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ABSTRACT

While stimulating the growth of fibroblasts, transforming growth
factor ,) I ( U.I ,n ) inhibits the growth of various normal and malignant
cell lines in vitro. We studied the effects of TGF-/31 in vivo. The level of
TGF-01 in serum was maximally elevated 2 h after injecting 1 fid of
I25I-TGF-/31into the peritoneal cavity of nude mice. Five h after the Â¡.p.
administration of 10 ng of unlabeled TGF-/31, 20 ng/ml of TGF-/J-like
material in serum were detected by a radioreceptor assay on A549 lung
carcinoma cells. Trichloroacetic acid-precipitable '"I-TGF-/31 was taken

up by liver, spleen, lungs, kidneys, and tumor tissue but not by the brain.
At doses exceeding 2 jig/day, TGF-,01 induced a generalized interstitial
fibrosis and a cachexia, which was not mediated by elevated serum levels
of tumor necrosis factor a as determined by Western blot analysis and
enzyme-linked immunosorbent assay. A total of 200,000 cells of the
estrogen receptor-negative human breast cancer line MDA-MB-231,
which had been shown to be maximally growth inhibited in vitro by 40
pM TGF-/31 and to have high-affinity receptors (9, 11, 12), were injected
into the mammary fat pad of each nude mouse. The duration of treatment
was 16 days with ten animals in the control group and five animals in the
treated groups. The dose ranged from 1 to 4 ^g per animal daily. The
treatment was started 24 h after the injection of the tumor cells. Tumor
growth was not significantly affected at either nontoxic or toxic doses of
TGF-/91. Thus, we have demonstrated that TGF-/31, apart from being a
local growth factor, has systemic effects, such as cachexia and multiple
fibrosis. Its role as an antitumor agent may be limited.

INTRODUCTION

TGF-/Ã•1,2a disulfide-linked homodimer with a molecular

weight of 25,000, is characterized by its pleiotropic actions in
vitro (1). While stimulating the growth of fibroblasts, TGF-/31
inhibits the growth of most epithelial cells including cancer
cells (2). The effects of TGF-/31 in vivo are not very well
characterized. TGF-ÃŸllocally applied induces fibrosis in wound
models (3-6) and reversible inhibition of mammary gland
growth in newborn mice (7). All these reports confirm the role
of TGF-01 as a local growth factor. There had been no data
concerning systemic effects or toxicity of TGF-01 so far.

Because it has been shown that TGF-/31 secretion is induced
in estrogen receptor-positive human breast cancer cell lines by
antiestrogen in vitro and that TGF-fil inhibits the growth of
estrogen receptor-positive and -negative human breast cancer
cells in vitro (8-12), we set out to study whether TGF-ÃŸl in
vivo could be used as a new agent in the hormonal therapy of
human breast cancer. The tumor model was the estrogen recep
tor-negative cell line MDA-MB-231, which has been shown to
be maximally inhibited by only 40 pM TGF-/J1 in vitro and
which contains high-affinity receptors with a KAof 26 pM and
about 8000 sites per cell (9, 11, 12).
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MATERIALS AND METHODS

Mice and Tumors. Nude mice (NCr-nu/wu) were obtained from
HarÃanSprague Dawley (Indianapolis, IN) and kept for 2 wk before
starting the experiments. MDA-MB-231 cells were obtained from the
American Type Culture Collection (Rockville. MD). Before each ex
periment the cells were tested for growth inhibition by TGF-ÃŸ}.A total
of 200,000 cells per animal were inoculated into the mammary fat pad.
Treatment with TGF-/Ã•(1 to 4 ^g/animal) was started 24 h later. The
control group included 10 animals, and the treated groups compromised
5 animals. Tumor size was measured twice per week. Statistical signif
icance was determined by Student's t test analysis. After 16 days the

animals were sacrificed, tissues and organs were fixed in 10% formalin,
and histological sections were taken from the tumor tissue and organs
and stained with Masson trichrome.

TGF-/S1. TGF-/Ã•1purified from human platelets was obtained from
R & D (Minneapolis, MN) and labeled with I25Iby a modified chlor-

amine T method (11). The specific activity was 50 to 100 /iCi/Mg-
Recombinant TGF-/31 was obtained from Genentech (San Francisco,
CA) at a concentration of 0.5 mg/ml in 20 m.Msodium acetate buffer.
Dilutions were made in 20 m.Msodium acetate buffer, pH 5, containing
0.1% BSA (globulin free). This buffer was also used for sham injections.
The biological activity of recombinant TGF-fil in comparison with
purified TGF-fil obtained from R & D (Minneapolis, MN) was deter
mined in a soft agar cloning assay by measuring its transforming effect
on AKR2B fibroblasts (obtained from Dr. H. Moses, Vanderbilt, TN)
as described previously (2). Recombinant TGF-/J1 was 4 to 5 times
more active than purified TGF-fil.

Pharmacology. The animals were given injections in triplicate with 1
/jCi of purified human 125I-TGF-/il into the peritoneal cavity. Four wk
before the experiment, 5 x 10~5 MDA-MB-231 human breast cancer

cells had been injected into the mammary fat pad. Blood samples were
taken over a period of 24 h and precipitated with 10% TCA, and
radioactivity was counted in an LKB gamma counter. Three animals
were sacrificed after 6 h; the tissue was weighed, disrupted, and washed
twice with TCA; and the radioactivity was counted with an LKB gamma
counter. Each experiment was done at least twice.

TGF-ÃŸRadioreceptor Assay. The radioreceptor assay was performed
as described previously with some modifications (11). In brief, A549
lung carcinoma cells (American Type Culture Collection, Rockville,
MD) were plated in 24-well tissue culture dishes (100,000 cells/well)
in Iscove's modified Eagle's medium containing 10% fetal bovine
serum. After incubation overnight in 5% CO2 at 37Â°C,cells were
carefully washed 3 times with binding buffer at 25Â°C[Iscove's modified
Eagle's medium:! mg/ml of BSA:40 mM 4-(2-hydroxyethyl)-l-pipera-

zineethanesulfonic acid, pH 7.4). To exclude false-positive results due
to binding proteins, the cells were incubated with various concentrations
of unlabeled TGF-fi and the serum samples at 25Â°Cfor 2 h before '"I-

TGF-ti (50,000 cpm/well) was added. After incubating the cells again
for 120 min at 25"C and washing them 4 times with ice-cold Hanks'
balanced salt solution, they were solubilized for 45 min at 37Â°Cwith

prewarmed 750 n\ of Triton solution [20 mM 4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid:l% Triton X-100:10% glycerol]. Radio
activity was determined with a LKB gamma counter. The amount of
TGF-fi was normalized to a standard curve with known concentrations.

Toxicology. The animals were sacrificed after 9 to 16 days of treat
ment with human recombinant TGF-Â£fl(1 to 10 /jg daily per animal
into the peritoneal cavity). The organs were weighed, fixed in 10%
formalin, embedded in paraffin, and stained with Masson trichrome.
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Fig. 1. TCA-precipitable I25I-TGF-dl in serum after a bolus injection of 1 ^C

into the peritoneal cavity of nude mice. Points, mean of three animals; bars, SE.
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Fig. 2. Radioreceptor assay on A549 lung carcinoma cells for determining
levels of TGF-fil in mouse serum. Lane I, sham-injected controls; Lane 2, animals
given injections into the peritoneal cavity with 10 ng of TGF-fil. The serum was
taken 5 h after the injection. Columns, mean; bars, SE.
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Fig. 3. Uptake of TCA-precipitable '"I-TGF-/J by organs 5 h after bolus

injection of 1 pCi into the peritoneal cavity. Columns, mean of three animals used
for the experiment; bars, SE.

The red pulp of the spleen was specifically stained with endogenous
peroxidase.

Western Blot Analysis for Determining TGF-a in Mouse Serum.
Animals were given injections i.p. daily with 4 Â¿igof recombinant TGF-
ÃŸ\per animal for 16 days. For Western blotting, TNF-Â«standards and
serum samples were applied to a 4% stacking gel and electrophoresed
through a 10 to 20% polyacrylamide gel according to the procedure of
Laemmli ( 13). Prestained protein standards (BRL, Bethesda, MD) were
electrophoresed in parallel lanes. Proteins were transferred from so
dium dodecyl sulfate gels to nitrocellulose membrane by electrophoresis
as modified from the method of Towbin et al. (14) by using a Hoefer
electrophoretic transfer unit (Hoefer Model TE 22). Electrophoretic
transfer was carried out at room temperature for an hour at 125 mA in

a buffer containing 150 mM glycine, 20 mivi Tris, pH 8.3, and 20%
methanol. After the transfer the filter was blocked with 3% BSA in
Tris-buffered saline containing 0.05% Tween 20. The membrane was
incubated with the primary antibody against TNF-a for 2 h at room

temperature, washed, and incubated with a secondary antibody (goat
anti-rabbit immunoglobulin (,-alkaline phosphatase conjugate at
1:7500 dilution). The blots were then transferred to color development
substrate solution. Total protein levels were determined with a Bio-Rad
assay. Fifty Mgof protein per sample were loaded on the gel.

Enzyme-linked Immunosorbent Assay for Determining TNF-a in
Mouse Serum. Serum was obtained from 7 control animals and 4
animals treated with recombinant TGF-/31 (4 Mg/day i.p.) for 16 days.
Microtiter plates were coated with 1Mgper well of monoclonal antibody
against mouse TNF-a (obtained from Genzyme, MA). After incubation
at 37Â°Covernight and blocking with 1% BSA, 200 u\ of standards or
samples were added and incubated at 37Â°Cfor 2 h. After three washes,
the plates were incubated for 2 h at 37Â°Cwith 200 M' of a polyclonal

antibody against human TNF-a, conjugated to horseradish peroxidase
(obtained from R & D). After the wash procedure had been repeated,
the plates were incubated with substrate for 20 min at room tempera
ture. The absorbance was determined at 405 nm. The minimum detect
able serum level was 10 pg/ml. Statistical significance was determined
by Student's i-test analysis.

RESULTS

Pharmacological Distribution of I25I-TGF-/S in Nude Mice.
One pCi of 125I-TGF-01 was injected into the peritoneal cavity
of 3 nude mice. Serum levels of TGF-01 reached their maximum

after 2 h as determined by TCA precipitation (Fig. 1). The same
distribution pattern was obtained after s.c. administration (data
not shown). Sera, taken 5 h after i.p. injection of 10 /Â¿gof
unlabeled TGF-ÃŸl,contained 20 ng/ml of TGF-/3-like material
as determined by a radioreceptor assay on A549 lung carcinoma
cells, whereas the levels in control animals were below 1 ng/ml
(Fig. 2). TCA-precipitable 125I-TGF-/31was taken up by liver,

spleen, lungs, kidneys, and tumor tissue 5 h after injection into
the peritoneal cavity (Fig. 3). There was almost no uptake by
the brain (Fig. 3). Injection of a 1000-fold excess of unlabeled
TGF-,31 together with labeled TGF-01 did not change the
distribution pattern (data not shown), which indicates that the
distribution volume is independent from the injected amount
ofTGF-01.

Toxicology. TGF-/31 was injected daily at a dose ranging from

1 to 10 fig per animal into the peritoneal cavity of nude mice.
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Fig. 4. Effect of TGF-/J1 on weight of organs. O, weight of total animals; â€¢,
weight of spleens; A, weight of kidneys dependent on increasing doses of TGF-
(31which was injected into the peritoneal cavity of nude mice for 10 to 16 days.
Controls were normalized to 100%. Points, mean; bars, SE.
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a

Fig. S. HistolÃ³gica! changes induced by a
daily injection of 10 iig of TGF-/31. The ani
mals were given injections of 10 ^g of TGF-/J
per day as described in "Materials and Meth
ods" and sacrificed after 10 days. In a, the two

animals on the left represent untreated con
trols, and the ones on the right were treated
with 10 Mgof recombinant TGF-/3 for 10 days.
At this time point, TGF-/3 induced a 50% lethal
dose. After 5 days of treatment, the animals
appeared increasingly cachectic. In b, with
Masson trichrome staining of a spleen of an
animal treated with TGF-/J, the red pulp was
almost completely replaced by collagen stained
blue by this method, c, histochemical staining
of the red pulp of the spleen from an untreated
animal with endogenous peroxidase. In il. in
treated animals, the staining was almost com
pletely negative due to a loss of the red pulp.
E, pancreas and mesentery from an untreated
animal (Masson trichrome). In /, TGF-0 in
duced fibrosis of the mesenteric adipose tissue
as well as fibrosis of the interstitium of the
pancreas, g, subcutaneous fat and tumor tissue
of a control animal. In h, TGF-/31 induced a
significant loss of the subcutaneous fat tissue.

The duration of treatment was 10 days. At doses greater than
2 Hg per day, TGF-ÃŸlinduced a weight loss up to 50% (Fig. 4),
and the animals developed signs of cachexia (Fig. 5a). The
cachexia disappeared after the administration of TGF-/3 had
been stopped (data not shown). The lethality was 50% after
injecting TGF-/31 at a daily dose of 10 ^g per animal for 10
days (data not shown). The weight of the spleen was reduced
up to 80%, but the weights of the liver and the kidneys were

not affected significantly (Fig. 4). TGF-01 induced a generalized
interstitial fibrosis, being more pronounced in the spleen (Fig.
5, b to d), the intestine (Fig. 5, e and/), and the subcutaneous
fat (Fig. 5, g and h) than in the liver, the kidneys, and the lungs
(data not shown). The red pulp of the spleen almost completely
disappeared as shown by histochemical staining with endoge
nous peroxidase (Fig. 5, c and d). No significant changes were
found in the heart (data not shown).
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Serum Levels of TNF-a. To determine whether the cachexia
was indirectly induced by elevated serum levels of TNF-a secre
tion, we measured TNF-a levels in serum by Western blot
analysis (Fig. 6) and enzyme-linked immunosorbent assay (Ta
ble 1). The serum levels of TNF-a were not different in treated
and untreated animals and tumor-bearing and non-tumor-bear

ing animals (Fig. 6; Table 1).
Effect of TGF-/3 on Tumor Growth in Nude Mice. A total of

200,000 cells of the estrogen receptor-negative human breast
cancer line MDA-MB-231 were implanted into the mammary-

fat pad of each nude mouse. The growth of these cells has been
shown to be maximally inhibited by 40 p\i TGF-01 in vitro (9,
11, 12). TGF-01 binds to MDA-MB-231 cells with a Ka of 26
PM and 8000 sites per cell (9, 11, 12). Twenty-four h after the
inoculation of the tumor cells, human recombinant TGF-/31
was injected into the peritoneal cavity for 16 days at a daily
dose ranging from 1 to 4 /ig per animal (Fig. 7). On Day 12,
TGF-0 induced a statistically significant growth inhibition (Fig.
7). However, this effect was only transient, and there was no
statistically significant difference in tumor size between treated
and untreated animals at nontoxic and toxic doses on Day 16
(Fig. 7). Local s.c. application of 1 /ng of TGF-01 per day had
no effect on growth of MDA-MB-231 cells; however, fibrosis
developed around the tumor (data not shown). Continuous s.c.
infusion of TGF-01 by Alzet minipumps did not affect tumor
growth after local or distant s.c. administration (data not
shown).

DISCUSSION

We have been able to demonstrate that TGF-/31 after bolus
injection into the peritoneal cavity of nude mice circulates in
the serum for several hours as demonstrated by TCA precipi
tation and radioreceptor assay. It has been reported that, after
i.v. injection, TGF-01 is rapidly eliminated (15). This has also
been shown for other growth factors, such as tumor necrosis
factor, which maintains significant serum levels several hours
after injection into the peritoneal cavity, whereas i.v.-injected
material, as described for TGF-ÃŸl, is rapidly cleared from
plasma (6). We have determined that TGF-/31 in addition to its
paracrine and autocrine actions has systemic effects such as
cachexia and multiple fibrosis, which are dependent on the
administered amount of TGF-,31.

Further studies remain to evaluate the relevance and the
mechanism of the cachexia not mediated by increased serum

456 8 9 10

Fig. 6. Western blot analysis for TNF-a in serum. Lane I, molecular weight
markers; Lane 2, TNF-a standard: Lane 3, TNF-n standard with mouse serum:
Lanes 4 lo 6 controls: lanes 7 to 10. treatment with TGF-J (4 Mg/day) for 16
days.

Table 1 Serum levels of TNF-a
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Fig. 7. Effect of i.p.-injected TGF-/31 on tumor size. O, controls; â€¢,1 ^g of
TGF-fil per day; A. 2 Mgof TGF-Ã31per day; A. 4 ^g of TGF-/31 per day. Points,
mean; bars, SE.

levels of TNF-a. The normal serum levels of TNF-a make a
contamination of recombinant TGF-01 with endotoxin un
likely. It has been reported that TGF-/31, when incubated with
fully differentiated adipocytes, causes a rapid decrease in
expression of adipose genes (17), which suggests a direct effect
of TGF-/31 on fat tissue. The pathophysiology of cachexia is
poorly understood as is the clinical role that TNF plays in
cachexia associated with human disease (16). Serum measure
ments of TNF-a in cancer patients with cachexia have yielded
mixed results (16). It has been demonstrated that nude mice,
which carry TNF-producing tumors, die with the pathological
and histological features of "cancer-associated cachexia" (16).

Because biologically active TGF-j31 is produced by human
tumor cell lines (11), it is intriguing to speculate that TGF-/31,
secreted into the peritoneal cavity due to a peritoneal carcino-
matosis, might be an additional factor in cancer-induced cach
exia. Although TGF-01 and TNF induce cachexia, they also
have differential effects. TNF stimulates interleukin 1 secretion,
whereas TGF-01 is a potent inhibitor of interleukin 1 receptor
expression (18).

It has been shown that TGF-/31 induces local fibrosis in vivo
(3-6). Our results indicate that TGF-/31 can cause systemic
fibrosis in organs distant from the site of injection. It has been
shown that i.v. administration of recombinant TGF-/31 to rats
induces fibroplasia in multiple organs and cellular depletion in
thymus and spleen ( 19), which indicates that the systemic effects
of TGF-ÃŸare not related to a certain animal model or route of
administration.

Although TGF-/31 inhibits the growth of cancer cells in vitro
(2, 8-12), our study shows that this finding cannot be extrapo
lated to conditions in vivo. At neither toxic nor nontoxic doses
have we been able to demonstrate a biologically significant
growth-inhibitory effect of TGF-/31 in vivo on human breast
cancer cells, which have been shown to have high-affinity recep
tors and to be highly sensitive to growth-inhibitory effects of
TGF-01 in vitro (9, 11, 12). Reports about inhibition of tumor
growth by TGF-/J1 in vivo are inconsistent. It has been shown
that TGF-/31 administered around the tumor induces growth
inhibition and differentiation in A549 lung carcinoma cells
(20). However, other studies have demonstrated no growth-
inhibitory effect of TGF-/Ã•1on A549 cells in vitro (21). We
have not been able to induce growth inhibition by local admin
istration of 1 ng of TGF-/31 per day around breast tumors (data
not shown). Also continuous infusion of TGF-/31 via mini-
pumps had no local or systemic effect on tumor growth (data
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not shown). Further studies are necessary to demonstrate pos
sible differential biological actions of the members of the TGF-
ft family in vivo.

Because of its cytostatic effect on normal cells (1, 2), TGF-
(31 might be used for protection against side effects of chemo
therapy. A necessary condition for this application would be
the existence of two separate receptors for induction of fibrosis
and growth inhibition. Otherwise the systemic fibrosis would
outweigh the benefit of the protective effect on epithelial and
immune cells.

In conclusion, we have determined that TGF-/31 is not only
a local growth factor but also has systemic effects, such as
cachexia and multiple fibrosis. The dose range at which TGF-
ÃŸlcan be administered is limited by its substantial toxicity. Its
potential as an antitumor agent in vivo may be questionable.
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