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Abstract

The number of mesenchymal cells, as well as their ability to
synthesize extracellular matrix (ECM) components, greatly
increase in the interstitium of fibrotic lungs. Wehave pre-
viously shown that the transcription of type I procollagen and
fibronectin genes in the lungs is preferentially elevated during
the early stages of bleomycin-induced pulmonary fibrosis
(Raghow, R., S. Lurie, J. M. Seyer, and A. H. Kang. 1985. J.
Clin. Invest. 76:1734-1739. Since a cytokine-like transform-
ing growth factor , (TGFj#) that is capable of enhancing mes-
enchymal cell proliferation and ECMsynthesis could be po-
tentially involved in this process, we investigated the temporal
relationship between the regulation of TGF() gene transcrip-
tion and cellular proliferation in the bleomycin-treated hamster
lungs. Weobserved a transient 5-7-fold increase in the accu-
mulation of TGF,8 transcripts, a concomitant 34-fold eleva-
tion in the cellular proliferation, and 8-10-fold stimulation of
DNAsynthesis in these lungs; all three parameters peaked
around day 10 after bleomycin administration. Based on these
results, we conclude that regulation of TGFI gene expression
may contribute significantly to the early events that lead to
bleomycin-induced pulmonary fibrosis.

Introduction

Pulmonary fibrosis, regardless of its etiology, is characterized
by increased accumulation of cells and excessive synthesis and
deposition of the various extracellular matrix (ECM)' compo-
nents (1). The biochemical changes in the metabolism of the
collagenous and noncollagenous constituents of fibrotic lungs
have been extensively investigated using a number of experi-
mental models of pulmonary fibrosis (2-10). Increased synthe-
sis and accumulation of type I collagen has been unequivocally
demonstrated in experimentally induced fibrotic lungs of
hamsters, mice, and rabbits, as well as in those of humans
suffering from idiopathic pulmonary fibrosis (2, 3, 10). Thus,
recent studies also provided evidence for increased rate of
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transcription of genes encoding collagens (type I and III) and
fibronectin in the lungs of bleomycin-treated animals (9, 1 1).
Neither of these studies formally ruled out the involvement of
posttranscriptional regulation (e.g., increased stability of
mRNAsor preferential increase in the rate of translation of
ECMproteins), and apparent discrepancy between the ob-
served accumulation of ECMproteins and the relative changes
in the rate of transcription of their corresponding genes sug-
gests that such posttranscriptional regulatory mechanisms may
also be involved in this process.

Although the molecular mechanisms of the altered regula-
tion of ECMgenes in lungs undergoing fibrosis are incom-
pletely understood, it is generally thought that a variety of
cytokines elaborated by the inflammatory cells recruited in
response to tissue injury play a central role in this process. For
example, a cytokine-like transforming growth factor ,3 (TGF,3)
is capable of profoundly influencing the biology and ECM
phenotype (especially their ability to synthesize collagen and
fibronectin) of mesenchymal cells (12-16). Expression of col-
lagen and fibronectin genes by TGF3 has been shown to be
modulated by a complex interplay of transcriptional and post-
transcriptional mechanisms (14-18). In addition to elevating
the expression of ECMgenes, TGFB is also a potent chemo-
tactic agent for monocytes and fibroblasts (12, 19), as well as a
positive modulator of fibroblast proliferation (14). The dra-
matic fibrotic response to intradermal injection of small
amounts of TGF,3 in the newborn mice attests to the possibil-
ity that TGF,3 may be one of the key cytokines involved in the
cascade of events that leads to fibrosis in vivo (12). Although
recently the modulation of TGFf gene expression during the
early development of mice was elegantly demonstrated (20), to
date there are no published accounts of the regulation of TGFB
in the lungs of either the normal or fibrotic animals. With a
long-term goal to understand the molecular mechanisms of
bleomycin-induced pulmonary fibrosis, we undertook the
present study to investigate the regulation of TGF,3 gene ex-
pression in the lungs of hamsters after endotracheal instillation
of a single acute dose of bleomycin. An additional goal of these
studies was to simultaneously examine the temporal changes
in the cell proliferation in situ since it is known that TGFBis a
potent growth modulator for many cell types, including fibro-
blasts ( 12, 21). Wepresent evidence to show that there is a five
to sevenfold increase in the steady state levels of TGFBmRNA
relative to total polyadenylated RNAaround day 10 after
bleomycin treatment. Cytohistological-autoradiographic ex-
amination of bleomycin-treated lungs after a pulse of [3H]thy-
midine revealed a coordinate temporal increase in the number
of radiolabeled cell nuclei and rate of DNAsynthesis, both of
which also reached a maximum between 7 and 14 d. Based on
these observations, we hypothesize that these two events are
related. Wefurther postulate that TGFt3-mediated cell prolif-
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eration combined with the stimulated transcription of ECM
genes play a central role in the process of pulmonary fibrosis.

Methods

Bleomycin treatment. Bleomycin sulfate (Blenoxane R) was a gift from
Bristol Laboratories, Syracuse, NY. The detailed methods for the en-
dotracheal instillation of bleomycin (prepared in sterile saline solution)
in the lungs of hamsters have been described previously (9) and were
used without any modifications. Pathogen-free Syrian golden hamsters
were brought from Charles River Breeding Laboratories, Inc. (Wil-
mington, MA).

Histology, [3H]thymidine incorporation and autoradiography of
lung sections. At various intervals after bleomycin treatment, a group
of five animals and saline-treated controls were anesthetized by intra-
peritoneal injection of sodium pentabarbital (0.3 ml; 50 mg/ml stock
solution). The trachea, lungs, and heart were removed and rinsed with
PBS. The right inferior lobe from each lung was cut into four equal-
sized sections, and the superior- and inferior-most corners of the lung
were discarded. Tissue slices of lungs were incubated at 370C in [3H]-
thymidine containing medium (2.5 ml of DMEsupplemented with
10% FCS and 2.5 MCi of [3H]thymidine). After radiolabeling for 4 h,
lung tissues were either prepared for autoradiography or processed for
determination of 3H-incorporation by scintillation counter. TCA-pre-
cipitable incorporation of [3H]thymidine was determined by homoge-
nizing the tissue slices in 5%TCA (vol/vol), washing in 95% ethanol,
and counting by scintillation spectrometry (22). Fixed tissue (4% para-
formaldehyde in PBS) was dehydrated in graded ethanol series and
embedded in paraffin. Tissue sections (5 gm thick) were attached to
glass coverslips, deparaffinized with xylene, dried, and dehydrated.
The dried tissue sections were coated with nuclear track emulsion
(NTB-3; Eastman Kodak Co., Rochester, NY), prepared by mixing the
melted emulsion with equal volume of 600 MiM ammonium acetate
solution. The emulsion-coated coverslips were air dried for 1 h, pack-
aged in a light-tight box, and stored dried at 4VC for 1-2 wk. Coverslips
were then developed with D-19 (Eastman Kodak Co.) developer (4
min at 23°C), rinsed in tap water, and were fixed with Kodak rapid fix.
After washing in running tap water for 15 min, sections were dried and
stained with hemotoxylin-eosin stain. The autoradiographic proce-
dures have been described in our previously published work (22).

For quantitative analysis of the labeling index data, 50 consecutive
high power fields were examined to analyze 10-Mm2 area each, rep-
resenting a total of - 15,000 cells. A cell containing > 20 silver grains
was counted as positive and data were expressed as the number of
radiolabeled nuclei per square millimeter.

Extraction of RNA, oligo-(dT)-cellulose chromatography, and hy-
bridization analysis. Total RNAfrom the lungs of bleomycin or PBS-
instilled hamsters was extracted by guanidine thiocyanate solubiliza-
tion of rinsed lung tissue and centrifugation of the extract through a
cushion of 5.7 MCsCl (23). The total RNAwas fractionated into poly
A- and poly A+ fractions by oligo-(dT)-cellulose columns (24). Ali-
quots of serial dilution of either total, poly A-, or poly A+ RNAwere
immobilized on nitrocellulose filters using the slot-blot apparatus
(Schleicher & Schuell, Inc., Keene, NH). Nick-translated plasmids
containing the cDNA of either human TGFB(25) or chicken fl-actin
(26) were used to probe the steady-state levels of the respective mRNAs
in these samples. Detailed protocols for the preparation of RNAsam-
ples, oligo-(dT)-cellulose chromatography, preparation of radiolabeled
probes, and hybridization analyses have been described (9, 15, 22,
27, 28).

Run-off transcription assays. Nuclei (representing 100-150 ,g of
DNA) from either saline or bleomycin-treated lungs were incubated in
a 100-Ml reaction mix that contained 10% glycerol, 50 mMTris-HCl,
pH 8.0, 5 mMMgCl2, 1 mMeach of ATP, GTP, and CTP, and 250
MCi of [ac-32P]UTP at 250C for 30 min. Under these conditions, the
[a-32P]UTP showed a linear incorporation for 25-30 min, after which,
in some cases, there was an actual decline in the TCA-precipitable

radioactivity. An aliquot of nuclei was also incubated with a-amanitin
(80 uM) to determine the specificity of RNApolymerase Il-mediated
transcription. Radiolabeled RNAwas extracted and hybridized to
DNA immobilized on nitrocellulose filters. In each case, 10 Mg of
linearized, alkali-denatured, plasmid DNAwas immobilized on strips
of nitrocellulose and hybridized to nascent transcripts. For determin-
ing nonspecific background, 10 Mg of linearized pBR322 DNAwas
hybridized to radiolabeled run-off transcripts. Conditions for the prep-
aration of nitrocellulose filters, prehybridization, hybridization at
420C, and washing have been described previously (9, 27).

Plasmid probes. A full-length chicken f3-actin cDNA cloned in
pBR322 (26) was obtained from Dr. Don Cleveland, Johns Hopkins
University School of Medicine, Baltimore, MD. A human cDNAen-
coding TGFJ3, cloned in pBR327 (25), was a gift of Dr. Graeme Bell,
University of Chicago, Chicago, IL. Supercoiled plasmid DNAswere
purified by standard protocols (29), tested for the presence of correct-
sized insert, and used after nick-translation as described previously
(27). The only modification introduced to previously published proto-
cols was the use of nick-translation kit (Bethesda Research Laborato-
ries, Gaithersburg, MD).

Results

DNA synthesis and cell proliferation. Explant cultures from
lungs, either PBS-control or after endotracheal bleomycin
treatment, were subjected to two types of analysis to evaluate
the potential changes in the cellular proliferation; these in-
cluded examinations of the mitotic activity by autoradiogra-
phy of tissue sections and measurement of the uptake of [3H]-
thymidine into acid-precipitable fraction in lung slices. For
direct visualization of mitotic activity the bleomycin-treated
lung sections were autoradiographed after labeling lung slices
with [3H]thymidine. The number of radiolabeled cells con-
taining > 20 silver grains per nucleus were counted as positive;
the number of radiolabeled cells varied little in the lungs of
untreated animals at various times after treatment. The num-
ber of radiolabeled nuclei in the untreated lungs ranged be-
tween 3 and 7/mm2 of the tissue sections examined over a
course of 4 wk after saline instillation; the average number of
radiolabeled cells was 4.2/mm2 based on quantitation of 250
random sections (data not shown). In contrast, in the bleomy-
cin-treated lungs the number of cells undergoing mitosis, as
determined by the criteria established in Methods, increased
two- to threefold between day 4 and 6 after bleomycin treat-
ment. The number of radiolabeled cells peaked at day 8, at
which time there were approximately fourfold more numerous
radiolabeled cells in bleomycin-treated lungs compared with
their untreated counterparts (Fig. 1). Although the number of
radiolabeled cells in the bleomycin-treated lungs declined after
2 wk after the treatment, the number of cells with < 20 grains
continued to remain higher (twofold) in bleomycin-treated
lungs at all times until the conclusion of this study at 4 wk (Fig.
1). It is of interest to point out that the relative numbers of cells
showing < 20 grains/nucleus were preferentially located in the
subpleural areas of the lung (data not shown); the significance
of this finding is currently unknown.

Although we attempted to identify the cell types engaged in
DNA synthesis as judged by autoradiography, these data
should be considered tentative since tissue preservation was
not uniform to allow the acquisition of rigorous morphological
information to pinpoint cellular identity. Webroadly catego-
rized the radiolabeled cells into interstitial, endothelial, and
epithelial cell types. At a time when maximum numbers of
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Figure 1. Temporal profiles of cellular proliferation in bleomycin-
treated hamster lungs. A group of five saline- or bleomycin-instilled
hamster lungs were excised at denoted times, tissue slices were radio-
labeled with [3H]thymidine, and sections were subjected to autoradi-
ography as described in Methods. Average number of 3H-labeled
cells (containing > 20 grains) per millimeter square of the lung sec-
tions was determined. For quantification of labeling data 50 consecu-
tive high-power fields representing a total of - 15,000 cells were
scored; three randomly chosen areas from a given lung were ana-
lyzed and quantitated separately to obtain average number of labeled
cells per millimeter square per lung. Average number of positive cells
along with standard error bars are presented (n = 15: three areas
X five lungs). Day 1 represents the day of the endotracheal treatment
with either saline or bleomycin.

radiolabeled cells were visible (8 d after bleomycin treatment;
Fig. 1), the predominant cell types found to accumulate [3H]-
thymidine were interstitial cells comprising 62±9% of the total
radiolabeled cells. The epithelial and endothelial cells were
equally represented in remaining 38±7% of the labeled cells. It
appears therefore that neither cellular damage nor DNAsyn-
thesis was exclusively restricted to one or the other cell type,
although there was clearly an indication that mainly the inter-
stitial cells were induced to proliferate during postinflamma-
tory tissue repair.

While the direct visualization and quantitation of radiola-
beled cells by the histological-autoradiographic method re-
vealed a temporal pattern suggesting a significant change in the
mitotic behavior of cells in bleomycin-treated lungs, this tech-
nique was somewhat subjective since it was difficult to have
completely random sampling due to uneven tissue preserva-
tion and qualitative variation in the autoradiographic tech-
niques. Therefore, we attempted to corroborate these data by
an alternative method. The lung explants from animals killed
at various intervals after bleomycin treatment were incubated
in [3H]thymidine-containing medium and the TCA-precipita-
ble radioactivity was determined directly in a scintillation
spectrometer. The incorporation of [3H]thymidine into TCA-
insoluble fraction, normalized against total DNA, was deter-
mined. Similar data were obtained at all time intervals from
the lungs of PBS-control hamsters and the relative change in
the TCA-precipitable [3H]thymidine incorporation was plot-
ted (Fig. 2). At the time of maximum response, there was
nearly eightfold greater incorporation of [3H]thymidine in
bleomycin-treated lungs at day 10. Although the rate of DNA
synthesis declined subsequently, it remained higher in the
bleomycin-treated lungs at all times until the conclusion of
this study at 4 wk (Fig. 2). It appears therefore that the overall
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Figure 2. Synthesis of DNAin hamster lungs after endotracheal in-
stillation of bleomycin. A group of five either saline- or bleomycin-
treated animals were killed at the denoted times and tissue slices
were incubated for 1 h at 370C in media containing [3H]thymidine
(2.5 ,Ci/ml). Radioactivity incorporated into DNAwas determined
by TCAprecipitation and scintillation spectrometry according to
protocols described previously (22). Five independent determinations
of TCA-precipitable incorporation of [3H]thymidine per mgof total
DNAwere used to derive these data. Results are expressed as mean
percent [13H]thymidine incorporation in bleomycin-treated samples
compared with saline-treated control with standard error bars (n = 5).

pattern of TCA-insoluble incorporation of [3H]thymidine es-
sentially resembles the pattern of cell proliferation obtained
from autoradiographic visualization of [3H]thymidine-labeled
cells in the tissue sections (Fig. 1). However, there were clearly
quantitative differences. Compared with the autoradiography
method, there appears to be a greater net change in the rate of
DNAsynthesis in the bleomycin-treated lungs as determined
by TCA-insoluble [3H]thymidine incorporation (three-five-
fold versus six to eightfold). Interestingly, the incorporation of
[3H]thymidine into TCA-precipitable fraction and relative
numbers of radiolabeled cells in the bleomycin-treated lungs
are quantitatively similar (two- to threefold higher than con-
trol) after the first 2 wk following bleomycin treatment (Figs. 1
and 2). Wespeculate that the autoradiographic method, en-
compassing the criterion set for a cell to be counted as positive,
is not sufficiently sensitive to detect [3H]thymidine incorpora-
tion that represents unscheduled DNAsynthesis (e.g., repair
synthesis) initiated in response to the bleomycin-induced
breaks in the cellular DNA. However, such incorporation of
[3H]thymidine into unscheduled DNAsynthesis will be de-
tected by the TCAprecipitation method.

Temporal changes in the content of TGF3 mRNAand
transcription of TGF3 gene in bleomycin-treated lungs. In
order to determine the changing dynamics of TGF/3 mRNAin
bleomycin-treated lungs, 20 gg of total RNAfrom either sa-
line-treated or experimental lungs was size-fractionated and
analyzed by Northern hybridization. Fig. 3 depicts the ethid-
ium bromide-stained agarose gel and the pattern of hybridiza-
tion to the radiolabeled cDNA probes. Sequential Northern
hybridization of blots to TGFB and ,-actin probes revealed

- 2.6 kb and - 2.1 kb transcripts, respectively (Fig. 3). Al-
though the quantitative pattern of how these two mRNAsare
regulated in bleomycin-treated lungs cannot be fully appre-
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Figure 4. Quantitation of TGFf mRNAcontent in bleomycin-
treated hamster lungs undergoing pulmonary fibrosis. Equal
amounts of poly A' RNA, extracted at denoted intervals from the
lungs of control or bleomycin-treated hamsters, were slot-blotted in
twofold serial dilutions and hybridized to a nick-translated human

TGF[3 TGF#cDNAclone. Relative abundance of TGF#-specific mRNA

was quantitated from autoradiographs by laser densitometry. The re-

sults are expressed as mean percent change with ±SE (n = 5) com-

pared with mRNAsin saline-instilled lungs. These data for TGF#t
mRNAwere not corrected for changes in the ubiquitously expressed

13-ACTIN #-actin mRNA,which were transiently elevated approximately two-

fold and returned to control values from 14 d onwards after treat-
ment. The details of these methods have been described previously (9).
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DAYSAFTERBLEOMYCINTREATMENT
Figure 3. Temporal pattern of accumulation of TGF(I and f3-actin
transcripts in bleomycin-treated hamster lungs. 20 sAg of total RNA
extracted from either saline-treated (C) or bleomycin-instilled lungs
at various intervals after treatment was size-fractionated in 1.2% aga-

rose gels. After electrophoresis, RNAin the gel was stained with ethid-
ium bromide (EtBr); RNAwas then transferred to nitrocellulose and
sequentially hybridized with radiolabeled cDNAprobes. Top panel
shows the EtBr-stained gel depicting the major ribosomal RNAspe-

cies marked by arrows. Autoradiographic image of the TGF# tran-
scripts (- 2.6 kb) is shown in the middle panel and the bottom
panel depicts the temporal pattern of fl-actin (- 2.1 kb) transcripts
in lungs after bleomycin treatment. The detailed experimental proto-
cols for analysis of mRNAby Northern hybridization have been de-
scribed previously by us (9).

ciated from a single-time exposure of the Northern blots pre-
sented in Fig. 3, a transient elevation in the content of TGFi3
mRNAin lungs after 6-8 d of bleomycin treatment can be
visualized. To more accurately quantify the relative mRNA
content of TGF# in the hamster lungs after endotracheal bleo-
mycin treatment, we blotted twofold serial dilutions of either
total or poly A+ mRNA(in three separate analyses) extracted
from control or bleomycin-treated hamster lungs at various
times after treatment. A human TGF,3 cDNAclone was nick-
translated and hybridized to filter-immobilized RNA. As
shown in Fig. 4, densitometric quantitation of the hybridiza-
tion data reveal that there was approximately sixfold greater
accumulation of TGF,# mRNAin bleomycin-treated lungs at
the peak time (day 8). The relative steady-state levels of TGFB
mRNAsvaried between four- to sevenfold in lungs 8 d after
bleomycin treatment in three different experiments (data not
shown). Steady-state levels of TGF/3 transcripts declined there-
after and returned to levels found in PBS-control lungs (Fig. 4).

Content of TGF,# transcripts in saline-treated lungs over a

28-d period (duration of the experiment) was found to remain
relatively constant; 10-20% variation between samples was

routinely observed (data not shown). To test if these changes
specifically reflected perturbations in the steady-state levels of
TGF#mRNAor were a generalized response of the synthetic
capacity of the lungs after bleomycin treatment, these blots
were washed and reprobed with ,3-actin cDNA. Quantitative
analyses of the relative signal density of #l-actin mRNAlevels
suggested that there was a twofold increase in the steady-state
level of this ubiquitous RNAin bleomycin-treated lungs be-
tween 7 and 10 d (data not shown). The increase in the f3-actin
mRNAlevels observed in the present set of experiments was

similar quantitatively with such changes observed previously
(9). The increased accumulation of ,3 actin-specific mRNA
sequences may reflect a generalized increase in the accumula-
tion of total RNA. Weand others have previously observed
significantly increased (approximately twofold greater than sa-

line controls) accumulation and/or synthesis of RNAin bleo-
mycin-treated cells (9-11). However, the experimental evi-
dence clearly suggests that such global increase in cellular
RNA levels cannot account for the proportionately greater
accumulation of TGF# mRNAsduring the inflammatory
phase of acute bleomycin injury. Whensuch normalization is
taken into account, there is about threefold higher TGFf#
mRNAcontent in the treated lungs at the time of maximum
accumulation (data not shown). In order to determine the
mechanisms of the increased levels of TGF# transcripts in

bleomycin-treated lungs, we directly measured the rates of
transcription of TGF(# and #l-actin genes. A comparison of the
rates of transcription of these two genes in saline and bleomy-
cin-treated lung nuclei at day 1 (day of the treatment), day 7,
and day 28 is shown in Table I. There appears to be a transient
and preferential elevation in the rate of TGF# gene transcrip-
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Table I. Run-Off Transcription of TGFI3 and (3-Actin Genes in the Bleomycin-treated Hamster Lung Nuclei

Day I Day 7 Day 28

Probe Control Bleo Control Bleo Control Bleo

TGFI3 37.8±7.4 32.1±9.2 36.4±3.2 141.9±4.1 42.8±8.9 51.7±7.6
(0.84) (3.8) (1.2)

fl-Actin 112.4±8.3 108.6±9.6 117.1±2.8 148.5±5.3 136.5±6.7 121.2±8.2
(0.96) (1.26) (0.88)

pBR322 2.1±1.2 3.6±1.5 2.8±2.1 3. 1±±1.9 2.4±1.7 2.7±2.3

Nuclei prepared from lungs of control (0.5 ml of saline) administered endotracheally or treated (1 U of bleomycin in 0.5 of saline instilled as in
the control) were incubated in a reaction mix containing all ingredients for run-off transcription. In vitro elongated radiolabeled transcripts
(1-2 X 107) from each sample were hybridized to nitrocellulose-bound 5 ,g of linearized plasmid DNA. Methods for run-off transcription, hy-
bridization, and quantitation by scintillation spectrometry have been described in detail previously (9). Mean average values of 32P-labeled na-
scent transcripts specifically hybridized to a given plasmid DNAwere derived from five determinations and the fraction of hybridizable counts
is expressed as parts per million with standard error. Background counts (average of 47 cpm) were subtracted from all values. The ratios of
bleomycin/saline control for each time point are shown in the parentheses.

tion in lungs 7 d after bleomycin treatment. It should be noted
that while there was - 25% change in the rate of transcription
of 13-actin gene at day 7, the transcription of TGFJ3 gene was
increased 3.8-fold. When the increase in the rate of transcrip-
tion of TGF# gene is normalized against a similar value for
f3-actin (perhaps reflecting an increase in the rate of general-
ized transcription), we obtained a net threefold increased rate
of transcription of TGF,3 genes (Table I).

Discussion
Biosynthesis of type I procollagen and fibronectin in lungs
undergoing fibrosis has been studied extensively. In a system-
atic analysis of the regulation of ECM-related genes, we and
others have established the temporal pattern of accumulation
of type I procollagen and fibronectin transcripts in bleomycin-
treated hamsters (9) and mice (1 1). Based on the increased
rates of transcription of collagen and fibronectin genes ob-
served in bleomycin-treated lungs, it was postulated that tran-
scriptional regulation of these genes was responsible for the
altered pattern of accumulation of the cognate transcripts in
the fibrotic hamster lungs (9). These authors, however, did not
formally rule out the involvement of additional posttranscrip-
tional mechanisms known to be involved in collagen gene
expression (e.g., alterations in mRNAturnover or transla-
tional control; 30) that could also contribute to the altered
extracellular matrix of the fibrotic lung. Recent observations
(31) have further revealed that the mesenchymal cells in the
fibrotic lungs have an altered phenotype, as judged by their
ability to be specifically stained with anti-pC antibody, a
monoclonal antibody to the COOH-terminal domain of
human Proa I(I). Since fibroblasts with altered phenotype
have been detected at sites of chronic inflammation and repair
in other tissues (32, 33), it has been postulated that the postin-
flammatory regenerative processes seen during pulmonary fi-
brosis closely mimic phenomena elicited during wound heal-
ing (34). As a multipotent regulator of mesenchymal cell biol-
ogy TGF3 could regulate some of these processes during tissue
remodeling (35).

Several in vivo and in vitro studies strongly implicate
TGF(3 as a cytokine potentially involved in wound healing and
pulmonary fibrosis. For instance, intradermal injection of
minute quantities of TGFB in newborn mice were shown to

result in rapid formation of granulation tissue (12). Such a
tissue response to TGFB undoubtedly involves well-known
properties of this cytokine as a chemoattractant for fibroblasts
and monocytes, as a mitogen for fibroblasts (12, 19), and a
potent inducer of expression of collagen, fibronectin, and gly-
cosaminoglycan genes (12-17). Recent observations have also
revealed that TGF# significantly accelerates the contraction of
collagen matrix in vitro, suggesting an equivalent role for
TGFBin wound healing (36). Another important relationship
of TGF3 to the ECMmetabolism was unraveled recently in
various laboratories including our own (37, 38). It was found
that TGF# triggered the synthesis of plasminogen activator
inhibitor 1 and its cognate mRNAin lung fibroblasts (37).
Thus, in addition to promoting expression of ECM-related
genes, TGFBcan increase the rate of deposition of newly syn-
thesized ECMby modulating the pericellular proteolysis (37).

The present study was undertaken to investigate the po-
tential changes in the TGF, gene expression in the lungs of
hamsters after administration of a single endotracheal dose of
bleomycin. Our results clearly indicate a significant temporal
increase in the steady-state accumulation of TGFf3 transcripts
during the inflammatory phase of pulmonary fibrosis. The
time of maximum increase in the TGFf-specific transcripts in
bleomycin-treated lungs coincided with an increase in the
steady-state accumulation of ECM-related transcripts as
shown previously (9). Furthermore, a similar relationship was
also apparent between the steady-state accumulation of TGF#
mRNAand the temporal profile representing the rate of cellu-
lar DNAsynthesis in the bleomycin-treated lungs. While we
did not precisely identify the cell types engaged in DNAsyn-
thesis and proliferation, it was evident that all three broad
categories of cells (e.g., epithelial, endothelial, and interstitial)
were involved. However, the predominant proliferating cell
type appeared to be the interstitial cells. Although the precise
significance of this observation remains speculative, we hy-
pothesize that there is a causal relationship between the rates of
cellular DNAsynthesis (and cellular proliferation), increased
transcription of collagen and fibronectin genes, and TGFB
gene expression. Although there is apparent qualitative simi-
larity in the profiles of cellular proliferation measured directly
(autoradiography) and indirectly (TCA-precipitable [3H]thy-
midine incorporation), the present analyses fail to distinguish
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between the unscheduled DNAsynthesis initiated as a result of
bleomycin-induced DNAstrand scission (39) and scheduled
DNA synthesis as a true reflection of the cells in S phase.
Clearly, more detailed analyses are needed to resolve this ques-
tion. Finally, it would be of interest to know which cell type is
responsible for the increased transcription of TGF/3 and what
mechanisms are involved in the reversible regulation of tran-
scription of TGFI3 and ECM-related genes during fibrosis.
Studies addressing these questions involving in situ hybridiza-
tion techniques are currently in progress.
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