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Abstract

Oxidative stress and expression of the vascular cell adhesion
molecule-i (VCAM-1) on vascular endothelial cells are early
features in the pathogenesis of atherosclerosis and other inflam-
matory diseases. Regulation of VCAM-1 gene expression may
be coupled to oxidative stress through specific reduction-oxida-
tion (redox) sensitive transcriptional or posttranscriptional reg-
ulatory factors. In cultured human umbilical vein endothelial
(HUVE) cells, the cytokine interleukin 1,8 (IL-1,6) activated
VCAM-1 gene expression through a mechanism that was re-
pressed - 90% by the antioxidants pyrrolidine dithiocarba-
mate (PDTC) and N-acetylcysteine (NAC). Furthermore,
PDTCselectively inhibited the induction of VCAM-1, but not
intercellular adhesion molecule-i (ICAM-1), mRNAand pro-
tein accumulation by the cytokine tumor necrosis factor-a
(TNFa) as well as the noncytokines bacterial endotoxin lipo-
polysaccharide (LPS) and double-stranded RNA, poly(I:C)
(PIC). PDTCalso markedly attenuated TNFa induction of
VCAM-l-mediated cellular adhesion. In a distinct pattern,
PDTC partially inhibited E-selectin gene expression in re-
sponse to TNFa but not to LPS, I-1ji, or PIC. TNFa and
LPS-mediated transcriptional activation of the human VCAM-
1 promoter through NF-KB-like DNAenhancer elements and
associated NF-KB-like DNAbinding proteins was inhibited by
PDTC. These studies suggest a molecular linkage between an
antioxidant sensitive transcriptional regulatory mechanism and
VCAM-1 gene expression that expands on the notion of oxida-
tive stress as an important regulatory signal in the pathogenesis
of atherosclerosis. (J. Clin. Invest. 1993. 92:1866-1874.) Key
words: antioxidant * cell adhesion molecules * endothelial cells-
NFKB* pyrrolidine dithiocarbamate

Introduction

In the inflammatory response, leukocyte recruitment to the
endothelium is mediated by the interaction of adhesion mole-
cule receptors expressed on the surface of endothelial cells with
counterreceptors expressed on immune cells. Endothelial cells
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play a major role in defining the types of leukocytes recruited,
such as monocytes, lymphocytes, or neutrophils, by selectively
expressing specific adhesion molecules, such as vascular cell
adhesion molecule- 1 (VCAM- 1 ), 'intercellular adhesion mole-
cule- 1 (ICAM- 1 ), or E-selectin, in response to various inflam-
matory stimuli ( 1, 2). An important example of this process is
the localized endothelial expression of VCAM-1 and selective
recruitment of mononuclear leukocytes to the vascular lesions
observed in early atherosclerosis (3). VCAM-1 is a member of
the immunoglobulin gene superfamily that mediates leukocyte
binding to the endothelial cell through its interaction with its
integrin counterreceptor, very late activation antigen-4 (VLA-
4) (4). Because of the selective expression of VLA-4 on mono-
cytes and lymphocytes, but not neutrophils, VCAM-1 plays an
important role in mediating mononuclear leukocyte-selective
adhesion (4-9).

The nature of the inflammatory signals and associated mo-
lecular mechanisms that activate VCAM-1 gene expression in
endothelial cells in the early atherogenic lesion are unknown.
Whether similar or distinct mechanisms regulate ICAM- I gene
expression in the atherosclerotic setting is also unknown (3, 10,
11). Factors commonly found in inflammatory atherogenic
lesions, such as the cytokines TNFa and IL- 1A, induce the
concurrent expression of VCAM-1, ICAM- 1, and E-selectin in
cultured endothelial cells (see reference 2 for review). This
same pattern of expression is observed in culture with other
agents such as bacterial endotoxin LPS and the synthetic dou-
ble-stranded RNA, polyinosinic:polycitidylic acid, poly(I:C)
(PIC) ( 12-14). Clearly, these factors alone cannot selectively
activate VCAM-1 gene expression and this raises the issue of
whether these factors activate VCAM-1, ICAM- 1, and E-selec-
tin expression through a common, or gene-specific, molecular
regulatory pathway. Evidence for a VCAM-1-specific regula-
tory mechanism is suggested by the observation that IL-4 en-
hances TNFa activation of endothelial VCAM-l expression
( 15 ) but represses TNFa activation of ICAM- I and E-selectin
expression ( 16). This raises the possibility that in addition to
IL-4, other types of regulatory signals may interact with ele-
ments of a VCAM-1-specific regulatory mechanism to either
activate or repress VCAM-1 expression independent of ICAM-
1 or E-selectin.

Oxidative stress may play an important role in regulating
VCAM-1 gene expression. In the early atherogenic lesion, oxi-

1. Abbreviations used in this paper: HUVE, human umbilical vein en-
dothelial (cells); ICAM- 1, intercellular adhesion molecule- 1; NAC, N-
acetylcysteine; PDTC, pyrrolidine dithiocarbamate; PIC, poly(I:C),
polyinosinic:polycitidylic acid; redox, reduction-oxidation; VCAM-1,
vascular cell adhesion molecule.
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dative stress is manifested by the elevated production of reac-
tive oxygen species by endothelial and smooth muscle cells that
result in the oxidative modification of low density lipoprotein
( 17, 18). This is likely due in part to both paracrine and auto-
crine mechanisms by which the cytokines IL-1l3 and TNFa,
derived from both inflammatory and endothelial cells, induce
the cellular synthesis of reactive oxygen species ( 19, 20). It is in
this oxidative milieu that endothelial VCAM-I expression and
consequent monocyte accumulation is observed in the early
atherogenic lesion (3, 21 ). These observations suggest that the
activation of VCAM-1 gene expression might be distinguished
by its sensitivity to modulation by oxidation-mediated signals.

Recent studies of the human VCAM-1 promoter suggest
that TNFa activation of VCAM-1 transcription in endothelial
cells is dependent, at least in part, on the activation of NF-KB-
like transcriptional regulatory proteins (22, 23). NF-KB is a
ubiquitously expressed multisubunit transcription factor
whose activation in several cell types by a large and diverse
group of agents such as TNFa, IL- I,3, LPS, PIC, as well as the
oxidant H202 can be specifically inhibited by antioxidants such
as N-acetylcysteine (NAC) and pyrrolidine dithiocarbamate
(PDTC) (24-26). This has led to the hypothesis that oxygen
radicals play an important role in the activation of NF-KB
through an as yet undefined reduction-oxidation (redox) mech-
anism (26). By extrapolation, oxidative stress in the atheroscle-
rotic lesion may play a role in regulating VCAM-1 gene expres-
sion through an NF-KB-like redox sensitive transcriptional reg-
ulatory protein.

Wehave tested the hypothesis that cytokines selectively in-
duced VCAM-1 gene regulation through an antioxidant sensi-
tive pathway in human umbilical vein endothelial (HUVE)
cells. We have identified a regulatory pathway controlling
VCAM-1 expression that is sensitive to antioxidants and dis-
tinct from ICAM-1 and E-selectin expression. In the process,
we have shown a possible molecular linkage between redox
sensitive regulatory mechanisms in the endothelial cell and
VCAM-1 gene transcription and expression that expands on
the notion of oxidative stress as an important regulatory signal
in the expression of VCAM-I in the pathogenesis of atheroscle-
rosis.

Methods

Cell culture. HUVEcells were isolated from human umbilical veins
that were cannulated, perfused with Hanks' solution to remove blood,
and then incubated with 1% collagenase for 15 min at 37°C. After
removal of collagenase, cells were cultured in Ml 99 medium supple-
mented with 20% FBS(HyClone Laboratories, Logan, UT), 16 U/ml
heparin (ESI Pharmaceuticals, Cherry Hill, NJ), 50 Ag/ml endothelial
cell growth supplement (Collaborative Research Inc., Bedford, MA),
25 mMHepes buffer, 2 mML-glutamine, 100 U/ml penicillin, and
100 g/iml streptomycin, and grown at 37°C on tissue culture plates
coated with 0. 1%gelatin. Cells were passaged at confluence by splitting
1:4 and were used within the first eight passages.

Incubation with cytokines and other reagents. Confluent HUVE
cells received fresh media and then the indicated concentrations of
PDTCwere added as pretreatment for 30 min or 1 h before adding
cytokines. Cytokines and other inducers were directly added to me-
dium for the times and at the concentrations indicated in each experi-
ment. Humanrecombinant IL- 1I was the generous gift of The Upjohn
Company (Kalamazoo, MI). Human recombinant TNFa was ob-
tained from Boehringer-Mannheim Biochemicals (Indianapolis, IN).
Bacterial LPS, PIC, NAC, and PDTCwere obtained from Sigma Chem-
ical Co. (St. Louis, MO). NACwas neutralized to pH 7.0 before use.
All other reagents were of reagent grade.

Northern blot analysis. Total cellular RNAwas isolated by a single
extraction using an acid guanidium thiocyanate-phenol-chloroform
(27). Total cellular RNA(20 Mg) was size-fractionated using 1% aga-
rose formaldehyde gels in the presence of 1 ug/ml ethidium bromide.
The RNA was transferred to a nitrocellulose filter and covalently
linked by ultraviolet irradiation using a Stratlinker UV crosslinker
(Stratagene Inc., La Jolla, CA). Hybridizations were performed at
420Cfor l8hin5XSSC(lX = 150mMNaCl, 15 mMNacitrate), 1%
sodium dodecyl sulfate, 5x Denhardt solution, 50% formamide, 10%
dextran sulfate, and 100Ig/ml of sheared denatured salmon sperm
DNA. Approximately 1-2 x 106 cpm/ml of labeled probe (sp act
> I08 cpm/Ag DNA) was used per hybridization. After hybridization,
filters were washed with a final stringency of 0.2X SSCat 550C. The
nitrocellulose membrane was soaked for stripping the probe with
boiled water before rehybridization. Autoradiography was performed
with an intensifying screen at -70'C. Laser densitometry and digital
analysis of scanned images were used for quantitation of autoradio-
grams.

32P-labeled DNAprobes were prepared using the random primer
oligonucleotide method (28). The VCAM-I probe was a Hind III-Xho
I fragment of the human cDNA consisting of nucleotides 132-1814
(29). The ICAM-l probe was an Eco RI fragment of human cDNA
(30). The E-selectin probe was a 1.35-kb Eco RI fragment of human
cDNA (31).

Enzyme linked immunosorbent assay (ELISA). HUVEcells were
plated on 96-well tissue culture plates 48-72 h before the assay. Pri-
mary antibodies in M199 medium with 5% FBS were added to each
well and incubated for I h at 37°C. The cells were then washed and
incubated for 1 h with peroxidase conjugated goat anti-mouse IgG
(Bio-Rad Laboratories, Richmond, CA) diluted 1/500 in M199 me-
dium with 5% FBS. The wells were then washed and the binding of
antibody was detected by the addition of 100 Ml of 0.1 mg/ml 3,3,5,5'-
tetramethyl-benzidine (TMB) (Sigma Chemical Co.) with 0.003%
H202. The reaction was stopped by the addition of 25 Ml of 8 Nsulfuric
acid. Plates were read on an ELISA reader (Bio-Rad Laboratories) at
OD450 nm after blanking on rows stained only with second step anti-
body. Data represents the means of quadruplicate samples. mAb4B9
recognizing VCAM-1 and mAbE9AlFl recognizing E-selectin were
the generous gifts of Dr. John Harlan (University of Washington) and
Dr. Barry Wolitsky (Hoffmann La Roche, Nutley, NJ), respectively.
mAb84H 10 recognizing ICAM- 1 was obtained from a hybridoma cell
line.

Cell adherence assay. HUVEcells were plated into gelatin coated
48-well tissue culture plates at a concentration of 5 X 104 cells per well
and allowed to grow to confluence. Cells were then stimulated with
PDTC(50MMX 7 h), TNFa ( l00 or 500 U/ml X 6 h), or coincubated
with both PDTCand TNFa after PDTCpreincubation (1 h). Molt-4
cells (American Type Culture Collection, Rockville, MD) were grown
in RPMI 1640 with 10% FBS, 2 mMglutamine, 100 U/ml of penicil-
lin, 100 Mg/iml streptomycin, and 250 Mg/ml of amphotericin B. Molt-
4 cells (5 x 106 cells in 5 ml) were labeled with 5"Cr by overnight
incubation with 200 MCi of 5"Cr. Cells were then washed and resus-

pended at a concentration of 1.5 X 105 cells/S50 l. HUVEcells were

washed with Hepes-buffered saline solution (with calcium and magne-
sium) and 5%FBS, and then preincubated for 15 min at room tempera-
ture with Hepes-buffered saline solution and 5% FBS alone, or with
tissue culture supernatants containing mAb recognizing VCAM-l
(mAb P3C4, generous gift of Dr. Elizabeth Wayner). 50 Ml of media
containing 1.5 X I0' Molt-4 cells was added to each well and incubated
for 60 min at 37°C with 5% CO2. HUVEcells monolayers were then
washed twice and 50 Ml of 1% SDSwas added to each well. Adherent
counts were harvested with a cotton swab and counted in a gamma
counter (model 5500, Beckman Instruments, Inc., Palo Alto, CA).
The percent binding was calculated as follows; %binding = [(adherent
counts - background counts)/(total counts - background counts)] X
100. All data points were done at least in triplicate.

Transient DNA transfection. 24 h before transfection HUVEcells
were split at the ratio that would give 60-70% confluence in 100-mm
tissue culture plates. After the medium was switched to Dulbecco's
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modified Eagle's medium containing 10% FBS, the cells were trans-
fected with 30 jug of reporter plasmid by the calcium phosphate copre-
cipitation technique using standard techniques (32). 4 h after transfec-
tion, cells were rinsed with phosphate-buffered saline and replaced with
endothelial cell growth media. After a 24-hour recovery period, cells
were either pretreated or not with 100MAMPDTCand after 1 h exposed
to cytokines that were added directly to the plates. 18 h later, cell ex-
tracts were prepared by rapid freeze-thaw in 0.25 MTris, pH 8.0. Pro-
tein content was determined using the Bradford technique (33). 40,tg
of protein of each cell extract was assayed for chloramphenicol acetyl
transferase (CAT) activity and reaction were done in 4 h according to
standard protocols (32). Each assay was performed in duplicate from
at least two separate experiments. The reporter plasmid p288VCAM-
CAT (22) was a generous gift of Dr. Douglas Dean (Washington Uni-
versity).

Nuclear extract preparation and gel shift analysis. Confluent
HUVEcells were pretreated for 1 h or untreated with 100 MMPDTC,
then exposed to either TNFa ( 100 U/ml) or LPS ( 100 ng/ml) for I h.
Nuclear proteins were purified by a modification of (34). Briefly, after
washing with phosphate-buffered saline, cells were centrifuged and the
cell pellet suspended in 500 ,l buffer A (10mM Hepes, pH 7.9, 1.5 mM
MgCI2, 10 mMKCl, and 1.0 mMDTT). After recentrifugation, the
cells were resuspended in 80 Ml buffer A containing 0.1% Triton-X- 100
by gentle pipetting. After incubating for 10 min at 4VC, the homoge-
nate was centrifuged and the nuclear pellet was washed once with
buffer A and resuspended in 70 Ml of buffer C (20 mMHepes, pH 7.9,
25% [vol/vol] glycerol, 0.42 MNaCl, 1.5 mMMgC12, 0.2 mMEDTA,
mMDTT). This suspension was incubated for 30 min at 4°C fol-

lowed by centrifugation at 20,000 g for 10 min. The resulting superna-
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Figure 1. Induction of HUVEVCAM-1 mRNAby IL- 1# is selectively
inhibited by the antioxidant PDTC. After pretreatment for 30 min
with 50 MMPDTC, HUVEcells were exposed to IL-Il ( 10 U/ml) in
the continuous presence of 50 MMPDTC. Total RNAwas isolated
and 20 Mg size-fractionated by denaturing 1.0% agarose-formaldehyde
gel electrophoresis, transferred to nitrocellulose, and hybridized to
either 32P-labeled human VCAM-1-specific (A), E-selectin-specific
(B), or ICAM-1-specific (C) cDNA, and visualized by autoradiogra-
phy. Lane 1, 0 h; lanes 2, 4, 6, 8, IL-1,8 alone for 2, 4, 8, and 24 h,
respectively; lanes 3, 5, 7, 9, IL-1 I with PDTCfor 2, 4, 8, and 24 h,
respectively. After washes, filters were exposed to X-ray film at -70'C
with one intensifying screen for 18 h.

tant was stored at -70'C as nuclear extract. Protein concentrations
were determined by the Bradford method (33). To minimize proteoly-
sis, all buffers included 1.0 mMPMSF. The oligonucleotide wtVCAM
was synthesized to encompass the two NF-KB like sites (underlined) found
at coordinates -77 and -63 of the human VCAM-l promoter (22):
5'-CTGCCCTGGGTTTCCCCTTGAAGGGATTTCCCTCCGCC-
TCTGCAACAAGCT.CGAGATCCTATG3.

The dotted underlined sequence represents an unrelated tail se-
quence added to serve as template for synthesis of the double stranded
form. The oligonucleotide mutVCAMwas identical to wtVCAMex-
cept for four nucleotide mutations (boldface) in each of the two NF-
KB-like DNAbinding sites: 5'-CTGCCCTGAGTCACGCCTTGAAGA
GACATCACT C CGCCTC TGCAACAAGCTCGAGATCCTATG-.........................

3'. A double-stranded oligonucleotide containing the NF-KB site (un-
derlined) for the mouse immunoglobulin K gene, IgKB, was prepared by
annealing complementary synthetic oligonucleotides creating the fol-
lowing sequence: 5'-AGCTTCAGAGGGGACT'lTTCCGAGAGG-3'.
All oligonucleotides were prepared by the Emory University Micro-
chemical Facility using standard solid-state chemistries. Radio labeled
double-stranded DNAwas made by annealing an oligonucleotide com-
plementary to the 3' end of the sequences listed above (dotted under-
lined) (5'-CATAGGATCTCGAGC-3') and extending with DNApoly-
merase and 50 ,Ci of [32p] dCTP and unlabeled dATP, dGTP, and
dTTP followed by the addition of 500 gM unlabeled dCTP. Unincor-
porated nucleotides were removed by column chromatography over a
Sephadex G-50 column. Cold double-stranded DNAwas made identi-
cally except that unlabeled dCTP was substituted for labeled dCTP.
The DNAbinding reaction was performed at 30°C for 15 min in a
volume of 20 Ml which contained 2-5 ,g of nuclear extract, 225,ug/ml
bovine serum albumin, 1.0 X I05 cpm32P-labeled probe ('- 1 ng), 0.1
mg/ml poly(dI-dC), 15 ,l of binding buffer( 12 mMHepes, pH 7.9, 4
mMTris, 60 mMKCl, 1 mMEDTA, 12% glycerol, 1 mMDTT, and 1
mMPMSF) with or without 20-1 00-fold molar excess of cold competi-
tor. Samples were subjected to electrophoresis on native 4% 1 X Tris-
glycine-polyacrylamide gels.

Results

The antioxidant PDTCinhibits cytokine and noncytokine in-
duction of VCAM-J, but not ICAM-J or E-selectin, mRNAac-
cumulation in HUVEcells. To explore whether the IL- I/ acti-
vated VCAM-1 gene expression through an oxidation-depen-
dent mechanism, HUVEcells were exposed to the inducing
cytokine, IL- I 3 ( 10 U/ml) in the presence or absence of the
antioxidant PDTC(50 ,uM) for up to 24 h. PDTCis a dithio-
carbamate that can function as an antioxidant through direct
delivery of thiol groups to the cell (26). As shown in Fig. 1,
IL- 1I alone (lanes 2, 4, 6, and 8) induced the expected rapid
and transient induction of VCAM-1 (panel A), E-selectin
(panel B), and ICAM- I (panel C) mRNAaccumulation, all of
which peaked at 4 h. In the presence of PDTC, IL- I# induction
of VCAM-1 mRNAaccumulation at all time points was inhib-
ited by over 90% (panel A). In contrast, ICAM- I mRNAaccu-
mulation was unaffected except for a transient increase ob-
served at 4 h (panel C, lane 5). Induction of E-selectin mRNA
levels also exhibited a transient response to PDTCwith a slight
inhibition at 2 and 24 h (compare lanes 2 and 3, 8 and 9, panel
B). Peak E-selectin mRNAlevels induced at 4 h were unaf-
fected (panel B, lanes 4 and 5). PDTCalone did not induce
either VCAM-1 or E-selectin expression and dose-response
analysis of the PDTCeffect at 4 h after IL- 1, activation estab-
lished an EC50 of 5-50 MMfor VCAM-1 expression (data not
shown). These data demonstrate that the activation of VCAM-

1 gene expression by IL- 1, occurs through an thiol antioxi-
dant-sensitive regulatory step. Furthermore, as E-selectin and
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ICAM- 1 gene activation was unaffected, PDTCdid not appar-
ently block the functional activation of the IL- 13 receptor by
IL-lIf.

To explore whether PDTC-sensitive activation of VCAM-I
gene expression was specific for IL- 13, other structurally and
functionally distinct inducers of VCAM-l gene expression
were tested. PDTCselectively inhibited TNFa, LPS, and PIC-
mediated induction of VCAM-l mRNAaccumulation in
HUVEcells after 4 h (Fig. 2 A). Interestingly, PDTCpartially
inhibited E-selectin activation by TNFa but not by LPS or PIC
(Fig. 2 B). PDTCslightly augmented ICAM- 1 induction in
response to LPS but had no effect on TNFa or PIC mediated
activation (Fig. 2 C). These results suggest that PDTC-sensi-
tive activation is a fundamental feature of VCAM-1 gene ex-
pression regardless of the inducing agent. In contrast, whether
activation of the E-selectin genes is PDTC-sensitive or PDTC-
insensitive signals appears to be dependent on the specific in-
ducer. ICAM- 1 gene expression was not affected by any activa-
tors so far tested.

An additional antioxidant was tested to characterize further
the type of oxidation sensitive signal inhibited by PDTCin the
cytokine-activated signal transduction pathway. As shown in

TNFu
PDTC - +

28S

A

B

C

LPS PIC

VCAM-1

E-selectin

Fig. 3, the structurally unrelated NACeffectively inhibited IL-
1(3 activation of VCAM-1 mRNAaccumulation although at
considerably higher concentrations than PDTC. This concen-
tration was established by dose-response studies (data not
shown) and correlated well with the ability of NACto inhibit
the expression of other redox-sensitive genes and transcrip-
tional regulatory proteins (24). These results suggest that struc-
turally distinct antioxidants may inhibit a common, oxidation-
sensitive regulatory step that activates VCAM-1 gene expres-
sion.

PDTCblocks the induction offunctional VCAM-J protein
expression. To establish formally that PDTCblocked activa-
tion of functional VCAM-1, both VCAM-1 protein accumula-
tion and VCAM-1-mediated cell adhesion were measured.
VCAM-l (4B9 [6]) and ICAM-l (84H10 [35 ]) specific mAbs
were used in an ELISA assay to quantitate the induction of cell
surface VCAM-1 and ICAM- 1 in cultured HUVEcells. As
shown in Fig. 4, VCAM-1 expression was not detectable in
unstimulated cells but was markedly induced 6 h after activa-
tion by IL- 13, TNFa, LPS, or PIC (open bars). Similar results
were observed 24 h after induction (data not shown). In the
presence of PDTC(closed bars), the induction of cell surface
expression of VCAM-1 by all agents tested was inhibited by
- 80-90%. In contrast, the induced expression of cell surface
ICAM- I expression was unaffected under identical conditions.
These results demonstrate that the ability of PDTCto inhibit
the activation of VCAM-1 gene expression by diverse inducers
occurs both at the mRNAand protein levels and argues against
a translational and/or posttranslational mechanisms as the
major target of PDTCaction.

TNFa stimulated HUVE cells were utilized to explore
whether a PDTC-sensitive mechanism might inhibit the induc-
tion of VCAM-1-mediated adhesion of HUVEcells to Molt-4
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Figure 2. PDTCselectively inhibits the induction of VCAM-I mRNA
accumulation by multiple types of inducing stimuli. As described in
Fig. 1, HUVEcells were pretreated with 50 ,M PDTC, exposed for 4
h to the indicated agents, and assayed for VCAM-I (A), E-selectin
(B) and ICAM-l (C) mRNAaccumulation. Lane 1, TNFa ( 100 U/
ml); lane 2, TNFa + PDTC; lane 3, LPS (100 ng/ml); lane 4, LPS
+ PDTC; lane 5, PIC (100 Ag/ml), lane 6, PIC + PDTC. After
washes, filters were exposed to X-ray film at -70°C with one intensi-
fying screen for 18 h.

VCAM-1

GAPDH

1 2 3 4
Figure 3. A structurally unrelated antioxidant, NAC, inhibits the in-
duction of VCAM-1 mRNAby IL- I,l. As described in Fig. 2, HUVE
cells were exposed to IL-1 3 either pretreated (lane 4) or not (lane 3)
for 30 min with 30 mMNAC. Total RNAwas isolated, size fraction-
ated, transferred and hybridized to either a VCAM-l-specific (A) or
constitutively expressed gene probe, glyceraldehyde phosphate dehy-
drogenase (GAPDH) (B). After washes, filters were exposed to X-ray
film at -70°C with one intensifying screen for 18 h.
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Figure 4. PDTCselectively inhibits the induction of cell surface ex-
pression of VCAM-I by multiple types of inducing stimuli. Confluent
HUVEcells were pretreated or not pretreated for 30 min with 50 ,uM
PDTC, then, except for CTL, exposed for 6 h to the indicated agents
(LPS 100 ng/ml, IL-Ifl 10 U/ml, TNFa 100 U/ml, PIC 100 ,ug/ml)
in the presence (solid bar) or absence (open bar) of PDTC. Cell sur-
face expression was determined by primary binding with
VCAM-l-specific (4B9) and ICAM-l-specific (84H 10) mouse mAbs
followed by secondary binding with a horseradish peroxidase-tagged
goat anti-mouse (IgG). Quantitation was performed by determina-
tion of colorimetric conversion at 450 nmof TMB(see Methods).

cells. Molt-4 cells express VLA-4 and thus bind to TNFa-
activated HUVEcells via a VCAM-1-dependent mechanism
(36). As shown in Fig. 5 A, TNFa induced a statistically signifi-
cant 2.5-fold increase in Molt-4 adhesion. Pretreatment of
HUVEcells with PDTCmarkedly inhibited this adhesion to
levels not significantly different than unstimulated HUVEcells
( 12% and 10%). As shown in B, TNFa-activated HUVEcells
could be equally inhibited in their ability to adhere to Molt-4
cells either by pretreatment with PDTCor by blockade with a
specific, anti-VCAM- 1 antibody, mABp3c4. These results sug-
gest that PDTCinhibits the TNFa-induced expression of func-
tional VCAM-1 involved in cell-cell-adhesion through the
VLA-4 integrin counterreceptor.

PDTCinhibits induction of the human VCAM-1 promoter
transcriptional activity by TNFa and LPS. TNFa activation of
VCAM-1 gene expression in endothelial cells is mediated at
least in part transcriptionally through two NF-KB-like DNA
binding elements located at coordinates -77 and -63 (22, 23).
Analogous to VCAM-1 gene expression, the activation of NF-
KB by IL- 1#, TNFa, LPS, and PIC is inhibited by the antioxi-
dants PDTCand NACat least in the nonendothelial cells exam-
ined (24, 25). To determine whether VCAM-1 gene transcrip-
tion was regulated by a similar redox-sensitive NF-KB like
factor(s), the chimeric reporter gene p288VCAM-CAT, con-
taining coordinates -288 to +22 of the human VCAM-l pro-
moter (22), was transiently transfected into HUVEcells and
transcriptional activity was assayed by the accumulation of

TNF
+PDTC

B

p=NS
I

J
iNF T1N

+PDTC +mABP3C4

Figure 5. VCAM-1-mediated adhesion of Molt-4 cells to TNFa-acti-
vated HUVEcells is inhibited by PDTC. (A) HUVEcells in 48-well
dishes were either pretreated or not for 1 h with PDTC(50 ALM) fol-
lowed by TNFa (100 U/ml) or control. After 6 h, 51Cr-labeled Molt-4
cells were added and assayed for binding as described in Methods.
*fP < 0.05 by Student's t test. (B) Sameas in A except TNFa was used
at 500 U/ml. Anti-VCAM- I mAbP3C4was added for 15 min before
addition of Molt-4 cells. Percent binding was corrected for a 10%
background binding in uninduced HUVEcells. NS = no significance.
In all cases, n > 5 separate assays.

CAT. As shown in Fig. 6, the addition of TNFa (duplicate
experiments, lanes 5 and 6) or LPS (lane 9) induced VCAM-1
promoter activity at least fivefold. Similar results were ob-
tained with smaller (coordinates -85 to + 12) constructs of the
VCAM-1 promoter each containing the -77 and -63bp NF-
KB-like sites (data not shown). These results are consistent
with prior deletion and heterologous promoter studies of
TNFa activation of the human VCAM-1 gene (22, 23) and
also suggest that LPS activates VCAM-1 transcription through
a similar mechanism.

PDTCmarkedly inhibited the transcriptional activation of
the VCAM-1 promoter construct either by TNFa (duplicate
experiments, lanes 7 and 8) or LPS (lane 10). To control for
potentially pleiotropic effects on promoter activity and CAT
gene expression, HUVEcells were transfected with the consti-
tutively active pSV2CAT reporter gene. As shown in Fig. 6,
PDTChad no effect on pSV2CAT activity (duplicate experi-
ments, lanes 11-14) suggesting that the mechanism by which
PDTCblocks VCAM-1 promoter activation is not due to a

p288VCAMCAT pSV2CAT

v a. H Hfi a -c>; + U ,

Ac

IN

Figure 6. PDTCinhibits transcriptional activation of the human
VCAM-I promoter by TNFa and LPS. HUVEcells were transfected
with either 30 ,g of p288VCAMCATor pSV2CATas described in
Methods. After an 18-h exposure to either TNFa ( 100 U/ml) or LPS
(100 ng/ml) in the prescence or absence of pretreatment with and
continuing exposure to PDTC(100 MM), cytoplasmic extracts were
prepared and CATactivity determined (Ac, acetylated; N, nonacety-
lated chloramphenicol).
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general or nonspecific inhibition of transcriptional regulatory
factors. These results suggest that PDTCblocks VCAM-I tran-
scription and expression by interfering with the activation of a
redox-sensitive transcriptional regulatory factor activated by
either TNFa or LPS. Furthermore, as TNFa activates VCAM-
1 transcription through a defined, NF-KB-like element pair in
the VCAM-1 promoter (22, 23), PDTCmay function through
the DNAbinding proteins that recognize these elements.

PDTCinhibits TNFa and LPS activation of DNAbinding
protein activity to the VCAM-J NF-KB like binding sites. To
explore whether PDTCregulated VCAM-1 promoter activity
through an NF-KB-like transcriptional regulatory factor, nu-
clear extracts from treated and untreated HUVEcells were
assayed for DNAbinding activity to a double-stranded oligonu-
cleotide containing the VCAM-1 NF-KB-like promoter ele-
ments located at positions -77 and -63 (wtVCAM, see Meth-
ods) (22, 23). As shown in Fig. 7 A, two bands A and C, repre-
senting NF-KB-like binding activity were induced in response
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Figure 7. TNFa and LPS activate NF-KB-like DNAbinding activities
that are blocked by PDTC. (A) Confluent HUVEcells were either
pretreated (lanes 4 and 6) or not pretreated with PDTC(100 ,uM)
(lanes 3 and 5) for 1 h, then exposed for 1 h to TNFa ( 100 U/ml)
and LPS (100 ng/ml), respectively. 5 Ag of nuclear extract was incu-
bated with a double-stranded 32P-labeled wtVCAM, size fractionated
on 4%native acrylamide gels, and exposed to autoradiography film.
(B) Nuclear extracts from HUVEcells treated with TNFa (from A,
lane 3) were incubated with radiolabeled wtVCAMoligonucleotide
in the absence (lane 2) or presence of excess cold wtVCAM(lane 3),
mouse IgKB consensus sequence DNA(lane 4) or a wtVCAMmu-
tated in its NF-KB sites (mutVCAM) (lane 5). Analysis was per-
formed as in A.

to a 1-h exposure to TNFa and LPS (lanes 3 and 5). With a
short exposure, C band appeared to consist of at least three
DNAbinding proteins (data not shown). A weak band B was
observed in uninduced cells (lane 1). Pretreatment of cells for
1 h with PDTCinhibited over 80% of the A and C complex
DNAbinding activity after TNFa and LPS activation (lanes 4
and 6). The specificity of these protein-DNA complexes for
the NF-KB sequence was determined by competition binding
experiments. As shown in B, competition with excess,
wtVCAM (lane 3) and cold mouse immunoglobulin KB se-
quences (lane 4) resulted in over 90% inhibition of binding. In
contrast, cold excess oligonucleotide with four bases mutations
within both NF-KB like sites (mutVCAM) did not affect bind-
ing activity (lane 5). These studies demonstrate that the A and
Cprotein complexes, which bind specifically to the NF-KB-like
sequences found in wtVCAM, are activated by TNFa and LPS,
and that their activation is inhibited by the antioxidant PDTC.
This correlates well with PDTC's effect on VCAM-1 promoter
activity and suggests that PDTC blocks the activation of
VCAM-1 gene expression in HUVEcells by inhibiting the acti-
vation of these NF-KB-like DNAbinding proteins.

Discussion

In response to a wide variety of cytokine and noncytokine in-
ducers, vascular endothelial cells activate concurrently the ex-
pression of the adhesion molecule genes VCAM-1, ICAM- 1,
and E-selectin. However, the molecular mechanisms underly-
ing this activation are not fully understood nor is it known
whether, and to what degree, these genes are activated by com-
mon, or gene-specific, regulatory factors. Wehave established
that the activation of endothelial cell VCAM-1 gene expression
by cytokine and noncytokine inducers is regulated by a signal
transduction mechanism sensitive to inhibition by antioxi-
dants. Furthermore, we have used the antioxidant PDTCas a
molecular probe to identify two additional regulatory pathways
that differentially regulate the expression of the adhesion mole-
cule genes ICAM- 1 and E-selectin in response to the same acti-
vating signal. Both ICAM- 1 and E-selectin gene expression
were insensitive to inhibition compared to VCAM-1 at the
concentrations of PDTCused (50 uM). This is further sup-
ported by dose-response studies in which IL-1l, activation of
VCAM-1 expression was inhibited by 5-50 ,M PDTCwhile
peak E-selectin expression at 4 h was unaffected up to 100 ZM
(data not shown). Nevertheless, these studies cannot rule out
the possibility of a PDTCinhibitable component of E-selectin
and ICAM- 1 gene expression at significantly higher concentra-
tions (i.e., millimolar range). Characterization of this VCAM-
1-specific molecular regulatory pathway from the functional
expression of cell adhesion to a specific DNAbinding protein
complex suggests that redox mechanisms may play an impor-
tant role in differentially regulating the expression of these
three adhesion molecule genes in response to otherwise nondis-
criminatory activating signals.

In the case of receptor mediated signals, such as IL- 1O and
TNFa, the initial intracellular signals activated by the interac-
tion of ligand with receptor were unlikely to be affected by
PDTC. This implies that while VCAM-1, ICAM- 1, and E-se-
lectin share common regulatory signals immediately after re-
ceptor activation, the final regulatory signals are mediated by
gene-specific signal transduction mechanisms. Similarly, ini-
tial signals activated by LPS and PIC, while less well character-
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ized, would also appear to be shared among all three adhesion
molecule genes while final regulatory signals are gene specific.
These studies also suggest, but do not prove, that TNFa, IL- 1I3,
LPS and PIC all activate VCAM-1 expression through a com-
mon, PDTC-sensitive regulatory factor.

Regulation of VCAM-1 mRNAaccumulation appears to
be the primary target for PDTCmediated inhibition of VCAM-
1 gene expression. In response to TNFa, PDTC blocked
VCAM-1-mediated cell adhesion, protein accumulation, and
mRNAaccumulation each to a similar degree. This suggests
that the mechanism of PDTCaction primarily involves tran-
scriptional or posttranscriptional regulation of VCAM-1
mRNAaccumulation rather than translational or posttransla-
tional regulation of VCAM-1 protein expression. A role for
transcriptional mechanisms mediating PDTCaction was sug-
gested further by DNAtransfection experiments demonstrat-
ing the ability of PDTC to block activation of the human
VCAM-1 promoter by TNFa and LPS. Nevertheless, it is still
unknown to what degree posttranscriptional mechanisms in-
volving RNA processing or mRNAstability may play in
VCAM-1 gene expression as have been demonstrated for E-se-
lectin (37) and ICAM-1 (38).

Although an effect on a redox mechanism is inferred, this
study does not identify the specific redox biochemistry mediat-
ing PDTC's regulatory effect. However, our studies indirectly
suggest that PDTCfunctions through mechanisms related to its
thiol antioxidant properties. In support of this, the structurally
unrelated, thiol antioxidant NACalso effectively inhibited the
activation of VCAM-1. Similar results were obtained with an-
other dithiocarbamate, diethyldithiocarbamate (data not
shown). Whether these are due to redox reactions involving
direct modification by an oxygen radical or through glutathi-
one-dependent oxidation reactions is not yet known. In sup-
port of glutathione-dependent redox reactions, both dithiocar-
bamates and NACare effective thiol delivery agents that in-
crease intracellular levels of glutathione (39). In addition, we
have observed that an agent that depletes glutathione level in
the cell, L-buthionine-sulfoximine, augmented VCAM-1 ex-
pression in response to cytokine activation (Marui and Med-
ford, manuscript in preparation). In support ofdirect modifica-
tion by an oxygen radical, TNFa and IL- 1 induce the synthesis
of oxygen radicals in both lymphoid and nonlymphoid cells
( 19, 20). NACand dithiocarbamates may also react directly
with oxygen radicals induced by various activators in HUVE
cells while dithiocarbamates may inhibit oxygen radical forma-
tion through chelation of intracellular metal ions and blockade
of the Haber-Weiss-Fenton reaction (40). An assignment of
the relative role of each redox mechanism will require careful
manipulation and measurements of specific reactive oxygen
species, glutathione levels and other redox regulatory mecha-
nisms in HUVEcells.

Central to an understanding of the mechanism by which an
oxidative signal regulates VCAM-1 gene expression, we have
identified candidate, antioxidant-sensitive transcriptional regu-
latory proteins. Recent studies of the human VCAM-1 pro-
moter have demonstrated that TNFa activation of VCAM-1
transcriptional in endothelial cells is dependent on two closely
linked NF-KB-like DNAbinding elements located at promoter
coordinates -77 and -63 (22, 23). Our DNAtransfection and
gel mobility shift studies strongly suggest that LPS utilizes a
similar, NF-KB-like mechanism of transcriptional activation as
TNFa. In both cases, this transactivation mechanism, as well
as NF-KB-like DNAbinding activity, was blocked by the an-

tioxidant PDTC. These results suggest that PDTCinhibits acti-
vation of VCAM-1 gene transcription and expression in
HUVEcells through inhibition of NF-KB-like transcriptional
regulatory proteins.

NF-KB is a ubiquitously expressed multisubunit transcrip-
tion factor that is activated by diverse signals (see reference 41
for review) possibly through phosphorylation of the IKB sub-
unit and its dissociation from the inactive cytoplasmic com-
plex followed by translocation of the active dimer of p50 and
p65 to the nucleus (42). Antioxidants such as NACand other
cysteine derivatives inhibit NF-KB-driven transcription of the
HIV- 1 (25, 43,44) and HIV- 1 viral replication (43). In several
immortalized cell lines, NF-KB is activated by diverse stimuli
such as TNFa, IL- 1 F, LPS, and PIC, and inhibited by the an-
tioxidants PDTCand NAC(24, 25). Our studies demonstrate
a similar pattern of antioxidant-sensitive activation of both
VCAM-1 expression and NF-KB-like activity in HUVEcells.
However, it is not known whether the NF-KB binding activity
that we and others observe in primary HUVEcells (22, 37, 45)
represents the same, or different, protein complexes activated
in immortalized cell lines. Nevertheless, our studies support
the notion that oxidative signals play a significant role in regu-
lating VCAM-1 gene expression in HUVEcells through modu-
lation of NF-KB-like transcriptional regulatory factors.

While our studies support the notion that NF-KB-like fac-
tors are necessary to activate VCAM-1 gene expression in endo-
thelial cells (22, 23), they raise important questions as to the
role of NF-KB in E-selectin and ICAM- 1 gene expression. Based
on DNAtransfection analysis of deleted promoter constructs
of E-selectin gene, a cis-acting promoter element containing a
NF-KB consensus binding site was found to be necessary to
mediate transcriptional activation by IL-1,8 (37, 45). Yet, we
found that PDTCdid not inhibit the induction of E-selectin
mRNAlevels. The inhibition of NF-KB-like activation but not
E-selectin gene expression by PDTCargues against NF-KB-like
transcriptional factors as essential components in E-selectin
gene activation. Similarly, these same inducible factors do not
appear to be essential in the activation of ICAM- 1 expression
despite the presence of NF-KB consensus DNAbinding sites on
the ICAM- 1 promoter (46, 47).

These apparently conflicting conclusions on the role of NF-
KB in endothelial cell gene expression illustrate both differences
in experimental approach as well as the complexity of the NF-
KB transcriptional complex. The notion of a "consensus" NF-
KB DNAbinding site has been called into question as different
"consensus" sites appear to elicit very different binding and
transcriptional activation properties of NF-KB (48). Similarly,
differential competition for NF-KB binding sites by the p50/
p65 heterodimer (NF-KB) or p50 and p65 homodimers may be
determined by slight differences in the DNA"consensus" se-
quence (49). The interaction of NF-KB with other transcrip-
tional factors might also influence binding and transactivation
of VCAM-1 and thus the association of the NF-KB site with
other DNAbinding sites is likely crucial (22, 23). In the case of
E-selectin, other additional transcriptional and posttranscrip-
tional mechanisms regulate E-selectin gene expression (37).
The relative contributions of NF-KB and these other factors in
regulating E-selectin gene expression are not known. Further-
more, in contrast to E-selectin, which has only one NF-KB site,
VCAM-1 has two closely linked NF-KB binding sites. The 5'
NF-KB binding site shows incomplete consensus sequence by
one base (50), yet both sites are necessary for activation of
VCAM-1 gene (22, 23). As each of these sites may bind differ-
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ent protein complexes, the interaction between both NF-KB
binding sites may contribute to the transactivation of the
VCAM-I gene (22, 23).

Tissue-specific, transformation-specific and possibly cyto-
kine-specific factors may both play roles in modulating adhe-
sion molecule gene expression. Indeed, we did observe a mod-
est decrease in the peak E-selectin mRNAaccumulation in
PDTC-treated HUVEcells exposed to TNFa but not to IL- 13,
LPS or PIC after 4 h. This raises the possibility that TNFa and
IL- 13 may activate E-selectin gene expression through distinct
molecular mechanisms distinguishable by their sensitivity to
inhibition by PDTC. In human dermal microvascular endothe-
lial cells, TNFa but not IL- 1 induces VCAM-l while both
TNFa and IL- 1 each induce ICAM- 1 expression ( 15). These
studies support the notion that TNFa and IL- 1 may function
through distinct molecular mechanisms in endothelial cells.
Tissue-specific and/or transformation-specific transcriptional
regulatory factors may also play a role in regulating ICAM-1
gene expression. Deletion analysis of the 5' flanking region of
the ICAM-1 promoter demonstrates that an NF-KB binding
site serves as a transcriptional activator in adenocarcinoma and
fibrosarcoma cell lines (46) but is apparently not necessary for
cytokine activation in primary human vascular endothelial
cells (W. Caughman, personal communication).

Our study does not address the important issue of whether
the ICAM- 1 or E-selectin NF-KB-like elements regulate cyto-
kine activation of either promoter through a PDTC-sensitive
or -insensitive process in primary HUVEcells. Thus, the pre-
cise molecular mechanism (s) by which E-selectin and ICAM-
1 gene expression "escapes" inhibition by PDTCremains an
important unresolved question. To determine whether PDTC
sensitive transcriptional regulation is restricted to VCAM-1 or
is a feature of other vascular endothelial genes will require a
comprehensive survey of transcriptional responses. To this
end, we have identified the cytokine IL-6 gene as exhibiting a
similar pattern of PDTC-sensitive cytokine activation as
VCAM-1 in human vascular endothelial cells (M. Offermann,
personal communication). Interestingly, NF-KB activation
also plays an important role in the regulation of IL-6 gene
expression (51, 52). This suggests that PDTC-sensitive regula-
tion of gene expression may define a distinct network of genes
involved in inflammation and in the atherosclerotic setting.

Atherosclerosis is a chronic disease of the arterial intima
characterized by the focal accumulation of leukocytes, smooth
muscle cells, lipids, and extracellular matrix. Current hypothe-
ses concerning its pathogenesis focus on the modification of
LDL into oxidatively-modified LDL (ox-LDL) (53). For ex-
ample, inhibition of LDL oxidation with the antioxidant pro-
bucol (53) inhibits the progression of atherosclerotic lesions in
LDL receptor-deficient rabbits (54, 55). Our studies suggest
the mechanism by which antioxidants inhibit atherosclerosis
may not be solely due to their ability to inhibit oxidation of
LDL. Probucol and other antioxidants may also function by
blocking specific, intracellular, redox-sensitive signal transduc-
tion pathways involved in atherogenesis. Thus, a therapeuti-
cally important feature of antioxidants in atherosclerosis may
be due to direct alterations in the metabolism and function of
endothelial, smooth muscle, and inflammatory cells. Our stud-
ies establish a potential molecular linkage between the redox
state of the vascular endothelial cell and VCAM-1 gene expres-
sion that expands on the notion of oxidation as an important
intracellular regulatory signal that mediates the selective ex-
pression of VCAM-1 and consequent mononuclear leukocyte

accumulation observed early in the pathogenesis of atheroscle-
rosis.

Our studies suggest that an increase in the endothelial cell
oxidative state may sensitize the vasculature to otherwise physi-
ologic signals resulting in abnormally elevated expression of
adhesion molecules such as VCAM-1 and other gene products
involved in the inflammatory response. Conversely, the mainte-
nance of a low endothelial oxidative state may desensitize the
vasculature to normal or even elevated levels of these same
signals. In this context, the specific target of either natural or
synthetic antioxidants would be specific regulatory factor(s)
that transduces metabolic signals (i.e., oxidation) into nuclear
regulatory signals (i.e., expression of adhesion molecule
genes). In addition to atherosclerosis, this model may have
significant therapeutic implications in a variety of other disease
states involving VCAM-1 expression.
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