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Abstract

To investigate the effects of D-penicillamine (B-Pen) on angio-
genesis, we have studied the effects of this drug on in vitro
proliferation of human endothelial cells (EC) and in vivo cor-
neal neovascularization. B-Pen, in the presence of copper sul-
fate, suppressed tritiated thymidine (V3HITdR) incorporation
into EC in a dose-dependent manner. Significant inhibition was
observed with B-Pen concentrations attainable in the serum
and tissues of treated patients. Neither B-Pen nor copper ion
alone significantly affected I3HITdR incorporation into EC.
The inhibition by B-Pen and copper was blocked by catalase
(CAT) or horseradish peroxidase but not by boiled CAT or
SOD. When rabbits were daily injected intravenously with
B-Pen at the per kilogram dosage administered to rheumatoid
patients, neovascularization as quantitated by the proliferation
of corneal new blood vessels was significantly inhibited. These
results suggest that hydrogen peroxide generated by B-Pen and
copper exerts a pronounced antiangiogenic effect through inhi-
bition of EC proliferation. It is, therefore, considered that
B-Pen may suppress rheumatoid synovitis by reducing the
number of small blood vessels available for the emigration of
chronic inflammatory cells, and the proliferation of the syno-
vial tissue.

Introduction

Neovascularization, the generation of new blood vessels, is
required not only in such normal phenomena as wound repair
and embryonic development but also in such pathological
conditions as tumor growth, proliferation of connective tissue,
chronic inflammation, and certain immune reactions (1). The
rheumatoid synovial membrane is characterized by prominent
infiltration of mononuclear cells in the sublining region of the
synovium. These cells carry out a series of cellular and hu-
moral immune reactions that are responsible for the mainte-
nance and spread of rheumatoid synovitis (2). Inherent in this
process is an active proliferation of small blood vessels that are
required for the extensive emigration of mononuclear cells and
proliferation of the synovial tissues, which are characteristic of
this type of synovitis. Proliferation of small blood vessels is
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critically dependent on the local proliferation of endothelial
cells (EC) (1). In contrast to infiltrating mononuclear cells like
the macrophage, which is derived from bone marrow, there is
no distant reservoir to supply an increased demand for ECby
the proliferating vessels of the rheumatoid synovium. Inhibi-
tion of ECproliferation, therefore, would have the potential to
slow or diminish immunologically mediated rheumatoid in-
flammation. Because EC may participate in immunological
reactions by presenting antigen to T and B lymphocytes (3-5)
with expression of histocompatibility (Ia) antigen (6), and by
secreting IL 1 (7, 8), a decrease in the EC population may
diminish synovial inflammation by also affecting these pro-
cesses.

D-Penicillamine (D-Pen)' has been reported to improve the
symptoms of RAand to bring about clinical remission (9-13).
Although a variety of actions of this drug have been reported to
be responsible for its therapeutic efficacy (14-22), the mecha-
nism underlying its beneficial effects has not been adequately
explained. To investigate the possible effects of D-Pen on an-
giogenesis, we have studied the action of this drug on basal and
endothelial cell growth factor (ECGF)-stimulated prolifera-
tion of human umbilical vein EC, and also on ECGF-induced
neovascularization in vivo. It has been shown that the concen-
trations of B-Pen, which are attained in the serum and synovial
tissue of treated patients, inhibit EC proliferation and neovas-
cularization.

Methods

Preparation of human ECand ECmonolayers. ECwere obtained from
human umbilical veins as described previously with some modifica-
tions (23). Fresh umbilical cords were placed in HBSS(Gibco Labora-
tories, Grand Island, NY). The umbilical veins were cannulated and
perfused with HBSSto wash out the residual blood. Both ends of the
cord were clamped and then infused with 1% collagenase (Worthing-
ton Biochemicals, Freehold, NJ) in RPMI 1640 (Gibco Laboratories)
for 15 min at room temperature. The collagenase solution containing
detached EC was flushed out of the cord with RPMI 1640. The cells
were then centrifuged and resuspended in complete medium, i.e.,
RPMI 1640 containing 15% heat-inactivated FCS (Gibco Laborato-
ries), 10% heat-inactivated human serum, 25 ,g/ml ECGF(Collabora-
tive Research, Lexington, MA), 5 U/ml heparin sodium (Upjohn,
Kalamazoo, MI), and antibiotics. EC were cultured overnight in
25-cm' tissue culture flasks (Coming Glass Works, Corning, NY) at
370C in a CO2 incubator (5% C02, 95% air). The next day, nonadher-
ent cells were vigorously rinsed from the flasks and fresh complete
medium was added. When the primary cultures reached confluency,
EC were trypsinized, resuspended in complete medium, and seeded

1. Abbreviations used in this paper: CAT, catalase; D-Pen, D-penicilla-
mine; EC, endothelial cell; ECGF, endothelial cell growth factor; GST,
gold sodium thiomalate; HRPO, horseradish peroxidase; TdR, thymi-
dine.
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into three gelatin-coated flasks for further passage. ECobtained in this
way were used in the third or fourth passage for the experiments de-
scribed below. The identity of the ECwas established by their charac-
teristic morphology under phase-contrast microscopy and by indirect
immunofluorescence when stained with a rabbit anti-Factor VIII an-
tiserum (Cappel Laboratories, Cochranville, PA). All cells were posi-
tively stained. The percent of cells staining positively with the anti-
macrophage antibody 63D3 (24) by FACS analysis was < 1%. All
individual batches of EC were prepared from single umbilical cords.
EC were detached from confluent monolayers by trypsinization and
further cultures were carried out in sterile, gelatin-coated, flat-bot-
tomed microtiter wells (6.4 mmdiameter) (Coming Glass Works).
Each well contained 2 X 104 EC in 0.2 ml culture medium, consisting
of RPMI 1640 containing 5% heat-inactivated- FCS and antibiotics.
This medium was used in all ECproliferation assays unless otherwise
stated. After the microtiter wells were placed in a CO2 incubator for
3-4 h to obtain subconfluent ECmonolayers, the assays for ECprolif-
eration were started.

Tritiated thymidine ([3H]TdR) incorporation into EC. Cultures
were carried out in the presence or absence of various concentrations
of ECGFfor 48 h. 15 h before harvesting, we added 1 gCi of [3H]TdR
to each well. At the incubation period, EC were washed three times
with 0.05 MPBS (pH 7.4) and detached from the microtiter wells by
trypsinization. Detached ECwere harvested onto glass fiber filter paper
using a mini-MASH II microharvesting device (Whittaker MABio-
products, Walkersville, MD) and [3H]TdR incorporated into EC (cell-
associated [3H]TdR) was determined using a liquid scintillation
counter.

Effects of D-penicillamine, other thiols, or disulfides on [3H]TdR
incorporation into EC in the presence or absence of copper sulfate.
Cultures were done in the presence or absence of ECGF, and simulta-
neously, with and without various concentrations of D-Pen (Sigma
Chemical Co., St. Louis, MO) and copper sulfate (Sigma Chemical
Co.). To study the effects of other thiols such as D-cysteine, L-cysteine,
DL-cysteine, thiomalic acid, 2-mercdptoethanol, DTT, and reduced
glutathione, or disulfides such as oxidized D-Pen and oxidized glutathi-
one (all obtained from Sigma Chemical Co.) these agents were substi-
tuted for D-Pen. [3H]TdR incorporated into EC was counted as de-
scribed above. Time-dependent effects of D-Pen on the DNAsynthesis
of EC were measured in two ways. First, EC were cultured with or
without ECGFin the presence of D-Pen and copper sulfate for in-
creasing time periods up to 48 h. The EC in the microtiter wells were
then washed with culture medium to remove extracellular D-Pen and
copper sulfate. Fresh culture medium, with or without ECGF, was
then added to the wells and the culture continued. Incorporation of
[3H]TdR, added 15 h before harvesting, was measured 48 h after initia-
tion of the cultures. Second, to examine the effect of D-Pen and copper
sulfate on any given phase of ECproliferation, these agents were added
to the EC cultures at the initiation of incubation or at varying times
thereafter and [3H]TdR incorporation was measured 48 h after the
initiation of the culture.

[3H] TdR incorporation into humanfibroblasts. Primary cultures of
fibroblasts were established from explants of human foreskins by a
standard technique. Fibroblasts in their fifth to tenth subpassage were
harvested from stock cultures by trypsinization and suspended in
RPMI 1640 supplemented with 10% FCS and antibiotics. [3H]TdR
incorporation into the cells with or without stimulation by IL 1 was
measured as described previously with slight modifications (25). 1
X 104 fibroblasts in 0.2 ml culture medium were cultured in flat-bot-
tomed microtiter wells (Coming Glass Works) and 1 U/ml ultrapure
IL 1 (Whatman Inc., Clifton, NJ) was added to the cultures in the
presence or absence of varying concentrations of D-Pen and copper
sulfate. The total time of the assay was 72 h. I gCi of [3H]TdR was
added to the cultures 15 h before harvesting and [3H]TdR incorpora-
tion was measured as described above.

[3H] TdR incorporation into PBMC. PBMCwere obtained by cen-
trifuging venous blood taken from healthy human donors on Ficoll
Hypaque (Pharmacia Fine Chemicals, Piscataway, NJ) as previously

described (26). PBMCwere then suspended in RPMI 1640 containing
10% FCS and antibiotics. 1 X 105 PBMC, in 0.2 ml of the culture
medium, were then placed in round-bottomed microtiter wells (Com-
ing Glass Works). Cultures were then carried out in the presence of 5
lug/ml Con A (Sigma Chemical Co.) or 0.5 ,g/ml PHA(Sigma Chemi-
cal Co.) in the presence of varying concentrations of D-Pen and copper
sulfate. 15 h before harvesting, 1 ,uCi of [3H]TdR was added to each
well. The total duration of the cultures was 72 h. The cells were then
harvested onto glass fiber filter paper and incorporated [3H]TdR was
counted as described above.

Effects of catalase (CAT), horseradish peroxidase (HRPO), boiled
CAT and SODon inhibition of ECDNAsynthesis by mPen (or other
thiols) plus copper sulfate or by hydrogen peroxide (H202). ECGF-
stimulated and -unstimulated ECwere cultured with or without D-Pen
or other thiols in the presence of copper sulfate. To the D-Pen and
copper containing wells, CAT, boiled CAT, HRPO, or SOD(all from
Sigma Chemical Co.) were added at the initiation of culture. [3H]TdR
uptake by the ECwas assayed. Boiled CATwas obtained as previously
described (27). To study the effect of H202 (Sigma Chemical Co.) on
[3H]TdR incorporation, EC were cultured in the presence of H202,
simultaneously with or without the enzymes listed above.

Inhibition of corneal neovascularization by D-Pen. ECGF-contain-
ing sterile polymer pellets were made as described previously with
slight modifications (28). 5 mgof ECGFwas diluted in hydroxyethyl-
methacrylate (Polysciences, Inc., Warrington, MA) in 70% alcohol at
370C. This solution was dried under a mild vacuum overnight, leaving
the ECGFtrapped within the polymer matrix. The ECGFpellet, 1
X I X 0.5 mm3, was then implanted in rabbit (Japanese white, female,
3 kg) comeal stroma 2 mmaway from the comeal-scleral junction
as described previously (29). Various concentrations of D-Pen were
injected daily intravenously, and the rabbit was killed 8 d later. Before
being killed, the rabbit was perfused from the carotid artery with col-
loidal carbon to outline the comeal blood vessels. Newly formed blood
vessels between the comeal-scleral junction and the ECGFpellet were
then macroscopically examined. For histological examination, entire
anterior segments (cornea and iris) were excised and fixed with 10%
buffered formalin. Paraffin sections were stained with hematoxylin
and eosin.

Measurement of D-Pen concentration in the plasma of rabbits intra-
venously injected with D-Pen. The rabbits were injected intravenously
with 10 mg/kg D-Pen. Venous blood was taken at various times there-
after and the concentrations of D-Pen in the plasma were determined
by HPLCas described previously (30).

Results

Synergistic inhibition of ECDNAsynthesis by D-Pen and cop-
per sulfate. To study the dose response of ECto ECGFand the
effect of D-Pen on this response, the monolayers derived from
2 X 104 EC in microtiter wells were incubated with increasing
concentrations of ECGF, simultaneously with or without
D-Pen or D-Pen plus copper sulfate (Fig. 1). ECGFincreased
[3HJTdR incorporation into EC in a dose-dependent fashion.
A significant increase was observed at 12.5 ,ug/ml ECGFand
maximal response was attained at 50 jig/ml. D-Pen, when
added at a concentration of 15 tg/ml (100 ,uM) in the presence
of 2 gg/ml (8 AM) copper sulfate, clearly inhibited [3H]TdR
incorporation both into basal and ECGF-stimulated EC.
n-Pen, at this concentration, did not significantly affect the
DNAsynthesis of EC in the absence of copper. The concen-
tration of ECGF, which induced half-maximal response in
DNAsynthesis, was not significantly affected by n-Pen and
copper. Fig. 2 shows the dose-dependent effect of copper sul-
fate on n-Pen-induced inhibition of [3H]TdR incorporation.
Neither 1S ,g/ml n-Pen alone nor various concentrations of
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copper sulfate alone significantly affected the DNAsynthesis
of the EC. A strong inhibitory effect, however, was noted in the
presence of n-Pen and copper sulfate combined. This inhibi-
tion was observed at a concentration of 0.5 gg/ml and in-
creased with the increasing concentrations of copper sulfate.

Comparison of inhibition of EC, fibroblast, and PBMC
DNAsynthesis by D-Pen and copper sulfate. The dose-depen-
dent inhibitory effects on the DNAsynthesis of ECexerted by
n-Pen in the presence or absence of copper sulfate have been
compared with that exerted on fibroblasts and on lymphocytes
in mitogen-stimulated PBMCcultures (Fig. 3). D-Pen and
copper inhibited DNAsynthesis in both unstimulated and
ECGF-stimulated ECin a dose-dependent fashion, with signif-
icant inhibition being observed in the range of 10 ug/ml. 15
Ag/ml D-Pen produced 65 and 60% inhibition of DNAsynthe-
sis in basal and ECGF-stimulated EC cultures, respectively.
These ranges of concentrations did not significantly affect EC
viability when examined by trypan blue exclusion and 5"Cr
release. These concentrations are also attained in the serum
and synovial tissue of treated patients (31-33). n-Pen, when
present in the absence of copper sulfate, induced small but
significant inhibition at a level of 25 ug/ml. Similar magnitude
of inhibition by n-Pen and copper sulfate was observed in the
DNAsynthesis of both unstimulated and IL 1-stimulated fi-
broblasts. Inhibition of DNAsynthesis of lymphocytes in Con
A or PHA-stimulated PBMCcultures was smaller than those
observed with ECand fibroblasts at concentrations > 15 ,g/ml
(P < 0.05).

Effect of H202 and H202 generated by D-Pen and copper
sulfate on ECDNA synthesis. As it has been suggested that
D-Pen in the presence of cupric ion produces H202 and that
the H202 produced plays a significant role in the inhibition of

50
o L Figure 2. Synergistic action of

40 n-Pen and copper sulfate in the
CQ \ - Iinhibition of ECDNAsynthesis.
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of CuSO4. [3H]TdR, incorporated
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I h. Each value is the mean±SEof

0 0.5 1.0 1.5 2.0 five separate experiments done in
CuS04(g/ml) triplicate.

75

0
0
"" 50

5 10 15 20 25 0 5 10 15 20 25 0
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Figure 3. Comparison of inhibition of ECDNAsynthesis with that
of fibroblasts and PBMCby n-Pen and copper sulfate. (A) ECwere
cultured with increasing concentrations of D-Pen with or without 50
Ag/ml ECGFin the presence or absence of 2 .g/ml CuS04. Total
[3H]TdR incorporated in ECcultured only with ECGF(100% value,
46,760±5,330 SE cpm) or without ECGF(100% value,
22,430±2,540 SE cpm) were taken as controls. Each point represents
the mean of seven separate experiments, each done in triplicate. (B)
1 X 104 fibroblasts were cultured with or without 1 U/ml ultrapure
IL 1 and the indicated concentrations of n-Pen with or without 2
yg/ml CuSO4. [3H]TdR incorporation was assayed 72 h after initia-
tion of the assay. Total incorporated [3H]TdR in the cells cultured
only with IL 1 (100% value, 50,320±7,080 SE cpm) or without IL 1
(100% value, 26,740±4,250 SE cpm) were taken as controls. Each
point represents the mean of five separate experiments, each done in
triplicate. (C) I X 105 PBMCwere cultured with 5 Ag/ml Con A or
0.5 ;tg/ml P-IA and with increasing concentrations of n-Pen in the
presence or absence of 2 ug/ml CuSO4. [3H]TdR incorporation was
assayed after 72 h. Total 3H-TdR incorporation into PBMCcultured
with Con A alone (100% value, 49,830±5,980 SE cpm) or PHA
alone (100% value, 81,340±8,690 SE cpm) were taken as controls.
[3H]TdR incorporation into PBMCwithout mitogen stimulation was
980±540 SE cpm. Each point represents the mean of four separate
experiments, each done in triplicate. A t test of each point was per-
formed by comparison with the control (* = P < 0.05, f = P < 0.01).

the proliferation of T lymphocytes (22), the effects of H202 on
EC DNAsynthesis were examined (Fig. 4). When H202 was
added to the EC cultures, it inhibited [3H]TdR incorporation
into both basal and ECGF-stimulated EC in a dose-dependent

100'

-5
0

cJ0
4- 50
0

0
0 5 10 15

H202( ,M)

Figure 4. Inhibition of DNAsyn-
thesis of ECby hydrogen perox-
ide. ECwere cultured with or
without 50 ,g/ml ECGF, in the
presence of the indicated concen-
trations of H202. [3H]TdR incor-
poration was assayed after 48 h.
[3H]TdR incorporation into EC,
cultured only with ECGF(100%
value, 53,420±6,890 SE cpm) or
without ECGF(100% value,
23,540±2,670 SE cpm), was taken

5 as controls. Each point represents
the mean of four separate experi-
ments, each done in triplicate. A t
test of each point was done by

20 comparison with the control
= P < 0.05, P= P < 0.01).
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Table L Inhibition of DNASynthesis of ECby Hydrogen
Peroxide. Prevention of Inhibition by CAT and HRPOBut
Not by boiled CAT or SOD

[3H]TdR incorporation

Agent added EC+ Nil EC+ ECGF

cpm X lo-3

Nil 25.6±3.1 47.6±5.1
H202 11.3±1.9 15.2±2.1
H202 + CAT 22.8±3.1 43.6±5.3
H202 + HRPO 21.9±2.6 42.1±3.6
H202 + Boiled CAT 10.9±2.3 16.9±2.5
H202 +SOD 12.6±2.1 14.1±1.8
CAT 24.3±1.9 44.8±3.6
HRPO 23.2±3.6 41.9±5.6
Boiled CAT 22.6±3.2 46.8±5.0
SOD 23.6±4.0 45.6±2.8

ECwere cultured with or without 50 ,g/ml ECGFin the absence or
presence of 20 .M H202 with or without 500 U/ml CAT, 280 U/ml
HRPO, 500 U/ml boiled CAT, or 50 jg/ml SOD. [3H]TdR incorpo-
ration was assayed after 48 h. Each value represents the mean±SE of
three separate experiments, each done in triplicate.

fashion. Significant inhibition was detected at a concentration
of 5 AMH202 and linear inhibition was observed up to 20 MM.
In this concentration range, H202 did not significantly affect
the viability of EC when examined by both 51Cr release and
trypan blue exclusion. Table I showed the effect of CAT,
HRPO, boiled CAT, or SODon the H202-induced inhibition
of EC DNA synthesis. Both CAT and HRPOreversed the
H202 inhibition. When the enzymatic activity of CAT was
blocked by boiling as described previously (27), CAT failed to
prevent the inhibition exerted by H202. SODdid not affect the
inhibition by H202. These enzymes, when added to the cul-
tures alone, did not alter either basal and ECGF-stimulated EC
proliferation.

To determine whether the inhibitory effects of n-Pen and
copper sulfate might be due to H202 produced by these agents,
the effects of CAT, HRPO, boiled CAT, and SODon n-Pen
and copper sulfate-induced inhibition of EC DNAsynthesis
were examined (Fig. 5). The addition of CAT or HRPOre-
versed the inhibition by D-Pen and copper sulfate to the con-

,4-50 ECGF
Ic D: N il
x

CL 40-

10

0Control Nil CAT HRPOBoiled SOD
CAT

Figure 5. Inhibition of
DNAsynthesis of EC
by n-Pen and copper
sulfate. Prevention by
CATor HRPObut not
by boiled CATor SOD.
ECwere cultured with
or without 50 jg/ml
ECGFin the presence
or absence (control) of
15 jig/ml n-Pen and 2

jig/ml CuS04 plus either nil, 500 U/ml CAT, 280 U/ml HRPO, 500
U/ml boiled CAT, or 50 jg/ml SOD. After 48 h, [3H]TdR incorpo-
ration was measured. Each bar is the mean±SE of four separate ex-
periments, each done in triplicate.

Figure 6. Effect of var-
ious thiols on ECDNA
synthesis in the pres-

100 >TA ence or absence of cop-
IiT As per sulfate. ECwere

cultured with 50 jg/ml
ECGFand the indi-
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10.o- sured after 48 h. Total
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0 Thiol only was taken as control.
Each point represents

Thiomalic Acid 2-Mercapto- Dithio- the mean±SE of threeethanol thr itos 1-50-10010 200 -1-- 1-0 separate experiments,
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Concentration (AM) each done in triplicate.

trol level. SODand boiled CAT, on the contrary, failed to
reverse the inhibition.

Effect of other thiols and of disufjides. The possible D-Pen-
like action of other sulfhydryl compounds in the presence or
absence of cupric ion on ECGF-stimulated ECproliferation is
shown in Fig. 6. D-Cysteine, L-cysteine, DL-cysteine, thiomalic
acid, 2-mercaptoethanol, and DTT in the presence of copper
sulfate, inhibited [3H]TdR incorporation into EC in a dose-
dependent fashion. The inhibition was minimal in the absence
of copper sulfate. The effects of two disulfides on EC DNA
synthesis were also examined (Fig. 7). Regardless of the pres-
ence or absence of copper sulfate, neither n-Pen disulfide nor
oxidized glutathione affected EC proliferation. The corre-
sponding thiols, however, were active. Inhibition of ECprolif-
eration induced by the thiols in the presence of copper sulfate
was also reversed by addition of CATor HRPO(Table II).

1000
100 ~Thiol or

2 5 - Disulfide+CuSO.

0. 01 0 Thiol or
50 Disulfide
0 ~~~~~~~~only

D-Penicil- D-Penicillamine Reduced Oxidized
lamine Disulfide Glutathione Glutathione

C
I. .. ......_0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Concentration (aM)

Figure 7. Comparison of effect of disulfides with that of thiols on
DNAsynthesis of EC in the presence or absence of copper sulfate.
ECwere cultured with 50 jg/ml ECGFin the presence or absence of
2 jig/ml CuSO4, and varying concentrations of n-Pen, n-Pen disul-
fide, reduced glutathione, or oxidized glutathione. After 48 h, [3H]-
TdR incorporated into the cells was assayed. Total [3H]TdR incorpo-
rated into the ECwith ECCF(100% value, 49,860±3,560 SE cpm)
was taken as control. Each point is the mean±SEof three separate
experiments, each done in triplicate.
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Table I. Inhibition of ECDNASynthesis by Various Thiols in
the Presence of Copper Sulfate. Prevention by CAT and HRPO

['H]TdR incorporation

Thiols added Nil CAT HRPO

200 jlm cpm x 1i-3

Nil 42.6±4.0 43.5±3.2 38.8±3.8
D-Penicillamine 3.6±0.9 38.6±4.5 39.5±5.2
D-Cysteine 13.2±2.6 40.6±4.3 35.5±4.3
L-Cysteine 9.8±1.6 38.7±5.6 40.5±5.1
DL-Cysteine 10.5±1.1 42.6±4.8 36.5±4.1
Thiomalic acid 23.4±2.9 44.6±2.8 41.5±5.6
2-mercaptoethanol 3.0±0.6 37.1±4.6 34.1±3.6
cDTT 0.9±0.3 36.8±5.1 33.8±2.9
Reduced glutathione 0.8±0.4 41.3±5.6 39.6±5.8

ECwere cultured with 50 ,ug/ml ECGFwith or without various
thiols, 2 ,gg/ml CuSO4, and 500 U/ml CAT, or 280 U/ml HRPO.
Each number is the mean±SE of three separate experiments, each
done in triplicate.

Absence of effect ofCATand HRPOon the inhibition of EC
DNA synthesis produced by gold sodium thiomalate (GST).
Because we have reported that GSTinhibited [3H]TdR incor-
poration into basal and ECGF-stimulated EC (34), and since
the ligand of GSTis thiomalic acid, which contains a sulfhy-
dryl bond, the effects of copper sulfate, CAT, and HRPOon
the action of GSTwere examined (Fig. 8). Whenvarious con-
centrations of copper sulfate were added to the EC cultures
simultaneously with 10 ,ug/ml GST, there was no significant
enhancement of GST-induced inhibition of both basal and
ECGF-stimulated ECDNAsynthesis. Moreover, the GST-in-
duced inhibition itself was not reversed by CATor HRPO.

Effect of duration and time of exposure of ECto D-Pen and
copper sulfate on ECDNAsynthesis. Results of time kinetic
studies of the effects of D-Pen and copper sulfate on basal and

50
*ECGF

0 40
0

Control GST GST GST GST GST GST
+ + + + +

CuSO4 cus04 cus04 CAT HRPO
(O.5wug/mI) (1.Olg0mI) (2.0Mg/mi)

Figure 8. Effect of copper sulfate on GST-induced inhibition of EC
DNAsynthesis. No prevention of GST-induced inhibition by CAT
or HRPO. ECwere cultured with or without 50 ysg/ml ECGFin the
presence or absence of 10 yeg/ml GST. Simultaneously various con-
centrations of CUSO4, 500 U/mi CAT, or 280 U/mi HRPOwere
added to the cultures. [3H]TdR incorporation was measured after 48
h. Each bar represents the mean±SE of five separate experiments,
each done in triplicate.

100 Figure 9. Effect of duration of expo-
sure of EC to n-Pen and copper sul-
fate on ECDNAsynthesis. ECwere

o~4cultured with or without 50 ,g/ml
ECGF, and with 15 jsg/ml n-Pen and

<) 50 2 gg/ml CuSO4 for the indicated time
o ECGF intervals from the initiation of the

assay. At the end of these intervals,
Nijl the added agents were removed, the

ECwere washed and recultured with

0 1 2 or without ECGFuntil the termina-
2 3 12 24 48 tion of the assay, and incorporated

Hours [3H]TdR was measured. ECcultured

only with ECGF(100% value,
44,680±5,670 SE cpm) or without ECGF(100% value,
23,570±3,420 SE cpm) were taken as controls. Each point represents
the mean±SEof four separate experiments, each done in triplicate.

ECGF-induced [3H]TdR incorporation in EC are shown in
Fig. 9. EC were cultured with or without ECGF, in the pres-
ence or absence of n-Pen and copper sulfate, for 0-48 h. At
varying time periods, the supernatant was removed, the EC
were washed and then cultured as before with or without fresh
ECGF. WhenD-Pen and copper were present for as little as the
initial 1 h, near maximal inhibition of ECDNAsynthesis was
observed.

DNAsynthesis in the course of ECproliferation, as assayed
by [3H]TdR incorporation, is a late occurrence in a series of
reactions. To determine whether a particular step in these
series was sensitive to n-Pen and copper, these agents were
added to ECGF-stimulated EC cultures at the initiation of
incubation or at varying times thereafter. As shown in Table
III, n-Pen and copper sulfate added 15 h before termination of
the assay no longer had a significant effect on the subsequent
incorporation of [3H]TdR. It is, therefore, suggested that the
effects of these agents are exerted in the comparatively early
stages of the ECproliferative response.

Table III. Time-dependent Effect of Delayed Addition of D-Pen
and Copper Sulfate on DNASynthesis of EC

['H]TdR incorporation
Time of

Agent added addition Experiment I Experiment 2

h cpm X 10-3

Nil 0 46.5 39.6
n-Pen + CUS04 14.4 16.2
Nil 12 41.8 42.6
n-Pen + CuSO4 23.7 17.8
Nil 24 38.9 45.6
D-Pen + CuSO4 25.8 35.5
Nil 33 44.8 40.8
n-Pen + CuSO4 42.5 37.6

ECwere cultured in the presence of 50 ,ug/ml ECGF, and 15 gg/ml
n-Pen and 2 Mg/ml CuSO4or culture medium alone were added to
the cultures at the initiation of incubation (zero time) or at varying
times thereafter. [I3H]TdR incorporation was assayed after 48 h. The
numbers represent the mean of triplicate measurements.
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Effect of D-Pen on neovascularization in rabbit eye. When
an ECGFpellet was implanted in the corneal stroma, growth
of the blood vessels began at the corneal-scleral junction. The
rate of growth was - 0.25-0.3 mm/d in the absence of D-Pen
administration until the tips of the vessels reached the pellet.
As shown in Fig. 10, there was no infiltration of inflammatory
cells around the proliferating blood vessels in the stroma, indi-
cating that the induction of new blood vessels was due to
ECGFand not secondary to foreign body reaction to the hy-
droxyethylmethacrylate pellet. Comparison of the neovascu-
larization induced by an ECGF-containing pellet with that
induced by a pellet of hydroxyethylmethacrylate alone, and
the effect of D-Pen on the ECGF-induced neovascularization is
shown in Fig. 11. Almost no blood vessels sprouted towards
the pellet of hydroxyethylmethacrylate alone. D-Pen inhibited
both the length and number of vessels growing toward the
ECGFpellet and injection of 1 mg/kg D-Pen caused almost
maximal inhibition of vessel growth.

Plasma levels of D-Pen in rabbit. To examine time kinetics
of concentrations of D-Pen, 10 mg/kg D-Pen was injected in-
travenously and plasma concentrations were measured after
various time intervals (Table IV). The concentrations de-
creased to < 10 gg/ml, the effective level in the culture experi-
ment, 30 min after the injection and reached to nearly 1 jsg/ml
after 2 h. It is, therefore, indicated that this drug has a rapid

turnover in the blood. It is also consistent with this data that
near maximal inhibition of EC proliferation was observed in
vitro when this drug was present for the initial 1 h of the
culture.

Discussion

D-Pen has been used for the treatment of RA patients with
beneficial effect. A variety of possible mechanisms underlying
its effect have been reported, e.g., an antiinflammatory action
(14), dissociation of macroglobulins (15, 16), interference with
leukocyte chemotaxis (17), interference with helper T cell
function (18), inhibition of cross-linking of collagen (19), and
an SOD-like action (20, 21). Recently, it has been reported
that this agent may synthesize H202 in the presence of copper
and that the inhibition of T cell function may be exerted by the
H202 generated (22). Production of H202 by D-Pen in the
presence of cupric ion has been observed in a cell-free sys-
tem (35).

These data demonstrate that D-Pen inhibited ECprolifera-
tion and this inhibition was synergistically enhanced by the
presence of the cupric ion. Cupric ion itself, however, did not
affect [3H]TdR incorporation into EC. The inhibition by
D-Pen in the presence of copper sulfate occurred in a dose-de-
pendent fashion with significant inhibition obtained at the

Figure 10. Histologic appearance of the neovascularization process in the corneal stroma. Hydroxyethylmethacrylate pellets with ECGFwere
implanted in the corneal stroma. A number of new blood vessels are seen (arrowheads) in the stroma with no inflammatory cell infiltration
around the vessels (hematoxylin and eosin staining). X 40.
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(a).

Figure 1l. ECGF-induced corneal neovasculariza-
tion and inhibition by n-Pen. An (A) ECGFpellet
or (B) a pellet of hydroxyethylmethacrylate alone
were implanted in the corneal stroma and the
rabbits were killed after 8 d. After implantation of
the ECGFpellet, the rabbits were intravenously
injected with (C) 1 mg/kg D-Pen or (D) 10 mg/kg
D-Pen daily, and killed after 8 d. The rabbits sac-
rificed were intraarterially perfused with colloidal
carbon and blood vessels (arrowheads) were ex-
amined macroscopically. Note the loss of new
blood vessel formation toward the ECGFpellets
in the D-Pen-treated rabbits. p, pellet.

level of 10 gg/ml. It has been reported that the range of con-
centration of this drug in the serum of treated patients ranges
up to 20 gg/ml (31, 32) and that its tissue concentration is
higher because it accumulates in collagen or other joint struc-
tures (33). In addition, the maximal concentration of copper
used in these experiments, 2 ,ug/ml, was approximately half
that found in normal serum and much less than that found in
the serum of RA patients (36-39). It appears, therefore, that
the observed inhibition by n-Pen and copper ion is occurring
at concentrations well within the therapeutic range. The
present results have also demonstrated that the inhibition in-
duced by n-Pen and copper ion was prevented by addition of
CATor HRPOinto the ECcultures but not by boiled CATor
SOD. Moreover, CAT and HRPOreduced the inhibition of
EC proliferation by H202 added to the cultures. It may, there-
fore, be suggested that the observed inhibition by -Pen and
cupric ion is expressed through the action of H202 produced
by these two agents. This is also consistent with previous find-
ings that H202 suppresses the functions of T (18, 22) and
natural killer cells (27).

The observations that a variety of thiols blocked ECprolif-
eration in the presence of copper and that this inhibition was
also reversed by the addition of CATor HRPOto the cultures
indicate that H202 is a commonproduct in the reaction of all
of these agents with copper. As shown in experimental models
and in RApatients (40, 41), the greater efficacy of n-Pen com-
pared with other thiols, in vivo, may be based on the fact that
this drug is resistant to enzymatic degradation by amino acid
oxidases and cysteine desulfhydrases (42) and that autooxida-
tion of n-Pen to the internal disulfide is much slower than that
of other thiols (43).

Wehave reported that GSTinhibits EC proliferation (34).
Because GST is a gold salt of thiomalic acid, the effect of
cupric ion on GST-induced inhibition of ECproliferation was
examined and it was observed that the effect of GST, when
added in the range of concentrations attained in the serum of
treated patients, was not affected by copper ion. In addition,
the action of GSTwas not affected by addition of either CAT
or HRPO, indicating that GST-induced inhibition was not
exerted through the agency of H202.
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Figure 11 (Continued)

The mechanism whereby H202, produced by D-Pen and
cupric ion, inhibits ECproliferation is unresolved at this time.
It is unlikely that the observed effect of this agent is due to
interference with the binding of ECGFor to a decrease of EC
surface receptors for ECGF. This is suggested by the finding
that the concentration of ECGFrequired for the induction of
half maximal ECresponse was not affected by increasing con-
centrations of D-Pen (data not shown). This suggestion is also
supported by the observation that inhibition of EC prolifera-
tion was also observed in unstimulated EC treated with D-Pen
and copper.

Numerous factors have been reported to support the pro-
cess of neovascularization. Heparin, a product of mast cells,
which can bind ECGF(44, 45), has been found to enhance the
affinity of this agent for its ECsurface receptor (46). Leukocy-
tic infiltration has been observed to precede vascularization in
the cornea (47), agents present in supernatants of cultured
macrophages (48) and activated macrophages themselves have
been observed to stimulate neovascularization (49). IFN--y,
produced by activated T cells, and IL 1, a product of macro-

phages, have also been suggested to play a role in the induction
of angiogenesis by increasing the release of superoxide anion
from EC(50). Fibronectin, which is secreted by fibroblasts, has

Table IV Kinetics of D-Pen Concentration in Rabbit Plasma

D-Pen

Time Experiment I Experiment 2

min ig/mi

5 34.66 29.74
15 18.60 15.65
30 9.69 7.51
60 4.20 2.69

120 1.38 0.85

Rabbits were injected with 10 mg/kg i.v. D-Pen. Blood samples were
taken after various time intervals and the D-Pen concentration in the
plasma was measured.
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been observed to be a chemoattractant for EC (51). These
observations suggest that products of chronic inflammatory
cells and fibroblasts may be intimately associated with angio-
genesis in chronically inflamed tissue such as the rheumatoid
synovium. They are also consistent with the finding that in-
creased vascularity is observed in the transitional areas of RA
synovium, in which a mixture of interacting cell types (lym-
phocytes, macrophages, fibroblasts, and plasma cells) is
present (52). In the present experiments, we have demon-
strated that D-Pen inhibits ECGF-induced neovascularization
in vivo, and the concentration of this drug required for this
inhibition was within the range achieved in the serum of
treated RA patients (31, 32). The above observations together
suggest that D-Pen inhibits neovascularization in vivo through
suppression of EC proliferation induced by a variety of cyto-
kines and growth factors secreted in inflammatory foci of
rheumatoid synovium: The exact focus of the action of D-Pen
on in vivo neovascularization in rabbit eye is not clear. How-
ever, as there was no histological evidence of leukocytic or
mononuclear cell infiltration around the newly grown small
blood vessels in the eye, and since D-Pen has a direct inhibitory
effect on ECDNAsynthesis in vitro, it appears likely that the
inhibition of neovascularization resulted from an action on the
ECthemselves.

In conclusion, H202 produced by physiological concentra-
tions of D-Pen in the presence of copper inhibited both basal
and ECGF-stimulated DNAsynthesis in human EC. D-Pen
also inhibited ECGF-induced neovascularization in vivo. The
action of this drug may play a significant role in the suppres-
sion of rheumatoid inflammation, since a decrease of the num-
ber of local blood vessels may lead to diminished mononuclear
cell infiltration and decreased proliferation of the synovial tis-
sue. It may also interfere with the accessory cell activity of the
EC at the blood tissue interface. Because EC are not replen-
ished from other sources, the delay in onset of the therapeutic
effect of D-Pen may represent the time required for reducing
the vascular beds in synovial inflammatory foci below a criti-
cal level.
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