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General Introduction

1 General Introduction

The accumulation of circulating monocytes in the vessel wall is an important aspect of the
pathogenesis of atherosclerosis and allied problems such as restenosis after percutaneous
transhuminal angioplasty (PTA). Three distinct steps can be distinguished in the stimulated
accumulation of these cells, First there is an increased rolling, followed by firm adhesion, and
finally migration of the monocytes in the direction of a chemotactic gradient, These different
steps are regulated by specific endothelial cell adhesion molecules. In general rolling is
mediated by the selectins, while immunoglobulin supergene family member vascular cell
adhesion molecule (VCAM)-1 specifically mediates rolling and firm adhesion of monocytes.
VCAM-1 may thus enhance the local accumulation of monocytes even in the absence of
selectin expression. In experimental models of atherosclerosis VCAM-1 expression is an early
feature of the atheromatous lesion, which suggests that VCAM-1 plays a role in the initiation
and progression of the atherosclerotic plaque. The expression of VCAM-1 on endothelial cells
is induced by the cylokine tumor necrosis factor o (TNF} and presumably regulated at the
transcriptional level in part through the activation of the transcription factor nuclear factor
(NF) kB. TNF stimulates intracellular signalling in endothelial cells through the production of
lipid second messengers and mitogen activated protein kinase cascades. It has been
hypothesized that reactive oxygen species (ROS), such as hydrogen peroxide, function as
intracellular second messengers in the signal transduction of TNF. This putative role for ROS
may comprise a novel mechanism of intracellular signaliiﬁg next to protein phosphorylation,
the cyclic nucleotide system, and signalling through the inositol phosphates and intracellular
calcium, In the present thesis we have investigated the possible role of ROS as second

messengers in the TNF stimulated expression of VCAM-1 by endothelial cells. ()

* References see Chapter §






Infllammation and Atherosclerosis

2 .Atherosclerosis as a response of the vascular wall to tissue
injury
Atherosclerosis and its complications, such as myocardial infarction, stroke, and also allied
problems like restenosis remain a major cause of morbidity and mortality in Western
sacieties. For example in the Netherlands ischemic heart disease alone accounted for 15% of
the total mortality of men and woman in 1995 (1).
Atherosclerosis is a slowly progressive disease of the elastic and medium-sized muscular
arteries, which generally begins in childhood and does not become manifest until middle-age
or later, Its pathogenesis still has not been completely elucidated (2). The complexity of the
atherosclerotic lesion, i.e., the atheromatous or fibro-fatty plaque has certainly attributed to
this fact. Although plaques exhibit histologic variability a cellular fibro-fatty plaque in
general consists of 1) a fibrous cap with mostly smooth muscle cells, some leukocytes and a
dense conneclive tissue, 2) a cellular area including macrophages, smooth muscle cells, and
T-lymphocytes, 3) a deeper necrotic core with cellular debris, extracellular lipid droplets,
cholesterol crystals, and calcium deposits. This area contains the numerous lipid-laden cells,
atso called foam cells, of the macrophage and smooth muscle cell origin (2,3). Finally, in the
periphery of the lesion sometimes neovascularization can be observed (2). On the basis of this
histologic evidence it has been argued that plagues and sites of inflammation have a number
of features in common. These include leukocyte infiltration, mesenchymal cell proliferation
and fibrosis,
In 1976 Ross and Glomsett formulated their theory of atherosclerosis as a response of the
vascular wall to tissue injury (4}, This theory was based in part on the observation that
experimentally induced local denudation of the endothelinm ultimately gives rise to lesions
that closely resemble the atheromatous plaque (4). However, endothelial denudation is not a
consistent early feature of one important form of atherosclerosis, the one initiated by
hypercholesterolemia alone (3). In the absence of endothelial denudation more subtle changes
in the endothelium, such as injury produced by toxins and viruses, may also prompt the
response to tissue injury (6). This type of injury is referred to as non-denuding injury. The
endothelial cell responds to non-denuding injury by changes in function or by the induction of
new endothelial properties, such as the increased endothelial interaction with circulating
monocytes (7,8). The adherence of circulating monocytes (and lymphocytes) to the arterial
endothelial lining is one of the earliest detectable events in experimental atherosclerosis (2,6).

The subsequent transendothelial migration and accumulation in the intima, the transformation



of monocytes into foam cells and the secretion of cytokines and growth factors by these cells
are important events in the initiation and progression of the atherosclerotic plaque (6,9) ,
Therefore in order to interfere with these processes it is of importance 1o establish the

mechanisim whereby monocytes accumutate into the tissue.(")

* References see Chapter 5



Adhesion Molecules

3 Interaction of endothelial cells with circulating leukocytes

Under non-pathological conditions there is a limited interaction of marginating monocytes
with endotheliai cells. Monocytes and also granulocytes roll along the endothelial lining due
to the shear force of the circulation and the making and breaking of ionic bonds. The
interaction of these leukocytes is dramatically increased under inflammatory conditions
through the increased expression of specific adhesion molecules. These adhesion molecules
are selectins, immunoglobulin supergene family members, and integrins (Table 1).

Selectins are single chain glycoproteins with an N-terminal lectin domain, an epidermal
growth factor (EGF)-like domain, a varying number of short consensus repeat motifs
(structurally related to proteins that regulate complement activation), a transmembrane
domain, and a short cytoplasmic tail {fig 1, page 8). The selectins include L-selectin
expressed on monocytes and granulocytes (10), and P- and E-selectin expressed by
endothelial cells, All three selectins appear to recognize sialylated carbohydrate structures on
their counterreceptors, which are related to the sialylated Lewis® and Lewis” tetrasaccharides
(11). For L- and P-selectin these ligands have been identified as mucin-like molecules, which
are serine- and threonine-rich proteins that are heavily O-glycosylated. L-selectin recognizes
two mugins, i¢., the glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1) and
CD34, the latter being expressed on the surface of vascular endothelial celis (11,12). P-
selectin recognizes the P-selectin glycoprotein ligand (PSGL-1) or CDI62 expressed by
monocytes and granulocytes (13,14), Like P-selectin E-selectin can interact with both
monocytes and granulocytes (15}, P-selectin is stored in the Weibel-Palade bodies of the
endothelial cells and is rapidly {(within 5 - 20 min) translocated to the endothelial membrane
after stimulation with histamine or thrombin (10). And E-selectin is induced in endothelial
cells after 2 to 4 h of stimulation with the inflammatory cytokines TNF and interleukin-1 (IL-
1) (10}, Exposure to lipopolysaccharide (LPS) will also stimulate the expression of E-selectin.
Members of the immunogiobulin supergene family have a variable number of
immunoglobulin-like domains, The intercellular cell adhesion molecule ICAM)-1, ICAM-2
and the vascular cell adhesion molecule (VCAM)-1, respectively have two, five and six (or
seven) of these domains (17). ICAM-1 and ICAM-2 both are expressed by resting endothelial
cells. The expression of ICAM-1, but not ICAM-2, is enhanced after stimulating endothelial

cells for 4 to 6 h with the cytokines TNF and IL-1 (17,18). VCAM-1 is absent on the surface



Table 1: Adhesion molecules involved in leukocyte- endothelial cell interactions.

Endothelial receptor Function

P-selectin Rolling

E-selectin Rolling

VCAM-1 Rolling/Firm
Adhesion/Extravasation

ICAM-1 Firm adhesion/
Extravasation

ICAM-2 Firm adhesion

Basal expression
no

no

no

yes

yes

Inflammatory Maximal expression
mediators after activation
histamine, thrombin 5-30 min

IL-1, TNFg, LPS 4-6 h

IL-1, TNFq, IL-4, LPS  12-24h

IL-1, TNFe, LPS, IFNy 12-48h

none’

Ligands on leukocyte
PSGL-1

sialyl Lewis®* like
structures

o4B1- and «dp7
integrins

LFA-1, CR3

LFA

“The expression of ICAM-2 on human umbilical vein endothelial cells is refractory to stimulation by the inflammatory cytokines TNF, and IL-1.



Adhesion Molecules

of resting endothelial cells and transcriptionally induced after 6 hours of stimulation with
TNF and IL-T (19). In contrast to E-selectin the stimulated expression of both VCAM-1 and
ICAM-1 is sustained, and remains elevated for more than 24 hours {Table I} (20). VCAM-1,
ICAM-1 and also ICAM-2 binds to integrin molecules expressed by monocytes and
7 granulocytes.

Integrin adhesion molecules consist of an ¢ and P-chain that are covalently linked.
Subfamilies can be distinguished on the basis of their f-chain. The 2 integrins are expressed
exclusively by leukocytes and essential for firm adhesion of monocytes and granulocytes to
endothelial cells, They include the oLf2 (CD11a/CD18) or leukocyte function associated
antigen-1 (LFA-1), aMB2 (CD11b/CD18} or complement receptor type-3 (CR3), and oX[32
(CD11c/CD18) (15,21). The ligands for CD11a/CD18 are the intercellular cell adhesion
molecule (ICAM)-1 (CD34) and ICAM-2 (CD102). CD11b/CDI18 integrin also binds ICAM-
1. CD1ib/CD18 is stored in peroxidasc-negative granules of granulocytes and monocytes and
can be rapidly translocated to the surface of these cells after stimuiation, for example with N-
formyl peptides (22), These peroxidase-negative granules also contain CD11¢/CDI18 (22).
CDI11¢/CD18 is markedly expressed on monocytes and only mederalely on gramlocytes, Its
ligand on endothelial cells has not yet been identified, The $1 integrin o4pl (VLA-4) is
specifically involved in the accumulation of chronic inflammatory cells. VLA-4 is expressed
by monocytes and specificaily mediates the firm adhesion of chronic inflammatory cells
(monocytes and Iymphocytes) to VCAM-1 (23). VCAM-1 can also recruit lymphocytes
through binding the 047 integrin (17).

The stimulated accumulation of circulating leukocytes has been characterized as a three-step
phenomenon (17). Initially the circulating leukocyte is tethered to the vessel wall and engaged
in rolling adhesions mediated by the selectins. Tethering brings the leukocytes into close
proximity with chemoatiractants that are being produced in the vessel wall under
inflammatory conditions and will enhance the exposure of the leukocyte to chemoattraciants,
These chemoattraciants bind to G-protein coupled receptors on the leukocyie surface, which
transduce signals that activate the integrin (24). Due to a conformational change in the
integrin the adhesiveness for its counterreceptor, a member of the immunoglobulin supergene
family, will be increased and firm adhesion of the leukocyle will be established (17,25},
Ultimately the leukocyte will cross the endothelial lining of the blood vessel, directed by a
chemotactic gradient, and enter the tissues through interactions of the integrins with members

of the immunoglobulin supergene family (26). This last step is catled extravasation.



Adhasion Molecules

Untill recently it was thought that the first step or tethering and rolling was entirely mediated
by the selectins, However, in addition to mediating firm adhesion a recent observation
suggests that VLA-4 can also mediate tethering and rolling on VCAM-1 (27). Thus prior to
activation and tight adhesion, VLLA-4 could support tethering and rolling of monocytes on
VCAM-1. Therefore in the absence of P- and E-selectin monocytes but not (neutrophilic)
granulocytes can still be accumulated at the site of tissue injury, The selective accumulation
of monocytes is particularly relevant for the development and progression of atherosclerotic
disease. In experimental models of atherosclerosis VCAM-1 expression is an early feature of
the lesion (28,29). Therefore in order to interfere with the pathophysiology of atherosclerosis

it is of importance to define the intraceliular signalling mechanism of VCAM-1 expression,
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* References see Chapter 5



Regulation of VCAM-1

4 The regulation of VCAM-1 expression on the vascular
endothelial lining

VCAM-1 is upregulated by the inflammatory cytokines TNF and IL-1 which stimulate
intracellular signalling through distinct receptors. On endothelial cells IL-1 interacts with the
type T IL-1 receptor, and TNF with the p55 and p75 TNF receptors, The present thesis is
focussed on the intracetlular signalling mechanism involved in the expression of VCAM-1 on

endothelial cells stimulated with TNF

4.1 Signal transduction from the TNF receptor

TNF elicits an array of responses like proliferation, differentiation, and apoptosis
{programmed cell death) in many different target cells. In vivo TNF is a mediator of the
inflammatory and immune responses, The wide range of activities induced by TNF is
explained by the presence of receptors for TNF (TNFR’s) on aimost all nucleated cell types.
Two different receptors with overlapping activities have been identified, i.e. the 55 kD
TNFRI and the 75 kD TNFR2. Endothelial cells express both the TNFR1 and the TNFR2, but
in most cases gene induction can be attributed to stimulation of the TNFR1I (30). The present
description will concentrate on the responses elicited by the TNFRI,

Upon stimulation by TNF receptor clusters are formed, which are rapidly internalized and
degraded. (31). The receptor is not recycled and therefore protein synthesis is required to
maintain cel} surface receptor number, Important progress has been made in understanding the
mechanism whereby TNF activales signal transduction from the TNFR1. A number of
intracellular proteins have been identified that associate with the clustered receptors. The
recruited proteins betong to the family of TNF receptor-asscciated factors (TRAF’s) and the
death domain containing homologues {32). A schematic representation of these proteins and
the cellular effects they elicit is depicted in Fig 1. The factors represented in this scheme have
been identified in most cases by the yeast two hybrid screening method, a powerful technique
to study protein-protein interactions (33}, These proteins include TRADD, TRAF-2, and RIP,
The fas associated protein with death domain (FADD) is recruited to the TNFR1, and has
been linked specifically to the apoptotic response induced by TNF (34,35). The apoptotic
response is beyond the scope of the present thesis, and therefore FADD will not be further
discussed here. The other factors have been linked to the activation of the inducible
transcription factor nuclear factor (NF) ¥B and activating protein-1 (AP-1) and will be

introduced here briefly.



The TNF receptor-associated-death-domain (TRADDY) binds the cytoplasmic domain of the
TNFR{ via death domain interactions (36), Overexpression of TRADD results in the
activation of NFxB (36). TRADD holds a central position in the intracellular signalling from
the TNFR1 by serving as a platform for the recruitment of several other proteins (37). These
include the receptor interacting protein (RIP) (38,39), and the TNF receptor associated factor
{TRAF)-2 (34,40).

The TRADD interacting protein RIP has three distinct domains. A C-terminal death domain
which interacts with TRADD, an intermediary region which is capable of activating NFxB,
and a N-terminal kinase domain that may be dispensable for TNF-mediated NFxB activation
(32,39). In addition to stimulating apoptosis and NFxB activation RIP is aiso capable of
activating the MAP kinase JNK (37).

The TRAF superfamily member TRAF2 has a characteristic C-terminal TRAF domain, With
this domain TRAF2 binds to TRADD. TRAF-2 also binds to the TNFR2, which may explain
some of the overlapping effects of the two TNF receptors (37). TNF-induced NFxB activation
requires TRAF-2 (34). And transient expression of TRAF-2 results in the activation of the
MAP kinase JNK, but does not mediate apoptosis (37). Like TRADD TRAF-2 is thought to
function as an adaptor protein that recruils other profeins to the TNFRI complex. Three
TRAF-2 interacting proteins have been identified, which are all involved in the activation of
NFxB, These proteins and their role in the activation and inhibition of NFxB will be

discussed in the next paragraph.

4.2 Activation and inhibitlon of the transcription factor NFxB

NFkB is a pleiotropic regulator of genes involved in immune and inflammatory responses.
NFxB refers to a family of transcription factors that foﬁn homo and heterodimeric complexes
with distinct transcriptional activity (41,42}, The DNA binding activity of NF«&B is regulated
by the inhibitory IxB protein family. In the absence of a suitable stimuius NFB is retained in
the cytosol, complexed to IxkB. Following activation by TNF IxB is phosphorylated which
targets the complex for degradation in the proteasome proteolytic pathway (43), After
proteolytic degradation of IxkB, NFkB (ranslocates to the nucleus to activate gene
transcription,

Recently the kinases involved in the phosphorylation of IxB have been identified. These

include the MAP kinase kinase kinase (MAP3K) NFxB inducing kinase (NIK) and the IxB

10



Regulation of VCAM-1

kinase . The identification of NIK was an important link in establishing the NFxB activation
pathways downstream of the TRAF family (44). NIK associates with TRAF2, and is
dedicated to NFx B activation but does not phosphorylate IkB itself. The putative IxB Kinase
was identified recently by Regnier et al (45), This kinase displays the characteristics expected
of a cytokine-inducible IxB kinase. It associates with the IxB complex and specifically
phosphorylates IxkB on both serine 32 and serine 386, these modifications are required for the
signal-induced degradation of IxB (45).

In addition to stimulatory effectors TRAF2 may also recruit inhibitors of NFxB activation to
the TNF receptor. Overexpression of the TRAF2 interacting protein A20 for example inhibits
the activation of NFkB (46). The transcriptional activation of A20 itself depends upon kB
elements {47), This may be a mechanism of feedback inhibition in the activation NFxB. The
interacting TRAF (I-TRAF) also inhibits the activation of NFxB stimulated by TNF.
However, the role of I-TRAF may be more complex, since at suboptimal concentrations I-
TRAF potentiates the activation by NFxB induced by TRAF2 (32).

The protein recruitment model discussed here has generated important insight into how the
signailing processes emanating from the TNFR! may lead to the activation of NFxB.
However, a physiological role for these proteins remains to be demonstrated, Also, the
proteins that associate with the TNF receptor have mostly been identified in other cells than
the endothelial cell. Although it is not unlikely that the model discussed here applies to the
endothelial cell as well, it has been stressed that TNF-induced signalling mechanisms may be
cell type dependent (31). Therefore it is required to focus on the signalling events that have

been demonstrated in the endothelial cell as well.

4.3 Downstream effectors Involved In the endothellal VCAM-1
expression

In endothelial cells a number of downstream effectors involved in the expression of VCAM-1
have been identified. These include lipases, kinases, and lipid second messengers.

The phosphatidylcholine specific phospholipase C (PC-PLC) may be one of the first enzymes
activated by the TNF receptor. PC-PLC hydroilyses PC and generates the lipid second
messenger diacylglycerol (DAG). DAG activates an acid sphingomyclinase (aSM-ase)
leading to the formation of ceramide, a lipid second messenger that activates NFkB in Jurkat
cells (48). In endothelial cells the TNF stimulated VCAM-1 expression can be inhibited by
the specific PC-PLC inhibitor D609. This may suggest that PC-PLC and ceramide are



involved in the expression of VCAM-1 (49). However, although the production of small
amounts of ceramide in TNF stimulated endothelial cells has been confirmed, DAG
accumulation could not be demonstrated in these cells (50}, Therefore no definitive
conclusion can be drawn on the role of PC-PLC in the endothelial response to TNF.
Ceramide can also be produced by a second sphingomyelinase with a neutral pH optimum
(nSM-ase). The nSM-ase is activated through its interaction with FAN or ‘factor associated
with nSM-ase activation’, which directly couples the nSM-ase to the TNFR! (51) (see Fig 1,
page 14). The nSM-ase is localized in the cell membrane. In contrast to the aSM-ase, which is
localized in the endosomal compartment, nSM-ase is not involved in the activation of NFxB
(52). Apparently the action of ceramide is determined by the subcellular site of its production
(52). It has been proposed that the nSM-ase activity is linked to the activation of MAPK
cascades (53,54),

MAPK cascades exist of a MAP kinase kinase kinase or MAP3K, a MAP2K, and a MAPK,
which is the most downstream effector of the cascade. MAPK’s are activated by dual
phosphorylation on tyrosine and threonine residues, and can be grouped into two different
classes, which are the extracellularly regulated kinases (ERK’s) and the stress kinases INK
and p38 (55-59), In general the ERK’s are activated by growth factors, whereas the stress
kinases respond to pro-inflammatory cytokines and environmental stresses (59). However, in
endothelial cetls TNF rapidly activates ERK 1, ERK 2, p38 and JNK (50},

The MAP3K Raf-1, ERK1 and 2, but not p38 and JNK, are rapidly activated in endothelial
cells treated with SM-ase. Therefore it has been postulated that the ERK pathway in
endothelial cells is ceramide dependent and the p38 and JNK pathway are not (50). In the
presence of SM-ase the expression of E-selectin and VCAM-1 respectively amounted to 40
%, and 5% of the control stimulated with TNF (50), Therefore activation of the ceramide
dependent pathway seems to be of greater importance for the expression of E-selectin than of
VCAM-1.

Stimulation of the MAPK ERK leads to the phosphorylation and activation of the CCAAT
enhancer binding protein C/EBP, while p38 and JNK have been linked to the activation of
the ‘activating transcription factor’ (ATF) family of transcription factors ATF-2 and c-jun
(60). The contribution of the ATF and NFxB family members to the regulation of VCAM-1

gene expression will be discussed next.
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Regulation of VCAM-1

4.4 The transcriptional activation of VCAM-1 gene

The VCAM-1 gene gives rise to two altematively spliced forms, that differ in their number of
integrin binding sites (15). On the surface of human umbilical vein endothelial cells only the
110 kD polypeptide can be detected, which is consistent with the seven (immunogtobulinlike)
domain form of VCAM-1 (61). To determine whether the increase in VCAM-1 expression in
response to TNF is mediated by transcriptional initiation of the gene nuclear run-off
experiments have been performed (62), VCAM-1 transcriptional aclivity is not detectable in
uninduced human umbilical vein endothelial cells but is markedly increased as early as 2 h
after stimulation with TINF. Indicating that the TNF-stimulated expression of VCAM-1 is
regulated mainly at the transcriptional level (62).

To study the mechanism of the transeriptional activation of VCAM-1 expression the structural
Vrérganization of the VCAM-I prorﬁotor has been characterized. The promotor contains
cytokine-dependent enhancers as well as negative regulatory elements or silencers (62,63).
These silencers are localized in the —2167 bp to ~755 bp region of the 53’ flanking sequence of
the VCAM-1 gene (62). TNF stimulation of endothelial ceils can overcome the effect of
the(se) silencer(s) and activate VCAM-1 expression (62), Whithin the —755 bp to -2 bp 5’
flanking region consensus sequences have been identified for at least four families of
transcription factors. These include seqences that conform to consensus GATA-elements
(62,64}, a tandem binding site for NFxB (62,63), an interferon regulatory factor (IRF)-1
binding element (65), and an activator protein (AP)-1 consensus sequence (62}, Except for the
AP-1 site all these sequences are functional (62-66). Proteins binding to these elements may
interact to stimutate transcription of the VCAM-1 gene. Structural aiteration of the AP-] site
does not diminish basal or TNF-stimulated VCAM-1 reporter gene expression in bovine
aortic endothelial cells (62). Therefore binding of the c-fos-c-jun complex to the AP-1 site
does not seem to be required for efficient VCAM-1 gene expression in endothelial cells.

An intriguing aspect of VCAM-1 gene expression is the fact that it is specifically regulated by
a redox sensitive step. In contrast to ICAM-1, VCAM-1 be can inhibited by the antioxidants
pyrrolidine dithiocarbamate (PDTC) and N-acetyleysteine (NAC) at the transcriptional level
(67). This may suggest that the regulation of VCAM-1 gene expression is coupled to
oxidative stress through reduction-oxidation (redox) sensitive transcriptional regulatory
factors (67). Oxidative stress, or the deleterious effects of reactive oxygen species generated

in aerobic metabolism, is counteracted through cellular anti-oxidants and anti-oxidant



enzymes, for example glutathione (GSH) and GSH peroxidase, A change in the balance of the
production and interception of the reactive oxygen species (ROS) may have an intraceliular

signalling function, which would imply that ROS function as intracellutar second messengers.

)

SM:ase I TRADD....,
» : P TRAF,
ceramide * Rlp\& o
MAP;K:
MAP,K:
Y
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C/IEBPR  ATF, c-jun NFxB

Fig 1. TNF stimulales the milogen aclivaled protein kinases (MAPK) extracellulary
regutated kinase (erk}, p38, and the c-jun kinase JNK in Endothelial Ceils. These
downstream effectors of the different MAP kinase cascades activate the
transcription factors CCAAT enhancer binding protein C/EBPP, activating
transcription factor (ATF)-2 and ¢-jun. Activation of the transcription factor nuclear
factor (NF) kB through the NF«B inducing kinase (NIK} and the inhibitory <8 kinase
(IkBK) is requisite tor the transcriptional induction of VCAM-1,

* References see Chapter 5
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Cytochrome P450 and VCAM-1

5 Aim of the thesis

ROS (superoxide anion, hydrogen peroxide and hydroxyl radical) are well known
extraceliular mediators of inflammation. Phagocytes, involved in host defence, generate ROS
by the inducible phagocytic NADPH-oxidase in a strictly controlled manner. The superoxide
anion has long been considered as a destructive entity only, However, cells not invelved in
host defence, such as smooth muscle cells secrete superoxide and may influence biological
effects like vascular relaxation (68). Based on this and other findings it was hypothesized by
Saran and Bors that the superoxide anion is a specific biological messenger as well {69). In
fact in bacterial cells gene expression can be modified by an increased production of ROS
(70,71). The superoxide anion is thought to Endi;ce a redox-induced conformational change of
the transcription factor soxR, which will activate transcription from the sox$8 gene, The soxS
protein, which is a transcription factor also, then stimulates transcription of a number of
defence proteins (72). In addition to the ROS superoxide anion hydrogen peroxide has been
shown to stimulate gene expression as well. Hydrogen peroxide activates the transcription
factor oxyR through direct oxidation, resulting in the expression of genes involved in the
protection of the bacterial cell from oxidative damage (73) Could similar ROS driven
mechanisms be operative in eukaryotic cells? A number of observations indeed point into that
direction,

In the Jurkatt T lymphoma cell line activation NFkB was aptivalcd by the additon of hydrogen
peroxide in the mM range. Furthermore, various antioxidants and metal chelators, e.g., PDTC,
NAC, and desferrioxamine, inhibited the activation of NFxB (74,75). However, since both the
VCAM-1 and ICAM-1 promotors contain consensus NFKB binding sites, these findings do
ot explain the specific sensitivity of VCAM-1 expression lo redox regulation. Therefore
other redox sensitive signal transduction pathways must be involved in the expression of
VCAM-1. In this respect, it is noteworthy that hydrogen peroxide resukts in a 10 -14 fold
activation of the p38 MAPK pathway in endothelial cells (76), Whether this could be relevant
for the expression of VCAM-1 has not been determined as yet,

In the present thesis we have investigated the role of ROS and the p38 MAPK in the TNF-
stimulated endothelial expression of VCAM-1 (chapter six to eight). In addition we have
investigated in chapter nine if activated monocytes play a significant role in the patho-

physiology of restenosis after PTA in humans,
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ABSTRACT

The present study was undertaken to investigate the hypothesis that multiple oxygen radical
generaling systems contribute to the tumor necrosis factor o (TNF)-stimulated transcriptional
activation of the. vascular cell adhesion molecule (VCAM)-1 in endothelial cells,
Experimental evidence has implicated the cytochrome P450 monooxygenase and a phagocyte
type NADPH-oxidase as a source of oxygen radicals in these cells. We show here that
endothelial cells exhibit cytochrome P450 activity by measuring the O-dealkylation of the
exogencus substrate 7-ethoxyresorufin, but components of the phagocyte-type NADPH
oxidase could not be demonstrated in endothetial cells. In that tatter respect it was surprising
that the NADPH oxidase inhibitor apocynin completely prevented the accumulation of
VCAM-1 mRNA, However, we found that apocynin also acts as an inhibitor of cytochrome
P450 activity in endothelial cells. Therefore the inhibitory effect of apecynin on the induction
of VCAM-! may no longer be used to demonsirate a role for the NADPH oxidase in this
process: Furthermore, different cytochrome P450 inhibitors Co®*, metyrapone, SKF525a
decreased the endothelial VCAM-1 expression stimulated by TNF. Also under hypoxic
conditions the expression of VCAM-1 was reduced. On this basis we assume that the oxygen
dependent step in the intracellular signalling cascade underlying the TNF stimulated
transcriptional activation of VCAM-1 resides in the activity of a cytochrome P450 dependent
monooxygenase, The finding that the phospholipase A, inhibitor bromophenacylbromide
inhibited the expression of VCAM-1 may indicate that arachidonic acid serves as a substrate
for the cytochrome P450 monooxygenase reaction, but further research is needed to elucidate

the particular cytochrome P450 family member mediating the expression of VCAM-1,
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INTRODUCTION

Endothelial cell adhesion molecules play an important role in the recruitment of leukocytes
into the extravascular space during the inflammatory response and in the repair of tissue
injury (1, 2), The expression of the adhesion molecules vascular cell adhesion molecule-1
(VCAM-1), intercellular cell adhesion molecule-1 (ICAM-1) and endothelial feucocyte
adhesion molecule-1 (E-selectin) is induced (VCAM-1 and E-selectin) or increased (ICAM-1)
by the cytokine tumor necrosis factor-o (TNF) (i, 2). A pivotal event in the stimulated
transcription of the adhesion molecule genes is the activation of the transcription factor
nuclear factor-xB {NFxB), a family of dimeric transcription factor complexes, NFxB resides
in the cytosol in an inactive form complexed to members of the inhibitory protein family 1xB,
Upon activation IxkB is removed from the complex by degradation (IxB-0) or processing
(p105) in the proteasome proteolytic pathway (3, 4, 5). NFkB then translocates to the nucleus
where it binds to kB regulatory clements in the promoter regions of the VCAM-1, ICAM-1]
and E-selectin genes (6, 7, 8). Although essential,.the activation of NFxB is not sufficient for
cytokine-induced transcription. Several other factors are likely involved in the assembly of
unique transcriptional activation complexes (5).

The signal transduction pathways underlying the expression of VCAM-1, ICAM-1 and E-
selectin may not be completely overlapping. Marui et al. showed that the expression of
VCAM-1, but not ICAM-I, is controlled by the redox status of the endothelial cell (9). The
redox status supposedly is modutated through the formation of reactive oxygen species (ROS)
on the one hand, and the level of intracellular antioxidants and the activity of the antioxidant
enzymes on the other. It has been hypothesized that ROS function as second messenger
molecules in the activation of NFxB (10).

Previously, it has been suggested that in 1929 fibroblast cells the mitochondrion is the source
of oxygen radicals which would serve as common mediators of the cytotoxic and gene
regulatory effects of TNF in these cells (11).

The TNF-induced expression of VCAM-1 seems to involve several radical-generating
systems. It has been suggested by Weber ef al. that in endothelial cells these systems include
the flavoenzymes cytochrome P450 monooxygenase and a phagocyte-type NADPH oxidase,
since inhibition of these two systems by, respectively, SKF525a and apocynin {4-hydroxy,-3-
methoxy-acetophenone) inhibited the TNF induced expression of VCAM-1 specifically (12).

This effect most likely was due to an effect on the activation of NFxB, as demonstrated for
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SKF525a (12). Hé\ve\'er, in contrast to the flavoprotein dependent cytochrome P450
monooxygenase (13) the expression of a phagocyte-type NADPH-oxidase activity remains to
be demonstrated in endothelial cells (12). Leaving the possibility that the effect of apocynin
on the endothelial VCAM-1 induction has to be attributed to a completely different mode of
action, )

It has been demonsirated before that apocynin can inhibit cytochrome P45011[ in sheep
adrenal cells (14). This might imply that apocynin, like SKF525a, inhibits the cytochrome
P450 monooxygenase present in endothelial cells, This would shed doubt on the idea that
multiple radical generating sites are involved in the TNF-induced expression of VCAM-1, We
therefore questioned whether the flavoenzyme cytochrome P450 monooxygenase may be the
sole oxygen dependent step in the intracellular signalling cascade leading to the expression of
VCAM-1, To that end we have investigated the presence of NADPH oxidase and questioned
whether apocynin could act as an inhibitor of cytochrome P450 monooxygenase in
endothelial celis. Finally, we studied the effect of hypoxia and inhibition of the cytochrome

P450 electron transport chain on the expression of VCAM-1.
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MATERIALS AND METHODS

Monoclonal Antibodies
Monoclonal antibody {mAb) clone MEMI112 directed against ICAM-1, and mAb clone

1G11BI1 directed against VCAM-1, and clone ENA1 directed against E-selectin were
obtained from Monosan (Uden, The Netherlands). Mouse IgGlx, was purchased from Sigma
(St. Louis, MQ) and fluorescein isothiocyanate (FITC)-conjugated rabbit-anti-mouse Fab;
fragment STARY from Serotec (Oxford, UK), Antisera and mAb’s directed respectively
against pd7-phox, po7-phox and gp91-phox were a generous gift of dr, A, J. Verhoeven
(Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam,

The Netherlands).

Reagents
Reagents were obtained from Merck (Darmstadt, Germany) unless specified otherwise,

Diphenylene iodonium obtained from Sigma was dissolved in dimethylsulfoxide by

sonication as a 20 mmol/L stock.

Culture and FACS Analysis of Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) were cultured as previously described (15)
according to the method described by Jaffe er al. ‘(16) in M199 (Flow Laboratories)
supplemented with 10% newborn calf serum, 10% human serum kindly provided by the Red
Cross Bloodbank, Rotterdam, The Netherlands, endothelial cell growth factor, 15 Ufml
heparin, 50 U/ml penicillin, and 5 pg/mi streptomycin, under 95% air- 5 % CO,. Confluent
_endothelial monolayers were treated as indicated in the legends. Cells were detached and
incubated for 30 min at 4°C with either monoclonal antibody clone 1G11B1 (Monosan, Uden,
The Netherlands) directed against VCAM-1, or clone MEM112 (Monosan) directed against
ICAM-1, or clone ENA1 directed against E-selectin, or control mouse IgGlx as described
before (15). The second antibody was a fluorescein isothiocyanate conjugated rabbit anti-
mouse Fab, fragment. Membrane antigen expression was analysed by fluorescence activated
cell sorting (FACS) as previously described (17), and is expressed as median linear

fluorescence intensity (F.I). Data were corrected for background fluorescence due to binding

of IgGlk, unless specified otherwise,
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Assay of Cytochrome P450 Activity in Endothelial Cells

The cytochrome P450 activities were assessed using intact cells according to the method
described in detail by Donato ef af (18). TNF-stimulated endothelial cells (25 cm?) were
incubated with 7-ethoxyresorufin (10 pmol/t, Sigma) which can be dealkylated by
cytochrome P5450IA1 (CYPIAL) (18,19) and by cytochrome P450-AA (20). In addition to
this cells were also incubated with 7-pentoxyresorufin (20 pmol/L, Sigma) which is
specifically dealkylated by P450IIB1 (18,19), After 4 h at 37°C aliguots of supernatant
culture media were incubated in the presence of 150 Fishman units of B-glucuronidase/ ml
and 1200 Roy units of arylsuifatase/ ml (Boehringer, Mannheim, Germany) for 2 h at 37°C.
The fluorescence of resorufin was measured in a Perkin Elmer fluorimeter with excitation and
emission wavelengths set at 530 mm and 590 nm, respectively, A standard curve of resorufin
(Sigma) was prepared in culture mediurm, The results are expressed in pmol resorufin/ mg cell

protein.

Immunoblot Analysis

Neutrophilic granulocytes (granulocytes) were isolated as previously described (13) and
lysed overnight at 4°C in 10 mol/L HEPES, 0,25 mol/L, 5 mmol/L EDTA, 100 pg/ml
leupeptin, 2 mmol/l. PMSF, and 10 mmal/L. B-mercaptoethanol, pH7.5, Endothelial cells
were lysed overnight at 4°C in 4 mmol/L EDTA, 50 mmol/L Tris, 150 mmol/L NaCl, 0.5%
(v/v) nonidet P40, and 1 mmol/L. PMSF, pH 7.4. Twenty g of cell homogenate protein was
analysed by SDS PAGE. The resolved proteins were electrophoretically transferred to
polyvinylidene difluoride membrane (Boehringer Mannheim, ‘Germany). Membranes were
blocked for 1h with 3% (w/v) albumin in Tris-buffered saline with 0.1% (v/v) TWEEN
(TTBS). Blots were washed with TTBS and incubated for 18 h with 1:2000 rabbit antiserum
directed against the C-terminus of p67-phox, or 1:2000 rabbit antiserum against the C-
terminus of p47-phox, or 1:1000 mouse mAb 43 directed against gp91-plox in TTBS, or in
TTBS without antiserum to controf for binding of the secondary antibody, Next, immunoblots
were incubated with peroxidase conjugated goat-anti-rabbit mAb (1:5000) or with peroxidase
conjugated goat-anti-mouse mAb (1:10000). Blots were developed with ECL {Amersham,

UK).
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Hypoxic Incubations

Hypoxic incubations were performed as previously described at 37°C (15). In the incubator a
continuous flow of 95% N»-5% CO; humidified and warmed to 37°C was maintained during
hypoxic incubations, Cpmrol incubations were done at 20% 03-75% N»-5% CO; at 37°C.

Buffers and media were equilibrated to ambient conditions before starting the experiment.

Polymerase Chain Reaction
Total RNA was isolated from 2*10° HUVEC stimulated with TNF (0 - 100 U/ml in complete

M 199) according to the method of Chomszynski ef a/. (21). cDNA was produced from 75 ng
of each RNA extract by M-MLV reverse transcriptase (Promega) as described before (21).
For VCAM-1 specific oligonucleotide primers were used (forward primer:
5'-CGGGATCCATCCACAAAGCTGCAAGAA-3’, and reverse primer:
5'-GCGAATTCGCCACCACTCATCTCGATTT-3") which have been previously described
(22). For ICAM-1 specific oligonucleotide primers were used described by Saito ef al,
(forward primer 5’-TGACCATCTACAGCTTTCCGGC-3’ and reverse primer
5-AGCCTGGCACATTGGAGTCTG-3") (23). cDNA was amplified by 30 cycles with
Goldstar DNA polymerase (Eurogentec) in a Perkin Elmer thermocycler 480 with the
annealing temperatare set at 35°C or 60°C, respectively for VCAM-1 and ICAM-1,
Homology of the PCR product with the VCAM-1 cDNA or the ICAM-1 cDNA was

confirmed by sequence analysis,

Northern Blot Analysis

Total cellular RNA (éO jg) was size-fractioned using 1.2 % agarose formaldehyde gel in the
presence of 1 ng ethidium bromide. The RNA was transferred onto Hybond and covalently
linked by ultraviolet irradiation, Hybridizations were performed at 42 °C for 18 h in 50%
deionized formamide, 1 mol/L. NaCl, 2.5 % dextran sulfate, 35 fig/ml denatured fish DNA in
20% P buffer (19 BSA, 1% polyvinylpyrrolidone, 1% Ficoll, 250 mmol/L Tris-HC}, 0.5%
Na-pyrophosphate, 5% SDS). The PCR product (approximately 50 ng cDNA) was
radiolabeled with [0-*’P]JdCTP (£50 uCi per hybridization) by the use of a labelling kit
(Amersham), After hybridization, filters were washed with a final stringency of 0.2 x 85C (1
x 88C = 150 mmol/l. NaCi, 15 mmol/L. Na citrate), 0.1% SDS at room (emperature.
Autoradiograms were quanéiﬁcd by phosphor-imaging (Molecutar Imaging System GS-363,
Biorad).
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Statistical Analysis
Data are expressed as the means * standard error of mean (SE). The differences between

means was assessed by Student’s 7-test. Significance was determined at the 95% confidence

level,
RESULTS

Cytochrome P450 Activity in Endothelial Cells

To assess whether apocynin inhibits cytochrome P450 dependent monooxygenase activity in
TNF-stimulated endotheliat cells, we set out to determine the rate of dealkylation of the
cytochrome P450 substrates 7-ethoxyresorufin and 7-pentoxyresorufin in unstimulated and
TNF-stimulated endothelial cells. The basal rate of dealkylation of 7-ethoxyresorufin was 74
pmol.mg”’ cell protein in 4 h. Stimulating the cells with 100 U/ml TNF did not significantly
increase this rate, .. 101 pmol.mg” in 4 h in the presence of TNF.,

Endothelial cells did not dealkylate 7-pentoxyresorufin within 4 h of incubation. Indicating
the absence of the cytochrome P450 family member CYPIIBI. Even with an extended
ilacuﬁation time of 18 h we did not detect any dealkylation of 7-pentoxyresorufin, Stimulating
the endothelial cells with TNF also did not reveal any significant CYPIIB1 activity (data not

shown),

Effect of Apocynin and Diphenylene Iodonium on the Cytochrome P450 Enzyme
Activity

The effect of .apocynin on the cytochrome P450 dependent ethoxyresorufin dealkylation by
'endothelial cells stimulated with TNF was investigated next. Cells were preincubated with
apocynin or vehicle for 30 min, next 7-ethoxyresorufin dealkylation was assessed in the
presence or absence of apocynin, The resulls presented in Fig. 1 show that apocynin
significantly decreased the dealkylation of 7-ethoxyresorufin by TNF-stimulated endothelial
cells to about 50%, i.e., 52 pma:)].mg'1 in 4 b (P<0,05), In unstimulated endothelial cells
apocynin decreased the dealkylation rate from 74 pmol.mg” to 31 pmol.mg in 4 h (P<0.05).
As a contro} we also assessed the effect of inhibiticn of the NADPH cytochrome P450
reductase, essential for cytochrome P450 activity, by the well known flavoprotein inhibitor '
diphenylene iodonium (DPI), The results presented in Fig 1 show that DPI completely

inhibited the dealkylation of 7-ethoxyresorufin in endothelial cells.
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Fig 1. Effect of apocynin and diphenylene iodonium (DPI} on the cytochrome P450 activity in
endothelial cells. Endothelial cells ware preincubated with apocynin (600 pmoliL) or diphenylene
iodonium {20 umol/l) for 30 min, next the cells were stimulated with TNF (100 U/ml) and 7-
ethoxyresorufin dealkytalion was assessed in the presence of apocynin or DPI. The results represent
at Ieast three experiments. Asterisks denote significant difference from control {*; P<0.05 and **;
P(0.01).

Assessment of the NADPH Oxidase Components P47-phox, P67-phox and gp91-phox in
Endothelial Cells

To assess whether endothelial cells express the phagocyte-type NADPH oxidase,
homogenates of resting or TNF-stimulated endothelial cells were analysed by
immunoblotting, and the expression of the NADPH oxidase components pd7-phox, p67-phox
and gp91-phox were compared with equal amounts (20 pg) of homogenate protein of resting
or pharbol myristate acetate (PMA) stimulated granulocyles. The resulls presented in Fig 2
show that endathelial cells do not express pd7-phox, p67-phox and gp91-phox either in the
absence or presence of TNF. Whereas in granulocytes the p47-phox and p67-phox are amply
present either in resting or PMA-treated cells. Gp91-phox could also be detected but to a

lesser extent in resting and stimulated granulocytes (Fig 2).
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Fig 2. Assessment of NADPH oxidase components pd7-phox, pS7-phox and gpd1-phox in endothelial
cells and granulocytes. Equal amounts of endothelial celt en granulocyte homogenates (20 ug of
protein) were analyzed by SDS-PAGE and immunoblolting as described. Endothelial cells were
stimulated in three separate experiments with 0 or 100 U/ml TNF (1-8) for 4 h. Granulocytes were
treated with 0 or 100 ng/ml phorbol myristate acetate in thiee separate experiments (1-6). The
NADPH components pd7-phox, p67-phox, and gp91-phox are respeclively denoted as p47, p67 and
p91. The density of the bands in the endothelial cell lanes was similar to that obtained when biots
werg Incubated with only the secondary antibady (data not shown).

Effect of Apocynin and DPI on the Expression of VCAM-1

To confirm the inhibitory effect of apocynin on VCAM-1 protein expression demonstrated
before (12) endothelial cells were incubated with increasing concentrations of apocynin for 30
min to 1 h. Next, the celis were stimulated with 100 U/ml of TNF in the presence or absence
of apocynin. The expression of VCAM-1 protein (Fig 3a) was inhibited by apocynin in a dose
dependent manner, with a maximum effect at 600 umol/L. At this concentration apocynin
almost completely inhibited the accumulation of VCAM-1 mRNA (Fig 3b).

This effect was specific for VCAM-1 since the accumulation of ICAM-1 protein and mRNA

were not significantly affected by apocynin (Fig 4a and b).
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Fig 3 a+b Effect of apocynin on the TNF induced expression of VCAM-1 protein {3a) and mRNA
(3b). Endothelial cells were preincubated with apocynin (0 - 600 pmoliL). Next, the cells were
stimutated with TNF (100 Ufml) in the presence of apacynin. After 6 h of slimulation with TNF the
expression of VCAM-1 protein was assessed by FACS analysis (hatched bars, Fig 3a). The black
bar represents binding of anti-VCAM-1 mAb to unstimulated endothelial cells, background
fiuorescence of cells incubated with IgGix, i.e., 5.4 F.l.  sd= 1.1, remained unchanged under the
applied conditions. In Fig 3b the TNF stimulated accumufation of VCAM-1 mRNA in time was
assessed in the presence or absence of apocynin {800 pmol/L} by Northern bloiting.
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Fig 3¢ The ethidium bromide stained 18S RNA band of each lane depicled in Fig 3bis shown as a
control {or equat loading and quality of the RNA samples. Results represent at least three
experiments,
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Fig 4. Effect of apocynin on the TNF induced expression of ICAM-1 protein (4a) and mRNA (4b}.
Endothelial cells were preincubated with apocynin {0 - 600 pmol/L). Next, the cells were
stimulated with TNF (100 U/ml} in the presence of apocynin. After 6 h of stimulation with TNF the
exprassion of ICAM-1 protein was assessed by FACS analysis (hatched bars, Fig 4a). The black
bar represents aspecific binding of anfi-ICAM-1 mAb to unstimulated endothelial cells,
background fluorescence was 5.4 F.i. £ sd= 1.1, and remained unchanged under the applied
conditions. [n Fig 4b the TNF stimulated accumulation of {CAM-1 mRNA In time was assessed in
the presence or absence of apocynin (600 umoliL) by Northern blot. In Fig 3c the ethidium
bromide stained 18S RNA band of each lane is shown as a control for equat loading and quality
of the RNA samples. Results represent at least three experiments.

experiments,
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To further substantiate the involvement of flavoenzymes in the expression of VCAM-1
endothelial cells were treated with increasing concentrations of DPI (0, 10 and 20 pmol/L) or
vehicle, and next stimulated with 100 U/mi TNF in the presence or absence of DPL The
results presented in Fig. 5 show that 20 pmol/L. of DPI significantly inhibited VCAM-1
expression. The equivalent concentration of the vehicle DMSO had no effect on the
expression of VCAM-1, which amounted to 94% of the control, The inhibitory effect of DPL
was specific for the expression of VCAM-1 since the expression of ICAM-1 remained

unaffected by DPI up to the maximum concentration of 20 ymol/L. (Fig 5).
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Fig 5. Effect of diphenylene iodonium (DPY on the expression VCAM-1 and ICAM-1. Endothelial
cells were preincubated with increasing concentrations of DP1 {0 - 20 pmoliL}, and subsequently
stimulated with TNF {100 Ufml) in the presence or absence of DPL After 6 h of stimulation the
expression of VCAM-1 (hatched bars} or ICAM-1 (while bars) was assessed by FACS analysis.
Background fluorescence of cells incubated with 1gGix was 5 F.I. and did not change under the
applied conditions. Results represent three experiments. * Significant difference frem control
(P<0.05). CAM; Cell Adhesion Molecule. ‘

To exclude the possibility that the effect of DPI could be attributed to an effect on the
mitochondrial NADH dehydrogenase (or NADH Q reductase) we tested the effect of rotenone

on the endothelial expression of VCAM-1. After treatment of endothelial cells with 5 pmol/L
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rotenone their oxygen consumption measured by a Clark type electrode was inhibited by 70%.
At this concentration rotenione did not inhibit the TNE stimulated endothelial VCAM-1.
expression. In fact it seemed to increase VCAM-1 expression from 22 E.l, (n=2, range 20-23)

to 51 F.I (n=2, range 46-55). This effect was not further investigated since it was beyond the

scope of the present study.

Effect of Cytochrome P450- and Phospholipase A; Inhibitors on VCAM-1 Expression

To establish the role of the cytochrome P450 monooxygenase in the TNF-stimulated
expression of VCAM-1 we used different inhibitors of the cytochrome P450 electron
transport system and tested their effect on the expression of VCAM-1 and ICAM-1 by TNF-
stimulated endothelial cells. The resuits presented in Table | show that the majority of the
cytochrome P450 inhibitors used in this study (significantly) decreased the TNF stimulated
expression of VCAM-1. The most dramatic decrease in VCAM-1 expression was observed
for Co™, a metal which is known to decrease the intracellular content of cytochrome P450,
The effect of Co™ was only observed with a preincubation time of 18 h and not with a shorter
preincubation time of 30 min {data not shown). In contrast to Co®*, metyrapone and SKF525a,
another well known cytochrome P450 inhibitor allylisopropylacetamide (AIA), which causes
breakdown of the cytochrome P450 haem by a process called ‘suicidal inactivation’, did not
at all affect the endothelial VCAM-1 expression. None of the inhibitors used in this study
significantly decreased the TNF-stimulated expression of ICAM-1,

Inkibition of phospholipase A; activity by bromophenacylbromide (BPB) resulted in a 60-70
% decrease (P<0.05) of VCAM-1 expression in TNF stimulated endothelial cells, Whereas
the expression of ICAM-1 remained unaffected (Table 1),
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TABLE 1, Effect of cytochromeP450 and phospholipase A inhibition on the expression of
VCAM-1 by TNF stimulated endotheliat cells.

% VCAM-1 % ICAM-1
Inhibitor Cone. expression P-value expression P-value
Cytochrome P450
Inhibitor
Co™ 0.2 mM 17 (n=3)" 0.015 82 (n=3y° n.s
ATA 0.2 mM 109 (n=3)* s, 100 (n=3)" n.s
Metyrapone 1.0 mh 32 (n=3)° 0.017 83 (n=3)" ILs.
SKF525a 0.1 mM 48 (n=3)" 0.041 89 (n=3)" 1.
Phospholipase A,
Inhibitor
BPE 10 M 34 (n=4)° 0.048 91 (n=2)

Cells were pretreated with inhibitor prior to stimulation with TNFet in the presence of inhibitor:

. for 181

b for 30 min -1 h

AlA:  allylisopropylacetamide
BPB: bromophenacylbromide
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Effect of Hypoxia on the Expression of VCAM-1

To investigate whether the TNF-stimulated induction of VCAM-I by endothelial cells
depends on the presence of oxygen, we studied the effect of hypoxia on the surface expression
of VCAM-1. Endothelial cells were preincubated under hypoxic conditions for 30 min, and
next stimulated with increasing concentrations of TNF for 6 h under continuous hypoxia. The
results presented in Table 2 show that hypoxia significantly decreased the TNF stimulated
cxpression of VCAM-1 1o about 60% of the normoxic control (P<0.03). To determine
whether this effect was specific for the expression of VCAM-1 we also studied the effect of
hypoxia on the expression of ICAM-1 at 6 h after stimulation with TNF, and of E-selectin at 4
h after stimulation, at which time E-selectin expression is maximal, The results show that the
expression of both ICAM-1 and E-selectin under hypoxic conditions did not differ from the

normoxic control {Table 2).

Table 2. Effect of hypoxia on the expression of the endothelial leucocyte adhesion molecules
Adhesion molecule Normoxia Hypoxia P-value
VCAM-1 100% 57214 % {n=4) 0.029
ICAM-1 100% 100% (n=2)

E-selectin % 116% (n=2)

Endothelial cells were kept under hypoxic or normoxic conditions for 30 min and next stimulated with 100
U/ml TNF for 6 h (VCAM-1 and ICAM-1) or 4 h (E-selectin), while kept under the same ambient conditions.
Data are presented as percentage of the normoxic control. Statistical significance of the difference in

fluorescence intensities was assessed by Student’s 1-test for paired data.
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DISCUSSION

The major conclusion to be drawn from the present study is that the proposed involvement of
various flavoenzymes in the TNF-induced expression of VCAM-1 can be traced back to the
cytochrome P450 dependent monooxygenase in endothelial cells, Based upon the evidence
obtained with different enzyme inhibitors at least two flavoenzyme dependent systems have
been implied that positively affect the endothelial expression of VCAM-1. These are the
phagocyte-type NADPH oxidase and the cytochrome P450 monooxygenase electron transport
system (12), It has been hypothesized that both the NADPH-oxidase and the cytochrome
P450 monooxygenase, which both can be a source of reactive oxygen species (ROS), mediate
the transcriptional activation of VCAM-1 by the generation of these ROS (12). In our opinion
the idea that these two systems contribute to a putative oxygen radical pool can no longer be
sustained. While apocynin inhibits the NADPH oxidase in neutrophilic granulocytes (24), we
now demonstrate that apocynin is an inhibitor of cytochrome P450 activity in endothelial
cells. Furthermore we show here that endothelial cells do not express any of the NADPH
oxidase components pd7-phiox, p67-pliox, or gp91-phox either under resting or stimulated
conditions. Apparently, endothelial cells do not express the phagocyte-type NADPH oxidase.
Thus, the irhibitory effect of apocynin on the induction of VCAM-1 and its inhibitory effect
on cytochrome P450 activity may now support a role for the cytochrome P450
monooxygenase in the TNF-induced endothelial expression of VCAM-1. In the present study
we also show that the TNF-stimulated expression of VCAM-1, but not ICAM-1 or E-selectin,
is reduced under hypoxic conditions. These findings are in accordance with those of Klein ef
al. (23), although they reported a slightly larger decrease in the TNF stimulated VCAM-1
expression (about 60% inhibition) under hypoxic conditions, It remains to be demonstrated
whether anoxia can completely abolish TNF stimulated VCAM-1 expression. If we consider
these data together with the fact that various cytochrome P450 inhibitors and the NADPH
cytochrome P450 reductase inhibitor DPI can decrease the endothelial VCAM-1 expression
stimulated by TNF we conclude that the oxygen dependent step in the intraceltular signalling
cascade underlying the TNF stimulated transcriptional activation of VCAM-1 resides in the
activity of a cytochrome P450 dependent monooxygenase.

By the use of the exogenous substrate 7-ethoxyresorufin we were able to demonstrate
cytochrome P450 activity in intact endothelial cells, This activity can be attributed to the
cytochrome P450 family members cytochrome P450IA1 (18,19) and P450-AA (20). The

deaikylation of 7-ethoxyresorufin may therefore confirm the previous observation by Overby
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et al. who showed that CYPIAL is present in endothelial cells at the protein and mRNA level
(13). However, a physiological substrate for CYPIA1 has not yet been identified. In contrast
cytochrome P450-AA oxidizes arachidonic acid into the biologically active
cpoxyeicosatrienoic acids (20, 26). Our data on the inhibitory activity of the phospholipase A,
inhibitor BPB on VCAM-1 expression indeed indicate that arachidonic acid may be the
substrate for the cytochrome P450 dependent monoox ygenase reaction,

An unexpected finding of the present study was that the well known cytochrome P450
inhibitor allylisopropylacetamide (AFA) failed to decrease VCAM-1 expression. Although we
expected that AIA like Co® would drastically reduce VCAM-1 expression this observation
may be explained by the selectivity of AIA for distinct cytochrome P450 famity members, i.c.
pentobaribital induced forms of cytochrome P450 (27). For example the cylochrome P450
PB-4 also known as the CYP2BI gene product is particularly suéceptibie to suicidal
inactivation by AIA (28). We therefore conclude that the difference in expression of
cytochrome  P450 family members between phenobarbital-induced rat hepatocytes and
human endothelial cells (18) could make the endothelial cells fess susceptible to {reatment
with AJA. In this respect it may be relevant to note that we already demonstrated no
dealkylating activity of 7-pentoxyresorufin in endothelial cells, whereas phenobarbital
induced rat hepatocytes can dealkylate this substrate (18).

During cytochrome P450 dependent monooxygenation electrons are transferred from NADPH
to the cytochrome P450 heme. One electron is used to reduce the heme iron, and the second to
subsequently bind and cleave the oxygen molecule to génerate the active species for insertion
into the substrate (29). The flavoenzyme NADPH-cytochrome P450 reductase temporarity
stores electrons during this transfer, Jodonium compounds like DPI typically inhibit
flavoenzymes that function as one-electron donors, accepting two electrons but passing them
one singly (30), Whereas all known DPI insensitive flavoenzymes simultaneously transfer two
electrons during catalysis (30). Therefore theoretically the inhibition of VCAM-1 induction
could also have involved the icdonium sensitive flavoenzymes mitochondrial NADH
dehydrogenase, xanthine oxidase, and nitric oxide (NO) synthase, An important role for the
latter flavoenzyme has been suggested recently, when Khan ef al. demonstrated that the
increased delivery of NO suppresses the TNF-induced transcriptional activation of VCAM-1
(31). However, this negative regutatory role for the nitric oxide synthase can not explain the
present observation that DPI inhibits the expression of VCAM-1, because then an increased
expression of VCAM-1 would be anticipated. A role for the xanthine oxidase has been

excluded previously by Weber er al. who demonstrated that allopurinol did not inhibit
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VCAM-1 expression (12). In the present study we also excluded the possible contribution of
the mitochondrial NADH dehydrogenase.

Taken together we postulale the cytochrome P450 monooxygenase as the sole oxygen
dependent step in the TNF-stimulated induction of VCAM-1 by endothelial cells. A wide
variety of structurally diverse compounds, e.g., steroids, fatty acids (including prostagiandins
and leukotrienes) are metabelized by the cytochrome P450 monooxygenase system, Also the
formation of the ROS hydrogen peroxide as a byproduct of the monooxygenation reaction has
been described (32), Future research is needed to elucidate the type of cyltochrome P450

isoenzyme and the nature of its product as the second messenger molecule in the expression

of VCAM-1.
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ABSTRACT

The cytokine tumor necrosis factor-¢ (TNE) was found to stimulate the p38 mitogen activated
protein (MAP) kinase signalling cascade in human umbilical vein endothelial cells, TNF
increased the activity of the p38 substrate MAP kinase-activated-protein (MAPKAP) kinase 2
and the subsequent phosphorylation of the small heat shock protein Hsp27 about two to three
fold, This stimulation was blocked almost completely by the specific p38 MAP kinase
inhibitor SB203580. This inhibitor also suppressed the TNF-induced surface expression of the
endothelial adhesion molecule vascular cell adhesion molecule (VCAM)-1. In contrast,
inhibition of p38 MAP kinase had no effect on the stimulated sulrface expression of the
intercellniar cell adhesion molecule (ICAM)-I, VCAM-1 mRNA accumulation induced by
TNF was not affected by SB203580 suggesting that the p38 MAP kinase signalling cascade

regutates the endothelial expression of VCAM-1 at the post-transcriptional level.
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INTRODUCTION

Under conditions of cellular stress, such as heat shock, UV radiation and osmotic stimutation,
as well as subsequent to cytokine treatment at least two members of the superfamily of
mitogen-activated protein (MAP) kinases are rapidly activated. These enzymes, which are
distinct from the extra-cellularly regulated kinase (Erk)-1 and Erk2 stimulated by growth
factors, are p38 MAP kinase/ reactivating kinase (RK) and c¢-jun amino terminal kinase
(INK)/ stress-activated protein (SAP} kinase. Like Erkl/2 these enzymes are activated
through a cascade involving several other kinases as well as small GTP binding proteins (For
review sce [-3),

Recently, two homologues of p38 MAP kinase have been identified in human monocytes by
the use of a class of pyridinyt imidazoles (4). These drugs inhibit the production of
interleukin-1B and tumor necyosis factor o (TNF) by stimulated monocytes. The pyridiny!
imidazole SB203580 specifically inhibits p38 MAP kinase (5), and the subsequent
phosphorylation of its physiological substrate MAP kinase-activated-protein-kinase-2
{MAPKAP kinase-2}. Activation of MAPKAP kinase-2 leads to mcreased phosphorylation of
the small heat shock proteins (Hsp) Hsp25 and Hsp27 (6,7),

TNF has been demonstrated to stimulate MAPKAP-kinase 2 activity (8) and to increase the
phosphorylation of small Hsp in mammalian cells (9), In endothelial cells TNF induces the
expression of vascular cell adhesion molecule-1 (VCAM-1}, and increases the expression of
the intercellular ceil adhesion molecute-! (ICAM-1). The biological functions of these
adhesion molecules are distinct. ICAM-1 binds leukocytes via their B2 integrins and can
therefore serve to recruit both granulocytes and monoeytes from the bloodstream to sites of
tissue injury, whereas VCAM-1 binds monocytes and lymphocytes expressing the integrins
04P1l and ©4P7 specifically supporting the recruitment of chronic inflammatory cells
(10,11). In this paper we have investigated whether there is a direct connection between the
p38 MAP kinase cascade and the expression of the endothelial adhesion molecules, By the
use of the inhibitor SB203580 we demonstrate that the expression of VCAM-1, but not
ICAM-1, is likely regulated by the p38 MAP kinase at the post-transcriptional fevel.
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MATERIALS AND METHODS

Culture and FACS analysis of endothelial cells

Human umbilical vein endothelial cells (HUVEC) were cultured as previously described (12)
in Mi99 (Flow Laboratories) supplemented with 10% newborn calf serum, 10% human
serum kindly provided by the Red Cross Bloodbank, Rotterdam, The Netherlands, endothelial
cell growth factor, 15 U/ml heparin, 50 U/ml penicillin, and 5 ug/m! streptomycin, under 95%
air / 5 % CO,. Confluent ecndothelial monolayers were treated as indicated in the legends,
either in the presence or absence of SB203580, which was the generous gift of SmithKline
Beecham, King of Prussia, USA. Cells were harvested and incubated for 30 min at 4°C with
either monoclonal antibody clone IG11B1 (Monosan, Uden, The Netherlands) directed
against VCAM-1, or clone MEM112 (Monosan) directed against ICAM-1, or contro! mouse
IgGlk . The second antibedy was a fluorescein isothiocyanate conjugated rabbit anti-mouse
Fab; fragment (Sigma Chemical Corp). Membrane antigen expression was analysed by
fluorescence activated cell sorting (FACS) as previously described (13), and is expressed as

linear fluorescence intensity (F.L).

Polymerase chain reaction

Total RNA was isolated from 10° HUVEC stimulated with TNF (0 - 100 U/ml in complete
M199) according to the method of Chomszynski et al. (14}, cDNA was produced from 75 ng
of each RNA extract by M-MLV reverse transcriptase (Promega) according instructions
provided by

the manufacturer, Specific oligonucleotide primers {forward primer: 5-CGGGATCCATCC-
ACAAAGCTGCAAGAA-3, and reverse primer: 5-GCGAATTCGCCACCACTCATCTC-
GATTT-3'), yielding a polymerase chain reaction (PCR) product of 563 base pairs, were
synthesized by Eurogentec according to the VCAM-1 ¢cDNA sequence reported by Cybulsky
et al (15). ¢cDNA was amplified by 30 cycles with Goldstar DNA polymerase {Eurogentec) in
a Perkin Elmer thermocycler 480 in a touch down: protocol, in which the annealing
temperature was gradually decreased from 72 °C to 53 “C. Homology of PCR product with

the YCAM-1 cDNA was confirmed by sequence analysis.
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Northern blot analysis

Total celtular RNA (20 pg) was size-fractioned using 1.2 % agarose formaldehyde gel in the
presence of 1 pg ethidium bromide. The RNA was transferred onto Hybond and covalently
linked by ultraviolet irradiation. Hybridizations were performed at 42 °C for 18 h in 50%
deionized formamide, 1 M NaCl, 2.5 % dextran sulfate, 35 pg/ml denatured fish DNA in 20%
P buffer (1% BSA, 1% polyvinylpyrrolidone, 1% Ficoll, 250 mM Tris-HCl, 0.5% Na-
pyrophosphate, 5% SDS), The PCR product (approximately Sb ng cDNA) was radiolabeled
with [0-"PJdCTP (50 uCi per hybridization)by the use of a labetfing kit (Amersham). Afier
hybridization, filters were washed with a final stringency of 2 x SSC (1 x = 150 mM NaCl, 15
mM Na citrate), 0.1% SDS at room iempei‘ature. Autoradiograms were quantified by

phosg)ho-imaging {Molecular Imaging System GS-363, Biorad),

MAPKAP kinase 2 activity assay

HUVEC were stimulated as indicated in the legends and washed three times with ice-cold
phosphate buffered saline (PBS). Thereafter, cells were scraped, sedimented and stored at -80
°C prior to the assay. The pellet was re-dissolved in Iysis buffer (0.27 M sucrose, 50 mM NaF,
20 mM Tris-acetate, 10 mM [B-glycerophosphate, 5 mM pyrophosphate, | mM EGTA, | mM
NazVOy4, 0.1 mM EDTA, 1 mM benzamidine, 0.2 mM phenylmethane-sulfonylfiuoride, 2
pg/ml leupeptin, 1% Triton X-100 and 0.1% B-mercaptoethanol, pH=7.0) and incubated for
15 minutes at 0 °C. Lysates were cleared by cenlrifu;gation and the supernatants were
incubated with an anti-MAPKAP kinase 2 antiserum over night prior to addition of protein A-
Sepharose. One hour later the immuno-precipitates were washed three times with TBS (20
mM Tris-HCI, 0.154 M NaCl, pH= 7.5) containing 50 mM NaF, 1 mM Na;VOy and 1%
Triton X-100 and finally resuspended in a buffer consisting of 50 mM Na-f-
glycerophosphate, 4 mM Mg-acetate, 1 mM EDTA, 20 pM H7 (Calbiochem), 20 pM
HA1077 (Calbiochem), 2.5 M protein kinase A inhibitor (Gibco), and 0.4 mg/ml Hsp25, The
reaction was started by the addition of ATP (0.1 mM ATP containing 2 uCi y-**P-ATP) and
terminated 10 minutes later by the addition of SDS-stopmix. Samples were subjected to SDS-
PAGE and radioactivity in the Hsp25-band was quantitated by phospho-imaging as described

above,
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Hsp27 phosphoerylation

HUVEC were washed twice with phosphate-free modified-Earles and incubated in the same
medium containing 0.4 mCi/ml 32PO43’ (Amersham) for 3 h, Thereafter, the cells were
stimulated, washed 3 times (150 mM NaCl, 20 mM Na3;PQ,, pH=7.4, 0 °C) and Hsp27
phosphorylation was determined as described by Cuenda et al. (5}, Briefly, after solubilization
of the cells (lysis buffer, 10 minutes), the lysates were collected, cleared by centrifugation and
protein G-Sepharose- conjugated anti-Hsp27 antibodies (StressGen, Victoria, Canada) were
added to the supernatants. After 2 h of incubation at 0 °C, the beads were centrifuged, washed
3 times with 1 ml lysis buffer containing 0.5 M NaCl and twice with lysis buffer, resuspended
in sample mix and subjected to SDS-PAGE. Radioactivity in the Hsp27 band was quantitated

by phospho-imaging as described above.
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RESULTS

Stimulation of the p38 MAP kinase cascade by TNF in endothelial cells

To study whether the p38 MAP kinase cascade is linked to the TNF stimulated expression of
endothelial leukocyte adhesion molecules, we first analysed the process of activation of p38
MAP kinase by TNF in HUVEC. For that reason we stimulated these cells by TNF and
measured the activity of the p38 MAP kinase target MAPKAP kinase-2 as well as the
phosphorylation of the MAPKAP kinase-2 target, the small stress protein Hsp27, in these

cells (Fig. 1).
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FIG 1. (A) Activation of MAPKAP kinase 2 activity in endothelial cells stimulated with 100 U/mi TNF.
After 10 min of stimulation cells were lysed, and MAPKAP Kinase 2 was immuno-precipitated.
Enzymatic acitivity was assessed by Hsp25 phosphorylation /n vitro. Data are presented as mean +
sem, n=3. (B) TNF stimulated Hsp27 phosphorylation in endothelial cells. *PO,* pre-loaded cells were
treated with or without 100 U/mi TNF for 10 min, in the absence dark bars) or presence (hatched bars}
of 20 pM SB203580. Hsp27 was imrnuno-precipitated and subjected lo SDS-PAGE. Radioactivity in
the Hsp27 band was quantitated by phospe-imaging. The resulls are representative for two
independent experiments.

As demonstrated in Fig. la TNF stimulates MAPKAP kinase-2 activity to about three fold in
HUVEC, Furthermore, an increased phosphorylation of endogenous Hsp27 in these cells after
TNF-treatment could be observed (Fig. 1b). The activation and phosphorylation of these
downstream targets of p38 MAP kinase in response to TNF indicate a TNF-induced activation

of p38 MAP kinase. To examine this further, we used the specific p38 MAP kinase inhibitor
SB203580. After preincubation of the HUVEC with this inhibitor the TNF-induced
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stimulation of MAPKAP kinase-2 activity {data not shown} and the phosphorylation of
endogenous Hsp27 could be almost completely blocked (Fig. tb). This finding confirms the
notion that TNF activates the p38 MAP kinase cascade in HUVEC.

Role of p38 MAP kinase in the expression of endothelial cell adhesion molecules,

In parallel to the stimulation of the p38 MAP kinase cascade, TNF also stimulates the
expression of the endothelial leukocyte adhesion molecules VCAM-1 and ICAM-1. At 6 h
after stimulation of HUVEC with TNF an increased expression of both VCAM-1 and ICAM-
| can be detected by FACS analysis (Fig. 2).
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FIG 2. Eifect of SB203580 on the TNF-induced expression of VCAM-1 (a} and ICAM-1 (b). Confluent
monolayars of endothellal cells were pretreated with 20 or 50 pM SB203580 for 30 min, and
subsequently stimulated with 100 U/m1 TNF for 6 h also in the presence of SB203580. The expression
of VCAM-1 and ICAM-1 was assessed by FACS analysis. The resulis are expressed as tlucrescence
intensities (mean + sem, n=3-5). Asterisks indicates a significant dilference from the untreated control.
{Student's t-test, p<0.05).

To study the involvement of the p38 MAPK cascade in the regulation of VCAM-1 and
1CAM-1 expression, we preincubated HUVEC with the p38 MAP kinase inhibitor SB203580.
This inhibition of the p38 MAP kinase significantly reduced the expression of YCAM-1 at the
surface of the cell (Fig, 2a). In contrast, [CAM-1 expression was not affected by inhibition of

the p38 MAP kinase in endothelial cells (Fig, 2b).
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Evidence for post-transcriptional regulation of VCAM-1 surface expression by the p38

MAP kinase cascade,
To understand the mechanism by which the p38 MAP kinase cascade regulates the VCAM-1

expression in endothelial cells we determined the VCAM-1 mRNA-level in TNF stimulated
cells in the presence and absence of the p38 MAP kinase inhibitor SB203580. From the

results presented in Fig. 3 it can be seen that SB203580 did not affect the accumulation of

VCAM-1 mRNA, which gradualily increased after 1 to 6 h of stimulation with TNF.
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FiG 3. Time course of the TNF-induced
expression of VCAM-1 mRNA., After 30 min
pretreatment with 20 pM SB203580 or
vehicle endothelial cells were stimulated
with 100 U/ml TNF in the presence
{hatched bars) or absence (dark bars) of
SB203580. Total RNA was isolated and
size-fractioned by denaturing 12 %
agarose-formaldehyde gel electrophoresis,
transferred fo nitrocellulose and hybridized
to ¥P-labeled human VCAM-1-specific
c¢DNA (insert). Data are representative for
three indepent experiments.



DISCUSSION

The recently identified p38 MAP kinase signalling cascade is activated under conditions of
celtular stress, such as heat shock, hyperosmotic stimulation and after treatment with
cytokines (1-3). In the present report we showed that the p38 MAP kinase pathway is
functional in HUVEC, since (i) TNF stimulates the activity of MAPKAP kinase-2 and the
subsequent phosphorylation of Hsp27 and (ii) TNF-induced stimulation of these downstream
components of the p38 MAP kinase cascade is blocked by the p38 MAP kinase inhibitor
SB203580. Analysis of the role for p38 MAP kinase in the expression of the endothelial cell
adhesion molecules showed that the TNF-induced expression of VCAM-1 but not ICAM-1 is
inhibited by the p38 MAP kinase inhibitor. An interesting feature of the reguiatory
mechanism involved in VCAM-1 surface expression was revealed by Northern blot analysis,
since the TNF-induced accumulation of VCAM-1 mRNA clearly showed no difference in the
presence or absence of SB203580. Hence, it can be assumed that the p38 MAP Kinase
pathway regulates VCAM-1 expression at the post-transcriptional level,

Previously, it has been shown that the p38 MAP kinase homologue CSBP regulates the
biosynthesis of TNF by LPS-stimulated human monocyles at the translational level (4). It
appears that the regulation of TNF translation is mediated through an AUUUA repeated motif
in the 3'UTR of the TNF mRNA, Proteins binding to these AUUUA regions may be the target
of the CSBP phosphorylation cascade (16,17), However, at present it is unclear whether p38
MAP kinase acts on the translation of VCAM-1 mRNA in a similar fashion, and whether or
not MAPK AP kinase-2 and/or phosphorylated Hsp27 are involved in this process.

In the present study we have demonstrated the early activation of the p38 MAP kinase
signalling cascade in endothelial cells stimulated with TNF. It seems plausible that the
relatively late post-transcriptional reguiation of VCAM-1 protein expression requires either a
sustained activation of this signalling cascade (18), or the relatively stable phosphorylation of
a substrate of the p38 MAP kinase pathway. In this respect it is relevant to indicate that TNF-
action in fibroblasts has been shown to involve the inhibition of several protein phosphatases,
which would increase the half-life of a putative phosphorylated intermediate (19). It is of
note that the complete inhibition of the p38 MAP kinase could only partiatly decrease
VCAM-1 protein expression. This indicates that p38 MAP kinase regulates only part of this
post-transcriptional control and that other signailing cascades contribute as well,

The transcriptional regulation of VCAM-1 expression has been studied quite extensively and

is likely to involve the assembly of a unique transcription activation complex consisting of the
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inducible transcription factors NFxB, IRF-1 and constitutive transcription factor Sp-1 (20).
However, in the present study we demonstrate for the first time that VCAM-1 protein
expression by TNF-stimulated endothelial cells is also regulated at the post-transcriptional

level. ICAM-1 expression on the other hand does not seem to depend on p38 MAP kinase

activity,
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ABSTRACT

The accumulation of VCAM-1 mRNA in endothelial cells can specifically be inhibited by
antioxidants, which indicates that reactive oxygen species (ROS) are necessary for the
transcriptional activation of VCAM-1. Theoretically the low molecular weight (LMW) iron
pool could control the metabolism of ROS inside the cell and thus VCAM-1 expression.
However, a direct signalling role of the LMW iron pool is unlikely, since we demonstrate here
that the LMW pool does not change in magnitude upon stimulation with TNF. In apparent
contradiction, the iron chelator desferrioxamine inhibited the accumulation of VCAM-1
protein (but not that of ICAM-1). Suprisingly, this treatment had no effect on the
accumulation of VCAM-1 mRNA nor on the nuclear translocation of the transcription factor
NFkB. Studies on the incorporation of **S-methionine revealed that the translation of the
YCAM-1 mRNA was inhibited to about 50%. Apparently, desferrioxamine inhibits an iron-
dependent enzyme involved in the translational control of VCAM-! expression. A likely
candidate the cytoplasmic acenitase which functions as a switch in the control of the cellular
iron homeostasis could be excluded, Although desferrioxamine inactivates this iron-sulfur
cluster containing enzyme, no functionat iron responsive elements coutd be detected in the 5
or 3’ untranslated region of the of the VCAM-1 mRNA. The inhibitory effect of
desferrioxamine on the expression of VCAM-1 is additive to that of the specific p38 MAP
kinase inhibitor SB203580, This suggests that an iron-dependent enzyme is involved in a
signatling cascade that diverts upstream of the p38 MAP kinase and conirols the translation of

VCAM-1.
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INTRODUCTION

There is increasing evidence to suggest that a number of extracellular ligands require reactive
oxygen species (ROS) to stimulate intraceliular signalling, and to transmit their signal to the
nucleus (1,2). For example, the ROS hydrogen peroxide has been implicated in the signal
transduction leading to the activation of the ubiquitous transcription factor NFxB (3). The
activation of NFxB plays an important role in the inflammatory response of endothelial cells.
Central to this response is the accumulation of circulating leukocytes, which can be stimulated
by inflammatory cytokines like TNF. In endothelial celis TNF induces the expression of the
vascular cell adhesion molecuie-I (VCAM-1), and increases the expression of the
intercellular cell adhesion molecule-1 (ICAM-1), The biological functions of these adhesion
molecules differ. ICAM-1 binds leukocytes via their B2 integrins and can therefore recruit
both granulocytes and monocytes from the circulation, whereas VCAM-1 binds monocytes
and lymphocytes expressing the integrins o4l and o437 supporting the recruitment of
chronic inflammatory cells (4,5). Although the activation of NFxB is an essential part of the
stimulated expression of both ICAM-I and VCAM-1, the transcriptional activation of only
VCAM-1 is sensitive to antioxidants, implicating the requirement for ROS in this process
{6,7).

The intracellular low molecular weight (LMW) iron pool, also known as the chelatable iron
pool, may play an important role in the metabolism of ROS inside the cell. In the presence of
the transition metal iron the ROS hydrogen peroxide can readily be converted into the highly
reactive hydroxyl radical. The production of the hydroxyl radical is potentially hazardous to
cells since it induces lipid peroxidation and the destruction of biological substrates (8).
‘Therefore the production of this short-lived radical needs to be minimized. Although it seems
plausible that the magnitude of the LMW iron pool can control/ regulate the ultimate fate of
hydrogen peroxide in the cell by determining the rate of hydroxyl radical formation, this has
not yet been proven.

In addition to a possible role of jron in regulating the fate of hydrogen peroxide in the cell
there is ample proof for a regulatory role of the LMW iron pool in the intraceliular iron
metabolism (9). This regulatory mechanism involves the cytosolic iron responsive protein
(IRP), which can sense iron present in the LMW pool (9). In the presence of iron this protein
exhibits aconitase activity, whereas the aconitase activity is lost once the LMW iron pool

becomes depleted (10). Under this latter condition IRP becomes an mRNA binding protein,
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which coordinaté]y represses the translation of the mRNA for ferritin and increases the
stability of the mRNA for the transferrrin (Tf) receptor, leading to an increased uptake of iron
in the cell (10).

These interesting aspects of the cell LMW iron pool have led us to study the putative role of
iron in the TNF-stimulated expression of VCAM-1 by endothelial cells. To that end we have
used the iron chelator desferrioxamine and established a role for iron in the post-
transcriptional control of VCAM-1 protein expression. We have extended these studies in
order to more precisely describe the role of iron, and have discriminated between the direct
effect of this chelator on the LMW pool and the possibility that this compound chelates iron

from the active site of one or more proteins,
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MATERIALS AND METHODS

Cuiture and FACS analysis of endothelial cells

Human umbilical vein endothelial cells (HUVEC) were cuitured as previously described (11)
according to the method described by Jaffe et al, (12) in M199 (Flow Laboratories)
supplemented with 10% newbomn calf serum, 10% human serum Kindly provided by the Red
Cross Bloodbank, Rotterdam, The Netherlands, endothelial cell growth factor, 15 U/ml
heparin, 50 U/ml penicillin, and 5 pg/m! streptomycin, under 95% air- 5 % CO». Confluent
endothelial monolayers were treated as indicated in the legends. Cells were detached and
incubated for 30 min at 4°C with either monocional antibody clone IG11B1 (Monosan, Uden,
The Netherlands) directed against VCAM-1, or clone MEM112 (Monosan) directed against
ICAI:/I—] as described before (10). The second antibody was a fluorescein isothiocyanate
conjugated rabbit anti-mouse Fab; fragment STAR9Q (Serotec, Oxford, UK). Membrane
antigen expression was analysed by fluorescence activated cell sorting (FACS) as previously

described (10), and is expressed as median linear fluorescence intensity (F.L).

Northern blot analysis

Total cetlular RNA (20 pg) was size-fractioned using 1.2 % agarose formaldehyde gel in the
presence of 1 ug ethidium bromide. The RNA was transferred onto Hybond and covalently
linked by ultraviolet irradiation. Hybridizations were performed at 42 °C for 18 h in 50%
deionized formamide, 1 M NaCl, 2,5 % dextran sulfate, 35 pg/ml denatured fish DNA in 20%
P buffer (1% BSA, 1% polyvinylpyrrolidone, 1% Ficoll, 250 mM Tris-HCi, 0.5% Na-
pyrophosphate, 5% SDS). The VCAM-! probe has been described in detail before {13).
Approximately 50 ng of cDNA was radiolabeled with [0-**P]dCTP (50 uCi per
hybridization} by the use of a labelling kit {(Amersham), After hybridization, filters were
washed with a final stringency of 0.2 x SSC (1 x = 150 mM NaCl, 15 mM Na citrate), 0.1%
SDS at room temperature (rT). Autoradiograms were quantified by phospho-imaging
{Molecular Imaging System GS-363, Biorad),

NFKB: Nuclear extracts were prepared according to the method of Schreiber et al (14) and
next subjected to SDS-PAGE (10%) and Western blotting. The presence of NFxB was
revealed by incubating the blots with 1;1000 rabbit anti-human NFxB p65 (Rel A) (Rockland,

Gilbertsville) under rotation at rT overnight, followed by reaction with 1:3000 peroxidase-
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conjugated anti-rabbit IgG (Santa Cruz Biolechnology) during 2 h and ECL Western blotting

. detection reagents (Amersham Life Science).

Determination of the low molecular weight iron pool

The low molecular weight iron pooi in endothelial cells was assessed according to the method
described in detail by Epsziein et qf (9), This method is based on the fluorescence of calcein
{CA), which can bind intracellular iron present in de low molecular weight (LMW) pool
resulting in the quenching of CA-fluorescence. The LMW iron pool of the endothelial cells
equals the sum of the concentration of the CA-iron complex [CA-Fe] and the free iron
concentration [Fel. To guantitate the LMW iron pool the following parameters have {o be
determined experimentally, ie., the Ky of CA-Fe, the total intracellular CA concentration
[CA],, and [CA-Fel.

{CA-Fe] can be revealed by the use of the permeant chelator o,0'-bipyridyl (BIP), which
removes iron from the CA-iron complex resulting in an increase in normalized CA
fluorescence intensity (AF). The final concentration of BIP used was 150 gM, AF provides
the means for calculating the cell [CA-Fel, which is given by [CA-Fel= AF¥[CA]. The
intracellular [CAJ; is calculated from a calibration curve of free CA, the number of endothelial
cells per mL, and their mean cell volume (amounting to 2853 + 492 fL. as determined with the
CASEY® 1, Model TTC, Schiirfe System GmbH, Reutlingen, Germany) and amounted to
32.5 uM. To determine the appareni Ky of the CA-Fe complex endothelial cells were
harvested by trypsin treatment and resuspended in M199, with albumin (1 mg/ml) and without
NaHCO;. Next, the cells were loaded with 0.27 pM of CA-acetoxymethylester (AM) for 5
min at 37°C, permeabilized with ionophore (1 UM A23187), and titrated with Co(Il). We used
cobalt chloride instead of ferrous ammonium sulphate, This approach yields essentially
similar results as with Fe(II) under anacrobic conditions (9), but is much more convenient.
The apparent Ky was obtained by nonlinear regression analysis of the dependency of AF on
the [Co(ID] given by the equation AF=Ky(K;+[Co(ID]), and amounied to 0.21 & 0.09 pM.
Next, the [Felge. can be calculated from the relation: [Fe]=K4*[CA-Fe]/({CA] -[CA-Fel).

Aconitase activity
Endothelial cells (150 cm?) were trypsinized, pooled and washed in phosphate buffered saline

containing 1.0 mM Ca®* and 0.5 mM Mg? (PBS**), sedimented (5 min at 400g) and kept at
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4°C during the entire procedure. Cells were resuspended in 30 mM triethanolamine (TEA),
0.15 M NaCl, pH 7.2. Celis were permeabilized by the consecutive addition of 0.007%
digitonin and 0.2 % Triton X-100. The supernatant which was acquired after centrifugation
for 15 min at 4300g was assayed for aconifase activity, To that end 0.5 m! of supematant was
incubated in the presence 200 nmoles of cis-aconitate in TEA buffer with 0.01% bovine
serum atbumin at 1r'T. The decrease in absorbance at 240 nm in time was used as a measure of

aconitase activity.

*S-methionine incorporation

Endothelial cells in 6 wells plates were pretreated with or without 1.0 mM desferrioxamine
for 1 h in compiete culture medium M199 and next stimulated with 100 U/ml TNF for | h.
After washing with PBS, methionine-free MEM (GIBCQO) of which the amino acid
composition had been adjusted to that of MEM was added to cach well and 40 nCi of Trans
353 1abel (ICN Biomed Inc, Irvine, CA). Then the cells were further stimulated with 100 U/mi
TNF in the presence or absence of 1.0 mM desferrioxamine for 4 h. Immediately thereafter
the cells were washed with PBS and harvested in Puck’s A (GIBCQO) with 0.2 % EDTA,
0.05% sodium azide, and 10% FCS, Cells were then washed with PBS with 2 mM PMSF and
lysed in lysisbuffer containing 0.5% Nonidet P40, 4 mM EDTA, 50 mM Tris, 150 mM NaCl,
I mM PMSEF for 18 h at 4°C, and stored at -20°C until further anatysis.

Immunoprecipitation and SDS-PAGE

VCAM-1; The endothelial celi homogenale was subjected to centrifugation at 12000g for 15
min and the pellet discarded. The lysates were then incubated with (1:10) mAb IG11BI
directed against VCAM-| for 18 h in lysis buffer at 4°C. Nexi, the lysates were incubated
with 1:40 protein G sepharose for 1.5 h at 4°C under rotation, Antibody conjugated beads
were pelleted and washed three times in PBS containing 0.1% nonidet, and placed in sample
buffer with 5% mercaptoethanol. Samples were boiled for 5 min and analyzed by 10% sodium
dodecylsulfate polyacrylamide gelelectrophoresis (SDS-PAGE) and electrophoretically
transferred onto polyvinylidene difluoride membrane (Boehringer Mannheim, Germany),
Autoradiography of the incorporated **S-methionine was quantitated with the Molecular
Imaging System GS-363 (Biorad). In order to study the effect of TNF on the LMW iron pool
tracings of CA fluorescence were obtained. Endothelial cells in 24-wells plates were loaded

with CA-AM (0.5 uM) in culture medium for 30 min at 37°C, and then washed two times
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with HBSS. The fluorescence was read with time in the presence or absence of TNF using a
microplate fluorimeter (Cytofluor® series 4000, B&L Systems, Maarssen, The Netherlands)

with excitation and emission wavelengths set at 485 nm and 530 nm, respectively,

Assay of hydrogen peroxide production by endothelial cells

The production of hydrogen peroxide by endothelial cells was assessed as described
previously (15). In short, endothelial cells in 25 cm® wells culture plates were incubated in
Hanks Balanced Salt Solution (HBSS), pH 7.4, with 0.1 mM homovanillic acid and 1 U/ml
horse radish peroxidase {Boehringer Mannheim, Germany) for 0 to 120 min at 37°C in the
presence or absence of 100 U/ml TNF, The reaction was stopped by the addition of 0.1 M
glycine/25 mM EDTA buffer, pH 12, The fluorescence of the supernatants was read in a
fluorimeter (Perkin Elmer Luminescence Spectrometer LS-3B) with excitation and emission

wavelengths set at 312 nm and 420 nm, respectively,

Fluorimetric analysis of Hpid peroxidation

To measure lipid peroxidation in vital endothelial cells the naturally fluorescent cis-parinaric
acid (Molecular Probes, Eugene, OR) was used. Endothelial cells in 75 em? culture flasks
were washed with PBS*, and incubated with 5 UM cis-parinaric acid for 1 h at 37°C,
essentially according to the procedure described by Hedley er al. (16). Endothelial cells were
detached, washed with PBS*, pelleted and resuspended in PBS*™ at 1 x 10° cells/ ml. After
stimulating the cells with 100 U/ ml TNF the fluorescence of parinaric acid was monitored
continuously for 90 min in a fluorimeter (Perkin Elmer) at 37°C. Excitation and emission
wavelengths were set al 325 nm and 403 nin, respectively, As a positive control the effect of
1.0 mM cumene hydroperoxide (Sigma) on the fluorescence of the endothelial cells was

assessed,

Statistical analysis
Data are expressed as the means % standard error of mean (SE}. The differences between

means were assessed by Student's -test. Significance was determined at the 95% confidence

level,
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RESULTS

Effect of desferrioxamine on the expression of VCAM-1 by endothelial cells

To study the role of iron in the expression of VCAM-1, after a pre-incubation period of 30
min with increasing concentrations of the iron chelator desferrioxamine, endotheliat cells
were stimulated for 18 h with 100 U/mi of TNF in the presence of desferrioxamine.The
results presented in Fig, Ishow that desferrioxamine inhibited the TNF-stimulated expression
of VCAM-1 in a dose dependent manner. At higher concentrations of desferrioxamine (up to
0.6 mM) the expression of VCAM-1 was maximally reduced to about 30% of the control.
The inhibitory effect of desferrioxamine could be completely prevented by saturating
desferrioxamine with iron beforehand (Fig. 1). The inhibitory effect of desferrioxamine on the

TNF-induced VCAM-1 expression was already significant after 6 h of stimulation (see

below).
1257 Fig f. Effect of the iron chelator
- desterrioxamine (open squares) on the
] expression of VCAM-1. Endothelial cells
1004 weare preincubated with desferrioxamine 30
] min, next stimulated with TNF (100 U/ml} in

. the presence of the chelator, and the
expression of VCAM-1 was assessed. Data
] are representative of thres independent
- experiments. The inhibition of VCAM-1
- 604 expression by desferrioxamine  was

prevanted by saturating desferrioxamine
with iron (filfed squares).

VCAM-1 expression {% of control)

25

Concentialion (i)

To assess whether the effect of desferrioxamine was specific for VCAM-1 we also studied the
expression of ICAM-1 in the presence of desferrioxamine. The results in Fig, 2 show that
increasing concentrations of desferrioxamine up to } mM did not significantly decrease

ICAM-1 expression in endothelial cells,
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Flg 2. Effect of desferrioxamine on the
expression of ICAM-1. Endothelial cells
were preincubated with desferrioxamine
for 30 min, next stimulated with TNF (100
U/ml} in the presence of desferrioxanmine,
and the expression of ICAM-1 was
assessed. Data are representative of
three independent experiments.

Effect of desferrioxamine on the transcriptional regulation of VCAM-1 expression

To study at which level iron is involved in the TNF stimulated induction of VCAM-I1

expression we set out to determine the effect of desferrioxamine on the accumulation of

VCAM-1 mRNA after 0 to 6 h of stimutation with TNE. Equal amounts of RNA were

subjected to Northern blot analysis and the integrity of the RNA samples was confirmed by

ethidium bromide staining of 285 rRNA in the gel (data not shown),

The results presented in Fig. 3 demonstrate that desferrioxamine did not affect the

accumulation of VCAM-! mRNA in endothelial cells. Transcription of the YVCAM-1 gene is

strictly dependent on the translocation of the transcription factor NFxB.
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Fig 3. Effect of desferrioxamine on the
TNF-induced expression of VCAM-i
mRNA. Endothelial cells were preincubated
with desferrioxamine (0 - 600 pMy}, and next
stimulated with 100 U/mi TNF in the
presence (open bars) or absence (hatched
bars) of desferrioxamine. The accumulation
of VCAM-1 mRNA was assessed by
Northern blot  analysis. The resulls
represent the mean and SE of three
independent experiments. Inserted
photograph represents a iypical
experiment,
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The results presented in Fig. 4 show that stimulation with TNF stimulates the nuclear
translocation of the NFkB family member p65 in endothelial cells, and that this translocation
of p65 is not decreased by treating the endothelial cells with desferrioxamine for increasing
periods of time.

Fly 4. Effect of desferrioxamine on the nuclear
translfocation of NFkB. Endothelial cells were

TNF {iv)
stimulated with 100 U/ml TNF in the presence

DFX or absence of 1 mM desferrioxamine for

NFKB po5 increasing periods of fime. Nuclei were

isolated and analysed for the presence of the
p65 DNA binding subunit by Western blotting.

Effect of desferrioxamine on the translation of VCAM-1 mRNA

To determine whether desferrioxamine decreased the translation of VCAM-I mRNA into
VCAM-1 protein, endothelial cells were stimulated for 5 h with TNF in the presence of *°S-
methionine. Next, the incorporation of *>S-methionine in the immunoprecipitated VCAM-1
protein was assessed by awtofluorography. The resuits presented in Table I show that
desferrioxamine significantly decreased the incorporation of **S-methionine in VCAM-1 to
about 50%. This effect was similar to the effect of desferrioxamine on the surface expression
of VCAM-1, which was significantly reduced to 50% of the control under the applied
conditions (Table 1),

Table 1.Effect of desferrioxamine on the endothelial vascutar cell adhesion molecule-1 protein

expression,

Analysis - desferrioxamine + desferrioxamine P-value
FACS . 332(36) 170 (15) 0.036
33-methionine- 12500 (4600) 6800 (2500) 0.046
incorporalion

Endothelial cells were pretreated with or without 1.0 mM desferrioxamine for 1 h, and next
stimulated with TNF in the presence of **S-methionine and 0 - 1.0 mM desferrioxamine, Next, the
cells were either harvested and anatysed by FACS-analysis after 6 h of TNF stimulation, or lysed
and immunoprecipitated after 5 h of TNF stimulation as described. The incorporation of *S-
methionine into the immunoprecipitated VCAM-I was assessed after SDS-PAGE and Western
blotting of the samples. Statistical significance of four separate experiments was assessed by
Student’s r-test for paired data.
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Effect of desferrioxamine and TNF on the endothelial LMW iron pool

To determine the effect of desferrioxamine on the LMW iron pool endothelial cells were
incubated with 1| mM desferrioxamine for increasing periods of time (0, 30, 60 and 300 min),
We found that under normal conditions the fraction of the LMW iron pool that bound to CA
amounied o 2,31 + 0,88 M of iron, and that only less than 0.03 M of iron remained free.
After 30 min of incubation desferrioxamine chelated about 60% of the amount of iron present
in the LMW pool, and after 60 min no LMW iron could be detected.

If the LMW pool of endothelial cells has a function in the intracellular signalling stimulated
by TNF, the fluorescence of CA is expected to change. The results presented in Fig. 5 show

that this was not the case indicating that TNF does not mobilize cellular iron into the LMW
pool.

Fig 5. Effect of TNF on the iow molecular

] weight Iron pool in endothelial cells.

1 Endothelial cells were loaded with calcein

F—0—0—p- o000 acetomethylester. The cells were washed with

1 HBSS and treated with 100 U/mi TNF in

HBSS. The calcein fluorescence was read with

excitation and emission wavslengihs set at

&g —a—s— B8 485 nm and 530 nm, respectively. Resulis of
two independent experiments.
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Effect of desferrioxamine on the endothelial aconitase activity

To investigate whether desferrioxamine decreases endothelial aconitase activity, cells were
incubated with desferrioxamine for 30 min, and next the aconitase activity was assessed in the
presence of the iron chelator. The results presented in Fig, 6 show that desferrioxamine

significantly inhibited the aconitase activity of endothelial cells to about 50% of the contral,

150°)

. 25_5 Fig 6. Effect of the iron chelator desferrioxamine

] on the endothelial aconitase activity. Endothelial
cells were preincubated with desferrioxamine
(600 uM), next cells were detached and
aconitase activity was assessed as the
consumption of cis-aconitale in permeabilized
celis.
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Does the 5'-untranslated region of VCAM-1 mRNA contain iron responsive elements?

To investigate whether the transiational regulation of VCAM-1 involves the activity of the
iron responsive regulatory protein IRP we secarched the entire VCAM-1 mRNA sequence
derived from the ¢DNA originally reporied by Cybulsky et al. (18) for classical and
alternative iron responsive elements (IREs) (17). The results showed that the classical IRE 5'-
CAGUG-¥ sequence is present in exon V, located at nucleotide 2081 of the original cDNA
sequence (18). And that the aiternative sequence 5-UAGUA-3 is present in the 3'UTR
focated at nucleotides 4689 and 4816 of the original sequence {18). However, none of the
three regions identified here allowed the formation of a stem-loop structure with an unpaired

C positioned 5' of the ioop.

Effect of TNF on the hydrogen peroxide production by endothelial celis

To investigate the involvement of the ROS hydrogen peroxide as a second messenger in the
intracelluiar signalling of VCAM-1 protein expression, we stimulated endothelial cells with
TNF and assessed the extracellular production of hydrogen peroxide within 2 h after
stimulation. The basal production of hydrogen peroxide amounted to 57 £ 11 pmo!.min".mg'l
cell protein, From the results presented in Fig, 7 it can be seen that this basal rate of hydrogen

peroxide production did not increase upon stimutlation with TNF,

754
] Fig 7. Efiect of TNF on the extracellular
release of hydrogen peroxide by endothelial
cells. Cells were incubated with 0.1 mM
homovanillic acid, and 1 Umi horse radish
peroxidase in the presence or absence of 100
Ufml TNF for 0 to 2 h at 37°C. The resulis are
expressed as plcomoles hydrogen
peroxide/min/mg cell protein (mean % SE,
n=3).
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Effect of TN on the lipid peroxidation in the endotheliat cells

To determine whether TNF stimulates the induction of VCAM-1 through an increase in lipid
peroxidation, we studied the effect of TNF on the extent of lipid peroxidation in vital
endothelial cells loaded with the fluorescent probe cis-parinaric acid. The results presented in
Fig. 8 show that stimuiation of the endothelial cells did not increase the oxidation rate of cis-
parinaric acid, whereas the oxidation rate of the probe was increased when cells were

incubated with the lipophilic cumene hydroperoxide.

Fig 8. Effect of TNF on the lipid peroxidation
in vilal endothelial cells. Cells were incubatad
with 5 M cis-parinaric acid for 1 h at 37°C,
and the fluorescence of cis-parinaric acid
was read for up to 2 h in the presence (filled
squares) or absence (open squares) of 100
Wml TNF, or in the presence of 1 mM
cumene hydroperoxide (open  circles).
Excitation and emission wavelengths were

3 set at 325 nm and 405 nm, respectively.
201 Resuits are representative of fwo
104 independent experimants

0 T T T U T 1
0 20 40 69 -] 100 120
Time (min)
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DISCUSSION

In the present study we have demonstrated for the first time the requirement for iron in the
post-transcriptional control of VCAM-1 protein expression. We show here that the TNF-
stimulated membrane expression of VCAM-1 on endothelial cells is decreased in the presence
of the iron chelator desferrioxamine, without having an effect on the accumulation of VCAM-
I mRNA, and on the translocation of the requisite transcription factor NFxB. The effect of
desferrioxamine could be completely abolished by saturating the chelator with iron
beforehand, Since in the presence of desferrioxamine the >*S-methionine incorporation into
VCAM-1 protein is decreased to the same extent as the membrane expression of VCAM-1,
we conclude that iron is required during the translational control of VCAM-1 protein
expression.

The question arose whether the translational control of VCAM-1 requires iron present in the
LMW pool or in a protein bound form, The results of our study indicate that the former
possibility secems unlikely. In the first place TNF-stimulation did not increase the magnitude
of the LMW iron pool in endothelial cells. And secondly, TNF did not stimulate the
endothelial production of hydrogen peroxide. Which is in accordance with data presented by
Royall er al (19), who stowed that TNF does not increase the intracellalar concentration of
hydrogen peroxide, nor its release by endothelial cells. Theoretically, an increase in either the
LMW iron pool or the intracellular concentration of hydrogen peroxide couid have stimulated
lipid peroxidation. However, our results with the fluorescent probe cis-parinaric acid show
that TNF does not increase lipid peroxidation in endothelial cells. We therefore conclude that
it is unlikely that the LMW iron pool exerts a regulatory or signalling role in the expression of
VCAM-1. Can protein-bound iron regulate the translation of VCAM-1 mRNA? We found
that the activity of the 4Fe-48 cluster containing aconitase in endothelial cells was reduced to
about 50% after 30 min of incubation with desferrioxamine. It has been well established that
the intracellular level of iron is regulated through the iron responsive protein IRP, which
exhibits cytoplasmic aconitase activity (9,10), When the intracellular iron levels are depleted
IRP looses ils aconitase aclivity, and becomes a mRNA binding protein interacting with
typical stem-loop structures called iron responsive elements (IRE’s) (17). Apo-IRP inhibits
the translation of the ferritin H- and L-chain mRNA’s through binding IRE’s present in the
S-untranslated regions of these messengers, At the same time apo-IRP promotes transferrin
receptor synthesis through binding the 3' end of the transferrin receptor mRNA and enhancing

its stability (10), This ultimately feads to the increased cellular uptake of iron. Endothelial
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aconitase activity can in part be attributed to IRP, Could it be that the IRP also inhibits the
translation of the VCAM-1 messenger? Although desferrioxamine was found to inhibit
endothelial aconitase activity, the VCAM-1 mRNA does not contain any typical IRE’s either
in the 5' or 3' UTR. Therefore a role for IRP in the translational control of VCAM-1 can be
excluded.

To ultimately identify the relevant iron containing protein involved in the translational
regulation of YCAM-1 the specificity of the effect of desferrioxamine may provide us with a
clue, In contrast to VCAM-1, ICAM-1 expression could not be inhibited by desferrioxamine,
This suggests the existence of a mechanism which specifically regulates the translation of
VCAM-1 mRNA. In that respect the translational control of the TNF biosynthesis is of
interest, The regulation of TNF translation is mediated through an AUUUA repeated motif
located in the 3'UTR of its mRNA (20,21). If in the appropriate nucleotide context these
AUUUA regions not only determine mRINA stabitity, but also rranstational efficiency (22,23).
Proteins that specifically bind to the site may repress translation initiation by interacting with
the cap of the 5-UTR of the mRNA (23,24), Lee and Young postulated that phosphorylation
of this protein by the p38 MAP kinase cascade would relicve the translational repression of
TNF (25). We have previously found that the p38 MAP kinase cascade regulates VCAM-1
but not ICAM-1 protein expression at the posl-lransc}iptional level (13}, Since AUUUA
pentamers are present in the 3' UTR of VCAM-] mRNA, this may suggest that the p38 MAP
kinase phosphorylation cascade aiso is involved in the translational control of VCAM-1.
However, complete inhibition of the p38 MAP kinase only partially decreased VCAM-1
protein expression indicating that p38 MAP kinase regulates only part of this translational
control (i3). In the present study we found that the inhibitory effects of SB203570 and
desferrioxamine on the TNF-stimulated VCAM-1 expression are additive (results not shown),
Apparently, the relevant enzyme that contains iron in its catalytic site and remains {o be
established is part of a separate signalling cascade,

At present we have shown for the first time the requirement for iron in the translational
control of the TNF-stimulated VCAM-1 expression, This newly identified mechanism of

translational control does not séem to be involved in the expression of ICAM-1.
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Restenosis after PTA

9 Restenosis a special case of atherosclerosis progression

9.1 iIntroduction

In a progressive stage atherosclerotic plaques (stenosis) can obstruct coronary arteries and
compromise the supply of blood. To alleviate the symptoms of obstructive stenosis different
revascularization procedures have been developed. Percutaneous transluminal angioplasty or
balloon dilation of a stenosed vessel was first performed by Gruentzig in the late 1970s (1).
Two decades later worldwide, nearly one million patients receive PTA of a coronary artery
each year (2). In the Netherlands alone the total number of PTA procedures has increased
from about 7000 in 1989 to about 14000 in 1996 (3). Unfortunately, in 20 - 40 % of these
cases the initial gain in luminal diameter is lost, due to the process of restenosis (4,5).
Characteristically restenosis develops in several different phases (2,6,7) over a period of three
to seven months (8). Directly after PTA platelet deposition occurs. Due to the removal of
endothelium platelets adhere to the exposed lipids and collagen matrix, aggregate and form
thrombus, Platelet deposition subsides after 24 hours. The next phase is characterized by an
invasion of granulocytes, monocyte/ macrophages and T-lymphocyies into the lesion, These
chronic inflammatory cells are an important source of cytokines and growth factors, which
stimulate smooth muscle cell migration in the subsequent phase of the healing response (4).
Normally, vascular smooth muscle cells are in a quiescent contractile state. After stimulation
they convert to a mobile synthetic phenotype and migrate toward the injury site, a process that
is facilitated by degradatory enzymes like the metalloproteinases (6). Once in the damaged
area the smooth muscle celis proliferate and secrete extracellular matrix proteins, which may
cause intimal thickening at the PTA site. In the final phase of the healing response smooth
muscle cells no longer proliferate, but secrete and organize the extracellular matrix (6).
Restenotic lesions generally have an a-celiular appearance and are composed for over 50% of
extracetlular matrix proteins (6). Also the proliferation rate of smooth muscie cells is rather
low (9). Based on these and other data it has recently been proposed that the organization of
the extracellular matrix, or remodeling, is an important determinant of the outcome of PTA
{2,6). Remodeling is either unfavorable or favorable, and respectively results in vessel
constriction or compensation of intimat formation in such a way that the lumen is preserved
(6). Restenosis by definition is a loss in lumen diameter, and can be quantitated by the

assessment of lumen renarrowing or lumen loss. However, when assessed angiographically
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lumen renarrowing does not give detailed information on the composition of the restenotic
lesion,

While smooth muscle cell proliferation, and synthesis and organization of the extracellular
matrix may be important determinants of restenosis, early effects of the PTA treatment have a
crucial contribution as well. Although restenosis occurs long after platelet aggregation and
thrombus formation have waned, inhibition of platelet function gives a significant reduction
in clinical events (10), The initial thrombus may provide a scaffolding that enhances the
migration of smooth muscle cells, as weil as providing a stimulus for smooth muscle cetl
protiferation (6). Also a prolonged activation of the inflammatory reponse may translate early
responses into the relatively late clinical effects. Monocyte/ macrophage cells are probably
present during the entire restenosis process (2). These cells are an important sowrce of
cytokines and growth factors, i.e., L1, TNF, platelet derived growth factor (PDGF), and basic
fibroblast growth factor (bFGF). Libby et al have proposed that PTA first activates cytokine
gene expression by macrophages and/or smooth muscle cells within the plaque, This acute
cyiokine expression then elicits secondary, seif-sustaining, and continuing autocrine and
paracrine cytokine and growth factor expression by cells recruited into the lesion. In that
manner the initial response can be amplified, which may explain the lag between injury and
restenosis (4),

The amount of cyiokine a monocyte can secrete upon stimulation is genetically determined
(11,12). Still the cytokine production of circulating monocytes can vary in time due to the in
vivo state of the immune response, and will be higher when the monocylé is in a primed state
(13). This implies that the activation status of circulating monocytes can in part determine the

degree of luminal renarrowing.This hypothesis is investigated in chapter 9.2 of this thesis,
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ABSTRACT

Background, The purpose of this pilot study was to identify biologicat risk factors for
restenosis after percutaneous transluminal angioplasty (PTA) to predict the long-term
outcome of PTA before treatment.

Methods and Results. To investigate whether blood granulocytes and monocytes could
determine luminal renarrowing after PTA, several characteristics of these phagocytes were
assessed before angioplasty in 32 patients who underwent PTA of one coronary artery and
who had repeat angiograms at 6-month follow-up. The plasma levels of interleukin (IL)-18,
tumor necrosis factor, IL-6, fibrinogen, C-reactive protein and lipoprotein{a) before
angioplasty were assessed as well, We found that the expression of the membrane antigens
CDho64, CD66 and CD67 by granulocytes was inversely associated with the luminal
renarrowing normalized for vessel size (relative loss) at 6 months afier PTA, while the
production of IL-18 by stimulated monocytes was positively associated with the relative loss.
Next, these univariate predictors were corrected for the established clinical risk factors of
dilation of the left anterior descending coronary artery and current smoking, which were
statistically significant classical predictors in our patient group. Only the expression of CD67
did not predict late lumen loss independent of these established clinical risk factors. Multiple
linear regression analysis showed that luminal renarrowing could be predicted reliably
(R*=0.65; P<0.0001) in this patient group on the basis of the vessel dilated and only two
biclogical risk factors that reflect the activation status of blood phagocytes, ie., the
expression of CDG6 by granulocytes and the production of IL-18 by stimulated monocytes,
Conclusions. The results of the present study indicate that activaied blood granulocytes
prevent luminal renarrowing after PTA, while activated blood monocytes promote late lumen

loss. To validate this new finding further study in an independent patient group is required.
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INTRODUCTION

Percutaneous transluminal coronary angioplasty (PTA) is a nonsurgical treatment of
obstructive coronary artery disease (CAD), which, despite its high initial success rate of 90%,
is compromised by the occurrence of restenosis (1). To increase the long term outcome of
PTA the identification of risk factors for restenosis seems crucial,

The pathophysiology of restenosis has not yet been elucidated (2). It has been suggested that
activated blood monacytes may contribute to this process by the production of cytokines and
growth factors (1,3,4). The activation of granulocytes that occurs during PTA, through the
release of proteinases and oxygen-derived free radicals, may have a potential bearing on the
development of restenosis as well (5).

Circulating phagocyles are thought to reflect the in vivo state of the immune defense (6}, The
.different phagocyie functions are mediated through specific membrane receptors. Members of
the integrin class of adhesion receptors (CDI11/CDI8) function in the interaction of
phagocytes with the endotheliai lining (7), whereas receptors for the Fc moiety of IgG (CD16,
CD32 and CD64) are involved in the pinocytosis of immune complexes and the phagocytosis
of antibody coated particles (6). The expression of these membrane receptors can be
stimulated by inflammatory mediators. For example, interferon gamma induces de novo
expression of the high affinity Fc receptor CD64 on granulocytes (8). N-formylated peptides
increase the expression of the receptor for activated complement C3bi (CD11b/CD18) on both
granulocytes and monocytes (6), Activated granulocytes also express increased levels of
CD66 and CD67 (9). In addition to the stimulated expression of membrane receplors,
inflammatory mediators are capable of inducing a primed state in monocytes. In these primed
cells, the stimulated production of cytokines is enhanced (10). Furthermore, stabie,
genetically-determined interindividual differences in the secretion of IL-if and tumor
necrosis factor oo (TNF) by lipopolysaccharide (LPS)-stimulated monocytes have been
demonstrated (11,12).

To study if circulating granulocytes and monocytes might contribute to the process of
restenosis, we investigated whether luminal renarrowing after PTA is associated with the

activation status of circulating phagocyles.
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METHODS

Patient group )

Thirty-four patients gave informed consent for the study and were included according to the
following criteria: 1) Stable or unstable angina pectoris (not refractory to medical treatment);
2) one culprit lesion responsible for the complaints; 3) successful PTA according to
angiographic and clinical parameters (13). The mean age of the patients (26 men and 8
women) was 54,2 + 8.3 years, The severity of the anginal complaints was classified according
to the New York Heart Association, 8 patients were in class II, 17 were in class III, and 9
were in class IV. Nine patients had unstable angina (pain at rest and refractory to medical
treatment). The target vessel was the left anterior descending coronary artery (LAD) in 17
patients, the left circumflex coronary artery (LCX) in 7 patients, and the right coronary artery
(RCA) in 10 patients. Fifteen patients had suffered from myocardial infarction in the past, 6
patients had previously undergone PTA and in 2 patients coronary aﬁery bypass grafting was
performed before entrance in the study, The study population included 2 patients with
diabetes mellitus, 22 patients with hypercholesterolemia {excluding 3 not known), and 21
patients with a family history of CAD. Sixteen patients were smokers: the 18 non-smokers

included patients that had stopped smoking at least 6 months before PTA.

Protocol
Sheaths were inserted into the arterial and venous femoral vessels. To exclude any effect of

day-to-day variation in the biological risk factors under study, 30 mL of blood was collected
from the venous sheath immediately before treatment, anticoagulated with 0.2% EDTA, and
kept at 4°C. Coronary angioplasty was performed with a steerable, movable guide-wire
system via the femoral route. Details regarding the procedure used in our catheterization
laboratory have previously been reported {13,14). Angiogramns were obtained before and
directly afier PTA. Six months after the procedure, the patients were scheduled for follow-up
angiography. The angiograms before and after PTA, and at 6-month follow-up were analyzed
with the Coronary Angiographic Analysis System as described previously (13,14}, When
serious complaints of angina recurred before the 6 month follow-up, intercurrent coronary
angiography was performed, If restenosis of the dilaled segment was established PTA was
repeated and the angiogram at that time (n=6 patients) was considered to be the end point for
the study. Of the 34 patients who met the inclusion criteria, 32 repeat angiograms were

obtained; 2 patients refused follow-up,
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Luminal loss

The continuous variable luminal loss is defined as the change in minimal lumen diameter
{MLD) during follow-up normalized for vessel size according to the following equation:
relative loss (RLLOSS) = ((postintervention MLD - follow-up MLDY)/ vessel size) x 100%, and
reflects the degree of luminal renarrowing. The vessel size is the value of the reference

diameter function at the minimal position of the obstruction as previously described (14).

Reagents

The monoclonal antibodies {(mAb) used in the flow cytometric analysis of membrane antigen
expression were mAb B-B1S directed against CD1la, mAb 44 against CDItb, mAb 3.9
against CD! ic, mAb B-H8 against CD15, mAb YFC 120.5 against CD16, mAb B-F1 against
HLA-DR all obtained from Serotec (Oxford, UK). MAb IV.3 directed against CD32 and mAb
32.2 directed against CD64 were obtained from Medarex Inc (West Lebanon NH, USA),
MAb CLB granl{ against CD66 and mAb B13.9 against CD67 were obtained from the
Central Laboratory for Bloodtransfusion (Amsterdam, The Netherlands). MAb 5193 which
recognizes HLA-DR; was from C-six Diagnostics Inc (Mequon, USA). The fluorescein
conjugate of the hexapeptide N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys which is recognized by the
receplor for N-formylated peplides on phagocytes was obtained from Molecular Probes

(Eugene, OR, USA),

Floweytometric analysis of membrane antigens

The binding of mAb to the cell surface was quantitated by fluorescence-activated cell sorting
(FACStar, Becton Dickinson, Etten-Leur, The Netherlands). A buffy-coat fraction was
obtained by centrifugation of the blood sample at 850g for 10 min. Contaminating
erythrocytes were lysed in ammonium chloride solution consisting of 155 mM NH,Cl, 10 mM
NaHCO; and 0.1 mM EDTA. Next, leukocytes were washed with phosphate-buffered saline
(PBS, pH 7.4) consisting of 140 mM NaCl, {.5 mM KH;POy, 8.1 mM Na,HPQO4.2H,0 and
2.7 mM KCI, centrifuged at 400g for 10 min and resuspended in PBS with 2% heat
inactivated foetal calf serum (FCS) and NaN; (1 mg/mL). Leukocytes (4 x 10° cells) were
incubated with mAb for 30 min. Leukocytes were washed four times and then incubated with
fluorescein isothiocyanate (FITC) conjugated anti-mouse or anti-rat antibodies for 30 min
after which the cells were washed four times and fixed with 1% paraforinaldehyde in PBS

with 2% FCS for 24 h at 4°C. Monocyte and granulocyte populations were separated by
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gating on forward and perpendicular light scatter, Anligen expression is presented as specific

linear fluorescence intensity (F.L).

Cytokine release
To assess the capacity of monocytes to produce cytokines {n vitro, monocytes were isolated

from the buffy-coat fraction which was reconstituted with PBS to 20 mL, layered on top of a
Lymphoprep gradient (Nycomed, Haarlem, The Netherlands), and centrifuged at 800g for 10
min at room temperature. The fraction containing the mononuclear leukocytes was washed
with PBS. Next, the erythrocyles were lysed in ammonium chloride solution and the
remaining mononuclear leukocytes were washed once with ammonium chloride solution,
once with PBS and resuspended in RPMI (Flow Laboratories, Irvine, UK) with 2% FCS. The
percentage of monocytes in this fraction was determined from cytospin preparations and in
general amounted to 25%. Cells (6.3 x 10°) were transferred into 96-wells culture plates
(Costar, Badhoevedorp, The Netherlands) and incubated at 37°C in a humidified environment
of 5% COyf 95% air in the presence or absence of 5 ng/mL lipopolysaccharide (LPS),
according to the method described by Endres et al. (15). After 24 hours supemnatants were
collected and stored at -70 °C until analysis of IL-18, IL-6 and TNF by an enzyme immuno
assay (EIA, Medgenix, Amersfoort, The Netherlands). During this incubation period, cell
viability as determined by trypan blue dye exclusion did not decrease significantly, and was >

95%, Cytokine release was expressed in pg per 10* monocytes.

Fibrinogen
High-and low-molecutar-weight fibrinogen levels were determined with an EIA as previously

described (16) and expressed in grams per liter.

C-Reactive protein
C-Reactive protein (CRP) was measured with an EIA (Dakopatis, Glostrup, Denmark) and

expressed in milligrams per liter,
Lipoprotein(a)

The Lipoprotein(a) [LP(a}] concentration in plasma was determined with a radioimmunoassay

(Pharmacia, Woerden, The Netherlands) and expressed in milligrams per iter,
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Statistical analysis

The variation in duplicate measurements (intra-assay variation) did not exceed 10%. The
strength of the association of late lumen loss with each of the potential biological risk factors
described in the previous sections was assessed by linear regression analysis. Each new
finding should be considered as suggestive, and needs validation in an independent patient
group. No attempt was made to correct for multicomparisons, since it is not clear whether
such a procedure is an improvement here (17,18), Since the expression of HLA-DR, is a
characteristic cells may have or may not have, this variable is treated as a categorical one (no
cxpression=0, expression=1). Each variable that proved to be statistically significant (P<0.05)
in the univariate regression analysis was by multiple linear regression analysis to establish
whether it was a risk factor independent of established clinical risk factors. The established
risk factors included the vessel dilated (P=0.001; B=0.5495) (LAD=1, other=0), and current
smoking (P=0,024; B=-0.3988) (yes=1I, no=0). Other risk factors reported in literature were
not statistically significant in the present study, i.e., family history of CAD (P=0.072;
B=0.3275), diabetes mellitus (P=0.120; B=0.2807), hypercholesterolemia (P=0.332;
=0,1867), unstable angina (P=0.363; 3=0,1665), hypertension (P=0.56%; B=0.1046), angina
class (P=0.674; B=0.0772) (class I/II=0, class III/IV=1), patient age (P=0.826; 3=0.0405) (age
<05 years=0; 265 years=1) and sex (P=0.882; 8=0.0274). The new independent risk factors,
together with the established clinical risk factors were used in a stepwise multiple linear
regression analysis with P values for inclusion and elimination set at 0.05 and 0.10,

respectively, to build a model that predicts the uminal renarrowing,

RESULTS

Variables predictive for late lumen loss

To investigate whether circulating phagocytes could contribute to luminal renarrowing after
PTA, we determined the activation status of circulating phagocytes before treatment and
assessed its association with the degree of luminal renarrowing (RLOSS) at 6 months after
PTA. We identified several new univariate predictors of late lumen loss, the expression of
CD64, CD66, and CD67 by granulocyles, and the stimulated production of IL-18 by
monocytes (Table Ia and Ib; Figs] and 2). Next, the relative importance of these new
univariate predictors with respect to established clinical risk factors was assessed.
Multivariate regression analysis showed that three of the new univariate predictors were

statistically significant independent predictors for luminal renarrowing after PTA (Table ia
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and 1b). CD66, an antigen expressed by granulocytes only, showed an inverse association
with the relative luminal renarrowing at 6 months follow-up. This also was the case for the
expression of CD64, the high-affinity receptor for immunoglobulin G (IgG). Furthermore, the
RLOSS was positively associated with the amount of IL-18 produced by monocytes in
response to LPS. No other variables under study, including the plasma levels of LP(a), IL-18B,

TNF and fibrinogen, showed a significant refationship with late lumen loss (Table 1b ),
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TABLE Ia. CORRELATES OF LATE LUMEN LOSS: MEMBRANE ANTIGENS® EXPRESSED

BY PHAGOCYTES

Univariate Multivariate

Variable regression regression
coeffictent coefficient

P b B P b B n
Granulocytes
CD66 0.004 -1.92 -0.4984 0.016 -1.44 03760 32
CDb67 : 0.014 -1,65 -0.4363 1n.s. 31
CD&4 0.029 -3.91 -0.3926 0.044 -3.11 03125 31
CDil¢ 0.054 -2.50 -0.3434 32
MLP" 0.075 -4.39 -0.3247 32
HLA-DR* 0.128 -11.69 -0.2795 30
CD16 0.133 0.11 (.3309 22
CcDls  pass 0.12 0.1589. 32
CD1ib 0.499 -0,22 -0.1240 32
CD32 0.539 0.18 0.1126 32
HLA-DR® 0.598 . -0.32 -0.0985 30
CDtila 0.679 -0.17 -0.0761 32
Monocytes
CD15 0.077 -1.14 03174 ' 32
fMLP 0.117 -5.89 -0.2874 31
CD64 0.318 -0.22 -0.1824 32
HLA-DRS 0.361 -6.54 -0.1670 32
CD1ila 0.417 0.12 (.1486 32
CDI11b 0.561 -0.14 -0.1067 32
CDI6 0.749 -0.15 -0.0722 22
CDtle T 0.825 -0.08 -0.0406 R
CD32 0.948 -0.02 -0.0119 32
HLA-DR® 0,996 -0.00 -0.0010 32

% CD = cluster of differentiation. Knapp et al. Leukocyte Typing IV, White cell differentiation antigens.
Oxford: Oxford University Press, 1989,

The receptor for N-formylated peptides,

<1 HLA-DR = human-leukocyte-associated antigens, class I type DR.
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TABLE 1b. CORRELATES OF LATE LUMEN LOSS: INFLAMMATORY MEDIATORS AND

LP(a) ]
Univariate Multivariate
Variable regression regression
coefficient coefficient
P b B P b B n

Produced by

MOonocytes

.1y 0.017 0.10 0.4415 0.025 (L.08 0.3329 29
TNF 0.080 0.14 (.3303 29
IL-6° 0.126 0.01 0.2908 29
IL-18° 0.165 0.07 0.2558 35
IL-6° 0.355 0.01 0.1721 31
TNF® 0.443 0.04 0.1430 - 31
Plasmalevelsof T TTTITTITTTTTToTToTTomTTmmmmm e
CRP 0.280 0.74 -0.1969 2
TNF 0.501 0.25 0.1234 32
Fibrinogen 0.554 2.62 0.1086 32
iL-6 0.642 -0.17 -0.0854 3z
IL-EB 0.803 0.07 0.0458 32
LP(a) 0.965 <0.01 0.0080 ) 32
% Cytokine production of monoeytes stimulated with 5 ng/mL LPS for 24 h.

b Cytokine preduction of unstimulated monocytes.
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Fig 1. Association of the expression of
the membrane antigen CD66 (F.l} by
blood granufocytes oblained from patients
before PTA with the degree of fuminal
renarrowing expressed as relative loss
(RLOSS} at six months after treatment,
which can be descnbed by the equation: y
=25.25- 192x(R =0.25; P = 0.004).

Fig 2. Assoclation of the production of
interleukin-18  (pg/10* monocytes} by
blood monocytes obtained from palients
before PTA with the degree of luminal
renarrowing expressed as relative loss
{RLOSS} at six months after treatment,
which can be descnbed by the equation:

=234 + 0.10x (R* = 0.19; P = 0.017).
The monocytes were stimulated by
lipopolysaccharide (5 ng/mL) in vitro for
24 hr.



Multiple regression model to predict late luomen loss before PTA

To obtain a model that predicts the RLOSS before treatment, the relative contributions of the
three new independent predictors of late lumen joss and the two established risk factors were
analyzed by multiple regression using the stepwise procedure. This analysis showed that the
RLOSS can be predicted from the expression of the activation marker CD66 (median: 7.8
F.IL; range: 0.0-22.4 F.I) by granulocytes, the production of IL-18 (median: 119.4 pg/104
monocytes; range: 0.0-368.9 pg/10* monocytes) by stimulated monocytes, and the vessel
dilated (LAD vs RCA or LCX) according to the following equation:

RLOSS = 6.8 - 2,0 X (CD66) + 0.07 x (IL-1B) + 17.3 X (LAD), (R*=0.65; P<0.0001), with
standard errors 6.3, 0.5, 0.03 and 4.8 for the constant and the regression coefficients,
respectively, The standardized regression coefficients (B) of CD66, IL-18 and LAD amounted
to -0.4671, 0.3055 and 0.4328, respectively.

Although fundamentally not correct but merely an atterpt to show what could be expected of
the model in an independent patient group, in Fig 3 the relationship between the predicted
luminal diameter loss, calculated on the basis of this equation, and the observed relative loss
is presented for each of our present patients. It is clear, however, that definitive conclusions

about the predictive value of the model can only be oblained in an independent patient group.

807 T, e Fig 3. Relationship between the predicted

107 degree of luminal renarrowing expressed as

30 relative loss (RLOSS) at six months after
F 201 Yl treatment, calculated according to the equation
o 1o et {see also under Results): RLOSS = 6.8 -
§ o . '.'.. K 2.0*(CD86) + 0.07%{IL-18) + 17.3*(LAD), and the
z * ey observed RLOSS for each patient in our study
2 1 . group. Although this figure is fundamentally not
< 207 correct, it is merely to illusirate the equation.
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DISCUSSION

The major finding of the present study is that the activation status of phagocytes is associated
with luminal renarrowing afier PTA. Predictors for the degree of late lumen loss include
characteristics of monocytes (IL-15 production) and granulocytes (expression of CD64, and
CD66). These new prediciors and two established clinical risk factors (vessel dilated, and
current smoking) were used to build a model by multiple linear regression analysis that
predicts the RLOSS before treatment from 1) the production of IL-18 by stimulated
monocytes, 2) the expression of the activation marker CD66 by granulocytes, and 3) the
vessel dilated (LAD vs. LCX and RCA).

The amount of Ii.-18 a monocyte can secrete upon stimulation is genetically determined
(11,12) and depends on the primed state of this type of phagocyte (10,19). It is assumed that
IL-1 is an important determinant of intimal hyperplasia (20). In vitro studies have shown that
IE-1 stimulates the thrombogenicity of EC and elevates levels of PDGF-A and PDGF-B chain
transcripts in EC (21,22). Since PDGF has been shown to stimulate the migration of smooth
muscle cells into the intima (23) this mechanism might be relevant, We found no relation
between the degree of luminal renarrowing after PTA and the spontancous release of IL-18 by
blood monocytes i vitro or the IL-18 level of the plasma before treatment, However, the
capacity of blood monocyles to synthesize IL-18 upon stimulation in vitro was associated
with the late outcome after PTA, This led us to hypothesize that the patients’ blood monocytes
in a response to vascutar injury may infiltrate the lesion, become stimulated and depending on
their capacity secrete IL-18 that promotes intimal hyperplasia. Why only the stimulated
production of IL-1B8, and not of 1L.-6 and of TNF, by monocytes is associated with relative
lumen loss, is a matter of speculation. In the cascade model for restenosis Libby et al. (20)
proposed that macrophages, which are a major source of IL-1, by ihe early acute cytokine
generation evoke a secondary cytokine and growth factor response from other types of cell in
the lesion including smooth muscle cells and endothetial cells that might establish a positive,
self-stimulatory autocrine and paracrine feedback loop amplifying and sustaining the
proliferative response.

We found an inverse association of relative luminal renarrowing with the expression of the
high-aftinity receptor for IgG (CD64) by granulocytes. Granulocyies express this antigen only
after activation (8), However, CD64 did not significantly predict late lumen loss independent
of the other multivariate predictors in our patient group. CD66, an antigen which is

exclusively expressed by granulocytes, is considered to be an activation marker as well (9),
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Recent evidence suggests that the CD66 antigens function as presenter molecules of the
sialylated Lewis(x) antigen that bind to endothelial leukocyte adhesion molecule-1 expressed
by activated EC (24). The imporiant finding of the present study was that the degree of late
lumen loss was low if the expression of CD66 by granulocytes was high, This suggests that
activated granulocytes in fact could serve a protective role in the process of luminal
renarrowing after PTA. In a way, this was an unexpected finding, since activated granulocytes
are supposed to aggravate tissue damage by their potentiatly destructive armamentarium (5).
However, the invasion of granulocytes at sites of injury is a normal response to injury which
facilitates tissve repair, Could this be a likely initial response to PTA as well? A number of
independent findings indeed point towards that direction. Firstly, in the cuffed rabbit carotid
artery model of restenosis one of the earliest events is the infiltration of granulocytes into the
lesion (25). The first 2-3 days of the inflammatory phase after PTA may be crucial for the
ultimate outcome (3). Secondly, granulocytes relax human (internal mammary) artery (26},
And finally, some years ago it was found that granulocytes could have a significant biological
role in preventing thrombosis, rather than augmenting thrombosis, by the generation of 6-
keto-prostaglandin-E; to inhibit platelet aggregation, and by providing 13-hydroxy-
octadecadienoic acid in the absence of endothelial cells to inhibit ptatelet adhesion (27). Since
local thrombosis after PTA might be a key event in the cascades of cytokine/growth factor
production by macrophages and smooth muscle cells (20), a protective role of granulocyles
could therefore be anticipated.

Recently it has been shown that granulocyte activation occurs directly after angioplasty (3),
Our data indicate that the activation stawus of granulocytes before treatment may be crucial in
limiting luminal renarrowing at 6 months after PTA.

Taken together, we conclude that the degree of late lumen loss might be predicted before
treatment from the amount of IL-1B produced by stimulated monocytes, the expression of
CD66 by granulocytes, and the vessel treated by PTA, If our model reflects some major
aspects of the process of luminal loss after PTA, interventional therapy could be directed to
the function of granulocytes and monocytes. The failure of a multicenter trial conducted to
determine if corticosteroids infused before PTA could reduce the rate of restenosis (28)
indicates that broad spectrum drugs are not a first choice, and that timing to allow
granulocytes to perform their beneficial role could be ijmportant, However, the model
presented here first needs {o be validated in an independent and larger patient group fo

establish its prognostic value.
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General Discussion

10 General Discussion

In order to interfere with the accumulation of chronic inflammatory cells in atherosclerosis,
and allied problems like restenosis after PTA, it is of importance to define the intracellutar
signalling mechanisms underlying the endothelial expression of VCAM-1. In the present
thesis we have studied the expression of VCAM-1 in a model of human ambilical vein
endothetial cells stimulated with TNF. The experimental work described here was focussed on
the hypothetical role of reactive oxygen species, and the p38 MAPK pathway in the
intracelluiar signalling elicited by TNF. We have also investigated whether luminal
renarrowing after PTA of a coronary artery in patients is associated with the activation status
of blood monocytes. Along this line of investigation we have studied the possible relation of
restenosis with the activation status of circulating granulocytes as well. The results of the

patient and experimental studies are discussed here in five separate paragraphs,

Late lumen renarrowing is associated with the activation status of circulating
phagocytes before treatment

Restenosis after PTA develops in 20 to 40 % of the cases, suggesting that patient
characteristics determine the ultimate outcome of this treatment. To improve the longterm
outcome the identification of risk factors for restenosis is crucial. We have demonstrated in
chapter 9.2 that in paticnts undergoing PTA of a coronary vessel luminal renarrowing is
associated with the activation status of circulating phagocytes before treatment. The finding
that the potential amount of interleukin 13 (IL-1) produced by activated monocytes is
positively associated with the extent of luminal renarrowing in paticnts suggests that
circulating monocytes accumulate at the PTA site, and contribute to the process of restenosis.
This is in line with experimental evidence by Schwarz et al., who reported that the normal
porcine artery responds to severe mechanical injury in three distinct sequential phases, which
include the recruitment of circulating monocytes (1). Just after local thrombus formation there
is a cellular recruitment phase in which monecytes/macrophages line the lumen surface, and
migrate into a degenerating thrombus benecath the newly formed endothelium (1), This
process is likely mediated through the expression of VCAM-1 by the remaining endothelial
cells as shown by Tanaka in experimental animals (2). Libby er af proposed that inside the
lesion monocytes contribute to the smooth muscle cell proliferation and matrix accumuiation
through the synthesis of the cytokines IL-1 and TNF (3). IL-1 and TNF have similar activities

on endothelial cells, Both IL-1 and TNF promote the expression of the endothelial cell
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adhesion molecutes (chapter three and four), and stimulate tissue factor procoagulant activity
(4,5). However, despite the overlapping activities the results presented in chapter nine of the
thesis show that the potential production of IL-1 by LPS-stimulated monocytes is a more
important determinant of the outcome of the PTCA treatment than that of TNF., A possible
explanation might be that TNF also stimulates programmed cell death or apoptosis in certain
sensitive cell types for example T-lymphocytes {6), which in comparison to JL1 could inhibit
the cellular aspect of restenosis. However, this is highly speculative since it remains to be
determined whether the in vifre activities of TNF can be extrapolated to the in vivo situation.
Also it remains to be demonstrated whether the potential (in vitre} production of cytokines
reflects the in vive activity of monocytes,

An unexpected finding of this study was the inverse association of luminal renarrowi'ng with
the activation status of circulating granulocytes reflected by a high expression of the
activation marker CD66. Granulocytes express four different CD66 family members, i.e.,
CD66a, CDo6b (formerly known as CD&7), CD66¢c, CD66d, The CD66 mAb Granl{ used in
our study is recognizes CD66a,CD66c, and CD66d on granulocytes, whereas the so called
CD67 mAb B13.9 used here in fact recognizes CD66b (7). Despite structural differences
CD66a, CD66b, and CD66c, have all been found to associate intracellularly with tyrosine
kinases like Lyn and Hck (7). This tyrosine kinase activity may be involved in signal
transduction via the CD66 family members, This is relevant since it has been demonstrated
that CD66 family members (except CD66b) expressed by granulocytes function as presenter
molecules for the sialylated Lewis® antigen (8), which binds the endothelial adhesion
molecules E- and P-selectin facilitating the increased rolling of granulocytes, Upon binding
of E-selectin granulocytes become activated, possibly through signals emanating form the
CD66 receptor, and firnly adhere to ICAM-I. Therefore our data suggest that, like
monocytes, granulocytes accumulate at the site of tissue injury after PTA using their CD66
receptor, The mechanism underlying the protective action of activated granulocytes in
restehosis after PTCA remains to be elucidated. It is worth noting that granulocyles can
produce 6-keto-prostaglandin E,, which inhibits platelet aggregation, and provide 13-
hydroxy-octadecadienoic acid which inhibits platelet adhesion. In this way granuiocytes could
prevent thrombosis a key event in the response to tissue injury after PTA (9, chapter 9.1).
Although it has been known for some time that granulocyte activation occurs in response to
the PTCA trearment (10,11) our results suggests for the first time that granulocytes may have

a protective effect in the development of restenosis.
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General Discussion

Recently our findings have been debated by Mickelson ef @/. (12}, In a study group of eleven
patients they found that expression of CD11b on granulocytes was positively associated with
the clinical outcome of the PTA. In other words the higher the CD11b expression the more
chance of experiencing late clinical events including coronary artery bypass grafting (three
patients), myocardial infarction (one patient), and unstable angina (two patients). We did not
find an association between CDI1b expression and the PTA outcorme, This is particularly
confusing since both the CD66 and CD11b antigens appear to be stored in the same specific
granules (13). Mickelson et af, have argued that our resuls may be attributed to activation of
the granulocytes due to preparative procedures (12), However, it is very unlikely that we
would have observed any relation at all if the granulocytes were already maximally stimulated
by the preparative procedures. Therefore the contradictory results cannot simply be attributed
to the preparative procedures supposedly activating the granulocytes of all patients to the
same level, What could be relevant here is that both studies use different endpoints to
determine restenosis. While we used a continuous variable to quantify the extent of luminal
renarrowing Mickelson et ¢f used a dichotomous variable and therefore risk the chance of
misclassification of some of their patients. Especially with a small number of subjects this
may lead 1o erroneous resulis. We have to await vatidation in a larger study before definitive
conclusions can be drawn.,

Taken together we have presented evidence that in patients undergoing PTA of a coronary
artery the extent of luminal renarrowing depends upon the activation status of circulating
granulocytes and monocytes, The results of our study implicate that the outcome of PTA can
be favorably modulated if the activity of circulating granulocytes is stimulated and the

activation of monocyfes is inhibited at the time of PTA.

Reactive oxygen species and the expression of YVCAM-1 on TNFo-stimulated
endothelial cells

In order to interfere with the accumulation of circulating monocytes it is of importance to
elucidate the intracelluiar signalling mechanism involved in the expression of VCAM-1. In
the past five to ten years a number of second messenger molecules and proteins have been
identified that are involved in the intracellular signalling of TNF, A novel class of second
messengers may be the oxygen centred radicals or reactive oxygen species (ROS). The
experimental studies described in the present thesis aimed at investigating the possible role of
ROS in the expression of VCAM-1, since this would be a new intracellufar signalling

mechanism next to protein phosphorylation, the cyclic nucleotide system, and signalling
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through the inositol phosphates and intracellular calcium. Different approaches were used and

the results will be discussed here,

Cytochrome P450 is the oxygen dependent component in the expression of YCAM-1
In the first place the effect of hypoxia on the expression of VCAM-1 was studied and
compared with that on the expression of E-selectin and ICAM-1. The results presented in
chapter four show that hypoxia specifically inhibited the expression of VCAM-1 to about
60% of the control. In contrast hypoxia did not have any effect on the expression of E-selectin
or ICAM-1, These findings arc in accordance with those of Klein ef al., who demonstrated a
slightly larger decrease of VCAM-1 expression under hypoxic conditions (§4). The oxygen
dependence of VCAM-1 expression was investigated more closely. Inhibitors of the

lipoxygenase and cyclooxygenase did not inhibit VCAM-1 expression (Table I).

Table E: TNF induced VCAM-1 expression in the presence of lipoxygenase and

cyclooxygenase inhibitors

Fluorescence intensity + standard error
Control 43+13
Nordihydroguaiuretic acid 3526
MK866 42+ 4
Indomethacine 41 £8

Endotheliai cells were preincubated with nordihydroguaiuretic acid (10 M, MK866 {10 pM)
or indomethacin (10 M) for 30 min, and subsequently stimulated with TNF in the presence
of these agents, At 6 h after stimulation VCAM-1 expression was assessed by FACS-

analysis. The results are averaged of threc separate experiments,

The contribution of another candidate enzyme, i.e., the phagocyte type NADPH oxidase, was
investigated next, The NADPH-oxidase inhibitor apocynin blocks VCAM-1 expression at the
transcriptional level, but has no effect on the expression of ICAM-I. Indicating that a
phagocyte type NADPH oxidase may be involved in the endothelial expression of VCAM-1.
Western blotting of endothelial cell homogenates showed- no expression of the pa7Pox,
p67"", and gp91""* proteins in endothelial cells. However, Jones et al have recently
demonstrated the expression of the messenger RNA for these proteins by the more sensitive

RT-PCR technique, and immunolabeling techniques (p67°") (15), Still these authors also
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conclude that no functional phagocyte type NADPH oxidase is present in the endothelial cells
because heme spectroscopy failed to indicate the presence of the low-potential cytochrome
b558, an essential component of the NADPH-oxidase (15). Furthermore apocynin does not
solely inhibit the NADPH-oxidase of phagocytes. We show in chapter six that apocynin also
inhibits cytochrome P450 monooxygenase activity present in endothelial cells, by measuring
the dealkylation of cytochrome P450 TA 1 substrate 7-ethoxyresorufin, This is in line with data
reported by Swart ef al who showed that apocynin inhibits cytochrome P450 activity in sheep
adrenal celis (16). Taken together the absence of a functional NADPH-oxidase in endothelial
cells, the inhibition of VCAM-1 expression by apocynin and by hypoxia, and the inhibition
of cytochrome P450 by apocynin suggest that the cytochrome P450 monooxygenase is
involved in the TNF-stimulated endothelial expression of VCAM-1. Whether this finding can

be considered as proof for a role of ROS will be discussed next,

Second messengers involved in the expression of VCAM-1: ROS or lipid

Monolayers of unstimulated endothelial celis secrete superoxide anions into the medium
(17,18,19). The extracellular concentration: of these superoxide anions can be increased by
TNF, IL1, and I[FNy (18,19). Although this may support a role for the superoxide anion as an
second messenger, an increased intracellular concentration of superoxide after stimulation
with TNF remains to be demonstrated as yet,

The superoxide anion may not be directly involved as an intracellular second messenger in the
activation of NFxB. In mammary carcinoma cells (MCF-7) increased inactivation of the
superoxide anion, mediated by overexpression of the Mn-superoxide dismutase, does not
impair the activation of NFxB (20). Hydrogen peroxide, on the other hand, directly activates
NFxB in Jurkat T-cells (20). Therefore we have studied whether TNF stimulates the
production of hydrogen peroxide in endothelial cells. Hydrogen peroxide readily passes the
(endothelial) celt membrane. Therefore the extracellular release of hydrogen peroxide reflects
its intracellular production (21). We found that the basal extraceltular release of hydrogen
peroxide of 33 pmol/ min/ mg protein (or 1.3 pmol/min /10° cells) did not increase after
stimulation of the endothelial cell with 100 U/mi TNF. These data were in agreement with
Royall who reported a release of 75 pmol/ min/ mg protein in bovine aortic endothelial cells
and no effect of TNF at 1000 U/mi, These results seem to be in contrast with other studies in
which TNF (19), and also IL1 and IFNy (I8), stimulate the basal extracellular release of

superoxide anions about three to fourfold. Differences in culture conditions may have
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attributed to these different results, Whereas Weber ef af and Matsubara er af respectively
used detached endothelial cells or subconfluent monolayers, we used confiuent monolayers of
endothelial cells, Another possible explanation may be that superoxide not only dismutates
into hydrogen peroxide but reacts with other molecules as well. For instance superoxide could
react with nitric oxide and form peroxyniirite. However, peroxynitrite is a powerful oxidant
that has been linked to disease processes in nerve cells {22). Therefore under non-pathological
conditions the simultaneous production of superoxide and nitric oxide supposedly is minimal,
Unfortunately, it was technically not feasible to precisely determine the infracellular
concentration of superoxide. Therefore a possible role for the superoxide anion as second
messenger molecule in endothelial cells stimulated with TNF can not definitively be excluded
here. 4

Theoretically an increased intracellular concentration of ROS could have induced an increase
in lipid peroxidation and/ or an increased activity of the pentose phosphate pathway. To
investigate whether TNF increases lipid peroxidation in endothelial cells we used the
fluorescent cis-parinaric acid that is oxidized in the presence of peroxides, The results
presented in chapter eight show that TNF does not increase lipid peroxidation in endothelial
cells. Furthermore the activity of the pentose phosphate pathway did not increase after
stimulation with TNF. Whereas a positive control of 20 }.[M cumene hydroperoxide stimulated
the production of Hc0, from 1-1C-labeled glucose about four times (data not shown). The
evidence presented here leads us to the conclusion that hydrogen peroxide does not play a role
as second messenger molecule in the TNF stimulated expression of VCAM-1 by endothelial
cells,

In addition to hydrogen peroxide a wide variety of structuratly diverse compounds, e.g.,
steroids, fatty acids (including prostaglandins and leukotrienes) are metabolized by the
cytochrome p450 monooxygenase. For example arachidonic acid {(AA) is metabolized by the
P450 family members AA o/w-oxygenase and AA-epoxygenase (23,24). AA is generated
from glycerophospholipids by PLLA;. When this source of second messenger is turned off by
the PLA, inhibitor bromophenacylbromide (chapler six) VCAM-1 but not ICAM-1
expression is significantly decreased. Although this may indicate that an AA metabolite is
involved in the VCAM-1 expression by endothelial cells upon stimutation with TNF the
cytochrome P450 family member, the nature of the second messenger involved still has to be

elucidated.
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Since cylochrome P450 is specifically involved in the expression of VCAM-1, it seems
unlikely that the cytochrome P450 monooxygenase is involved in the activation of NFx-B-
binding clements, which are present in the promoltors of VCAM-1 as well as ICAM-1 and E-
selectin. In contrast to NFx-B, an IRF-1 binding element is present only in the promotor of
VCAM-1. Activation of the interferon-stimulated response elements (ISRE) has previously

been shown to involve signal transduction through metabolism of AA (25).

The role of iron in the regulation of VCAM-1 expression

Despite the fact that TNF did not increase the production of hydrogen peroxide, ROS still
may contribute to the intracellutar signalling of TNF in a different way. In the presence of
hydrogen peroxide an increase in the low molecular weight (LMW) iron pool could lead to
the enhanced formation of the highly reactive hydroxyl radical, Therefore the LMW iron pool
was quantified with the fluorescent probe calcein according to the method described by
Epsziejn et al (26). The results presented in chapter eight show that the LMW iron pool of
2.3 £ 1.8 pM does not change after stimulating endothelial cells with TNF. Therefore changes
in the intracellular concentration of the hydroxyl radical are also not anticipated, which makes
a signalling function for the hydroxyl radical and the LMW iron pool in the expression of
VCAM-1 rather unlikely. However, when endothelial cells are stimulated in the presence of
the iron chelator desferrioxamine VCAM-1 expression was reduced to about 50% {chapter
eigth), leaving the FICAM-1 expression intact. Considering the results presented above this
must not be interpreted as proof for a role of the LMW pool in the expression of VCAM-1.
We found.that in addition to chelating the LMW pool, desferrioxamine also chelates protein-
bound iron, Already after 30 min of incubation with desferrioxamine the endothelial aconitase
activity was decreased to 40% of the control. We therefore conclude that iren in a protein
bound form specifically regulates the expression of VCAM-1.

We have further investigated this and demonstrated that desferrioxamine does not affect the
accumulation of messenger RNA for VCAM-1. To investigate whether VCAM-] translation
involves an iron containing enzyme, the incorporation of *°S-methionine into
immunoprecipitated YVCAM-1 was assessed. Desferrioxamine reduced the incorporation of
*S-methionine to about 50%. Therefore in addition to the transcriptional regulation, VCAM-
1 expression also involves translational control mechanisms which requires the presence of an

iron dependent enzyme.
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P3I8 MAP Kinase is involved in the post-transcriptional reguiation of VCAM-1

In addition to the results with the iron chelator desferrioxamine more evidence was
accumulated that VCAM-1 expression is regulated at the post-transcriptional level. The p38
MAPK may play an important part in this regulatory process,

The p38 MAPK can be activated by oxidative stress (27) and cytokines, like TNF, P38
MAPK probably has a distinct function in the cell. Its activity has been linked to the
phosphorylation and activation of the transcription factor ATF-2, and the MAPK-activated
protein kinase-2 (MAPKAPK-2), which on its turn phosphorylates the small heat shock
proteins (Hsp's) Hsp25 and Hsp27 (chapter seven)

To investigate whether the p38 MAPK cascade is functional in endothelial cells MAPKAPK-
2 activity was assessed in these cells following stimulation with TNF. The resuits showed that
endothelial cells exhibit a basal MAPKAPK-2 activity which is increased about three fold by
TNF. The increased MAPKAPK-2 activity is accompanied by a similar increase in the
phosphorytation of endogenous Hsp27 {chapter seven), Next, the contribution of the p33
MAPK was assessed by using the specific p38 MAPK inhibitor SB203580 (28). SB203580
inhibits p38 MAPK in the uM range and does not affect the activity of a number of other
kinase and phosphatases, e.g., MAPKAP-2, INK, ERKE,lprotein phosphatases-1 and 2A (28).
Our daia demonstrated that the expression of VCAM-1 at the celluiar membrane was reduced
to about 50% of the control, whereas the expression of ICAM-1 remained unaffected,
Recently, it has been demonstrated that p38 also is involved in the transcriptional activation
of E-selectin. However, in contrast to E-selectin the VCAM-1 promotor does not contain the
consensus cAMP responsive element/ activating transcription factor element (CRE/ATF)
sequence TGACGTCA, nor the TGACATCA present in the E-selectin promotor. In fact
inhibition of the p38 MAPK had no effect on the accumulation of VCAM-I messenger RNA.
We therefore conclude that p38 MAPK is involved in the post-transcriptional regulation of
VCAM-1 expression. Whether this control is exerted at the translational level remains to be
determined. In this respect it is of interest to note that the regulation of TNF translation is
mediated through an AUUUA repeated motif located in its 3'UTR (30}. Deletion of this
region from the GM-CSF mRNA led to a great increase of its translation efficiency and in the
case of TNF mRNA to a constitutive synthesis of TNF protein (31,30), These AUUUA
regions, which are aiso present in the 3*°UTR of the messenger for VCAM-1, have been
implicated in the regulation of mRNA stability and specifically bind 37-40 kDa proteins (32).
Lee and Young have postulated that the translational control of TNF biosynthesis involves an

inactive translational complex of proteins bound to the AUUUA repeated motif in the 3’'UTR
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which has folded back onto the 5’UTR of the TNFE messenger. Phosphorylation of this
complex by the p38 MAPK would relieve the transtational repression (33). Whether this

model depicted in Fig. T applies to the translational regulation of VCAM-1 is an area open to

further investigation,
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Flg 1. Schematical and hypothetical representation of the intracellular signalling pathways
involved in the TNF-stimulated endothelial expression of VCAM-1. Madified from
reference 33.
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Conclusion

The expression of VCAM-1 on TNF stimulated endothelial cells is subject to regulation
through specific intracellular signalling cascades. Previously the effects of antioxidants on the
stimutated expression of VCAM-1 have been used as proof for a role of oxygen centred
radicals as second messenger molecules in transcription regulation. In the present thesis we
have shown that the oxygen dependent step presumably is catalyzed by the cytochrome P450
_monooxygenase. A closer investigation on the p38 MAPK pathway and the effects of the iron
chelator desferrioxamine in endothelial cells reveals that VCAM-1 is also specifically
regulated at the translational level. Whether the specific regulation of VCAM-1 expression
may be used to prevent the accumulation of circulating monocytes in the treatment of

restenosis after PTA remains to be demonstrated,
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Summary

Summary

The accumulation of leukocytes into tissues characteristically occurs in several distinct steps.
Firstly, leukocytes roll along the vessel wall through the formation of reversible bonds
between sialylated Lewis™ and Lewis® antigens on the leukocytes and P- and E-selectins on
the endothelial cells, In close proximity to the vessel wall the leukocytes become activated,
and firmiy adhere to the endothelial cells of the vasculature. This firm adhesion is mediated
through integrin molecules expressed by leukocytes, and the immunoglobulin-like adhesion
molecules VCAM-1 and ICAM-1 expressed by endothelial cells. Finally, the adherent
leukocytes migrate into the tissue in the direction of a chemotactic gradient.

In contrast to ICAM-1, VCAM-1 specifically mediates the accumulation of circulating
mondcytes, which play an important role in chronic inflammatory reactions. Recently, it has
become clear that in addition to mediating firm adhesion, VCAM-1 can also trigger rofling of
circulating monocytes along the vessel wall, Therefore firm adhesion of monocytes can also
occur in the absence of simultaneous selectin expression. The present thesis focusses on
VCAM-1,

Under normal, non-inflammatory, conditions endothelial cells do not express VCAM-1. After
stimulation with the inflammatory cytokine TNF VCAM-1 appears on the endothelial cell
membrane, ICAM-1 is already present under normal conditions, and upregulated by
stimulation with TNF. The expression of both VCAM-1 and ICAM-1 lasts for 24- 48 hours,
A striking difference between these adhesion molecules is that the expression of VCAM-1,
but not the expression of ICAM-1, can be inhibited by antioxidants, From this it has been
inferred that VCAM-1 expression is subject to redox controi.

To investigate whether reactive oxygen metabolites play a role as second messenger
molecules in a redox controtled mechanism we investigated whether the expression of
VCAM-1 is sensitive to hypoxia. One of the first observations described in chapter 6 was that
the TNF-stimulated expression of VCAM-1 is inhibited under hypoxic conditions, while the
expression of ICAM-1 is not, This seems to support a role for reactive oxygen metabolites in
the intracellular signalling of TNF. It remains to be determined where these species are
produced intracellularly. As described in the literature and confirmed in chapter 6, the
expression of VCAM-1 (but not ICAM-1) can be inhibited by apocynine , an inhibitor of the
phagocytic NADPH-oxidase which produces superoxide anions. This suggests that an enzyme
similar to this NADPH-oxidase is a source of superoxide anions in endothelial cells,

However, by Western blotting it was not possible to show the expression of essential
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componenis of the NADPH-oxidase (p47-phox, p67-phox, and gp91phox) by endothelial
cells. With a more sensitive method other investigators on the other hand have been able to
detect p47-phox, and p67-pliox protein expression in endothelial cells, However, since they
found no expression of the essential NADPH-oxidase component cytochrome bS58, they also
conclude that endothelial cells do not express this phagocyte-type enzyme, We further
demonstrated that in endothelial cells apocynin inhibits the oxygen-dependent cytochrome
P450 monooxygenase. Because other cytochrome P450 inhibitors {cobaltchloride, SKF525a)
decreased VCAM-1 (but not ICAM-1) expression, and apocynin inhibited the accumulation
of VCAM-1 mRNA, it is likely that the oxygen dependent step in the expression of VCAM-1
is specifically regutated by a cytochrome P450 moncoxygenase.

Cytochrome P45( is a potential source of reactive oxygen species, like hydrogen peroxide.
Our experiments do not indicate that the basal production of hydrogen peroxide in endothelial
cells increases after stimulation with TNF, Moreover, other parameters that reflect the
intracellular concentration of reactive oxygen species inside the cell, the peniose phosphate
shunt or the membrane lipid peroxidation, do not suggest that TNF increases the intracellular
production of hydrogen peroxide. Because it was not feasible to specifically detect the
intraceliular production of superoxide anions we can not exclude the possibility that the
superoxide anion is a second messenger in TNF-stimulated endothelial cells,

Oxygen dependence per se does not necessarily mean that reactive oxygen species are
involved in the intracellular signalling of TNF. In chapter 6 we demonstrate that the
expression of VCAM-1 (but not ICAM-1) can be decreased by the phospholipase A, inhibitor
bromophenacylbromide. Cytochrome P450 can metabolize arachidonic acid (AA) liberated
by phosphotipase A; from glycerophospholipids. AA can subsequently be metabolized
through the AA /-1 oxygenase and the AA epoxygenase, Especially the metabolites
derived from the AA epoxygenase pathway have beenr shown to function as second messenger
molecules. It is of note here that the activation of the transcription factor IRF-1, which is
requisite for the transcriptional induction of VCAM-1, is regulated by phospholipase A
activity.

It is well known that the induction of YCAM-1 protein expression is regulated at the
transcriptional level, In the present thesis we show for the first time that the expression of
VCAM-1 is also regulated post-transcriptionally. In chapter 8 we show that the iron chelator
desferrioxamine decreases VCAM-1 protein expression, without inhibiting the accumulation
of VCAM-1 protein. This effect was specific for VCAM-1, since desferrioxamine did not

decrease the stimulated expression of ICAM-1. The incorporation of **S-methionine into
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Summary

VCAM-1 protein was decreased by desferrioxamine to the same extent as the expression of
VCAM-1 on the endothelial membrane. This strongly suggests a VCAM-1 specific, iron-
dependent regulation at the translational level. This translational regulation is not mediated
through the low molecutar weight iron pool, because after stimulation with TNF the
magnitude of this pool does not change. To explain this it is of note that we could demonstrate
here that desferrioxamine not only can chelate low molecular weight or free iron but also iron
in a protein bound form. Apparently, an iron dependent enzyme is involved in the
translational regulation of VCAM-1, The identity of this enzyme is not yet known,

In chapter 7 more evidence is presented for the post-transcriptional (possible translationat),
specific regulation of VCAM-1. We show that the p38 MAP kinase pathway is functional in
endothelial cells, and that its basal activity is stimulated about threefold by TNF. Inhibition of
the p38 MAP kinase pathway decreases the expression of VCAM-1, but not the accumutiation
of VCAM-1 mRNA. The p38 MAP kinase signal transduction pathway is specifically
involved in the regulation of VCAM-1, and not of ICAM-1,

VCAM-1 expression is the prelude to a more chronic course of the inflammatory response,
and therefore of crucial importance. Qur investigations have shown that the expression of
VCAM-1 is regulated at different levels, i.e., transcriptionally as well as post-
transcriptionally, Whether or not these findings can be used to selectively interfere with the
accumulation of monocytes (and lymphocytes) into a lesion remains to be demonstrated as
yet,

Experimental evidence from animal studies shows that monocytes contribute to the process of
restenosis after percutaneous transluminal angioplasty (PTA) through the production of
cytokines and growth factors. The patient study described in chapter 9 suggests that the long-
term success rate of PTA be determined by the extent to which the patient’s monocytes can be
activated by lipopolysaccharide (LPS) before the PTA procedure, The higher the in vitro
production of interleukin-1P (IL-1) before PTA the greater the chance of a patient developing
luminal renarrowing, Although, this was determined for the first time in patients this relation
was anticipated. Surprisingly, the activation status of circulating granulocytes was inversely
proportional with luminal renarrowing at 6 months after PTA, In other words the more active
granulocytes in the circulation the greater the lumen of a vessel treated by angioplasty, This is
a remarkable finding since granulocytes are well known to aggravate tissuc damage after
myocardial infarction. The favourable effects of granulocytes in restenosis after PTA need to
be confirmed in an independent study. After which the mechanism of how granulocytes

mediate this remarkable, and beneficial effect has 1o be elucidated,
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Samenvatting

Samenvatting

De ophoping van leukocyten in weefsels wordt gereguleerd in een aantal karakteristicke
stappen, In eerste instantie rollen de cellen langs de vaatwand door de vorming van
reversibele bindingen tussen gesialyseerde Lewis™ en Lewis® antigenen op de leukocyt en P-
en E-selectines op het endotheel, Omdat de leukocyten zich nu dichtbij de vaatwand bevinden
kunnen zij geactiveerd worden door chemotactische factoren en zich vasthechten aan het
endotheel, Deze aanhechting wordt gemedigerd door integrine moleculen op de leukocyt en
de immunoglobuline-achtige moleculen VCAM-1 en ICAM-1 op het endotheel. Tenslotte
migreren de leukocyten naar het onderliggende weefsel in de richting van de bron van een
chemotactische factor. _

In tegensteliing tot ICAM-1 bevordert VCAM-1 specifiek de ophoping van monocyten, die
een belangrijke bijdrage leveren aan chronische ontstekingsreacties.

Recent is gebleken dat VCAM-1 behalve de adhesie van monocyten ook het rollen van deze
cellen langs de vaatwand kan bevorderen. Dit betekent dat de adhesie van monocyten aan het
endotheel niet afhankelijk is van een gelijkiijdige expressie van selectines en VCAM-1. In dit
proefschrift staat VCAM-1 centraal.

Onder normale omstandigheden is VCAM-1 niet aantoonbaar cop het endotheel. Maar na
stimulatie van het endotheel met het inflammatoire cytokine TNF verschijnt VCAM-1 op de
endotheliale membraan, De expressie van ICAM-1, welke ook onder normale
omstandigheden op het endotheel aanwezig is, wordt door TNF alleen verhoogd. De
expressic van VCAM-1 en ICAM-1 houdt zeker 24 tot 48 uur aan. Opvallend is dat de
expressie van YCAM-1, in tegenstelling tot die van ICAM-1, te remmen is met verschillende
antioxidanten, hetgeen erop duidt dat de signaaltransductie route van VCAM-1 onderhevig is
aan redox controle. Om te onderzoeken of reactieve zuurstofmetabolieten deze redox controle
medigren werd eerst onderzocht of de expressie van VCAM-1 gevoelig is voor hypoxie.

Eén van de eerste bevindingen, beschreven in hoofdstuk 6, was dat de TNF gestimuleerde
expressie van VCAM-1 is geremd onder hypoxische omstandigheden terwijl de expressie van
ICAM-1 gelijk blijft. Dit lijkt een bijdrage van zuurstofradikalen te ondersteunen. De vraag is
echter waar deze radikalen worden geproduceerd, Het was reeds bekend dat de expressie van
VYCAM-1 (en niet die van ICAM-1) kon worden geremd door apocynine, een remmer van het
fagocytaire NADPH-oxidase dat superoxide anionen produceert. Dat suggereert dat een
derpelijk NADPH-oxidase de bron is van zuurstofradikalen in endotheel. Met behulp van

Western blots hebben wij niet kunnen aantonen dat endotheelcellen essentiéle componenten
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van het NADPH-oxidase (p47-phox, p67-phox, en gp91phox) tot expressie brengen. Hoewel
andere onderzoekers het p47-phox en het p67-phox met een meer gevoelige techniek wel
konden aantonen, vonden zij geen expressie van het cytochroom b358 en kwamen dan ook
tot de siotsom dat een fagocytair NADPH-oxidase door endotheelcellen niet tot expressie
wordt gebracht. Uit ons eigen onderzoek bleek verder dat apocynine in endotheelcellen het
zuurstofathankelijke cytochroom P450 monooxygenase remt. Terwijl andere cytochroom
P450 remmers (kobaltchloride, SKF525a) ook selectief de expressie van VCAM-1 (en niet
van ICAM-1) remmen. Omdat apocynine ook de ophoping van het VCAM-1 mRNA remt
lijkt het waarschijnlijk dat de zuurstofafhankelijke stap in de transcriptionele regulatie van
VCAM-1 door een cytochroom P450 monooxygenase wordt gekatalyseerd.

Cytochrome P450 monooxygenase is een potentiéle bron van reactieve zuurstofmetabolieten,
zoals waterstofperoxide. Uit onze experimenten is niet gebleken dat de basale productie van
waterstofperoxide door endotheelcellen toeneemt na stimulatie met TNF. Ook andere
indicatoren voor een verhoging van de intracellulaire waterstofperoxide concentratie (pentose
fosfaat shunt activiteit, membraangebonden lipide peroxidatie) duiden er niet op dat endotheel
na stimulatie met TNF meer waterstofperoxide produceert, Omdat er gedurende dit onderzoek
geen geschikte manier voor handen was om de intra cellulaire concentratie van superoxide
anion te meten hebben we hier niet kunnen uitsluiten dat dit radikaal cen rol vervuli als
intracellutaire second messenger.

Het feit dat de YCAM-1 expressie zuurstofafhankelijk is hoeft echter niet perse te betekenen
dat reactieve zuurstofmetabolieten zijn betrokken bij de intracellulaire signaaloverdracht. In
hoofdstuk 6 wordt beschreven dat de expressie van VCAM-1 kan worden geremd door de
fosfolipase-A; remmer bromophenacytbromide. Het cytochroom P450 arachidonzuur (AA)
kan metaboliseren dat door fosfolipase-A, wordt vrijgemaakt uit glycerofosfolipiden. AA kan
vervolgens worden gemetaboliseerd door het AA w/a-1 oxygenase en het AA epoxygenase.
Vooral produkten van de AA-epoxygenase route kunnen functioneren ais second messengers.
Of deze enzymen ook een specifieke bijdrage aan de transcriptionele regulatie van VCAM-1
leveren moet nog worden onderzocht. Het is hierbij van belang te vermelden dat de activering
van de transcriptie factor IRF-1, welke de expressie van VCAM-1 mede bepaals, afhankelijk
is van fosfolipase-A, activiteit.

Zoals reeds bekend en opnieuw door ons onderzoek wordt bevestigd vindt de regulatie van
VCAM-1| expressie plaats op het niveau van de transcriptie. Zoals beschreven in hoofdstuk 8
bleek tot onze verrassing dat de ijzerchelator desferrioxamine de expressie van het VCAM-1

. eiwit op de endotheliale celmembraan remt, zonder de ophoping van VCAM-1 mRNA
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negatief te beinvloeden, Dit effect was specifiek voor VCAM-1 aangezien de door TNF
gestimuleerde expressie van ICAM-1 niet door desferrioxamine werd geremd. Omdat de
inbouw van *>S-methionine in het VCAM-1 eiwit in gelijke mate werd geremd als de
membraan expressie van VCAM-1, bestaat er kennelijk ook een VCAM-1 specifiek, ijzer
afhankelijke reguiatie op het niveau van de translatie, Deze translationele regulatic is niet
athankelijk van de laag molecuiaire (vrije) ijzer pool want na stimulatic met TNF veranderde
de grootte van de vrije ijzer pool niet. Om het effect van desferrioxamine te kunnen begrijpen
is het van belang te weten dat desferrioxamine niet alleen in staat vrij ijzer maar ook
enzymgebonden ijzer te cheleren, Blijkbaar speelt een ijzer athankelijk enzym een rol in de
specifieke translationele regulatic van VCAM-1. De identiteit van dit ijzer athankelijke
enzym is nog onbekend.

In hoofdstuk 7 staan meer aanwijzingen beschreven voor een post-transcriptionele {mogelijk
translationele) en specificke regulatie van VCAM-1, Wij hebben aangetoond dat de p38
MAP kinase route functioneert in endotheelcelien en dat de basale activiteit ervan door TNF
ongeveer tot het drievoudige wordt gestimuleerd, Wanneer het p38 MAP kinase wordt
geremd neemt de expressie van het VCAM-1 eiwit af, maar niet de ophoping van het YCAM-
I mRNA. Remming van het p38 MAP kinase heeft geen invloed op de expressie van het
ICAM-1 eiwit, in dat opzicht is deze signaaltransductie route dus specifiek betrokken bij de
expressic van VCAM-1,

Gedurende een ontstekingsreactie vormt de expressie van VCAM-1 in feite de opmaat naar
eeir meer chronisch verloop van de reactie. Uit ons onderzoek is gebleken dat de expressie
van VCAM-1 op meerdere niveaus wordt gereguteérd. Of daarmee aanknopingpunten kunnen
worden gevonden om selectief de ophoping van monocyten (en lymfocyten} in een lesie te
voorkomen zal nog moeten blijken.

Uit dierexperimentele studies is reeds bekend dat monocylen kunnen bijdragen aan de
ontwikkeling van restenose na percutane transluminale angioplastie (ofwel de
Dottertehandeling) door de productie van cytokinen en groeifactoren, Uit het
patiéntenonderzoek, beschreven in hoofdstuk 9, is gebleken dat het succes van een
Dotterbehandeling op de lange termijn wordt bepaald door de mate waarin de monocyten van
een patiént, voorafgaand aan de Dotterbehandeling, na een activaticprikkel
(lipopolysaccharide) in vitro IL- 1B produceren. Hoe sterker daarbij de activering des te
slechter de prognose. Alhoewel hier voor hel eerst in patiénten vastgesteld, is rol van
monocyten in het opnieuw vernauwen van de kranssiagader na een geslaagde

Dotterbehandeling in de lijn der verwachting. Tot onze verrassing bleek echter de mate van
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activatie van granulocyien juist omgekeerd evenredig met het optreden van restenose na een
geslaagde Dotterbehandeling. Met andere woorden hoe actiever de granulocyt des te groter
het lumen van het behandelde vat op de lange termijn. Dit is opmerkelijk omdat van
granulocyten bekend is dat zij de schade aan het hartweefsel na cen infarct juist vergroten,
Vanzelfsprekend zutlen de resultaten van dit onderzoek eerst in een onafhankelijke studie
moeten worden bevestigd, en zal vervolgens moeten worden onderzocht hoe granulocyten

deze opmerkelijke, gunstige rol vervuilen,
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