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En este apartado incluiré resultados, que a pesar de no haber sido incluidos en
los manuscritos, ponen de manifiesto beneficios colaterales asodados a la
administracién de los nuevos donadores de NO especificos para plaquetas.

ARTICULO SEGUNDO: "A novel anti-ischemic nitric oxide donor inhibits
thrombosis without modifying haemodynamic parameters".

OBJETIVO: En este estudio, también determinamos el efecto de la administracién oral
de nitratos (15-5-MN y LA419) en la expresion vascular de eNOS.

METODOS: Tras la necroscopia, se obtuvo la porcién proximal de la aorta tordcica
superior y cuidadosamente se disecciond y separd la capa superior (contiene el
endotelio) y la capa inferior (contiene la media) para analizarlas por separado. Una vez
extraidas las muestras, se congelaron a -80°C hasta su procesamiento. Para la
extraccion de proteina, las muestras se pulverizaron, homogeneizaron en tampén de
lisis (50 mmols/L Tris-HCI, 1 mmols/L EDTA, 1% Triton X-100, 0.1 mg/mL PMSF, pH
7.4) y se cuantificaron mediante BCA (Pierce). Los niveles de eNOS se determinaron
mediante |a técnica de Western Blot. Asi pues, las muestras de proteina (25 pg/carril)
se corrieron mediante electroforesis en gel de acrilamida al 15% y seguidamente se
transfirieron a una membrana de nitrocelulosa. Dicha membrana, primeramente se
incubd con el anticuerpo primario (anticuerpo monoclonal anti-eNOS; Transduction
Laboratories, UK) a una concentracién de 1:2500 y posteriormente con anticuerpo
secundario, a una concentracidn 1:10.000. La sefial se reveld en un film radiografico y
la intensidad de las bandas obtenidas se cuantificd mediante un densitdmetro.
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RESULTADOS: (Anexo I - Figura 1) Al evaluar los resultados obtenidos, se observd -
como era de esperar- que eNOS se expresa mayoritariamente en la capa endotelial.
Iguaimente, se observd (en la capa endotelial ¥ en la capa media) una reduccion
significativa de la expresién proteinica de eNOS, en los animales a los que se les habia

administrado las dosis altas de LA419 (3.6-5 mg/Kg).
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Anexo I - Figura 1. Western Blot representativo de la expresion proteinica de eNOS en
endotelio (barras blancas) y media (barras negras) de aorta toracica de todos los animales
incluidos en el experimental. Las dosis bajas de donador de NO incluyen los animales tratados
con 0.9 v 1.8 mg/Kg de LA419 o I5-5-MN, mientras las dosis altas incluyen los animales

tratados con 3.6 v 5 mg/Kg de LA419.

DISCUSION: Nuestros resultados estdn en linea con estudios anteriormente
publicados, tanto in vitre (G. M Buga, y cols., 1993; Nosratola D.V, ¥ cols., 1999) como
in vivo (ratas) (Nosratola D.V, y cols.,, 1999), donde se describe la habilidad de los
donadores de NO por disminuir su producdon endogena, al disminuir la enzima
responsable de su generacion, la NO sintasa. A pesar de no conocerse con precision el
mecanismo que produce tal reduccidn, parece ser que esta pretende normalizar la
generacidn de nocivas especies reactivas de oxigeno, que se generarian por el exceso
de NO. Por tanto, la reduccidn de eNOS en células vasculares, tras la administracion

de dosis altas de LA419, evitaria el exceso de NO vy la consiguiente toxicidad celular.
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Estos resultados también confirman que los efectos del LA419 no sdlo se aprecian a
nivel plaquetar, sino que también se aprecian a nivel de la pared vascular
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Differential intracellular trafficking of von Willebrand factor (VWF)
and vWF propeptide in porcine endothelial cells lacking Weibel -
Palade bodies and in human endothelial cells
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Von Willebrand factor (vWF) is an adbesive protein involved in primary haemostasis virtaally absent in the thoracio sorts af
awine, an animal mode widely used in thrombosis and atherosclerosis, By RT-PCR analysis we show thai porcine sortic endothelial
cells (FAEC) express the vWF gene, although vWF mRNA levels were B+ 0.8-fold (p < 0.05) or 290 + £ 0.fold (< 00001} lower
than those in porcine pulmonary ariery EC (PPEC) or human aortic EC (HAEC), respectively. Although vWF was rare in the

ﬂmﬂmﬁﬂmvwmpmﬁﬂ:wwm}mwth
PAEC. In addition, vWFpp but not vWF was detected in P

h:nduhdjmd'ui;mudi-bnmmlldw
AEC by Western blol. In PAEC neither vWFpp nor P-sclectin

immmiEnastariing depicied Weibel Palade bodies (WPB)Hike stroctures, and acute stimuli {a-thrombin or the caleium ionaphorne
AZ318T) did not increase YW secretion. vWipp co-localined with a Golgi marker, that cycles between the stacked Golgi (SG

fraction) and earlier compartments of the secretory patbway, Our

resulis confirm that PAEC express very low lovels of vWF mRMA

and indicate that in these cells, that do not have WPE, vWF and ¥WFpp have divergent intracellular trafficking pathways.

i 2002 Elsevier Science Ireland Lid. All rights reserved.

Keyworde: Endonbelial oell; Von Willchrand factor; Golgl complex; Parcing maodel

1. Introduction

Von Willebrand factor (vWF) is a plasma glycopro-
tein that plays a central role in haemostass, [t is
synthesized in megakaryocytes and endothelial cclls
(EC), and stored in platelet s-granules and in EC
specialized secretory granules (Weibel - Palade bodies,
WPB) that also contain the cell membrane protein P-
selectin [1L vWF is synthesized as a large precursor
encompasang a signal peptide, a propeptide (vWFpp)
and the mature protein. The precursor undergoes past-
translational processing in the endoplasmic reticulum
(ER} and in the Golgi and trans-Golgi network (TGN)
(1]. After propeptide cleavage vWF follows either a
constitutive secretory pathway or a regulated slorage

* Corresponding auihor, Tel faz: -+ M-51291-9285,
E-mall adedrezs: MenucorEod oc es (L. Badimon),
! Both suthors contritaned equally to this work.

with the vWFpp (stoichiometry 1:1) in WPB [2]. The
major part of endothelial vWF is slowly secreied
through the constitutive pathway. By contrast, WPR
constitute a fast release storage from which equimolar
amounts of the largest, most biclogically potent multi-
meric forms of vWF can be released after exocytosis-
induced by stimulus such as thrombin generated by the
coagulation cascade after tissue injury [1,3).

vWF mediates endothelial cell adhesion 1o the vessel
wall, promotes platelet adhesion to the subendothelium
in case of EC detachment, is essential for thrombus
formation at high shear stress and acts as a chaperone/
currier protein for coagulation factor VIII 1], Besides
the well-established role of vWF in platelet adhesion and
thrombosis [4 6L, vWF could ako play a role in
atherogenesis, although its involvement in atherosclero-
tic lesion development is less clear [T 10).

The porcine vascular tree exhibits a heterogeneous
distribution of WPB and vWF, in fact both WPB and

(2151500245 - see front matter 0 2002 Elsevier Science Ireland Lid All rights reserved.
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vWF are virtually absent in porcine thoracic aorta [11
14]. Although early analysis by slot blot using hetero-
logous probes suggested the presence of the vWF
transeript in porcine thoracic aorta EC (PAEC) [15], it
has not been documented by more specific molecular
biology techniques; on the other hand, in these cells the
processing of vWF/VWFpp has not been addressed, The
present study was designed (o asceriain vIWF mRNA
levels in PAEC and 1o assess whether these cells
synthesize and process vWF., We show that PAEC
exhibit low vWF mRNA and protein levels, but
significant vWFpp immunolabeling indicating a diver-
gent fate of vWFpp once cleaved of vWF. vWFpp was
non-associated to WPB but co-localized with formimi-
notransferase cyclodeaminase (FTCD), a protein that
cycles between the stacked Golzi (SG fraction) and
earlier compartments of the secretory pathway.

I, Methods
L1 Materials

Cultured media and reagents were from GibcoBRL
{Renfrewshire, UK). Polyclonal antibody spesific for
porcine VWFpp (pabBpl¥) was prepared as previously
deseribed [16.17). Polyclonal antibody against human
vWFpp (Frieda 013091) was a gift from Dr Kroner and
Dr Monigomery (the Blood Center of Southeastern
Wisconsin, Milwaukee, USA) Polyclonal antibodies
anti-vWF (A-0082; Dako, Glostrup, Denmark) and
anti-P-sclectin (09361A; Pharmingen Europe, Spain),
that recognize both human and porcine proteins were
used [17,18]. Monoclonal antibodies anti-endothelial
nitric oxide synthase (eMOS, done 3 Transduction
Laboratories, Lexington, KY, USA) and anti-FTCD
{clone 58-9; Sigma, St. Louis, MO, USA) [19], were used
for co-location experiments. Thrombin was from Diag-
nostica Stago (Asniéres, France). Other materials and
chemicals were from Sigma unless otherwise stated,

The procedures performed in this siudy were all in
accordance with appropriate institutional guidelines and
also followed the Guide for the Care and Use of
Laboratory Amimals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1985). Human aortas used for cell isolation were taken
from donated corpses (Hospital Vall d'Hebrén, Barce-
lona, Spain) following the guidelines of the Committes
of Human Rescarch.

2.2, Immnmohistochemistry from porcine arteries

Porcine arteries (from Yorkshire-Albino pigs, 3545
kg) were processed and comsecutive sections were
prepancd as described [20). Double indirect immuno-
fluorescence was carried out using one polyclonal anti-

body [pabBpl9 (1:200) or anti-vWF (1:100)] and one
monoclonal antibody (anti-eNOS, 1:200), Primary anti-
bodies were diluted in 100 mM PBS/200 mM glycine!
0.1% Triton X-100/1% BSA. Oregon Green™ 488 poat
anti-rabbit IgG and Texas Red®-X goat anti-mouse IgG
(1:100; Molecular Probes, Europe BV, Leiden, The
Netherlands) were used as secondary antibodies. La-
beled sections were mounted in Mowiol™ 4-88 (Calbio-
chem, La Jolla, CA, USA) and analyzed by confocal
microscopy in a Leica TCS 4D system (Heidelberg,
Germany). Controls incubated with non-immune rabbit
r-globulin and without the primary antibody were
included in all the procedures,

2.3 Cell culture

PAEC and EC from porcine pulmonary artery
(PPEC) and human thoracic aoria (HAEC) were
ohtained by collagenase digestion as described pre-
viously [21]. EC were cultured in medium 199 supple-
mented with 25 mM Hepes, 2 mM vL-glutamine, 50 Usml
penicillin, 0.05 mg/ml streptomycin and 100 heat-
treated fetal call serum (FCS) (Biological Industries,
Haemek, Israel). Since vWF hiosynthesis decrease with
cell passaging and the enrymatic treatment could
activate the release of stored vWF we analyzed vWpp/
vWF in porcine non-passaged EC (unless otherwise
stated).

24. Northern blot analyzis

Total RNA from EC (2nd passage) was solated using
Ultraspec™ (Biotecx, Houston, TX, USA). Total RNA
was fractionated in 1% agarose gels containing formal-
dehyde, was transferred by capillarity to Hybond-N™
(Amersham-Pharmacia, Buckinghamshire, UK) mem-
branes and UV-crosslinked, Human and porcine vWF
eDNAs were synthesized by PCR (see below), purified
from agarose-ethidium bromide gels by Geneclean™ kit
{Bio 101 Inc.), labelled with [x-"PdCTPE (3000 Cif
mmol, Amersham-Pharmacia) by Random Primed
DNA labeling kit (Roche, Mannheim, Germany) and
used as probes. Filters were prehybridized and hybri-
dired as described previously [21].

Human and porcine vWF cDNAs were synthesized by
PCR. Total RNA was reverse tramscribed and an
aliquot of cDINA obtained was amplified in a reaction
mixture containing: 0.2 mM of each ANTP, | U
Expand™ High Fidelity DNA polimerase (Roche) and
100 ng of each specific oligonucleotide in 1 « Buffer and
1.5 mM MgCl; as described [21]. The specific oligonu-
cleotides were: human vWF, 5-ict gge tga ggg agg tan
an-3 and 5°-gpc att gag asc cte atg gi-3', positions 5413
and 8713, respectively, within the human cDNA (Ac-
cession Mo, NMO00552); porcine vWF, 5'-gga gge cig
tct act caa cg-3 and 5-tga ccc tgc aga agt gac g3,
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positions 6745 and 7043, respectively, within the porcine
cDNA (Accession No. AF052036). Levels of glyceral-
dehyde-3-phosphate  deshidrogenase (GAPDH) were
wsed to normalize resulis [21], Amplification was carried
out: 34 "C30s 61 °C | minand 72 *C | min (vWF, 35
eycles; GAPDH 30 cycles) followed by a final extension
of 72 °C 5 min. DNA sequencing of PCR products,
using the ABIPrism™Bigdye terminator cycle sequen-
cing kit (Perkin-Flmer, Fosier City, CA, USA), con-
firmed vWF identity.

2.5, RT-PCR analysis labeling PCR products with
digoxcigenin

¥WF expression was comparatively analyzed in hu-
man and porcine EC by RT-PCR using a highly
sensitive detection method that label PCR products
with digoxigenin [21]. Since vWF mRNA levels in the
EC analyzed were quite different the amount of ceDNA
from each cell type used as template in PCR reactions
was adjusted as follows PAEC/PPEC/HAEC: 1157250,
In these conditions vWF mRNA levels were analyzed
after 27 cycles (within the exponential amplification
phase), Briefly, PCR products were clectrophoresed,
transferred onto nylon membranes and UV-crosslinked.
Detection of digoxigenin-labeled nucleic acids was
performed with an anti-digoxigenin antibody linked to
alkalyne phosphatase using CSPID as substrate. Filters
were exposed o X-ray films and relative amounts of
RMNA were measured by densitometric scanning.

2.6, Protein extracts and Western blor analysis

Cellular supernatants were collected and stored at —
T °C. Cell monolayers were washed twice in DPBS,
scrapped in lysis buffer (50 mM Tris-HCl, | mM
EDTA, 1% Triton X-100, 0.1 mg/ml PMSF, pH 7.4)
and, after sonication and centrifugation, were stored at
~70 °C. Protein was quantified by the bicinchoninic
acid (BCA) method using the BCA Protein  Assay
Reagent™ (Pierce, Rockford, IL, USA). Total prodein
(40 pg) were run in 7.5% PAGE and levels of ¥WFpp
and vWF were analyzed by Western blot as deseribed
[17].

27 Inwmunocytochemisiry from cultured EC

Primary EC and passaged EC (first passage) were
processed for immunocytochemistry as described [16].
After blocking, cells were incubated with the primary
antibody [pabBpl9 (1:100); anti-vWF (1:100); anti-P-
selectin (1:250) or anti-FTCD (1:25)] at 37 *C for 1 b
Fluorescein (FITC) goat anti-rabbit IgG conjugate
(1:100; Sigma) and rhodamine (TRITC) goat anti-
mouse IgGG comjugate (1:200; Sigma) were used as

sccondary antibodies, Samples and controls were
mounted and analyzed as indicated above.

2.8 Brefeldin A experiments

Porcine EC were treated with brefeldin A (1 pgimi)
for 15, 30 and 60 min. Cells were then washed twice with
DPBS at 37 °C, fized with DPRESMES: paraformalde-
hydef30%% sucrose |0 min ai room temperature and
washed twice with DPRES, Immunocytochemistry was
performed as described above,

29 Seeretion studies and o WF determinations

Confluent monolayers of EC grown in 24-well plates
were washed three times and preincubated in | ml
Krebs - Ringer-bicarbonate buffer (KRBH) for 10 min
at 37 “C. After a fourth wash, cells were incubated in
0.3 ml KRBH with cither thrombin (1 U/ml) or the
calcium ionophore AZ3187 (10 uM) for 30 min. The cell
supernatanis were centrifuged and kept at —20 *C until
determination of vWF by ELISA as described [17).
Results are shown as means +S.EM. of three EXPEri-
ments performed in duplicate. Data are expressed as
percentages relative to control values (the release by
unstimulated cells after 30 min). The significance of
differences was enlculated using the student ¢ test,

3. Results

3.1 Imenunolabeling of v WFpp and v WF in porcine
arfEries

In agreement with previous results, vWF immunola-
beling was rare in the porcine thoracic aorta. Immunos-
taining with eNOS, a non-secreted endothelial protein,
showed a weak co-localization pattern (Fig. 1A and C).
A different feature was seen in porcine pulmonary artery
that clearly exhibited vWF immunolabeling in the
endothelium (co-localizing with eNOS) and in the
subendothelium nearcst the lumen (Fig 1B and D).
However, we evidenced that vWFpp immunclabeling
was present in the endothelium of serial sections of the
pigﬂmudcmﬂau!ﬂﬂluinﬂupulﬂi:nmm,
and in both cases strictly co-localized with eNOS (Fig.
1E-H).

3.2, eWF expression in porcine EC

¥WF expression in porcine and human EC was
analyzed by Northern blot using as probes homologous
cDMNA% co ing to either the human or porcine
VWF gene. As Fig. 2A shows, this lechmigue detected
high vWF mRNA levels in HAEC, whereas in porcineg
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Fig. I. vWF expression in BC. A, Northen blof from total BC BMA (10 g per hing) hybaadesd Witk homslagoiii probs (porcine or buman +WF
CLANAs) comrespondisg bo the C-terminms of VW, The posithon of the spproximately 89 kb vWF mBMNA identified in FLARC gnd FPEC is indicated
Filter was hybridired with 285 ribososal RNA (rRMA) as a loading contrel. B, Bibidium beomids staining of PCR products cornesposding 1o vWF
or GAFDH Frem PABC, PPEC and HABC. ¥WF cDMA were amplificd using specific prissers for either porcine or husaen vWF DNA soquences 55
indicated i Methods. CT-1, -2 and -3 {Controls, non-retrotranscribed BMA) frem PABC, PPEC asd HABC smplified with sither vWF cs GAPIH
prameri. M corroiponds fo moleonlar sise marker, C, ¥WFpp lovels in ooll extracts {C) and oell media (M) from haman (HABC) asd porcing B
PARC, PPEC. Porciee and human vWEFpp were identified wang ke cormesponding. spocific antibodes (pab P or Frieds 013091, reipectively)
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Fig- 3. ¥WF and vWFpp in porcine EC. Porcine BC from ibsoracic acis (PABC; A~ [ and pulmonary anery (PPEC: I and Fiwere @nmiuscl boled
wang anb-v W antibodies (A, C and Ej or angi-W§ P aniibodies {pabfipr9: B, [ and F). Immenostaiming showed in A, B, E gad F oorTespond ko
vells analyzed 18 b after iolation from ihe correspeading arevies. Bars: [0 am

EC samples vWF mRNA was weakly detected in PPEC Detection of vWF mRNA in PAEC required ampli-
after over-exposition of the films, fication by RT-PCR. After PCR amplification, vWF
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Fig. 4. Comparison of imsvuncstainiag patierns in PAEC (A - ) asd HABC {1} - F). Imsnunostaining cormsponds 15 W (4 and I3}, VW pp fwith
pabifp!® (B) and Fricda 013091 (E)] and Psclectin (C and F). Bars: 5 pm.

clAs were amplfied from both porcie EC and
HAEC samples (Fig 2B). As shown in this figure, no
PCR prosfucts were observed in negative controls (non-
reirodranscribed BRMA), and similar resulis were ob-
lained from samples treated with DNAse mee RNAse
(cdata not shown). RT-PCR analysis from diffierent cell
batches revealed that vWF mRNA levels in PAEC were
lower than in cither HAEC (290 4 8.94fold, p = 0.00010)
or PPEC (B +0.5-fold, p <0.05). These results were
confirmed wsing a highly sensitive detection method
that label PCR products with digoxigenin.

By Westerm blot vWF protein levels in PAEC were
undetectable (data not shown), but vWFpp protein
levels were detectable in cell extracts from both PAEC
and PPEC (Fiz. 20,

13 Imrmunclabeling of o WEpp and o WF in cultured EC

In agresment with Morthern blot and Western blot
expenments, vWF was not detected by mmunocyio-
chemistry in PAEC even in cells analyzed 18 h afier
isolation (Fig A and C). In contrast, anti-vWFpp
antibodies specifically immunolabeled the perinsclear
area of PAEC in both primary and pasaged cultures

(Fig. 3B and I¥). This immunolabeling was abrogated
wihen antibodies were previously incubated with purified
porcine vWFpp (data not shown). Primary PPEC
cultures showed significant staining for both vWF
(Fig. 3E) and vWFpp (Fig. 3F). In these cells vWF
immunostaining vielded granular staiming and 1he
typical irregular ‘patches’ corresponding to YWF that
remain associated to oclls or trapped underncath cell
monodayer [22].

14, Subcellwlar localization v WEpp in PAEC

Mether vWFpp (Fig 4B) nor P-selectin (Fig. 4C)
immunolabeling depicted the typical patiern corre-
sponding to WPB-like structures (elongated/rob-shaped
structures  scatlered throughout the cytoplasm) in
PAEC. In contrast, HAEC showed this pattern wath
anti-vWF, anti-vWFpp or anii-Psclectin  antibodies
{Fig. 4D-F). Electron microscopy confirmed thai
PAEC did not posses WPE (data not shown), as
previously descnbed in thoracie aoria endotheliom
14, :Fl'r'|u|.|:,'._ pEther thromban (1 Uiml) nor the calcium
ionophore AZ31ET (10 pM) produced significant release
of vWF (103 +7 and 98 + 5%, respectively) from PAEC
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Fig 5. Subcellular location of porcine ¥WFpp in (he Golgi compier. vWTFpp saisesg of PABC without any treatnent (A) or sfler 15 =55 of
hrefieldin A treatmesd (B). Immunolabeling with antl-FTCT antibody (red’) alone () o in cossbination with anti-v'WFpp antibodios (paibBp/?; co-
becalimtion yellow} (1), Bar: 30 pm. *, Indicates & cell under different condition

after 30 min of stimulation (similar results were obtained
after longer stimulation periods), confirming previouws
observations by Giddings et al. indicating that vWF is
not significantly accumulated in PAEC with time[11], In
contrast, both thrombin and the calcium jonophore
AZZ18T significantly induced vWF release from HAEC
[310 £47 and 230 4 535, respectively (P < 0.05), after 30
min).

Treatment of PAEC with brefeldin A, a compound
that disorganizes the Golgi complex, dislocalized
vWFpp immunolabeling (Fig 5B). Co-localization mna-

lysis with FTCD, a protein that cycles between the
stacked Golgi (SG fraction) and earlier compartments of
the sccretory pathway (19, shows that vWFpp is
localized in the Golgi complex (Fig. 5A, C and ),

d. Discussion

We and others have observed heterogeneity in vWF
expression in the endothelium of porcine arteries, that in
contrast 0 humans and other animal models, are
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negative or only ‘weakly' positive for vWF in the
thoracic aorta [11 15]. The “virtual absence’ of vWF
in the endothelium of porcine thoracic aora was carly
correlated with the resistance to spontancous athero-
sclerogis in this vascular bed [7 9], an observation
supported by recent findings showing a localized reduc-
tion of atherosclerosis in areas prone to develop lesions
in vWF-deficient mice [23]. A differential local regula-
tion of key molacules involved in vascular cell functions
could be the reason for the observed regionalization in
atherosclerosis and thrombosis. Since the pig is an
animal model widely used in thrombosis and athero-
sclerosis (24, our interest was to analyze the expression
and synthesis of ¥WF in PAEC, cells that virtually do
nat have WPB. The present resulis confirm that PAREC
presents low vWF levels as a result of their low vWF
expression, and show for the first time that in these cells,
that do not store vWF, vWF and vWFpp trafficking
diverge leading to an apparent ‘retention’ of vWFpp in
the Golgi.

Although vWF was rare in the porcine thoracic aoria
we detected significant levels of vWFpp, vWFpp label-
ing pattern was similar in thoracic aorta and pulmonary
artery; in both arteries it was restricted 1o the endothe-
hium. By contrast, vWF staining was clearly identified in
the pulmonary artery, in both the endothelium and in
the subendothelium, probably as a result of its high
avidity to extracellular matrix proteins once secreted by
EC [25], an avidity that is nol shared by vWFpp [22].
The production of ¥WF by EC from thoracic aoria was
also examined in PAEC cultures, RT-PCR analysis
shown that vWF mRNA levels in PAEC were about 8
and 290-fold lower than those of PPEC and HAEC,
reapoctively, These data confirm previous observations
suggesting that a low ¥vWF expression determines the
low vWF synthesis in these cells. However, in concor-
dance with the observations in intact arterics, vWFpp
was clearly detected in PAEC by both immunocyto-
chemistry and Western blot, although no detectable
levels of vWF were found by these techniques.

Our results confirm the absence of a regulated path-
way of secretion in PAEC, as indicated by the absence of
WPB structures that were not detected either by
immunostaining or by electron microscopy analysis,
and the mability of stimuli to scutely induce vWF
in other mammalian species including humans store a
myriad of mobocules involved in atherogencsis, besides
vWF and P-selectin, factor VI, -PA, interleukine-8
and endothelin- |[I"A..EJ'| Bince :hne malecules are local
mediators involved in thrombosis and atherosclerosis,
the lack of a regulated pathway of secretion in the
endothelium of the thoracic aorla could impair these
processes, beyond the relative deficiency of vWF.

The biosynihesis and complex post-translational pro-
cessing of the vWF precursor in the Golgi and TGN

have focused the interest of different investigators in the
kst years, The propeptide scems (o be required for vWF
trafficking to storage granules [2,28,29]; in fact, vWFpp
alzo traffics an unrelated protein o stomge [30]. vWF
most likely continues associated with vWFpp in the
TGM, and both proteins are subsequently cotransported
to storage by virtue of the sorting signal on vWFpp
remaining non-covalently associaled with vWF (1]
stoichiometric ratio) in the WPB [22,29], In porcine
thoracic aoria EC, that seem to be devoided of WPB, we
observed that vWFpp is mainly located in the Golgi,
gince it co-localizes with a Golgi marker that cycles
between the 5G fraction and earlicr compartments of
the secretory pathway, The analysis of the porcine
vWFpp amino acid sequence, which N-terminus we
reported for the first time [17], and which full-lemgth
sequence has been recently communicated by Fahs et al.
(Accession Mo, AYDMAETE), did not reveal any clue
about the divergent fates of vWF and vWFpp in PAEC,
The mechanism by which proteins are sorted to storage
granules is not well defined. A hypothesis proposes that
the targeting sequence(s) on the stored protein interacts
with specific receptor(s) to initiate storage. Further
experiments focused on differential gene expression
analyzsis in PAEC could clarify whether the particular
trafficking of vWFpp/vWT in ihese cells, that not seems
o be shared by EC from other porcine vascular beds,
could be associated fo the expression of this putative

receplorn(s).
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Absatraci

ET-PCER, mlmhﬂ;mu—dhmmasmmamwm SREBP-2 was overcxpressed by
transical transfection with lipofectin. Results: We have identified expression of the ERG25 in vascular cells asd amalyzed its regulation by
LDL. ERG2S, an enzyme imvolved in cholesterol biosysthests, is exprossed in vascular endothelisl and SML from porcine and husnan
origin and is downregulated by LD in & time- and dose-dependint manner. Downregulation of ERGIS by LDL was sbolished by an

imhibilor of sewiral cysieine proicasses (N-acetyl-

ithat shrogwics SREBP catabolism, LDL downregolaied

SREBP-I mRNA levels bul not SREBP-| expeession in these cells and both ERG25 and SRERP.2 EENC cApression wis sigmificantly
mmmmm#ummmr&mamﬂmwamz
mmimuuhﬂmummmmmwmﬂmmmnmummEan
in the vascular wall and suggesi the involvensent of SREBP-2 in this mechanism.,

© 2003 European Seciety of Candiology. Published by Elsevier Science B.V. All rights reserved.

1. Imtroduction

Plaesma LDL levels play a key role in the omset and
progression of atherosclerosis [1]. This effect is mediated,
at least in pari, through the early modulation of gene
expression in both endothelinl and smooth muscle cells
(SMC). In endothelial cells, LDL produce n decrease in
nitric oxide bioavailability [2-5] and induce both cell
[6,7] among other effects. In addition, LDL induce
mitogenic stimulus in SMC [10], activate SMC expression
of proinflammatory factors like TNF-n [11] and transform
these cells into foam cells by lipid accumulation [5,9].

The sterol regulatory element binding protein (SREBP)
family of transeription factors is involved in the homeosta-

“Comesponding ssthor, Tol. /fax: + 3932919355,
f-mall addrexs. Ihmurviond coc o (L., Badimes),

sis of chobesterol and fanty acid metabolism in the liver and
adipose tissue [12]. SREBP-2 is the isoform preferentially
involved in cholesterol homeostasis while SREBEP-1 con-
synthesized as precursors that remain associated to endo-
plasmic reticulum and meclear membranes until sterol
levels fall. Then a cascade of proteolytic reactions involv-
ing Site-1 and Site-2 proteases, release the mature form
that migrates to the nucleus [13-15]. SREBPs regulate
transcription of target genes by binding to conserved
promoter motifs named sterol regulatory elements (SREs)
[13]. We have analyzed the effect of LDL on the expres-
sson of both transcription factors and jts tarpet genes in
vascular cells [5,16-18). Although expression levels of
SREBP-2 were reduced by LDL treatment [5], we have
observed that LDL decrease endothelial expression of

Time for primary review 25 days
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m%uﬁlm[tﬁ]mwm
oxide synthase (eNOS) [5) mdependently of SREBP-2
downregulation, In this work we have observed for the first
time vascular C-4 sterol methyl oxidase (ERG25) cxpres-
ﬁn.THlpn:hvﬂMhipulq-nh:phuuf
cholesterol biosynthesis from 4 d-dimethylrymosterol 1o
zymosterol, is downregulaied by LDL both in vitre and in
vivo by a SREBP-2-dependent mechanism.

2. Methods
2L Cell culture

Porcine aortic endothelial cells (PAEC) were obtained
from adult normolipemic animals as described [16]. Cells
mmhm&ﬂmhﬂﬂg{ﬂ:‘bm]hmmﬂ
10% fetal calf serum (FCS), antibiotics (0.1 mg/ml
streplomycin, 100 U/ml penicillin G) and 2 mmol/l i-
glutamine, Forty eight hours after plating, cells were
placed in 2% FCS medium for 24 h. Then LDL {180 mg
cholesterol /dl) were added for another 24 b, Human and
porcine SMC were obtained by a modification of the
explant technique as described [19.20]. SMC between
Pastages 2 and 6 were grown until subconfluence. Then
cells were arrested 48 b in M199 supplemented with 0.2%
F‘KEH&MMLDLMMM&H
viability was determined by trypan blse exchesion.

22 Animaly

thp.ip{hdywiahntiithih:ﬂ:d-lﬂm
nndnnimdjnmmm:mmminuimhiﬂﬂﬁ]
m-mﬁdwm-wmmwm
uln:lu-[?u=lﬂ}nﬁ:hmfniniﬂa.¢hl:lwﬂ-ﬁnh
diet (2% cholesterol; 1% cholic acid; 20% beef tallow) for
100 days [21]. Plasma cholesterol levels and hematological
pammeters were measured al baseline and at sacrifice.
Because atheroscleriic lesions develop initially in the
inal aorta, rings of this vessel were collecied and
frozen in liquid N, to measure pene expression.  All

and followed the American Physiological Society guide-
hines for animal research.

2.3 Plasma biochemisry

Plasma total cholesterol was determined with &n auto-
matic analyrer (Kodak Fktachem DT System). Plasma
li:apu.emﬂmbchnlml. LDL-cholesterol and VLD-
l—chnhuml}mﬂlﬂinmnduﬁ‘ﬂu validated meth-
@ﬂhwmcmmm]m
quantified spectrophotometrically (Kontron Instruments),

24 LD isolation

Forcine or human LDL were obtained from fresh plasma
by sequential ultracentrifisgation (d=1.019-1.063 &/ ml),
LIM. wsed in the cxperiments were =72 b old. The purity
of LDl was asscssed by agarose gel electrophoresis
(Paragon System, Beckman). LDL samples had no detect.
ﬂhhﬂnruﬂmﬂu{lhuhm Lyssate test,
values were below 1.5 nmol malonaldehyde/mg protein,

25 mRNA differential display analysis (mRNA-DD)

Total RNA was isolsted using QuickPrep™ total RNA
kit (Pharmacia) or Ukraspec ™ (Bioteex) according to the
manufacturer. mRNA-DI analysis was performed with the
Delta™ RMA Fingerprinting kit (Clontech) as described
previously [16]. PCR products were loaded on a denatrat-
ng 5% polyacrylamide /8 M urea in 0.5 TBE. Bands up-
wﬂﬂﬂﬂmﬂmdbflmmmmndﬂﬂﬂum
cluted and reamplified with the same primers. used in
mENA-DD. Reamplified products were cloned into the
pGEM-T™ easy vector (Promega) and sequenced with the
ABIPrism dRhodamine Terminator Cycle Sequencing kit
{ Promega). Comparisen of DNA homology with databases
(GenBank) was performed using BLAST.

26, RT-PCR analysis

ER(G2S, SREBP-1 and SREBP-2 mRENA levels were
analyzed by RT-PCR. Onc ug of total RNA from control
Mm&uuhdnﬂhwummwllﬁj.m
cDNA obtnined was diluted I:5. An aliquot of 2.5 ] of
this dilution was amplified in a 2%-ul resction mixtire
containing: 2.5 1l PCR DIG labelling Mix (Roche Molee-
ular Biochemicals), 1.3 U Expand™ High Fidelity DNA
polymerse (Roche Moloculsr Biochemicals) and 100 ng
of each specific oligonucleotide in 1% buffer and 1.5
mmol/l MgCl,. The specific oligomscleotides selected
were: 5'-gge aag aig ctt tgg tig tg-3' (ERG2S upper); 5'-tet
©cd gaa gea alg ta ge-3° (ERG2S lower); S'-iggpac-
calictgaccacaa-3'  (SREBP-2  upper); 5" gocacaggng-
Bagagicigp-1' (SREBP-2 lower); 5'-atgtagtcgatppecitpep-
3" (SREBP-1 upper) and 5'- ¥
(SREBP-1 lower). Amplification was camied ou by 20
(ERG2S), 21 (SREBP-2) or 23 (SREBP-1) cycles of 94 °C
I min, 61 °C | min and 72 °C 2 min followed by a final
extengion of 72°C 7 min. ltﬁhnl'l.l}‘nmlﬂqdu_}
phosphate dehydrogenase (GAPDH) were msed o
ize results. Detection of digoxigenin (DIG)-labelled nu-
nlﬁcuihmpnﬁnmﬂudmdhd[!ﬁ].

27 Western Mot analysis
PAEC were incubated in the presence or in the absence
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of LDL (180 mg/dI) for 9 h. Whole-cell extracts {100 jug)
were separated by SDS-PAGE (7.5%) and transfermed to a
nitrocellulose filtker (Bio-Rad). Equal loading of protein in
cach lanc was verified by Pouncesu staining. Membrancs
were incubaied with a rabbit polyclonal antibody against
SREBP-1 (Santa Cruz Biotechnology) used at a dilution of
1:10040,

28 Electrophoretic mobility shifi axay (EMSA)

The double-stranded DNA fragment corresponding to
the SRE element present in the SREBP-2 promoter {posi-
tions — 109 to —128) was used as & probe in EMSA.
Muclear extracts (10 pg) from PAEC were incubated for
15 min on ice with 1 pg of palyd(I1-C)] in 25 mmal/l
mmal /| dithiothreitol, 0.5 mmol/] EDTA and 60 mmol /]
K1 (final volume=20 pul). Then, 40,000 cpm of labelled
SRE were added and incubation continued for an addition-
al 30 min. DNA-profein complexes were resolved by
electrophoresis and were detected by autoradiogrphy.

28 Transiem! transfection

PAEC seeded on a six-well plate {180,000 cells/well),
were transfected with the SREBP-2-NT expression vector
(kindly provided by Dr. Miiller-Wieland) that contains the
active form of SREBP-2. Transient tramsfection sssays

A B

were performed with | jug/well of either the SREBP-2-
NT plasmid or the empty vector (pcDNA 3; Invitrogen)
and 3 pl of lipofectin (Life Technologies). After 5 h of
exposure to lipofectin, cells were washed and incubated for
32 h im 1% FCS medium. Then LDL (180 mg/dl) were
added for amother 7 b and ERG25 mRNA levels were

analyzed by RT-PCR.
210 Swatistical analysis

Diata are expressed as mean® 5.0, (unless stated). Multi-
ple groups were compared by usmg ANOVA, For the i
vivo study statistical differences between groups were
analyzed by the Mann-Whitney [/-test. Differences were
consudered significant at P<0.05,

3. Results

11, ERGZS iv expressed in endothelial cells and ix
dovwmregrlated by LDE

PAEC were incubated wiﬂ'l.l.lhq'nﬂcni: concenlrations
of LDL {180 mg/dl} for 24 h and cDMAs from control and
LDL-reated cells were compared by mRNA-DD analysis,
Twelve combinations of primers T and P were used with
cells from different animals and with two dilutions of each
cDMA. As shown in Fig. 1A a differential cDNA band was

IDL - + = + . #

CT LDL

Fig. 1. (A) mRNA-DED analyses were performed with sRNAs from PABC incubated with LDL {130 mg/d, 24 h). The arvow shows a hand dowseegulated
by LDL treafmend. This cDNA was closed and sequenced showing bigh hossology with beman ERGES (CT, contrel). (B} mBMA, levels of ERG2S and
TIAPTH were siscisod by KT-FCR. A represestative blot is shown. Resulis, sormalized by GAPTH mBMA, leveli (7= 1), id expresed as media+ 5.1

(AU, arbiirery sy P<0002) are abown.
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obtained with primers P4 and P7, This cDNA was clomed
uﬁwmdmhigihnmhnr{ﬁﬁ}whhm:
human ERG2S pene. Dovwnregulation of ER(G25 pene
expression by LDL was confirmed by RT-PCR analysis
m&ﬂmﬁhuhdnummu-fmwm.
treatment (12049 vs. controls: 14,3+ 5) (Fig. 1B). The
effect of LDL on ERG2S expression was time- and dose-
dependent. The decrease in ERG25 mRNA levels was
ﬂuﬂﬁnﬂulhnfﬁhﬁmlﬂhﬁ:hw o~
centration tested (180 mg/dl) (Fig. 2A). A pronounced
reduction was observed even at the smallest concentration
assayed after longer incubation times (24 ) (Fig. 2B).
ERG2S downregulation by LDL was also observed in
SMC from both porcine (Fig. 3) and human origin (data
na shown).

32 SREBP.!1 and -2 mRNA levels im vazcular cefls angd
in the arteriol wall

We analyzed both SREBP-1 and SREBP.? mENA
levels in PAEC. SREBP-2 mRNA Jevels were decreased
by LDL in a dose- (Fig. 4A) and & manner
(Fig. 4B). By contrast, SREBP-1 mRNA levels {Fig. 4A
udB]ndmh{Fig.lﬂjmlﬂdumﬂdh' LDL.
ﬁnﬁhmﬂumnhimdhﬂhm&mpm{ﬁ;ﬂ
and humans {dats not shown). Since LDL downregulate
ERG2S ﬂHAm&hMWEMEMMi-
al cells, we snalyzed ERG25 expression in abdominal
sorta from normolipemic and hypercholesterolemic ani-

A LDL (hours)

CT 2 4 9 24

LDL {(h)
CT 6 9 16 24

ERGIS e wn s s we s

SREBP-1 |amm e () e DO
GAPDH Q- - s man

~. 150 1
E—'m
1 e
13
< §
£ 30 - -
n T T T T o |

CcT 6 9 16 24
LDL {hours)

Fig. 1. Tmhr-hntuqnﬁmdhpﬂlﬂimm'ﬁm.
(150 g /ml). ERGDS (&), SHEBP-1 (@) and -2 (W) mEMA levels wern
mmalywed by BT-PCR Hhﬂhdtrmmlllﬂmhvﬁ.kﬂh
coma from iwa exporiments perfiormed in depdicae,

LDL {mEdL}
CT 50 90 140 180

ERG25 | o we s o
GAPDH | e um e 8B
'§12ﬂ-
< 90
.4
E 60 -
3
S 30
1
E n ¥ T r L 1
CT 50 90 140 180
LDL (mg/dL)

Fig. 2. EROIS mRMNA lovels in PAEL. (A} Thme-depencdence: assay: PABC were incubatod ﬂm,{lﬂu‘fﬂ:}ﬂi—:hmqﬁn-niﬂ.ﬂ!i
mENA levels were analyeed by RT-BOR, m:mﬂtmlwtﬂﬂnhm—';mﬂLELMuHhmmnmm Ievels. wrre mied
b sormalize. Hesles, mmmwma%nmmumdm{ﬂ.wm
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A LDL (mg/dL)
CT 50 90140 180

SREBP-2 b-- —-— -
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B LDL (h)

GAPDH —-—-51 GAPOH | smmems tm wp oun
_120 - 120 -
o 1]
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3 80 :
J o Eu.
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c
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Fig. 4. (A) SREHP-1 and -3 mEMA levels analyred by HT-PCR in PAEL incubated with LD o the indcated concontrations for 24 h. (B) SREBP-1 md
=} mREMA levels mnalyred by RT-PCR i PABEC incubated with LI {180 mg/dl) during incressing times. Expression levels of SRERP-1 (@) and -2 (W)
nasmalized to (GAFDH signal are represenicd snd come fioem twe indepondent cxperiments performed in deplicaie. () SRERP-1 peotein levels analyzed
by Western-blast. PAEC were incabatied with LDL (180 mg/dl) for 9 b A regressnistive biloi of three iadependent experiments is shown (CT, oonined;
SRERP-1 (p) and (m), SREBP-1 precurses {inactive form) and matune {sctive formj).

LDL concestrations {333120 wva =109 in nor-
molipemics; P<0.01) and as shown in Fig. 5 both ERG2S
and SREBP-I mRMA levels were significantly lower in the
aorts of hypercholesterolemic animals than i nor-
malipemics (231216 ve. T£2.6; P<0.05).

A3 SREBP-Z ix involved in ERG2S dovwaregulation
circred By LD

Downregulstion of ERG2S expression by LDL was
abrogated by ALLN (25 umol/T), an inhibitor of cysteine
proteases that blocks SREBP catabolism (Fig. 6A) [13],

suggesting that SREBPs should be involved in this effect.
To test this is, PAEC were incubated with [
{180 mgidl, 9 h) and nuclear extracts from control and
LDL-treated cells were prepared. As shown in Fig. 6B
nuclear extrcts from LIDM-treated cells showed & lower
binding capacity to an SRE element than controd ones,
while the binding to an unrelated probe (Ot Ij was
unaffected. Since SREBP-2 was the isoform regulated by
LDL, we anahyred the effect of tanscriptionally sctive
SREBP-2 overexpression on ERG2S expression, As shown
in Fig. 7, the downregulatory effect caused by LDL o
ERG2S expression was abrogated in PAEC transfected
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Fig. 7, Effect of LIDL (180 mg/dl) sn ERGIS mEMNA levels from celis
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umurmdnum~aﬁu.dmm
porfomed fa duplicaie

with & plasmid {SREBP-Z-NT) that expresses the matore
form of SEERP-2,

4. Discuzgion

Atherogenic levels of LDL are one of the most im-
portant risk factors in  atherosclerosis. Hypercholes-
hmlmﬁlhﬂmchwiuvmuhﬂllsmm
hdﬁ:gmﬂmﬁﬂuhmh:ﬁlmﬁmlﬂ—ﬂj.ﬂy
means of mRNA-DD we have identified for the first time
ﬂ:npnmiuuufﬂﬂﬂl&hu&uhndhﬂﬂﬁﬂm
lyzes the demethylation of 4 4-dimeshylrymostersl leading

B
SRE Oct 1

NE - CTLDL - CT LDL
ti =

ve

(A} Reprosentative RT-PCR analysis of ERG2S gnd (3APDH cxpression bn PABC incobwted with 104, (180 mg/d) in the presence or ghsence of

Fig. 6.
ALLN (25 wmol/l, 9 ) GAPDH was used b pormalize pessits. Fach
from contrel and LI -trested oells (9 h, 180 mgidl) using the SH

m=2 anagyy s shewn

saay was perfomsed in duplicaie. () EMSA iy porfomsed with moclear cxtracts
m:-mmﬂmmﬂﬂﬁmtawmﬂr
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o the synthesis of zymosterol [26], an inermediary in the
biosynthesis of cholesterol. This enzyme is 8 membrane
protein that seems 1o be associated with both the endo-
plasmic reticulum and the cell surface. Recenmtly, the
ERGi1S gene has been clomed in yeast, humans [27] and
fungi [ 28] but little is known about its regulation. Here we
show that LDL downregulate ERG25 mRENA levels in the
vascular wall and our data suggest the involvement of
SREHP-2 in this effect.

ALLN reverted the dowmregulation of ERG2S mRNA
levels produced by LDL. ALLM, an unspecific inkibitor of
cysteine proteases, has been described as an SRERP
catabolism mhibitor [13,29), thus, SREBPs scem mvolved
nlﬂ:ﬁmﬂﬁﬁﬂﬁmmw
enzymes in liver, like HMG-CoA reductase, HMG-CoA
snﬁucudﬁrmlﬁphuqﬂmmmm—nl We
show that SREBP-2, the isoform involved preferentially in
liver cholesternl homeostasis [12], is downregulated by
LDL m vascular endothelial and smooth muscle cells. On
the contrary, SREBP-1 mRMNA levels and both mature and
precursor forms of SREBP-1 were not modified by LDL
treatment in these cells.

Interestingly, both the ERG25 and SREBP-2
lation was also observed in vivo in sortic samples from
hypercholesterolemic pigs. Thus, we have observed a
parallel regulation of SREBP-2 and ERG2S mRNA levels
both in vitro and in the vascular wall. A coordinated
regulation of genes encoding enzymes involved in the first
steps of cholestero]l biosynthesis has been described in
different cell types under a variety of conditions including
LDL. treatment [33,34]). Recent findings in different sys-
tems ativibule a major role to SREBP-2, that iself is
regulated by LDL, in this coordinate regulation [35,36].
However, oo information on the effact of LT on other
key enzymes of the cholesterol pathway in vascular tissues
is available,

Besides a transcriptional regulation of SREBP-2 hself
[37], a profeclytic processing has been described as a
regulatory mechanism for SREBPs [14]. Although the
protcolytic kypothesis establishes that the content of
nuclear SREBPs would depend basically on the proteolytic
activity, recently, different authors have observed that the
levels of both the nuclear form (active) and the precursor
(imactive) form of SREBPs change in parllel 1o the
SREBF mRMNA levels [38.39]. Protein SEEBP-2 levels
could not be measured by Western blat, due to the low
efficiency of commereially available antibodies. Hawever,
since msclear SREBP-1 levels were unchanged by LDL,
the changes in SREBP-2 mRNA levels observed both in
vitro and in vivo may be associated to the decresse in
SRE-binding activity observed by EMSA. In addition,
overexpression of the active SREBP-2 form blocks the
ERGIS downregulation caused by LDL supporting the
involvemnent of this transcription factor in the LDL-me-
diated effect. Our results are in agrecment with recent data
from SREBP-1 and SREBP-2 transgenic mice supgesting

that in liver ERG2S expression is preferentially regulated
by SREBP-2 [40].

In summary, our present data show the
nfERﬁIShflﬂLmvmﬁrmhhculmmdmmm
in the vascular wall High levels of
enzymes are nooded in non-hepatic tissues with high cell
growth rates or that synthesize steroid bormones, but it has
been surprising to find significant basal expression levels
of this encyme in the vascular wall. Thus, the chobes-
terogenic pathway may be importand in the regulation of
cell homeostasis and function in wascular tissues. The
disturbance of the regulation of lipid metaboliem in the
vasculor wall cells could be directly involved in the
pathologic chanpges associated to the development of
atherosclerotic lesions and may represent new local targets
for pharmacological intervention.
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