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Pyrrolidine dithiocarbamate (PDTC) is a metal-
helating compound that acts as antioxidant or pro-
xidant and is widely used to study redox regulation
f cell function. In the present study, we investigated
ffects of PDTC and another antioxidant, N-acetyl-L-
ysteine (NAC), on TNF-a-dependent activation of
F-kB in human aortic smooth muscle cells (HASMC).
reatment of the cells with TNF-a induced the activa-

ion of p65/p50 heterodimer NF-kB and increased the
RNA levels of monocyte chemoattractant protein

MCP)-1. Pretreatment with PDTC markedly sup-
ressed the NF-kB activation and expression of MCP-1
y inhibiting IkB-a degradation. In contrast, NAC had
o effect. PDTC concomitantly increased the intracel-

ular levels of copper, and bathocuproinedisulfonic
cid, a non-cell-permeable chelator of Cu11, inhibited
he PDTC-induced increase in intracellular copper
evel and reversed the PDTC effects on IkB-a, NF-kB,
nd MCP-1. These results indicate that TNF-a-depen-
ent expression of MCP-1 in HASMC is tightly regu-

ated by NF-kB and that intracellular copper level is
rucial for the TNF-a-dependent activation of NF-kB
n HASMC. © 2000 Academic Press

Key Words: NF-kB; TNF-a; IkB-a; pyrrolidine dithio-
arbamate; N-acetyl-L-cysteine; human aortic smooth
uscle cells; monocyte chemoattractant protein (MCP)-1;

opper; bathocuproinedisulfonic acid.

Transcription factor nuclear factor-kappa B (NF-kB)
egulates a wide variety of cellular genes, including
ytokines, cytokine receptors, adhesion molecules, and
ntiapoptotic proteins (1–3). NF-kB is a dimer consist-
ng of the Rel family proteins such as p65 (RelA), p50,
52, c-Rel and RelB. In unstimulated cells, NF-kB is
equestered in the cytoplasm bound to an inhibitory
rotein IkB which includes several isoforms such as
88006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
uch as tumor necrosis factor (TNF)-a induce the acti-
ation of NF-kB by promoting the phosphorylation and
egradation of IkB. After the release from IkB, NF-kB
ranslocates into the nucleus, binds to the regula-
ory element of the target genes, and controls their
ranscription.

In vascular smooth muscle cells, it has been shown
hat TNF-a, angiotensin II and platelet-derived growth
actor induce the activation of NF-kB and the expres-
ion of monocyte chemoattractant protein-1 (MCP-1)
6, 7). MCP-1 is the main chemotactic factor involved in
he migration of monocytes into vessel wall, which is a
ritical event leading to the development of atheroscle-
osis. However, little is known about the intracellular
ignaling pathway leading to the activation of NF-kB
n the vascular smooth muscle cells.

Recently, we and others have shown, in various cell
ypes, that the signaling pathway elicited by TNF-a
nvolves generation of reactive oxygen species (ROS),
ecause the NF-kB activation was inhibited by antioxi-
ants such as N-acetyl-L-cysteine (NAC) and pyrroli-
ine dithiocarbamate (PDTC) (8–11).
In the present study, we investigated effects of anti-

xidants, NAC and PDTC, on TNF-a-dependent acti-
ation of NF-kB and on expression of MCP-1 in human
ortic smooth muscle cells (HASMC). It was shown
hat the NF-kB activation by TNF-a in HASMC is
nhibited by PDTC through its action as a copper trans-
orter, but not as an antioxidant.

ATERIALS AND METHODS

Cell culture. Primary human aortic smooth muscle cells
HASMC; Kurabo, Osaka, Japan) were grown in HuMedia-SB2 me-
ium supplemented with 5% fetal bovine serum and rat EGF (0.5
g/ml), rat FGF-B (2 ng/ml), insulin (5 mg/ml), gentamicin (50 mg/ml),
mphotericin B (50 ng/ml). This medium contains 2.0 ng/ml of CuSO4

H2O. The nearly confluent cells in 21-cm2 culture dishes were



preincubated with 80 mM pyrrolidine dithiocarbamate (PDTC,
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igma Chemical Co., St. Louis, MO) or 20 mM N-acetyl-L-cysteine
NAC, Sigma) alone or together with 0.8 mM bathocuproinedisulfo-
ic acid (BCS, Sigma) for 1 h and then incubated with 100 U/ml of
ecombinant human TNF-a (2.5 3 103 U/mg, Asahi Chemical Indus-
ry, Tokyo, Japan) for 30 min for electrophoretic mobility shift assay
nd Western blot analysis or for 6 h for Northern blot analysis.

Electrophoretic mobility shift assay (EMSA). Procedure for prep-
ration of nuclear and cytosolic extracts was described previously
10). Protein concentration was determined by a microassay kit
Bio-Rad, Hercules, CA) using the bovine serum albumin as a stan-
ard. Nuclear extracts (10 mg of protein) were used for EMSA. The
etailed procedure for EMSA was also described previously (12). The
Bwt oligonucleotides (59-TCGAGCAGAGGGGACTTTCCGAGAG-39
nd 59-TCGACTCTCGGAAAGTCCCCTCTGC-39) containing a ca-
onical NF-kB binding site (underlined), and AP-1 oligonucleo-
ides (59-CGCTTGATGAGTCAGCCGGAA-39 and 59-TTCCGGC-
GACTCATCAAGCG-39) containing a AP-1 binding site (under-

ined) were annealed, labeled by Klenow enzyme in the presence of
32P]dCTP, and used as probes. To identify the NF-kB subunits,
upershift analysis was performed using antibodies directed against
50, p52, p65, c-Rel, and Rel B (Santa Cruz Biotechnology, Santa
ruz, CA). They were added to the binding reaction mixture before
ddition of the labeled probe and incubated for 1 h at 4°C. Samples
ere analyzed by 4% polyacrylamide gel electrophoresis. The gels
ere then dried and autoradiographed.

Northern blot analysis. Total RNA was extracted from HASMC
y the method of Chomczynski and Sacchi (13). Northern blot and
ybridization were carried out as described previously (14). In brief,
otal RNA (15 mg) was fractionated in 0.8% agarose gels, and then
as transferred onto a nylon membrane (Gene Screen Plus; New
ngland Nuclear, Boston, MA). Heat-denatured cDNA probes were

abeled with [32P]dCTP using random primed DNA labeling kit
Boehringer Mannheim, Mannheim, Germany). Preparation of
DNAs for monocyte chemoattractant protein (MCP)-1, and glycer-
ldehyde 3-phosphate dehydrogenase (GAPDH) were described pre-
iously (9, 15). After hybridization and wash, the membrane was
ubjected to image analyzer (BAS 2000; Fuji Photo Film Co. Ltd.,
okyo, Japan) to quantify radioactivities of bands. The membrane
as then autoradiographed.

Western blot analysis. The detailed procedure was described pre-
iously (16). In brief, cytosolic extracts (40 mg of protein) and stan-
ards for molecular weight were fractionated on a sodium dodecyl
ulfate (SDS)–10% polyacrylamide gel, and electroblotted onto a
ybond-C super membrane (Amersham Corp., Arlington Heights,

L). A part of membrane with molecular weight marker was sepa-
ated and stained with Coomassie Brilliant Blue R (Sigma). The
emaining membrane was soaked overnight in a blocking buffer
phosphate-buffered saline (PBS) containing 5% low-fat dried milk
owder (Snowbrand Milk Products Co. Ltd., Tokyo, Japan)]. Then,
he membrane was incubated for 1 h with an antibody against either
kB-a (Santa Cruz) diluted at 1:1000 with the blocking buffer. After
ashing three times with PBS containing 0.1% Tween-20, the mem-
rane was incubated for 1 h with anti-rabbit-IgG goat IgG conju-
ated with alkaline phosphatase (Zymed, San Francisco, CA) diluted
t 1:2000 with PBS containing 0.1% Tween 20. After washing three
imes, it was incubated in a color development solution containing
itro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate
NBT/BCIP Tablet, Boehringer Mannheim).

Determination of intracellular concentration of copper. HASMC
ere preincubated with 80 mM PDTC or 20 mM NAC alone or

ogether with 0.8 mM BCS for 1 h and then incubated with TNF-a for
h. After the cells were washed several times, the whole cell extracts
ere prepared as described previously (12). Copper contents were
easured using a Hitachi Z6100 atomic absorption spectrophotom-

ter (Hitachi), and corrected by protein contents.
89
Statistical analysis. Statistical analysis was carried out by using
ne-way ANOVA followed by Fisher’s protected least significant dif-
erence (PLSD) analysis. The P value less than 0.05 is considered
ignificant.

ESULTS

Primary human aortic smooth muscle cells (HASMC)
ere treated with or without TNF-a for 30 min, and

he activation of NF-kB was studied by EMSA using
he nuclear extracts (Fig. 1A). Slight DNA-binding ac-
ivity was observed before TNF-a treatment (lane 1),
ndicating constitutive, low level of activation of NF-kB
n the cells. Treatment of the cells with TNF-a mark-
dly induced its activation (lane 2).
To characterize the subunit of NF-kB, supershift

nalysis was performed. Anti-p65 antibody super-
hifted the NF-kB/DNA complex (single asterisk in
ane 3). Anti-p50 antibody also supershifted the com-
lex (double asterisk in lane 4), but some complex was
nly slightly shifted from its original position by the
ntibody (triple asterisk in lane 4). The antibodies
irected against p52, c-Rel and Rel B, and preimmune
abbit serum did not affect the mobility of the complex
data not shown), indicating that the complex consists
f p65/p50 heterodimer NF-kB.
We then examined effect of antioxidants on the acti-

ation of NF-kB by TNF-a. HASMC were treated with
0 mM NAC or 80 mM PDTC, because these doses were
hown to be sufficient for the inhibition of TNF-a-
ependent activation of NF-kB (9–11). Interestingly,
s shown in Fig. 1B in lane 3, preincubation of 20 mM
AC had no effect on the TNF-a-dependent activation

f NF-kB in HASMC. In contrast, preincubation of 80

FIG. 1. Effects of PDTC and NAC on TNF-a-dependent activa-
ion of NF-kB in HASMC. (A) HASMC cells were incubated with 100
/ml TNF-a for 30 min. Nuclear extracts were subjected to EMSA
sing kBwt oligonucleotide as a probe, and supershift analysis was
erformed using anti-p65 and anti-p50 antibodies. (B) The cells were
reincubated with 20 mM NAC or 80 mM PDTC for 1 h, and then
ncubated with TNF-a. The nuclear extracts were used for EMSA.
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M PDTC markedly suppressed the activation (lane 4).
his observation is against a hypothesis that genera-
ion of ROS is involved in the TNF-a-dependent signal-
ng cascade leading to the NF-kB activation in
ASMC.
It has been recently reported that, in addition to
OS-scavenging action, PDTC can bind and transport
xternal copper ions into cells (17, 18). We thus mea-
ured the intracellular copper levels in HASMC which
ere treated with PDTC. We also studied the effect of
athocuproinedisulfonic acid (BCS) that is a non-cell-
ermeable chelator of Cu11 (19) and thereby can inhibit
DTC-dependent transport of copper. As shown in Fig.
, treatment of HASMC with 80 mM PDTC resulted in
marked increase in the intracellular concentration of

opper. In contrast, TNF-a and NAC had no effect on
he level. Pretreatment with 0.8 mM BCS completely
revented the PDTC-dependent increase in the intra-
ellular copper level. BCS alone did not alter the level.

We next examined whether this elevation of intra-
ellular copper content affects the TNF-a-dependent
ctivation of NF-kB. As shown in Fig. 3, when the cells
ere treated with PDTC together with 0.8 mM BCS,

he suppression of NF-kB activation by PDTC (lane 4)
as almost completely abrogated (lane 6). BCS alone
id not affect the TNF-a-dependent activation of
F-kB (lane 5). In contrast, AP-1 binding activity was
ot affected by TNF-a, PDTC or BCS, indicating spe-
ific effect of PDTC and BCS on NF-kB activation.

Effects of TNF-a, PDTC, NAC and BCS on expres-
ion of MCP-1 mRNA in HASMC are shown in Fig. 4.
NF-a markedly increased the MCP-1 mRNA levels

ourfold. NAC did not affect the TNF-a-dependent in-
uction of MCP-1 mRNA. However, PDTC completely

FIG. 2. Effects of TNF-a, NAC, PDTC, and BCS on intracellular
evels of copper. The cells were pretreated with 20 mM NAC or 80 mM
DTC alone or in combination with 0.8 mM BCS, followed by 1-h

ncubation of 100 U/ml TNF-a. Whole cell lysates were used for
etermination of copper contents. Experiment was performed in
uadruplicate flasks. Data were corrected by total protein contents,
nd expressed as mg/g of protein (mean 6 SD, n 5 4). *P , 0.05 vs the
alue in the presence of TNF-a alone.
90
uppressed the induction, and this PDTC effect was
eversed by BCS. BCS alone did not affect the expres-
ion of MCP-1 mRNA. In contrast, GAPDH mRNA
evels were not altered by TNF-a, PDTC or BCS. Taken
ogether, these results suggest that inhibitory effect of
DTC on TNF-a-dependent activation of NF-kB and

nduction of MCP-1 is due to the copper-transporting
ction of PDTC.
We then studied effects of NAC, PDTC and BCS on

NF-a-dependent degradation of IkB-a. As shown in

FIG. 3. Effects of PDTC and BCS on TNF-a-dependent activa-
ion of NF-kB. The cells were pretreated in the same way as de-
cribed in the legend to Fig. 2, followed by 30-min incubation of 100
/ml TNF-a. Nuclear extracts were subjected to EMSA using kBwt

r AP-1 oligonucleotides as probes.

FIG. 4. Effects of TNF-a, NAC, PDTC, and BCS on MCP-1 ex-
ression in HASMC. The cells were pretreated as described in the
egend to Fig. 2, followed by 6-h incubation of 100 U/ml TNF-a. Total
NA was subjected to Northern blot analysis using MCP-1 and
APDH cDNA as probes. Experiment was performed in duplicate
asks. Similar results were obtained from a separate experiment.
adioactivities of the bands were measured by BAS 2000 system,
ormalized by the GAPDH mRNA levels, and expressed as percent-
ge of the level of control, nontreated cells (n 5 4, mean 6 SD). *P ,
.05 vs the level in the presence of TNF-a alone. **P , 0.05 vs the
evel in the presence of TNF-a and PDTC.
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ig. 5, Western blot analysis revealed that TNF-a-
ependent degradation of IkB-a was inhibited by
DTC, and this PDTC effect was reversed by BCS. In
ontrast, NAC had no effect on TNF-a-dependent deg-
adation of IkB-a.

ISCUSSION

PDTC and NAC have been widely used as antioxida-
ive compounds to study redox regulation of intracel-
ular signaling cascade and of cell function. The
resent study demonstrated that the inhibition of
NF-a-dependent NF-kB activation and MCP-1 ex-
ression by PDTC is associated with elevation of intra-
ellular copper levels in HASMC. Furthermore, it was
hown that this inhibition is due to the increase in
u11 in the cells, because BCS, a non-cell-permeable
helator of Cu11, prevented the PDTC action. To our
nowledge, this is the first demonstration that PDTC-
ependent inhibition of NF-kB activation is reversed
y blocking the influx of copper. ROS-scavenging, an-
ioxidative action of PDTC may not be important for
he inhibition in HASMC, because the antioxidant
AC had no effect on the NF-kB activation.
Copper is an essential transition metal which plays

n important role in the function of various transcrip-
ion factors and enzymes. Intracellular copper exists in
everal oxidation status, which can change from one
edox status to another under physiological conditions.
his redox cycling is considered to be responsible for
hysiological and toxic potential of this metal.
Several studies reported the effect of copper on
F-kB binding and activation. Yang et al. showed that

reatment with 500 mM CuCl2 of the nuclear extracts
repared from human primary lymphocytes did not
lter the NF-kB binding (20), suggesting that copper
oes not directly affects the DNA-binding of NF-kB.
atake et al. demonstrated that treatment of Jurkat T
ells with 500 mM copper inhibited the phosphorylation
f IkB-a and the activation of NF-kB induced by TNF-a
21), indicating that copper prevents the signaling
athway at some step prior to IkB-a phosphorylation.
onsistent with the latter report, the present study

FIG. 5. Effects of NAC, PDTC and BCS on TNF-a-dependent
egradation of IkB-a. The cells were pretreated as described in the
egend to Fig. 2, followed by 30-min incubation of 100 U/ml TNF-a.
ytosolic extracts (40 mg of protein) were subjected to Western blot
nalysis using anti-IkB-a antibody.
91
ependent degradation of IkB-a, and that BCS re-
ersed the PDTC effect. These observations strongly
uggested that the inhibitory effect of PDTC on NF-kB
ctivation in HASMC is mainly due to the prevention
f nuclear translocation of NF-kB.
MCP-1 is the major chemotactic factor involved in

he recruitment of monocytes into vessel wall. The
resent study showed that TNF-a-dependent expres-
ion of MCP-1 in HASMC is tightly regulated by NF-
B, since the prevention of NF-kB activation correlated
ell with the suppression of MCP-1 mRNA levels. This

esult is compatible with the recent report that MCP-1
nduction coincides with NF-kB activation in the ath-
rosclerotic vessels in a rabbit model (22).
In conclusion, the present study indicates that the

opper-transporting action is another important prop-
rty of PDTC for its inhibitory effect on NF-kB activa-
ion, and that the intracellular level of copper is crucial
or the TNF-a-dependent activation of NF-kB in
ASMC.
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