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Modulation of Transforming Growth Factor-81 Antiproliferative Effects
on Endothelial Cells by Cysteine, Cystine, and N-Acetylicysteine

Shishir K. Das, Alexander C. White, and Barry L. Fanburg

Pulmonary Division, New England Medical Center, Boston, Massachusetts 02111

Abstract

Early passaged bovine pulmonary artery endothelial cells ex-
posed to 0.1-2.0 ng/ml transforming growth factor-beta 1
(TGF-81) showed concentration-dependent growth inhibition,
as assessed by [*H]thymidine labeling and cell counts, over a
96-h interval. Most of the inhibition of [°H ]thymidine labeling
measured at 96 h persisted when the medium was replaced with
TGF-81-free medium after 24 h, but the inhibition of labeling
was prevented by the presence of anti-TGF-81 antibody in the
replacement medium. Additions of 2 mM cysteine, 1 mM cys-
tine, or 2 mM N-acetylcysteine at the time of the initial addition
of TGF-31 blocked the inhibitory effect of TGF-81 on [*H}-
thymidine labeling when this was assessed after 72-96 h, but
not at earlier times. Prevention of the inhibitory effect on cellu-
lar proliferation produced by cysteine, cystine and N-acetylcys-
teine was associated with elevation of cellular glutathione that
was present at 48-96 h. There was no evidence for direct inacti-
vation of TGF-81 by the thiol-amino acids. Conditioned me-
dium from TGF-81-treated endothelial cells inhibited prolifera-
tion of mink lung carcinoma (CCL64) cells, supporting a previ-
ously reported concept of autocrine production of TGF-81 by
the endothelial cells. The inhibitory action of the conditioned
medium was partially prevented when 1 mM cysteine was
added during conditioning. Thus, TGF-£41 treatment of endothe-
lial cells appears to set off autocrine production by these cells of
TGF-81 that perpetuates the inhibition of cellular prolifera-
tion. Replenishment of cellular glutathione with thiol-amino
acids counteracts the growth-inhibitory effect of TGF-81
through a currently undefined mechanism. (J. Clin. Invest.
1992. 90:1649-1656.) Key words: CCL64 cells » cell prolifera-
tion « glutathione « thiol-amino acids « [*H]thymidine labeling

Introduction

Transforming growth factor-81 (TGF-81)! is a 25-kD dimeric
protein that belongs to a family of five closely related peptides.
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It has numerous effects on growth and differentiation of many
cell types (1, 2). Initially TGF-8’s were found to stimulate the
anchorage independent growth of fibroblasts in soft agar. Later
studies revealed that they also inhibit the proliferation of a
number of other cells in culture, including endothelial cells
(3-5). TGF-B’s also stimulate collagen synthesis (6-8), sup-
press T and B lymphocyte activity (9, 10), promote chemo-
taxis for monocytes and macrophages (11), and act as mito-
gens for osteoblasts (12). Recently TGF-81 was shown to sup-
press human immunodeficiency virus replication in cells of the
monocyte/ macrophage lineage (13). In general, mammalian
cells possess receptors for TGF-8’s, and the peptides are
thought to regulate cell function via paracrine and autocrine
systems (1, 2).

Experiments performed in this laboratory have shown that
TGF-1 effects on endothelial cells are O, dependent and
blocked by antioxidants. We have referred to this as a “pro-oxi-
dant” effect of TGF-81 (14). Furthermore, TGF-81 lowers
cellular glutathione over the same time period as it produces
the pro-oxidant effect (15). To further investigate the modula-
tion of the TGF-B1 effect on endothelial cells, we have carried
out experiments that evaluate its reversibility. In this report we
show that TGF-81 produces both early (within 24 h) and pro-
tracted (several days) effects on endothelial cells manifested by
inhibition of radioactive thymidine (TdR ) uptake and cellular
proliferation. When cysteine, cystine, or N-acetylcysteine is ap-
plied with TGF-g1, the late effect on TdR uptake, but not the
early one, is significantly attenuated. The attenuation of inhibi-
tion of TdR uptake with these agents is associated with eleva-
tion of total cellular glutathione. Studies utilizing anti-TGF-81
antibody in endothelial cell cultures and conditioned medium
of endothelial cells on mink lung carcinoma cells (CCL64)
support a concept that TGF-81 up-regulates its own produc-
tion in an autocrine manner and that this is likely to play a role
in the prolonged growth inhibitory effect of TGF-81. Further-
more, cellular glutathione availability appears to regulate the
growth inhibitory process produced by TGF-81, and we pro-
pose that this effect may occur through regulation of the auto-
crine production of TGF-81.

Methods

Reagents. Porcine platelet TGF-81 and chicken anti-TGF-81 anti-
body were obtained from R&D Systems, Minneapolis, MN. The TGF-
B1 was reconstituted in 4 mM HCI according to instructions of the
supplier.

Cell culture. Third- to sixth-passaged bovine pulmonary artery en-
dothelial cells were procured as previously described (16). Cells were
grown at 37°C in RPMI 1640 (Gibco Laboratories, Grand Island,
NY), supplemented with 10% fetal bovine serum (Hyclone Laborato-
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ries, Logan, UT) and antibiotics (100 U/ml penicillin G potassium,
100 ug/ml streptomycin sulfate, and 1.25 ug/ml amphotericin B) and
plated at a density of ~ 1-4 X 10 cells per 35-mm culture dish. Addi-
tions of TGF-81 were made 48 h after plating when cell density was
"~ 2-8 X 10* cells per dish. For experiments using low seeding density
and prolonged incubation periods, 4 ml of media was used without
refeeding; for all other experiments, 2 ml of culture media was used and
cells were refed at 48-h intervals. In experiments where unbound TGF-
B1 removal from medium was carried out, the 2-4 ml of medium was
carefully aspirated and the cellular monolayer was washed once with an
equal volume of medium before reapplying new incubation medium
without TGF-81.

Harvesting of cells and counting. Cell monolayers were thoroughly
washed twice with phosphate buffered saline (PBS) at 37°C and incu-
bated with PBS containing'0.1% trypsin and 1 mM EDTA for 2 min at
37°C. The released cells were resuspended by pipetting and diluted in
Isoton (Coulter Electronics, Hialeah, FL) for counting in a model ZM
counter (Coulter). Protein measurement was done utilizing procedure
of Lowryetal. (17).

Quantitation of [°H) TdR uptake by endothelial cells. [*H] TdR up-
take was determined as previously described (18). [Methyl-*H]TdR
purchased from Dupont/New England Nuclear, Boston, MA, with a
specific activity of 49.5 Ci/mmol was diluted in phosphate-buffered
saline (PBS) and was added to the 35-mm culture dishes to quantitate
the rate of [*H]TdR uptake. After incubating for desired periods at
37°C, the medium containing the radioactive nucleoside was carefully
aspirated off and the dishes were then washed twice with 5 ml of ice-
cold PBS. 2 ml of 0.01 N NaOH was then added to the dishes and they
were left at 4°C for 15-20 min to lyse the cells. The content of the
dishes was transferred carefully to test tubes that were vigorously mixed
by vortexing. 0.5 ml of this solution was counted in Ecolite (ICN Chem-
icals, Costa Mesa, CA) in a scintillation counter.

Measurement of cellular glutathione. Culture dishes were rinsed
three times with warm PBS and incubated for 3 min with 1.0 ml tryp-
sin-EDTA at 37°C. The cells were rapidly suspended by pipetting and
chilled immediately on ice. An aliquot of 0.2 ml of the cellular suspen-
sion was removed and diluted for counting in a model ZM Coulter
counter. The remaining 0.8 ml of suspension was treated with 0.1 ml
10% perchloric acid to precipitate cell proteins, sonicated, and centri-
fuged at 2,600 g for 20 min. The supernatant obtained from centrifuga-
tion was immediately frozen at —20°C for subsequent assays of cellular
glutathione. To assay for total cellular glutathione, the previously fro-
zen perchloric acid-treated supernatants were thawed and sonicated.
The pH was adjusted to 7.0 with 0.3 M potassium hydroxide-3-(N-
morpholino) propanesulfonic acid (pH 13.6) to neutralize the perchlo-
ric acid, and the sonicate was centrifuged and assayed for total glutathi-
one by the Tietze method as described by Akerboom and Sies (19).

Briefly, the sum of the oxidized (GSSG) and reduced (GSH) forms
of glutathione were determined using a kinetic assay in which GSH or
GSSG and glutathione reductase reduce 5,5'-dithiobis (2-nitrobenzoic
acid) to form 5-thio-2-nitrobenzoate. The formation of 5-thio-2-nitro-
benzoate was assessed spectrophotometrically at 412 nm. Each assay
was individually calibrated with standard glutathione and the concen-
tration of each sample was adjusted by dilution to ensure that the reac-
tion rate was on the linear portion of the standard curve.

Inhibition of mink lung carcinoma cell proliferation by endothelial
cell conditioned medium. Endothelial cells were treated with 0.1-2.0
ng/ml TGF-g1 for 24 h. After this, the media containing TGF-£1 were
removed and the culture dishes were rinsed once with TGF-81-free
medium. The cells were then reincubated in TGF-81-free medium for
an additional 96 h. In some of the cultures, 1 mM cysteine was present
during the final 96-h incubation period. Conditioned medium thus
obtained was applied directly to mink lung carcinoma line CCL64
obtained from the American Type Culture Collection, Rockville, MD,
and cell proliferation was measured 48 h later by determination of cell
number by Coulter counter analysis.
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Experimental procedures. All experiments were done at least in
duplicate and representative experiments are shown. For some experi-
ments multiple samples (n» = 4) were tested and standard deviations
were calculated.

Resuits

Effect of TGF-81 on [*H]TdR uptake by bovine pulmonary
artery endothelial cells. We previously found that TGF-g1 at
concentrations of 0.1-2.0 ng/ml inhibits uptake of radioactive
thymidine by bovine pulmonary artery endothelial cells when
it is measured at 48 h of incubation (14). We present more
detailed observations of this effect in Fig. 1. At 24 h 0.3 ng/ml
TGF-B1 resulted in 42% inhibition of [*H]TdR uptake. This
inhibitory effect increased with incubation time, and at 96 h
inhibition was almost complete at concentrations from 0.3 to
2.0 ng TGF-81/ml.

Reversibility of the TGF-81 effect on [’H1TdR uptake by
endothelial cells. To evaluate whether the effect of TGF-81 on
endothelial cell proliferation was reversible, TGF-81 was added
to the endothelial cell cultures and then removed from some
dishes by replacement of medium following cell monolayer
washes 24 h later, whereas it was allowed to remain on others
for the full duration of the experiment. Some replacement me-
dia at 24 h contained anti-TGF-81 antiserum. Incubations
were continued with the new media for another 96 h at which
time cell counts were measured. As seen in Fig. 2 (left), TGF-
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Figure 1. Effect of TGF-g1 treatment on the rate of [*H] TdR uptake
by pulmonary artery endothelial cells. Cells were plated 48 h before
addition of TGF-g1 in fresh media. [*’H]TdR uptake for 1 h was
carried out as described in Methods after incubation at the following
times after exposure to TGF-81: 24 h (0); 48 h (e); 72 h (a); and

'96 h (). Radioactive uptake by TGF-B1-treated cells is expressed as

percentage of controls and is plotted on a logarithmic scale.



a.
6
w0
°
»
£ P
-] ]
O s g
5 :
S
24 t '%
0 p_,_.%

0 01 02030405

TGF-81 (ng/ml)

(% control)

120 1

0 T g T T
0 0.1 0.3 0.5 1.0

TGF-B81 (ng/ml)

Figure 2. Lefi: effect of TGF-(1 removal at 24 h and anti-TGF-81 antibody on inhibition of endothelial cell multiplication by TGF-£1. 2 ug/ml
anti-TGF-81 antibody was used. Cell number was determined at 120 h. (0) TGF-81 continuously present; (e ) TGF-81-free medium removed

at 24 h of incubation and TGF-g1-free medium added; (a ) TGF-81 continuously present and anti-TGF-81 added at 24 h; (a ) TGF-81 removed
at 24 h and medium containing anti-TGF-81 added at 24 h. Means and standard deviations are shown. Right: effect of TGF-81 removal at 2
h and anti-TGF antibody on inhibition of [*’H]TdR uptake by TGF-81. The same protocol as that at left was carried out except TGF-81 was
removed and replacements were made at 2 h and [*H]TdR uptake was measured for 1 h after a total incubation of 48 h. (0) TGF-81 continu-
ously present; (e ) TGF-81-containing medium removed at 2 h of incubation and TGF-g1-free medium added; (a) TGF-81 continuously
present and anti-TGF-81 added at 2 h; (a) TGF-81 removed at 2 h and medium containing anti-TGF-81 added at 2 h. 2.0 ng/ml chicken

anti-TGF-B1 antibody was used.

B1 at concentrations as low as 0.1 ng/ml prevented cellular
proliferation when left in contact with the cells for 120 h. A
slightly less pronounced effect was observed when media were
replaced with TGF-g1-free media at 24 h. Addition of anti-
TGF-81 antibody to medium at 24 h partially reversed the
TGF-f1 effect, and more complete reversal was observed when
media were exchanged at 24 h to TGF-31-free media that con-
tained anti-TGF-81 antibody. A similar effect was observed
with [3H]TdR uptake measured during a 48-49-h interval
when incubations were carried out for 49 h and changes in
media were made at 2 h (Fig. 2, right). Removal of TGF-81-
containing medium at 2 h produced a similar inhibitory effect
on cell proliferation as removal at 6 or 24 h when cell counts

were done at 120 h (Fig. 3). However, there was a partial revers-
ibility of the TGF-B1 effect if the medium containing TGF-81
was removed at 30 min. This observation suggests that TGF-£1
binding to cell receptors occurred rapidly and was nearly com-
plete by 2 h.

Attenuation of prolonged effects of TGF-B1 on endothelial
cell [P H] TdR uptake by cysteine, N-acetylcysteine, and cystine.
After the demonstration that the TGF-31 effect on the endothe-
lial cells was reversible and with an awareness that the cellular
glutathione level is important in the modulation of the TGF-£1
effect (15), we considered the possibility that thiol-amino acids
might prevent the TGF-81 effects on endothelial cells. As
shown in Fig. 4, a and b, when TGF-81 treatment was carried
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Figure 3. Reversal of TGF-81 effect on cellular proliferation by re-
placement of medium containing TGF-81 at various times after ad-
dition to cultures. Experiments were done similarly to those in Fig.

2 (left). Replacement culture medium contained no TGF-81. Cell
numbers were determined at 120 hrs incubation. For zero points
TGF-B81 was never introduced. (a ) medium containing TGF-81 not
changed. Medium containing TGF-81 replaced after: (a) 30 min;
(e) 2 h; (0) 6 h; and (v) 24 h. Means and standard deviations are
shown.

out in the presence or absence of 2 mM cysteine or its analogue,
2 mM N-acetylcysteine, the rates of [°H ] TdR uptake were simi-
larly suppressed for the first 72 h (data obtained at 24 and 48 h
also showing no effect of the thiol-amino acid are not shown).
However, at 96 h the rates of [*H] TdR uptake were higher in
cultures treated with combined TGF-g81 and cysteine or N-ace-
tylcysteine as compared with TGF-81 alone (Fig. 4, ¢ and d),
indicating an attenuation of the TGF-81 effect after ~ 72 h of
contact with the thiol-amino acid.

The effect of TGF-81 was somewhat reduced by removing
it from culture media at 24 h after initiation of experiments
(Fig. 2), and we wished to determine whether the recovery
process might be augmented by the addition of cysteine. These
experiments were carried out similarly to those shown in Fig. 2
(right), except initial media were replaced with media contain-
ing 2 mM cysteine after 24 h in some samples, and prolifera-
tion was assessed by [*H]TdR incorporation at 120-121 h. As
seen in Fig. 5, addition of cysteine even after 24 h attenuated
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the TGF-81 effect on the rate of [?H]TdR uptake at 120 h.
These data support the likelihood that cysteine does not react
directly with TGF-81 to inactivate it.

In aerobic solution cysteine is largely converted to cystine
within 24 h (20). Because our experiments were carried out for
a prolonged time interval, we determined whether cystine
might also attenuate the TGF-81 effects. Cultures were treated
with TGF-B1 in the presence or absence of cystine (0.2-1.0
mM ) and the rate of [)H] TdR uptake was determined at 120 h
of incubation. As shown in Fig. 6, cystine also attenuated the
effect of TGF-81 on the rate of [’ H]TdR uptake by the endo-
thelial cells.

In that TGF-81 is a homodimeric protein joined by -S-S-
bridge(s), we considered the possibility that the effects of TGF-
61 may be attentuated by cysteine through direct inactivation
of TGF-81 through the reduction of -S-S- bridges in the biologi-
cally active molecule. However, preincubation of TGF-81 at
concentrations up to 1.0 ng/ml with cysteine at concentrations
up to 2.0 mM for 2 h failed to alter the inhibitory effect of
TGF-81 on [*H]TdR uptake by endothelial cells at 48 h of
incubation (Fig. 7). Longer preincubation (up to 48 h) also
failed to influence the growth inhibitory effect of TGF-g1 (data
not shown).

Influence of cysteine, N-acetylcysteine, and cystine on cellu-
lar glutathione in the presence of TGF-81. Endothelial cells
were seeded at low density and grown as described in Methods.
Cells were then exposed to 1 ng/ml TGF-81 with and without
cysteine (2 mM), cystine (1 mM), or N-acetylcysteine (2 mM)
in 4 ml of medium for 96 h and cell counts and glutathione
levels were measured. TGF-g1 alone reduced both cell counts
and cellular glutathione (Fig. 8). The addition of cysteine, cys-
tine, and N-acetylcysteine to the medium of the TGF-S1-ex-
posed cells reversed total cellular glutathione level and cell
counts toward or to control levels.

Growth-inhibitory effects of conditioned media from TGF-
B1-treated endothelial cells on mink lung carcinoma cells.
CCL64 cells showed pronounced growth inhibition in the pres-
ence of 0.1-1.0 ng/ml TGF-81. We utilized this cell line to
investigate the possible autocrine production of TGF-81 by
endothelial cells treated with TGF-81 for 24 h. As shown in a
representative experiment in Table I, conditioned medium
from cell cultures pretreated with TGF-81 produced inhibition
of CCL64 cell proliferation. The presence of cysteine during
the conditioning period greatly reduced the inhibition of
CCL64 growth by the conditioned medium.

Discussion

Although TGF-81 has previously been demonstrated to inhibit
the proliferation of endothelial cells in culture (4), details re-
garding the mechanism of inhibition and its reversibility have
not been adequately explored. We have proposed that inhibi-
tion of proliferation by TGF-81 may be produced by a “pro-ox-
idant” effect of this cytokine (14) and that the pro-oxidant
effect may be potentiated by the lowering of cellular glutathi-
one by TGF-g81 (15).

In the current experiments, TGF-81 was found to have a
prolonged and progressive inhibitory effect on [?H]TdR up-
take by bovine pulmonary artery endothelial cells in culture
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even when it was removed from the medium after 24 h. Further-
more, removal at 2 h produced the same inhibitory effect as
removal at 24 h, suggesting that TGF-g1 rapidly binds to its
receptor and sets into motion a progressive and irreversible
inhibition of cellular proliferation. The rapid binding of TGF-
B1 to its receptor is consistent with other reports (21). Experi-
ments showing that (@) an antibody to TGF-81 reverses the
inhibitory effect of TGF-81 when added 24 h after the initial
introduction of TGF-B1 concurrently with removal of TGF-81
from the medium, and (/) conditioned medium from TGF-
Bl-treated cells contains an antiproliferative factor for mink
lung carcinoma cells suggest that autocrine production of
TGF-81 occurs, thus perpetuating inhibition of cellular prolif-
eration. In this regard, our interpretations are similar to those
forwarded by other authors who have observed stimulation of
cell growth by anti-TGF-81 antibody and attributed this effect
to autocrine production of TGF-31 (22, 23). It is possible that
the antibody is influencing intracellular TGF-81 that is still
available in the cell for liganding after 24 h; however, we think
this mechanism is less likely, particularly in view of our data
with conditioned medium and the current understanding of
TGF-B1 receptor interaction. It has been shown that bound

cysteine (a and c¢), or 2 mM N-acetylcysteine (b
and d). [*H]TdR uptake was carried out at 72-73
h for (a and b) and at 96-97 h for (¢ and d). Other
details are in Methods.

TGF-1 is internalized and degraded by lysosomal enzymes
within 4 h at 37°C (21).

Inhibition of proliferation of the mink lung carcinoma cell
has been used conventionally as a bioassay for the measure-
ment of TGF-B1 (1, 2). In the current experiments, we have
made use of this assay to determine if an antiproliferative sub-
stance might be released into the media of TGF-81-treated
endothelial cells. TGF-81 treatment does, indeed, stimulate the
production of such an inhibitory substance, and, consistent
with a mechanism of regulation of its production by thiol-
amino acid availability, exogenous cysteine attentuates the inhi-
bition. Although we cannot be sure that the inhibitory sub-
stance is TGF-81, our experiments with antibody to TGF-81
support this contention.

Cysteine, cystine, and N-acetylcysteine all attentuated both
the TGF-81 antiproliferative and glutathione-depleting effects
on endothelial cells, but this was not observed for the first 48—
72 h of incubation. Thus, the blocking effect of these agents on
inhibition of cellular proliferation is delayed. The lack of a
quantitative correlation between the ability of the thiol amino
acid to elevate cellular glutathione and its ability to prevent
reduction of the cell count at 96 h may reflect the limited time
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Figure 5. Effect of delayed addition of 2 mM cysteine to TGF-81
treated cells. TGF-81 was added to endothelial cells at 48 h after
plating and 24 h later medium was changed to allow TGF-81 removal
and/or 2 mM cysteine addition. In control experiments TGF-81 was
left in the medium for the duration of the incubation. Total duration
of incubation was 121 h and [*H] TdR incorporation was carried out
during the 120-121-h interval. (a ) TGF-81 for entire incubation; (a)
TGF-81 removed at 24 h when medium changed; (o) TGF-81 for
duration of incubation plus cysteine added at 24 h; (o) TGF-81 re-
moved and cysteine added at 24 h. The rates of [*H] TdR uptake are
plotted relative to the rate with no TGF-g1.

point of our measurement. Maintenance or elevation of cellu-
lar glutathione by these thiol-amino acids or the N-acetylcys-
teine analogue might be anticipated since they provide sub-
strate for intracellular synthesis of glutathione (24). Cysteine is
internalized by sodium-dependent pathways (A or ASC carrier
system) (25, 26) and cystine by the sodium-independent X;
system. N-acetylcysteine probably forms cysteine through a
mixed disulfide reaction and cysteine is subsequently internal-
ized through the A or ASC carrier system (27). Since our ex-
periments were prolonged, any cysteine initially added to me-
dium is probably totally oxidized to cystine within 24 h (28).

Consideration was given to the possibility that the thiol
amino acids might inactivate TGF-g1 directly, perhaps by the
formation of mixed disulfides or the oxidation of thiol groups
on the molecule. This is unlikely because (a) the disulfide
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Table I. Effect of Pulmonary Artery Endothelial Cell Conditioned
Medium on CCL64 Mink Lung Carcinoma Cell Growth

CCL64 cell number per

Treatment 35-mm dish at 48 h
x107°
A. Medium conditioned for 120 h
with endothelial cells 4.44+0.37
B. As in A except 2.0 ng/ml
TGF-B1 present during 0-24 h 2.69+0.17
C. Asin A except 1| mM cysteine
present during 24-120 h 4.5+.031
D. Asin B except | mM cysteine
present during 24-120 h 3.42+0.23*

CCL64 cells were plated 48 h before the addition of conditioned me-
dium and cells were incubated with conditioned medium for 48 h.
Before the addition of conditioned medium, (i.e., at t = 0 h), CCL64
cell count on replicate samples was 0.78+0.11 X 10° per 35-mm dish
(n=24).

Quadruplicate samples were done for each time point and the means
and standard deviations are shown.

* P < 0.05 compared to B, Student’s ¢ test.
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Figure 6. Attentuation of TGF-B1 effect on endothelial cell [*H]TdR
uptake by cystine. Cystine and TGF-81 were added at = 0 h and
[*H]TdR uptake was measured at 120121 h. Cystine: () none; (a)
0.2 mM; (@) 0.5 mM; and (0) 1.0 mM. Cultures done as noted in
Methods.
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Figure 7. Assessment of direct interaction of TGF-81 with cysteine.
TGF-B1 at a concentration of 10 ng/ml was preincubated with 0-2
mM cysteine for 2 h. After this preincubation, TGF-81 was applied
to the endothelial cells to give a TGF-81 concentration of 1 ng/ml.
The rate of [>H] TdR uptake was measured for 1 h during a 48-49-h
interval of incubation of cells with TGF-81. [°H]TdR uptake in con-
trol cultures was 9,800+250 cpm per 35-mm dish. Cysteine concen-
tration: (a) none; (o) 1 mM; (o) 2 mM.

amino acid, cystine, had a similar effect as cysteine and N-ace-
tylcysteine, (b) preexposure of TGF-£1 to cysteine for up to 48
h failed to influence the subsequent growth inhibitory effect of
TGF-1 as measured by incorporation of [ *H] TdR by endothe-
lial cells, and (¢) cysteine added to cells even 24 h after TGF-81
partially reversed its effect.

A possible explanation for our observations is that TGF-81
produces both an early and a delayed effect on endothelial cells.
The early effect develops within 24-48 h and is not attenuated
by cysteine, N-acetylcysteine, or cystine. The delayed effect oc-
curs after 72-96 h, is associated with marked depression of
cellular proliferation, and is reversed by early addition of thiol
amino acid. Furthermore, as previously pointed out only the
delayed effect is associated with desquamation of the cells in
the presence of added iron (14). While the early effect is obvi-
ously due to the exogenously supplied TGF-81, the delayed
effect appears to be due to autocrine production of TGF-81 by
the cells. A possibly limited influence of the thiol-amino acids
on only the autocrine accumulation of TGF-81 (a relatively
late event) may account for the partial, as opposed to total,
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Figure 8. Effect of cysteine, N-acetylcysteine, and cystine on TGF-
Bl-induced depletion of cellular glutathione and inhibition of prolif-
eration of endothelial cells. Cells were seeded as described in Methods
and exposed to TGF-81 (1 ng/ml in the presence of 1| mM cystine,

1 mM cysteine, and 2 mM N-acetylcysteine in 4 ml of medium). After
96 h of incubation, cells were harvested and counted (fop) and gluta-
thione levels were measured (bottom). Values are means+SD. * P

< 0.05, compared with control without thiol-amino acid.

reversal of the TGF-g1 effect observed in these experiments. In
summary, our results are the first to demonstrate that thiol-
amino acid availability and production by mammalian cells
may significantly alter the cellular response to the cytokine
TGF-B1. The thiol amino acids may thus modulate the effect
of TGF-A1 on certain cell types by down-regulating autocrine
production of TGF-31.

References

1. Roberts, A. B, and M. B. Sporn. 1990. The transforming growth factor
betas. /n Handbook of Experimental Pharmacology, Volume 95. M. B. Sporn
and A. B. Roberts, editors. Springer-Verlag, Heidelberg. 419-472.

2. Lyons, R. M., and H. L. Moses. 1990. Transforming growth factors and the
regulation of cell proliferation. Eur. J. Biochem. 87:467-473.

3. Muller, G., J. Behrens, U. Nussbaumer, P. Bohlen, and W. Birchmeier.
1987. Inhibitory action of transforming growth factor 8 on endothelial cells. Proc.
Natl. Acad. Sci. USA. 84:5600-5604.

4. Takehara, K., E. C. LeRoy, and G. R. Grotendorst. 1987. TGF-8 inhibition
of endothelial cell proliferation: alteration of EGF binding and EGF-induced
growth-regulatory (competence) gene expression. Cell. 49:415-422.

S. Baird, A., and T. Durkin. 1986. Inhibition of endothelial cell proliferation
by type S-transforming growth factor: interaction with acidic and basic fibroblast
growth factors. Biochem. Biophys. Res. Commun. 138:476—482.

6. Ignotz, R. A., and J. Massague. 1986. Transforming growth factor beta
stimulates the expression of fibronectin and collagen and their incorporation into
the extracellular matrix. J. Biol. Chem. 261:4337-4345.

7. Roberts, A. B., M. B. Sporn, R. K. Assosian, J. M. Smith, N. S. Roche,
L. M. Wakefield, U. I. Heine, L. A. Liotta, V. Falanga, J. H. Kehrl, et al. 1986.
Transforming growth factor type-beta: rapid induction of fibrosis and angiogene-
sis in vivo and stimulation of collagen formation in vitro. Proc. Natl. Acad. Sci.
USA. 83:4167-4171.

Transforming Growth Factor-81 and Thiol Amino Acids 1655



8. Pierce, G. F., J. Vande Berg, R. Rudolph, J. Tarpley, and T. A. Mustoe.
1991. Platelet-derived growth factor-BB and transforming growth factor beta 1
selectively modulate glycosaminoglycans, collagen and myofibroblasts in exci-
sional wounds. Am. J. Pathol. 138:629-646.

9. Kehrl, J. H,, L. M. Wakefield, A. B. Roberts, S. B. Jakowlew, M. Alvarez-
Mon, R. Derynck, M. B. Sporn, and A. S. Fauci. 1986. Production of transform-
ing growth factor beta by human T lymphocytes and its potential role in the
regulation of T cell growth. J. Exp. Med. 163:1037-1050.

10. Kehrl, J. H, A. B. Roberts, L. M. Wakefield, S. B. Jakowlew, M. B. Sporn,
and A. S. Fauci. 1986. Transforming growth factor beta is an important immuno-
modulatory protein for human S-lymphocytes. J. Immunol. 137:3855-3860.

11. Wahl, S. M., D. A. Hunt, L. M. Wakefield, N. McCartney-Francis, L. M.
Wahl, A. B. Roberts, and M. B. Sporn. 1987. Transforming growth factor (TGF-
beta) induces monocyte chemotaxis and growth factor production. Proc. Natl.
Acad. Sci. USA. 84:5788-5792.

12. Robey, P. G., M. F. Young, K. C. Flanders, N. S. Roche, P. Kondaiah,
A. H. Reddi, J. D. Termine, M. B. Sporn, and A. B. Roberts. 1987. Osteoblasts
synthesize and respond to TGF-beta in vitro. J. Cell Biol. 105:457-463.

13. Poli, G, A. L. Kinter, J. S. Justement, P. Bressler, J. H. Kehrl, and A. S.
Fauci. 1991. Transforming growth factor 8 suppresses human immunodeficiency
virus expression and replication in infected cells of this monocyte/macrophage
lineage. J. Exp. Med. 173:589-597.

14. Das, S. K., and B. L. Fanburg. 1991. TGF-81 produces a “prooxidant”
effect on bovine pulmonary artery endothelial cells in culture. Am. J. Physiol.
(Lung Cell. Mol. Physiol.) 261:1L249-1.254.

15. White, A., S. K. Das, and B. L. Fanburg. 1992. Reduction of glutathione is
associated with growth restriction and enlargement of bovine pulmonary artery
endothelial cells produced by transforming growth factor 81. Am. J. Respir. Cell.
Mol. Biol. 6:364-368.

16. Shimada, K., P. J. Gill, J. E. Silbert, W. H. J. Douglas, and B. L. Fanburg.
1981. Involvement of cell surface heparan sulfate in the binding of lipoprotein
lipase to cultured bovine endothelial cells. J. Clin. Invest. 68:995-1002.

1656 S. K. Das, A. C. White, and B. L. Fanburg

17. Lowry, O. H., N. J. Rosenbrough, A. L. Farr, and A. J. Randall. 1951.
Protein measurement with folin phenol reagent. J. Biol. Chem. 193:265-275.

18. Das, S. K. 1988. Activation of a well behaved cell cycle in araC treated V79
cells by caffeine. Mutat. Res. 207:171-177.

19. Akerboom, T. P. M., and H. Sies. 1981. Assay of glutathione, glutathione
disulfide and glutathione mixed disulfides in biological samples. Methods Enzy-
mol. 77:373-382. )

20. Phelps, D. T., S. M. Deneke, D. L. Daley, and B. L. Fanburg. 1992.
Elevation of glutathione levels in bovine pulmonary artery endothelial cells by
N-acetylcysteine. Am. J. Respir. Cell. Mol. Biol. 7:293-299.

21. Wakefield, L. M., D. M. Smith, T. Masui, C. C. Harris, and M. B. Sporn.
1987. Distribution and modulation of the cellular receptor for transforming
growth factor-beta. J. Cell Biol. 105:965-975.

22. Van Obberghen-Schilling, E., N. S. Roche, K. C. Flanders, M. B. Sporn,
and A. B. Roberts. 1988. Transforming growth factor 81 positively regulates its
own expression in normal and transformed cells. J. Biol. Chem. 263:7741-7746.

23. Keski-Oja, J., R. M. Lyons, and H. L. Moses. 1987. Immunodetection and
modulation of cellular growth with antibodies against native transforming growth
factor-B. Cancer Res. 47:6451-6458.

24. Deneke, S. M., S. N. Gershoff, and B. L. Fanburg. 1983. Potentiation of
oxygen toxicity in rats by dietary protein or amino acid deficiency. J. Appl.
Physiol. 4:147-151.

25.Bannai, S., and N. Tateishi. 1986. Role of membrane transport in metabo-
lism and function of glutathione in mammals. J. Membr. Biol. 89:1-8.

26. Christensen, H. N. 1979. Exploiting amino acid structure to learn about
membrane transport. Adv. Enzymol. 49:41-101.

27. Bannai, S. 1986. Exchange of cystine and glutamate across plasma mem-
brane of human fibroblasts. J. Biol. Chem. 261:2256-2263.

28. Fedorcsak, I., M. Harms-Ringdahl, and L. Ehrenberg. 1977. Prevention of
sulfhydryl autoxidation by a polypeptide from red kidney beans described to be a
stimulator of RNA synthesis. Exp. Cell. Res. 108:331-339.



