0.05). –––: BLM/vehicle mice, days 0–13; ???: PBS/vehicle mice, days 0–13.
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a)

b)

c)

d)

FIGURE 7. Haematoxylin and eosin photomicrographs of lung tissues at day 7. a) PBS/vehicle; normal lung architecture. b) PBS/FK506 (days 0–6): normal lung

architecture. c) Bleomycin (BLM)/vehicle: interstitial wall thickening with interstitial mononuclear cell infiltrate. d) BLM/FK506 (days 0–6): marked interstitial and alveolar

oedema with extensive inflammatory cell infiltration. Scale bar5100 mm.

TABLE 1 Bronchoalveolar lavage fluid analysis: total cell count and differential cell counts

Day Treatment Total 6104?mL-1 AM % Neu. % Lym. %

Day 3 BLM/vehicle 38.13¡18.73 94.72¡48.47 2.31¡1.65 2.94¡1.52

BLM/FK506

days 0–2

35.54¡16.92 96.71¡45.08 1.32¡2.39 1.97¡1.77

Day 7 BLM/vehicle 57.70¡36.70 87.16¡51.49 6.40¡6.46 6.43¡6.78

BLM/FK506

days 0–6

120.00¡45.49* 83.13¡20.81 8.83¡10.03 8.05¡7.18

Day 14 BLM/vehicle 20.70¡6.19 68.26¡19.03 4.88¡7.10 26.67¡28.60

BLM/FK506

days 0–13

26.10¡9.45 83.03¡34.18 8.74¡9.00 7.93¡5.29

control PBS 13.05¡2.30 98.62¡16.63 0.0¡0.0 1.38¡1.15

Data are presented as mean¡SD. BLM: bleomycin; AM: alveolar macrophage; Neu.: neutrophil; Lym.: lymphocyte. On day 7, FK506-treated mice showed higher total

cell counts than BLM-alone mice, although there was no significant difference in differential cell counts between these two groups. *: p,0.05 versus BLM/vehicle at the

same time points.
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PBS/FK506 (days 0–6) mice. However, the increase on day 7
was significantly greater in BLM/FK506 (days 0–6) mice than
in BLM/vehicle mice (16-fold increase versus 9-fold increase,
respectively). No significant differences were observed in B/S
ratios between these two groups on day 3 (data not shown). In
addition, lung W/D weight ratios were determined and
compared in each group (n53) on day 7 (fig. 8b). The lung
W/D ratio was significantly increased in BLM/FK506 (days 0–
6) mice compared with that in BLM/vehicle mice (1.47-fold
versus 1.22-fold, respectively).

Pro-inflammatory cytokine levels in BALF
To further elucidate the effect of FK506 on lung inflamm-
ation and vascular permeability, concentrations of the pro-
inflammatory cytokines TNF-a, IL-1b and IFN-c were measured
in BALF on days 3 and 7 (fig. 8c). In BLM/vehicle and BLM/
FK506 (days 0–6) mice, increased pro-inflammatory cytokine
levels were detected on day 3 which returned to basal levels by
day 7. However, on day 3, the levels were significantly higher in
BLM/FK506 (days 0–6) mice than in BLM/vehicle mice (p,0.05).
There were no significant differences in the levels on day 7.
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FIGURE 8. Effect of FK506 treatment (days 0–6) on pulmonary

vascular permeability at day 7 after bleomycin (BLM) administration (3

U?kg-1). Pulmonary transcapillary albumin transit (a) and lung wet/dry

(W/D) ratios (b) were used to assess alterations in lung permeability.

Both bronchoalveolar lavage fluid/serum albumin (B/S) ratios and W/D

ratios were higher in BLM/FK506 (days 0–6) mice than those in BLM/

vehicle mice, indicating that FK506 treatment increased pulmonary

vascular permeability in BLM mice. **: p,0.01 compared with control;

*: p,0.05 compared to BLM/vehicle. c, d, e) Effect of FK506 treatment

on interleukin (IL)-1b (c), tumour necrosis factor (TNF)-a (d) and

interferon (IFN)-c (e) levels at days 3 and 7. Higher levels of these three

pro-inflammatory cytokines were detected on day 3, but not on day 7,

in mice treated with FK506 (BLM/FK506, days 0–6) compared with

control (BLM/vehicle). #: p,0.05 versus BLM/vehicle at the same time

point; **: p,0.01 versus control.
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DISCUSSION
The present study demonstrated the following. 1) FK506
inhibits TGF-b-induced collagen synthesis in human lung
fibroblastic cells. 2) FK506 attenuates BLM-induced pulmonary
fibrosis in mice when FK506 treatment is initiated on day 6
after BLM administration. 3) FK506 suppresses the BLM-
induced expression of TbR-I receptor in vitro and in vivo. 4)
Treatment with FK506 during the acute BLM injury phase
increases pulmonary vascular permeability and exudation, and
decreases survival of BLM-challenged mice.

Current therapeutic options for pulmonary fibrosis are
ineffective and associated with severe morbidity and poor
outcome [2, 13]. Current treatments for this disease focus on
suppression of fibrosis with antifibrotic agents [14, 15].
Recently, it has been suggested that CsA inhibits TGF-b-
induced signalling and collagen deposition in vitro [4]. Given
that FK506 is a more potent immunosuppressant than CsA, the
current authors were interested in whether FK506 is a more
effective antifibrotic drug.

FK506 is known to exhibit its pharmacological effects on
inflammatory cells, including T-cells, macrophages [12],
eosinophils [16] and neutrophils [17]. Little is known regarding
the effect of FK506 on fibroblasts. The present study showed
that FK506 inhibits TGF-b-induced collagen synthesis in
human lung fibroblastic cells.

TGF-b has been shown to play a pivotal role in tissue fibrosis,
including pulmonary fibrosis [6, 7, 18]. TGF-b initiates
signalling through the activation of the heterodimeric trans-
membrane complex of the TbR-I and TbR-II serine/threonine
kinases. Upon binding TGF-b, constitutively active and
autophosphorylated TbR-II phosphorylates and activates
TbR-I. TGF-b sends signals from the receptor to the nucleus
via a set of Smad proteins. Although the immunophilin
FKBP12, which mediates the effects of FK506, has been shown
to directly interfere with TbR-I signalling [9], its function in
TGF-b-mediated signalling remains controversial [19, 20].
However, FK506 has been shown to compete effectively with
TbR-I for FKBP12 binding [21]. To elucidate the possible role
of FK506 in TGF-b signalling and TGF-b-induced collagen
synthesis, the effect of FK506 on TIG-3-20 cells was evaluated.
BLM has been reported to stimulate the expression of TbR-I in
lung fibroblasts [22]. Therefore, BLM-induced upregulation of
TbR-I expression was assessed in both the absence and
presence of FK506. A significant inhibitory effect of FK506 on
BLM-induced TbR-I expression was clearly shown. FK506 also
completely inhibited TGF-b-induced collagen synthesis. This
may also be due to inactivation of transcription factors [23] or
to regulation of internalisation of TGF-b receptors, which is
important for TGF-b signalling and for receptor turnover [24].
The precise mechanism remains unclear and requires further
investigation.

It has been reported that the expression of TGF-b mRNA in the
murine BLM-induced lung fibrosis model increases rapidly
and peaks 5 days after BLM administration [25]. Therefore, in
the present study, FK506 treatment was initiated on day 6 to
evaluate its antifibrotic effect. In the current study, FK506
treatment starting on day 6 significantly attenuated BLM-
induced lung fibrosis. Although no difference was observed in

the level of active TGF-b in BALF between BLM/vehicle mice
and BLM/FK506 mice, TbR-I expression in fibrotic lungs,
assessed by immunostaining and Western blotting, was greatly
decreased in BLM/FK506 mice, suggesting that FK506 inhibits
TGF-b signalling via reduced TbR-I expression in fibroblasts,
resulting in an amelioration of BLM-induced pulmonary
fibrosis.

FK506 treatment during the acute BLM injury phase unexpect-
edly exacerbated BLM-induced exudative inflammation,
resulting in a high mortality rate. The early administration of
FK506 increased pro-inflammatory cytokine levels in BALF on
day 3 and enhanced pulmonary permeability, resulting in
severe lung injury. Pro-inflammatory cytokines, such as IL-1b,
TNF-a and IFN-c, have been shown to increase pulmonary
vascular endothelial permeability and subsequent lung
oedema [26]. Consistent with this, excessive pulmonary
oedema, as assessed histopathologically, elevated B/S ratio
and lung W/D weight ratio, was characteristically observed
on day 7 in BLM/FK506 (days 0–6) mice. The mechanisms of
this undesirable effect of FK506 are unknown. However, with
respect to CsA, it has been shown to induce the production of
pro-inflammatory cytokines in human airway epithelial cells in
a dose-dependent manner [27], although other studies have
indicated that CsA has inhibitory effects on the release of
pro-inflammatory mediators and has T-lymphocyte-associated
immunosuppressive actions [12]. These findings of acute
injury phase could implicate that individuals who chronically
receive FK506 as an immunosuppressive drug may be at
greater risk for acute-lung injury and permeability-pulmonary
oedema.

In conclusion, FK506 may have antifibrotic effects in vitro and
in vivo. However, it may also have adverse pulmonary
effects when administered under conditions of acute inflam-
mation. Although FK506 is an attractive therapeutic candidate
for human pulmonary fibrosis, additional investigation is
necessary.
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