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Hydroxy-Methylglutarvl-Coenzyme A Reductase Inhibition
Promotes Endothelial Nitric Oxide Svnthase Activation
Through a Decrease in Caveolin Abundance

Olivier Feron PhD; Chantal Dessy, PhD); Jean-Pierre Desager, PhDD; J-L. Balligand, MD, PhD

Bachkground—Hypercholesterclemia 1= causally associated with defects of endothehal mifric oxide (NOQ)—dependent
vasodilahion. Increased uptake of cholestarcl by endothehal cells (ECs) upregulates the abundance of the structural
protem caveoln-1 and impairs WO releaze through the stabilization of the mhibitory heterocomplex between cavechn-1
and endothehal NO symthase (elNOS). Therefore, we exanmunsd whether the hvdroxyr-methylslotaryl-coenzyme A
redoctase mmhibitor atorvastatin modulates caveoln abundance, eNOS actrvity, and NO release through a reduction in
endogenous cholestarel levels.

Methods and Results—FEC: were incubated with mcreasing doses of atorvastatin in the abzance or m the prezence of
human LDL cholestarcl (LDL-Chol) fractions 1n the presence of antomidants. Our results show that atorvastatin (10
nmolL to 1 pmoll) reduced caveclmn-1 abhumdance m the abzence (—73%) and mn the pressnce (—20% to 70%) of
LDL-Chol. This was paralleled by a decreased mhubitory mterachon between cavechn-1 and eNOS and a restoration
and/or potentiation of the basal {+453%) and agonmist-stimulated {4+ 107%) eNOS activity. These effacts weare obzerved
m the absence of changes m eNOS zbundance and were reversed with mevalonate. In the presence of LDL-Chel,
atorvastafin also promoted the agomist-induced association of eMOS and the chaperome HspP(, resulting mn the
potentiation of eNOS& actrration.

Conclusions—We provide biochemical and functional evidence that atorvastatin promotes N0 production by decreazingz
caveolin-1 exprassion m ECs, regardless of the level of extracellular LDL-Chol. These findmnes highlight the therapeutc
potential of imlubiting chelesterol symthesiz m penpheral cells to correct NO-dependent endothelial dysfumchon
associated with hypercholesterolemia and posaibly other diseaszes. (Corenlanzon. 2001;103:113-118.)
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-Hydroxy-3-methylehatary]l coenzyme A (HMG-CoA) re-

ductase inlnbitors {or statins) were shown to substantially
reduce cardiovascular morbidity and mortality m clmieal
primary and secondary prevention frals.! Althoush it was
reasonable to attmbute most (1f not all) of these therapeufic
benefits to the reduction m atherogenesnis secondary to therr
affact on serum hipid profile, racent stodies susgzasted other-
wize. Indead, statms reduced climeal end poimnfs before any
measnrable regrassion 1n atherosclerchic plagues * dimimished
cardiovascular mortality even 1n pahents with average cho-
lesterol levels :+ and restored normal endothehial fimchion
independantly of therr effects on serum cholesterc] levels
These clmical benefits, apparently unrelated to the central
(hepatic) effect of statims mn reducimg LD cholestero] (LDL-
Chol), have been explamned by zeveral mechamsms (the
so-called plaiotropic effacts of statins), meluding prevention
of mtimal thackenms through mducton of vascular smooth
muscle cell apoptosier and mhubnhon of vascolar smooth
muscle cell mizration’ and proliferation = downresulation of

monocyte chemotzus and neutrophul-endothehal mterac-
tion,' mecrease m fibmmobrhic acthaty,!' plagque stabihza-
tion,'” and upragulation of endothehal MO synthazs (eMNOS)
axpression’'* ' and'or actraty.'® Althoush m most of these
studies, the effect of statins have been ascnbed to the
mhibition of the mevalonate-dependent zeranyleseranylation
of BEho GTPaze proteins, the causal relationship batwean ths
phenomenon and the protective effect of statine on vessel
fimcton remams elusrve. Mevertheless, these studies lugh-
Lighted the maportance of the cholesterc] symthesis pathway n
penpheral cells as a target for the therapeuhc effact of statins.

zee p 2
In penpheral cells cholestercl homeostzsiz 13 aclneved
primarily through feedback regulation of the expression of
key protems 1meohred 1n sterol flux and metabohiam es, LDL
receptor and HMG-CoA synthase and reductase ' In addsi-
tion, the balance between external and mternal cholestercl 1=
maintamed through the afflux of free cholestercl to HDLs, 2
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process mvoling discrete plasmalemmal microdomaims
called caveolae. ™" Recently, we demonsfrated m endothelial
cells (ECs) that the level of expression of caveclm-1, the
main structural component of caveclae, 13 directly related to
the amount of extracellular LDL-Chol and subsaquent cho-
lasterol uptake by thesa cells.'® Importanth, we documented
that the mcrease m cavechn abumdance mduced by high
LDL-Cheol promotes itz mhubitory mteraction with eMNOS,
resulting m a decrease m N0 production.'® This mechamszm
of cholesterol-induced 1mpairment of NO produchon may
participate m the pathogenesis of endothehal dysfimetion and
1n the proatherogenic effact of hyparcholesterclennz. One
could therefore Inpothesize that by reducing circulatine
LDL-Chol or dractly imlnbiting cholesterc] synthesis in ECs
(see above), stahns could reverse endothehal dv=function by
decreasine caveolm expression and promotng MO release
through the destabilization of the mhibatory cavechn/eMNOS
complex.

To test thiz hypothesiz, we meubatad ECs with mcreasing
dozes of the HMG-CoA reductass mhabitor atorvastatin and
studied the effects om cavechn protein expression levels,
cavecln/'aMN0S mteraction, and eMOS actraty. These exper-
iments were performed m the absance and 1 the presance of
buman LDL-Chol fractions to verify the modulation of NOS
actrvtty by the statin n condihons of siemficant cholestercl
influx from an extracellular source. Our results show that
very low doses of atorvastatm (0.01 to 0.1 umelL) sizmfi-
cantly reduced cavecln abumdance and restored basal and
agomst-shimulated NOS activity by altening the stoacknometry
of eNOS complexation with caveoln and heat shock protein
(Hzp) 20, thersby underlymmg a novel regulation of eMNOS
actretty by atorvastatin at the postiranslahonal level.

Methods

Cell Culture and Treatments
Human LDL subfractions and lipoprotein-deprived senum were
preparad as previonsly described 's Freshly prepared LT subfrac-
tions wers supplemented with 30 pmolT DTPA and used to prepare
stock media at fimal concemtrations of 100 and 200 mg/dl
chalesteral

Eovine aortic ECs (BAECs) were cultared to confloence in 3.5-cm
dizhes in DIMEM containing 10%: seram and wers serom-starved for
24 hours. Cell monolayvers were then exposed for 42 hours o
atarvastatin (10 nmelT to 10 pmell) in DAMEM contaiming or
without LDL sobfraction Incubations wers camied out in the
presence of 100 peml Cu'Zn superoxide dismuataze (SOD), and
mediom was replaced every 11 hours. In some E!-TFETI.I'.‘I:I.EI:‘E mcuba-
tions were carried out in ﬂ:E prazence of | mmoll mevalonate
(Sizma) or 15 wmoll N-acetyl-leu-leu-norlencinal (ALLN) (Boehr-
ingar Mannheim)

Immunoprecipitation and Immunoblotting

EC: were collscted and homopsmized in am octylzlucoside-
containing buffer and proceszed for immuneblotiing or immunopre-
cipitation as described previously. '™ For aNOSHsp00 colmmuno-
precipiztion experiments, cells were mstead homogzemized m the
presence of 0.4% Tritan X-100 and 20 mmoelL sedm melybdate as
repomied by Eender et al **

N0, Measurements and NO Detection

Cuantitative amalvsis of nitrate and nirite (N0} was osed as an
index of NO production in our differemt cell system: Brisfly,
aliguotz of the medium bathing intact ECs or cell Iyates were
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Figure 1. Eiect of LDL-Chol on caveolin-1 {CAV-1), eNOS pro-
tein expression, and thesr mteraction i ECs. Changes in
caveolin-1 {lop) and eNOS (méddle) abundance analyzed by
mnmuncblotting (1B) and in amount of eNOS coammunoprecipi-
tated (IF) with caveolin [bottom) are shown. Blots are represan-

tative of 3 to 5 separate exparments.

—— ——

collected at differemt time imtervals and proceszed throuzh a
cadminm-bazad mirrarsducter chamber (WP to quantitatively re-
duce mitrate to nitrite. Acidic lodide was then used to Convent nitrite
to WO, which was elactrochemically measured with an NO-selaciive
micrezensor (WPRI), as recommended by the marufactursr. In some
experimsnts, azonist-stimulated WO 1elease was directly moenitored
by the NO =zensar positionsd above imtact cell monelayers, as
previpushy described. s All the experiments were carrisd out in the
presence of 7.3 Uml 50D, and adequate control: with either
vehicls or NOS imhibitors were routinaly performed in parallel. Data
are nomealized for the amount of protein in the dish or in the Iysate
and are presented for convenience a: mean*SEM. By comvention,
we kave used the tarm “"WO - to refer to meazuraments derived from
nitrate and mitrite estimation and "N when raleazs of nitric oxide
was directly determined from the extracellular medium of azonist-
stimpulated cells. Statistical amalyses were dome with Student’s § test
ar 1-way ANOVA whers appropriate

Results

LDI-Chol Upregulates Caveolin and Its

Interaction With eNOS in Quiescent ECs
By exposme confluent, senmn-starved ECs for 458 bours to

culture medom contamng or without LDL subfractions 1solated
from hurman senom (100 or 200 me/'dl. cholesterc] content), we
axarmned the extent of the modulatory effact of LDIL-Chol on
caveclm abumdance and cavepln'eMOS mterachon. As m our
previcas shudy weins non—senmm-starved ECs " we found that
althoush &M0S expression was not altered by the different
treatments, caveclm protem expression dose-dependenthy m-
creased with the levels of LDL-Chol present m the culhmre
medmm (Figure 1). In paralle]l to the merease m cavechn
abundance, the association betwean the 2 proters, as reflacted
by the fractiom of &NOS manumopracipitated by caveohn anb-
bodias, was ausmented proporbonally to the exdracellular LD -
Chol levels (Fizure 1, bottom lane).

HMG-CoA Reduoctaze Inhibition Leads to a
Reduction in Caveolin Expression
We next examned the effects of a reduchon m mtracellular
cholesterol necsynthesiz on the same parameters. Cells were
imcubated for 48 hours m the absence of extracellular LD .-
Chol but wath mereasmng doses of the HAMG-CoA reductaze
mhibafor atorvastatin, As depicted 1 Figure 24 (top left), we
observed a dramatic reduction 1 caveolin expression even
with the lowest dose used m this study (— 73+ 13% wath 0.01
prolL. atorvastating P-0.01, n=3).

To examine whather the affact of atorvastatin on caveclhn
axprassion was mamtaimed 1 the presence of an extracellular
spurce of cholestercl, we repeated the above expenments



