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ABSTRACT

Little is known about radiation-induced protein expression in rivo nor

has the relationship between early molecular events and subsequent tissue
repair, fibrosis, or carcinogenesis been fully appraised. In this study, ex
pression of proteins involved in tissue remodeling was examined in mam
mary gland immediately and shortly after ionizing radiation exposure.
Using indirect immunofluorescence, selected antigens were followed as a
function of time after 0, 5, or 10 Gy of whole body y-radiation in the

mammary gland of adult female BALB/c mice. Rapid induction of trans
forming growth factor ÃŸ(TGF ÃŸ)immunoreactivity was observed at l h
post radiation. Extracellular and intracellular TGF ÃŸincreased in the
periepithclial straniai sheath as evidenced by immunureactivity with an
tibodies CC(1-30) and LC(1-30), respectively. Furthermore, both extra

cellular and intracellular TGF ÃŸwere unexpectedly expressed in the pre
viously negative adipose stroma. Elevated expression persisted for 7 days
after irradiation. Thus an early response to radiation exposure is the
induction of TGF ÃŸ,which mediates myriad events during tissue repair,
growth, and extracellular matrix production. The distribution of extra
cellular matrix proteins was examined as a function of time post radiation
exposure. Collagen III immunoreactivity decreased in the periepithelial
stroma at day 1. In contrast, at day 3 collagen III was newly evident in the
adipose stroma, and periepithelial collagen III had increased in both
abundance and intensity. By day 7 collagen III expression in the adipose
stroma had resolved but was enhanced in the periepithelial stroma. Over
this same period stromal collagen I immunoreactivity surrounding the
epithelium became diffuse and possibly diminished. Fibronectin, laminin,
and collagen IV localization were unchanged over the time course. I
postulate that radiation-induced TGF ÃŸmay mediate the remodeling of

the stromal extracellular matrix in the irradiated mammary gland.

INTRODUCTION

Tissues respond to damage in predictable, albeit incompletely un
derstood, fashion for those pathogenetic events that are widely en
countered, e.g., wounding, infection, UV irradiation. Each insult ini
tiates a program of response in the various cell types that together
forms a concerted program of damage reduction, ensuing repair and
reestablishment of homeostasis. Ionizing radiation damage may also
initiate a program of response in tissue. A better understanding of such
processes will facilitate the design of strategies for intervention and
amelioration of the consequences.

The manner in which cells and tissues respond to radiation damage
has been defined on multiple levels. The effect of radiation on cells
has been studied with regard to DNA damage, to cell killing, and.
most recently, in terms of gene expression, mostly at the mRNA level
(1â€”4).Such changes in gene expression may themselves be precursors

of subsequent events such as cell death, mutation, and transformation.
Alternatively altered protein production may modulate the response to
the initial exposure and to subsequent exposures via autocrine, para-

crine, or endocrine mechanisms, e.g., through changes in the pattern
of cytokine production (5-7).
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The effect of radiation on tissues has been well described in terms
of morphological parameters, pathophysiological manifestations, and
clinical consequences, such as radiogenic fibrosis and carcinogenesis.'

The molecular mechanisms by which pathogenesis occurs are not
known. The relationship between immediate and early gene expres
sion observed in cultured cells to subsequent tissue repair, fibrosis, or
carcinogenesis has been difficult to appraise. Delineating the molec
ular events after exposure in vivo is complicated by the variety of cell
types found in each tissue and by the interrelationships among them.
On the other hand, unless gene regulation is studied in the context of
tissue integrity and function, it is difficult to assign significance to the
pattern of gene expression observed in studies of irradiated cultured
cells. These problems can be explored by using tools such as immu-

nochemistry to determine the pattern of protein expression and in situ
hybridization to analyze gene expression in tissue. Recent studies
have shown that radiation exposure can elicit rapid and significant
changes in prolooncogene and transcription factor expression in vivo
(8, 9). The concept that radiation induced proteins might modulate the
development of tissue damage promises to provide new targets for
intervention (7. 10).

TGF ÃŸ-expression is increased in irradiated nontumorous tissue

from patients with gastrointestinal cancer at 9-40 weeks postradiation

(11) and in irradiated rat liver 9 months after exposure (12). Condi
tioned media from alveolar macrophages isolated from irradiated rat
lung from 1 to 4 weeks postirradiation stimulates fibroblast prolifer
ation and contains increased concentrations of TGF ÃŸ(13). If expo
sure to radiation selectively induces TGF ÃŸthen the question arises
whether its action prevails in tissue recovery or the evolution of tissue
damage. Misregulation of TGF ÃŸhas been implicated in a variety of
pathological processes including arthritis, idiopathic pulmonary fibro
sis, and glomerular nephritis (14). Thus its presence may be detri
mental to the resolution of radiation damage. Of particular relevance
is the possible role of TGF ÃŸregulation of ECM in radiogenic fibrosis.
Fibrosis is characterized by progressive accumulation of an abherrant
ECM (15, 16). TGF ÃŸpromotes the deposition of various ECM
proteins via modulation of synthesis of collagen, glycosoaminogly-

cans, hyluronic acid, and fibronectin and by influencing degradation
through its effects on proteases (17, 18). The specific phenotype
depends on the cell type (19), cellular differentiation (20) and cellular
context (reviewed in Ref. 21). Since TGF ÃŸaffects many processes
critical to ECM deposition, it is important to determine at what point
following radiation exposure TGF ÃŸexpression is altered, which cells
are associated with TGF ÃŸin the irradiated tissue and to characterize
the accompanying ECM.

In this paper, TGF ÃŸexpression and ECM proteins were followed
as a function of time postirradiation in murine mammary gland using
immunofluorcscence. Induction of TGF ÃŸimmunoreactivity was a
rapid and persistent consequence of ionizing radiation exposure.
Within l h of radiation exposure, both intracellular and extracellular
localization of TGF ÃŸwere greatly increased in the periepithelial
stromal sheath and dramatically induced in the adipose stroma. Sub
sequently collagen III expression underwent extensive remodeling,
which included novel expression in the adipose stroma in a pattern

- The abbreviations used are: TGF ÃŸ.transforming growth factor ÃŸ:HCM. extracellular

matrix.
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that colocalized with novel TGF ÃŸexpression. Together with the
known biochemical actions of TGF ÃŸon extracellular matrix produc
tion (17, 18, 22), the sequence and pattern of these immunohistochem-
ical changes suggest that radiation-induced changes in TGF ÃŸmay be

instrumental in the remodeling of the stromal extracellular matrix
following radiation.

MATERIALS AND METHODS

Animals. Adult female BALB/c mice were irradiated using M)Coy-rays at

a dose rate of 0.35 Gy/min to a total dose of 0, 5, or 10 Gy; controls were
sham-irradiated. One h or 1, 3, or 7 days later animals from each exposure

group were sacrificed and the 4th pair of mammary glands were removed and
embedded in OCT. The blocks were frozen in a dry ice:ethanol bath and stored
at -70Â°C. Sections 4 /xm thick were obtained while sectioning at -30 to -35Â°C,
the sections were immediately postfixed in methanol:acetone (1:1) at -20Â°C,
air dried, and stored at -20Â°C.

Antibodies. Polyclonal rabbit antibody to laminin (E-Y Laboratory, San

Mateo, CA) and mouse fibronectin (Telios, San Diego. CA) were used at 6
Hg/ml and 1:100 dilution, respectively. Affinity-purified polyclonal goat anti

bodies to collagens I, III, and IV (Southern Biotechnology Associates, Bir
mingham, AL) were used at 5 fig/ml. Fluorescein-conjugated rabbit anti-goat
IgG (Southern Biotechnology Associates) and goat anti-rabbit IgG (Sigma)

were used at 1:100 dilution.
The IgG fraction of polyclonal rabbit antibodies raised against a synthetic

peptide corresponding to the amino-terminal 30 amino acids of TGF (31 were
a gift from Dr. Michael Sporn (NIH). Antibodies designated CC(1-30) (used at
5 /xg/ml) and LC(1-30) (used at 10 /xg/ml), raised to two different synthetic

preparations of the same peptide sequence, produce markedly different staining
patterns in a variety of tissues (23). It is thought that the distinct epitopes may
be derived from the conformation of the peptide since the CC(1-30) appears to
recognize extracellular TGF ÃŸ,possibly associated with ECM. while intracell-
ular localization by LC(1-30) may represent sites of TGF ÃŸsynthesis. The high
degree of conservation in this region makes it possible that there is cross-

reactivity to other isoforms since, although the antibodies do not detect TGF ÃŸ2
in Western blots, there is some cross-reactivity to TGF ÃŸ3(23).

Immunofluorescence. Sections were removed from the freezer and placed
directly in the supernatant of a solution of 0.5% casein in phosphate-buffered

saline (Na2PO4:0.9% NaCl), pH 7.4, that had been stirred for l h at room
temperature. After 30-60 min, each covcrslip was inverted on 25 fj.1of the

primary antibody diluted to working concentration in the blocking buffer.
Antibody controls were incubated with similar concentrations of normal serum
or IgG from the species of the primary antibody origin. Incubation was at room

temperature for 1-2 h (ECM proteins) or overnight at 4Â°C(TGF ÃŸ).Sections

were washed with 3 changes of phosphate-buffered saline containing 0.5%

bovine serum albumin at room temperature and incubated with a 1:100 dilution
of the appropriate fluorescein isothiocyanate-conjugated secondary antibody

for l h at room temperature. After a further 3 washes the sections were
mounted in Vectashield (Vector Laboratories, Palo Alto. CA). Sections were
viewed using a Olympus microscope equipped with epifluorescence and pho
tographed using Kodak film TriX 400. Identical exposures were taken for a
given antigen in each experiment and printed using identical parameters in
order to facilitate comparisons. Each antigen was examined in at least three

independent staining experiments from two independent sets of irradiated
animals. Antibody controls were negative in relation to the positive antibody
samples (data not shown). Autofluorescence was noted in one cell type that
resided in the periepithelial sheath, around vessels and in the lymph node hut
was easily distinguished by virtue of color (not shown).

RESULTS

Distribution of TGF ÃŸ.The immunoreactivity of selected proteins
was used to determine the response to radiation of different cell types
within the mammary gland. The nonpregnant mammary gland of an
adult mouse is composed of a branching ductal system consisting of
a simple epithelium ensheathed in fibroblast stroma, the whole of
which is embedded in an adipose stroma. In addition there is extensive
vasculature and a lymphatic network and lymph node. The epithelium
and periepithelial and adipose stromas were the focus of this study.

Intracellular TGF ÃŸ.detected using LC(1-30) antibodies, was

strongest in the stromal sheath and along the fibrous septa and weakly
expressed in the epithelium (Fig. In). There was minimal staining of
the adipose stroma. This pattern is consistent with the expression of
the TGF ÃŸfamily in mouse mammary gland as detected by immuno-

staining and in situ hybridization observed by Robinson et al. (24).
Extracellular TGF ÃŸ,detected using CC(1-30) antibodies, was more

intense and concentrated than that observed intracellularly. It was
confined to the periepithelial sheath and fibrous septa and absent in
the epithelium and adipose stroma (Fig. \b).

Radiation-induced Alterations in TGF ÃŸ.A dramatic induction

of both intracellular and extracellular TGF ÃŸimmunoreactivity was
observed in mammary gland of animals sacrificed l h after whole
body radiation exposure (Fig. 1, c and d). In addition the increased
immunoreactivity in the periepithelial stroma was accompanied by

Fig. 1. Immunofluorcscent staining of cross-sec
tions of mammary epithelial ducts and pcricpithe-
lial stromal sheath with antibodies that distinguish
intracellular (a. c) and extracellular (ft, d) TGF ÃŸ.
Intraccllular TGF ÃŸimmunoreactivity was found in
both the epithelium and periepithelial stroma (Â«)
but was deposited extracellularly principally in the
stromal sheath (h). TGF ÃŸimmunoreactivity was
dramatically increased l h after 5 Gy radiation,
both intracellularly (c) and extracellularly (d). X
400.
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novel expression of intracellular and extracellular staining in the ad
ipose stroma at l h (not shown but similar to that observed at subse
quent time points (Fig. 2, câ€”h).There was evidence of a dose response
in that tissue from 10-Gy-irradiated animals showed a greater involve
ment of the adipose stroma at l h than the 5-Gy-irradiated animals

(data not shown). A number of studies using cultured cells have
demonstrated transient elevations in message levels for specific genes
as a result of radiation (1, 25). Increased TGF ÃŸexpression persisted
in both compartments for 7 days postradiation (Fig. 2. g and /;).

Immunoreactivity is indicative of not only cpitope abundance but
also of access, which can be modified by interactions between pro
teins or changes in protein conformation. The antibodies used herein
are clearly dependent upon epitope conformation since, although
raised against the same synthetic peptide sequence, they localize TGF
ÃŸto different cellular compartments (23). The rapid appearance of
abundant extracellular and intracellular immunoreactivity may reflect
increased synthesis of TGF ÃŸand its extracellular deposition in the
ECM. Alternatively, increased immunoreactivity may reflect greater

epitope accessibility. Latent TGF ÃŸis bound by many constituents of
the ECM while TGF ÃŸactivity is regulated in part by proteins that
bind it (26). It is difficult to ascertain whether such complexes would
mask epitopes recognized by the antibodies used in this study but the
short time between exposure and altered immunoreactivity points to a
rapid process affecting TGF ÃŸ.TGF ÃŸis synthesized as a 390-amino
acid precursor that is cleaved such that the 112-amino acid COOH

terminus forms a homodimer, which undergoes posttranslational mod
ifications resulting in a mature homodimer noncovalently associated
with a dimer of the processed NH2 terminus precursor segment. This
proform is secreted and is latent, i.e., will not bind its receptor, until
proteolytic cleavage results in activation (27). Thus, activation of
latent TGF ÃŸis a critical regulatory step and increased TGF ÃŸpro
duction would be biologically significant only if activation occurred
as well. There are no presently available methodologies that distin
guish the relative abundance of active and latent TGF ÃŸin vivo.
However, administration of active TGF ÃŸstimulates tibroblasts (28)
and their production of collagen (18, 29) and modulates the expression

' ' -

Fig. 2. Immunofluorescent staining with anti
bodies that distinguish intraccllular (Â«,c, e, g) and
extracellular (/>, d, f, /() TGF ÃŸin mammary gland
sections featuring a cross-section of an epithelial
duct surrounded by periepithelial stroma that are
embedded in adipose stroma. The pattern of pos-

iradiation expression of TGF ÃŸas a function of
time demonstrates greatly increased immunoreac-

tivity that persists for 7 days. Whereas there was no
extracellular TGF ÃŸstaining of the adipose stroma
in the conlrol (/)), it was novclly expressed in the
adipose stroma of the irradiated mammary gland
(d, f, g), a, b, control; c, d, 1 day; c, / 3 days; g, h,
1 days after irradiation with 5 Gy. X 2(K).
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of proteases that break down the ECM (30, 31). Hence I postulated
that if the changes in TGF ÃŸimmunoreactivity reflected a biologically
significant event, there would be alterations in ECM deposition in the
irradiated tissue.

Radiation-induced ECM Alterations. Collagen IV, laminin, col-

lagens I and 111.and fibronectin immunoreactivity was determined as
a function of time postradiation exposure in mammary gland. Prox
imity to specialized extracellular matrices is a primary tissue influence
that alters in radiogenic fibrosis. Some studies have demonstrated
radiation-induced changes in basement membrane glycoproteins as

early as l h following exposure (32). Immunofluorescent localization
of collagen IV and laminin defined the interface between the epithe
lium and stroma and around adipocytes as part of their individual
basement membranes (data not shown). The interstitial ECM is syn
thesized by fibroblasts residing in the periepithelial stromal sheath and
the fibrous septa and is mainly composed of collagen types I and III
and fibronectin. Fibronectin staining clearly delineated the stromal
sheath and septa and was also present in the adipose stroma associated
with individual cells, probably fibroblasts that reside in the stroma
between adipocytes (data not shown). Fibronectin, laminin, and col
lagen IV localization were unchanged in the mammary gland during
the week following radiation exposure.

Collagen types I (Fig. 3A ) and III (Fig. 4, A and B) Â¡mmunostained
the periepithelial stromal sheath, fibrous septa, and tissue capsule but
were both negative in the adipose stroma. At 1 day after irradiation the
punctate collagen I staining in the stromal sheath appeared reduced
while diffuse intracellular staining was noted in the periepithelial

stromal cells (Fig. 3B). Although not pronounced, both types of stain
ing appeared diminished at day 3 and were still reduced at day 7 (Fig.
3, C and D).

At 1 day postradiation collagen III immunofluorescence was re
duced in the periepithelial stromal sheath although stronger along
septa (Fig. 4, C and D). In contrast, prominent new staining in the
adipose stroma was observed at day 3, which was accompanied by
increased intensity and abundance of collagen HI staining in the
periepithelial stroma and septa (Fig. 4, Â£and /â€¢").The novel collagen

III expression in the adipose stroma colocalized with that of novel
TGF ÃŸexpression. By day 7 the septa and periepithelial stroma
staining were stronger than that in the unirradiated gland (Fig. 4, C
and H). Remarkably, the staining in the adipose stroma had resolved
by day 7. The radiation effect on ECM remodeling was not obviously
influenced by dose in that there was little apparent change in either the
intensity or abundance of collagen I or III in the 10-Gy- versus the
5-Gy-irradiated animals (data not shown).

DISCUSSION

A wide variety of studies have implicated the TGF ÃŸfamily of
pleiotropic growth factors in the regulation of ECM deposition during
normal development (17, 33), wound repair (34, 35), and the patho-
genesis of fibrotic conditions (18, 36-38). The present study demon

strates that the induction of TGF ÃŸimmunoreactivity and stromal
extracellular matrix remodeling are early and persistent consequences
of ionizing radiation exposure.

:'V-â€¢¿�

Fig. 3. Collagen I immunofluorescence as a function of time postirradiation. Collagen I was deposited in a pattern of bright speckles in the periepithelial stroma in the normal
mammary gland (A ). There was no apparent change in localization at l h (data not shown), but at 1 day (here was decreased bright staining and the appearance of a diffuse staining
pattern (B). This pattern was also seen at day 3 (C) but has begun to resolve by day 7 (D) in that there was increased bright deposits and decreased diffuse intracellular staining; however,
overall collagen I immunoreactivity was decreased. X 4(KI.
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Fig. 4. Collagen III immunofluorescent localiza
tion as a function time posÃ¼rradialion.Collagen HI
was present in the periepithelial stroma and septa
but was completely absent from the adipose stroma
in the normal mammary gland (A, B). One day after
irradiation, collagen III distribution in the mam
mary gland increased along the septa while the
periepithelial sheath exhibited decreased staining
(C, Â£)).By day 3 novel expression in the adipose
stroma was evident (E, F). The cellular source of
this novel collagen III expression is unclear. Peri-
epithelial expression of collagen III had recovered
by day 3 and were comparable to control levels. At
day 7 there was striking resolution of adipose
stroma collagen HI staining, which again is nega
tive, while periepithelial staining appeared more
intense (G, //). A, C, E, C, X 200; B, D, F, H,
x 400.

Although increased immunoreactive TGF ÃŸaccompanies a number
of disease processes in the breast (39, 40), this is the first demonstra
tion of a rapid change in TGF ÃŸimmunoreactivity and concomitant
remodeling of putative target proteins. The temporal relationship be
tween altered expression of TGF ÃŸand collagens and the pattern of
colocalization in the adipose stroma suggest the hypothesis that radi
ation-induced changes in TGF ÃŸmay effect the modifications in

stromal ECM. If the concomitant change in collagen type III expres
sion observed in this study is mediated by TGF ÃŸthen, regardless of
the mechanism by which TGF ÃŸimmunoreactivity is controlled, al
tered TGF ÃŸexpression must be accompanied by activation of the
latent protein.

There is little information regarding in vivo activation of latent TGF
ÃŸ,which is thought to be a complex multistep process requiring
multiple enzymes and cooperation between cell types (41). TGF ÃŸ

activation occurs via the plasminogen cascade in co-cultures of

smooth muscle cell and endothelial cells, which produce only latent
TGF ÃŸwhen cultured alone (30). In cultured melanoma cells, radia
tion induces a rapid increase in both activity and expression of tissue
plasminogen activator, and thus offers a possible mechanism for ra
diation-induced TGF ÃŸactivation (42). Active TGF ÃŸhas been shown
to feed back on its own mRNA by stimulating the expression of c-fos
and ;'(//( (43) the components of the AP-1 transcriptional factor that

stimulates TGF ÃŸmessage (44). Interestingly, radiation enhances the
expression of these proteins both in cultured cells and in vivo (3, 9).

TGF ÃŸactions are not well understood in complex processes of
tissue damage and recovery. The effects coordinated by TGF ÃŸwhen
administered as a purified active factor in normal tissue would not
necessarily be duplicated in the irradiated mammary gland since both
cytokine production and cellular response are influenced by radiation.
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In developing mouse mammary gland, exogenous TGF ÃŸelicits in
creased collagen deposition but only in a very specific subset of cells
residing at the tip of subtending ducts (33), demonstrating that cellular
response is dictated by factors other than the presence of active TGF
ÃŸ.In studies using conditioned media from irradiated cultured pul
monary endothelial cells protein synthesis was particularly stimulated
in irradiated versus normal fibroblasts (6). These studies indicate that
interactions between multiple growth factors and various cellular re
sponses in irradiated tissue preclude simple predictions of the role of
an individual growth factor. Thus the absence of effects on other
putative targets of TGF ÃŸsuch as fibronectin does not preclude the
interpretation of stromal collagen remodeling in conjunction with
elevated TGF ÃŸexpression as evidence for TGF ÃŸactivation. Alter
natively, it may be that the antibodies used were insensitive to changes
in fibronectin, laminin, or collagen type IV. However, altered distri
bution for these antigens has been observed in irradiated liver from the
same series of animals,3 which suggests that lack of demonstrable

alterations in irradiated mammary gland is not simply a matter of
detection. Blocking TGF ÃŸactivity with neutralizing antibodies or
other such reagents would demonstrate whether there is a causal link
between all or part of the stromal matrix remodeling and TGF ÃŸ
expression in irradiated animals.

Several findings from this study imply that the irradiated tissue is
undergoing a more dynamic response than previously believed. The
fact that collagen types I and III are specifically but differentially
affected is intriguing. The rapid remodeling of collagen type III in the
adipose stroma suggests that multiple pathways affecting ECM sta
bility are influenced by radiation. The localization of collagen type III
in the previously negative adipose stroma suggest that new protein
synthesis has been initiated. In addition, three observations point to a
role for protease modulation; (a) the rapid loss of strong collagen type
I staining in the periepithelial stroma; (b) the initial decrease in
periepithelial stromal collagen type III; (c) the disappearance of col
lagen type III in the adipose stroma between 3 and 7 days postirra
diation. In particular the dissolution of collagen type III in the adipose
stroma between day 3 and day 7, despite the continued elevation of
TGF ÃŸ,suggests that other processes may confound the simple inter
pretation. It is unclear whether such complex remodeling of the ex
tracellular environment signals tissue recovery or how it might be of
benefit.

ECM is critical to various aspects of development, differentiation,
and growth. ECM acts indirectly by altering the cellular response to,
and production of, growth factors (45-47) and by sequestration of

growth factors in proximity to cell membranes (26, 48). In turn, TGF
ÃŸinfluences ECM stability and composition (17, 18, 33). Thus, TGF
ÃŸexpression in irradiated tissue may be a component of the microen-

vironment that facilitates tissue repair. TGF ÃŸlis expressed during
normal growth of mouse mammary gland during development (24,
49) and has a growth-inhibitory effect in some breast cell lines (50).

Exogenous TGF ÃŸalso stimulates collagen I and glycosoaminoglycan
expression in developing mouse mammary gland (33). It has been
suggested that ECM production might act indirectly to reinforce
growth inhibition (39). Inhibition of proliferation is thought to allow
time for cellular repair processes and hence greater survival. Alterna
tively, TGF ÃŸlis expressed during apoptotic tissue remodeling (51)
and exogenous TGF ÃŸlinduces cell death both in cultured cells (52)
and in tissues (53). If radiation-damaged apoptotic cells are subse

quently replaced by healthy cells then this process would result in less
residual tissue damage (54).

Due to the dynamic exchange between TGF ÃŸand ECM, one can
envisage that such changes in microenvironment may be perpetuated,

1 Unpublished observation.

or even amplified, in some situations. Such a paradigm may be the
basis for the permanent metabolic activation of the fibrotic tissue (16)
and the propensity for fibrosis in certain genetic backgrounds (55). In
relation to radiogenic fibrosis, a significant dose-limiting effect of

radiation therapy, the data reported herein may suggest mechanistic
routes from the initial damage to the subsequent development of
reactive fibrosis and impaired tissue function. As in studies of alveolar
macrophages (13), elevated TGF ÃŸexpression persisted after a single
radiation exposure. The development of fibrosis subsequent to expo
sure to chemotherapy agents correlates with early elevated expression
of TGF ÃŸmRNA (36, 37). Thus, the finding that TGF ÃŸis also
increased in irradiated nontumorous tissue from patients with gas
trointestinal cancer at 9-40 weeks postradiation (11) and in experi

mental studies of irradiated liver 9 months after exposure (12) together
may indicate that TGF ÃŸis involved in the pathogenesis of radiation
fibrosis.

In the context of mammary carcinogenesis, such changes in mi
croenvironment by an agent that also initiates epithelial transforma
tion may represent a mechanism by which radiation promotes pro
gression. TGF ÃŸhas been observed during various stages of
carcinogenesis (56-59). In this regard, TGF ÃŸlmRNA is transiently

elevated following application of tumor promoters in a multistage
carcinogenesis model in mouse skin (56, 60), is overexpressed in
malignant but not benign lesions (60), and can substitute for wounding
as a promoter of Rous sarcoma virus tumor formation (59). Thus the
induction/activation of TGF ÃŸ,which mediates myriad events during
tissue homeostasis, growth, and extracellular matrix production, rep
resents a molecular mechanism that is also a potential contributor to
radiogenic fibrosis and carcinogenesis.
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