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Objective — To assess the effect of endogenous estro-
gens on the bioavailability of nitric oxide (-NO) and in the
formation of lipid peroxidation products in pre- and post-
menopausal women.

Methods — NOx and S-nitrosothiols were determined
by gaseous phase chemiluminescence, nitrotyrosine was
determined by ELISA, COx (cholesterol oxides) by gas chro-
matography, and cholesteryl linoleate hydroperoxides
(CE . -OOH), trilinolein (TG, -OOH), and phospholipids
(PC-OOH) by HPLCin samples of plasma.

Results — The concentrations of NOx, nitrotyrosine,
COx, CE,, -OOH, and PC-OOH were higher in the post-
menopausal period (33.8+22.3 uM; 230+130 nM; 55+19
ng/ul; 17+8.7 nM; 2775+460 nM, respectively) as compa-
red with those in the premenopausal period (21.1+7.3 uM;
114+41 nM; 31+13 ng/ulL, 6x1.4 nM; 1635+373 nM). In
contrast, the concentration of S-nitrosothiols was lower in
the postmenopausal period (91£55 nM) as compared
with that in the premenopausal period (237+197 nM).

Conclusion — In the postmenopausal period, an
increase in nitrotyrosine and a reduction of S-nitrosothiol
Jormation, as well as an increase of COx, CE ,, ,-OOH and
PC-OOH formation occurs. Therefore, "NO inactivation
and the increase in lipid peroxidation may contribute to
endothelial dysfunction and to the greater risk for athe-

rosclerosis in postmenopausal women.
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Cardiovascular diseasesareless prevalent in preme-
nopausal women and in those receiving hormonereplace-
ment therapy as compared with postmenopausal women
and men ™. Thisprotective effect isattributed to estrogens,
and one of the mechanisms of action may berelated tothe
metabolism of plasmalipoproteins?.

EstrogensreduceL DL -cholesterol andincreaseHDL -
cholesterol 3. However, these changesin lipid profile only
contributeto approximately 25% of the protective effect of
estrogens*. Other potential mechanismsof action of estro-
gensmay includeprotection against L DL oxidation®, reduc-
tioninlipoprotein(a), potentiation of fibrinolysis®, andin-
creaseininsulin sengitivity. Inthearteries, estrogensimpro-
vevasodilating function, decrease cal cification, secretion
of cell adhesion molecules (E-selectin, ICAM-1, and
VCAM-1), and formation of atheroscleroticlesions’.

Direct action of estrogensonthearterial wall hasalso
been demonstrated. The administration of estrogens for
prolonged periodsinhibitsthe deposition of cholesterol in
the arteries and thickening of the intimain monkeys and
rabbitsfed an atherogenic diet®. However, themechanisms
determining the direct effects of estrogens on the arterial
wall have not been completely elucidated. Thehemodyna-
mic effectsmay bepartially measured by the activity of es-
trogensonthe synthesisof endothelial nitric oxide®. Estro-
gens have been suggested to possibly improve endothelial
function and decrease the risks of atherosclerosisin
premenopausal women. Nitric oxide hasits bioactivity
reducedin postmenopausal women. However, itisnot clear
whether this occurs due to its lower production by nitric
oxide synthase, or whether nitric oxide isinactivated by
reactionwiththesuperoxideradical also generated by endo-
thelia cdls, formingtheperoxynitriteanion (ONOO), which
isastrong oxidizing agent.

Peroxynitriteis decomposed into other reactive oxy-
gen species (fig. 1) ° and reacts with tyrosine residues of
proteinsto form nitrotyrosine®t. Although littleisknown
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Fig. 1 - Generation of peroxynitritein the vascular compartment and its decomposi-
tion into other oxidizing species. Macrophages and neutrophils may simultaneo-
usly generate nitric oxide and superoxide, which interreact to form peroxynitrite. Pe-
roxynitrite may react with tyrosine residues present in proteins forming nitrotyro-
sine or decomposesinto various reactive species of oxygen and nitrogen that promo-
telipid peroxidation, an increasein vascular permeability, and platelet adhesion.

about the effects of nitration of tyrosines on thein vivo
function of proteins'?, peroxynitriteand itsdecomposition
productsinduce peroxidation of themembranelipids*®*and
may initiatelipid peroxidation of humanLDL *, causingen-
dothelia lesionsand anincreasein vascular permesbility™.
Severa studies indicate that the endothelium-dependent
deficiency invascular relaxationisassociated withinactiva
tion of nitric oxide by formation of peroxynitrite’>*’,
Nitrogen dioxide (‘NO,) is one of the oxidizing pro-
ductsformed in peroxynitrite decomposition, whichrapidly
crossescell membranesduetoitshighlipophilicity, initia-
ting oxidation of the polyunsaturated fatty acids. Therefore,
nitrogen dioxide may take out 1 hydrogen atom from the
chains of polyunsaturated fatty acids, initiating the
processof lipid peroxidation * (fig. 2). Recently, nitrogen
dioxidehasalso been suggested to form nitrated li pids™.
Peroxidation changesin phospholipids, triacylglyce-
rols, and cholesterol estersmay occur in reactions promo-
ted by free radicals and by nonradical reactive species,
such as peroxynitrite. Lipid hydroperoxides (LOOH) are
nonradical intermediatesof lipid peroxidation. A cholesterol
moleculemay al so be oxidized with the consequent forma:

P T e Removal of 1 hydrogen atom
‘NO2  NOz
/Qﬁ-E | conjugated diene estabilized
w2 by resonance
Oz
NN = O, addition
oo
I i e i A Propagation
oo OCH
/% "NO: = _|_/\|—7E Termination
NO:2 ONO

Fig. 2—Process of lipid peroxidationinduced by ‘NO,. The*NO, radical initiatesre-
moval of 1 hydrogen atom from apolyunsaturated fatty acid, resulting in aconjuga
ted diene that reacts with an oxygen molecule, forming lipid peroxide. Thelipid pe-
roxideremoves 1 hydrogen atom from asecond fatty acid, forming alipid hydropero-
xide:and asecond conjugated diene. The conjugated diene may react withthe'NO, ra-
dical, forming nitrated products.
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tion of cholesterol oxides(oxysterols). Cholesterol oxizedin
position 7 may reduce endothelium-dependent rel axation
and nitric oxide production by endothelial cells?. High con-
centrations of cholesterol oxides are found in atheroscle-
rotic arteriesand in lipoproteins of hypercholesterolemic
patients?. Some cholesterol oxides, mainly 7-cetocholes-
terol, have already been shown to have anti-estrogenic
activity 22,

The objective of this study wasto assess the effect of
endogenousestrogenson thebioavailability of nitricoxide,
by determining the concentration of itsderivatives, suchas
NOx (nitriteand nitrate), S-nitrosothiol s(which a so have
vasodilating action) 2* and nitrotyrosine, and also thefor-
mation of lipid hydroperoxidesand cholesterol oxidesinthe
plasmaof pre- and postmenopausal women.

Methods

Thisstudy wasapproved by thecommitteeson ethics
inresearch of theinstitutionsinvolved.

Forty postmenopausal women, with agesranging from
50t0 65 (57.1+5.6) years, and 24 premenopausal women,
withagesrangingfrom20t040(28.1+5.4) years, whowerein
themiddleof their menstrua cycle, werefollowed upfor the
minimum period of 1year. Theexclusioncriteriawereasfol-
lows: smoking, uncontrolled hypertension, diabetes, and
obesity. After a12- to 15-hour fasting period, blood was
collectedintubescontaining EDTA. Plasmawas separated
and stored in tubes containing antioxidizing agents
(butylated hydroxytoluene, BHT 20 uM) and protease
inhibitors (aprotinin, 2mg/pL), phenylmethyl sulfonyl
fluoride(PM SF, 1mM), and benzamidine (2 mM).

Themeasurementsof total plasmacholesterol, LDL -
cholesterol, HDL -cholesterol and triglycerideswere per-
formed with commercial enzymatic methods(BioSytems”).

Theplasmanitrate concentration wasmeasured with
the’NOanalyzer (NOA™*0, Seversinc., USA). Plasmawas
previously deproteinizedin cold ethanol (1:2, v/v), was| eft
restingfor 30 minutesat 0°C, and centrifugedat 10,000gfor
10minutes. A 10-pL aiquot of thefloating materia wasin-
jected into the*NO analyzer (NOA™20), The calibration
curve was built with patterns of sodium nitrate. In the
NOA™20 plasma nitrate was reduced to "NO with vana-
dium (111) at 90°C, and the’'NO formed wasdetected by ga-
seous phase chemiluminescence after reaction with ozone.

M easurement of total S-nitrosothiolswas performed
accordingtoMarley et al ®with modifications. Aliquotsof
500 uL of previoudy prepared plasmaweredoubleinjected
into the purge vessel of the ‘NO analyzer (NOA™?2)
containing 16 mL of glacid aceticacid, 4mL of KI 50mg/mL,
1000 pL of decanol (antifoam agent), and 400 uL of CuSO,
200 mM (thissolution was exchanged every 8injections).
Thecdibration curvewasbuilt based on S-nitroso-albumin
synthesized accordingto Marley etal =,

Nitrotyrosineconcentrationin plasmawasdetermined
with competitive ELISA. The plateswere sensitized with
0.5mg/uL of nitrated albumin (ALBNO, 100 uL, gpproximate
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nitrotyrosine concentration ranging from 40 to 60 uM)
dilutedin 0.1 M carbonate-bi carbonate buffer in pH 9.4 at
37°Covernight. After washing with 200 pL of TBSbuffer
(TRIS-HCI 50mM, NaCl 150mM, pH 7.4) containing 0.05%
Tween 20, theplateswereincubated for 2 hoursat 37°Cwith
200 pL/flask of TBSbuffer containing 0.05% Tween 20and
5% skimmilk. After anew washing, the plateswereincuba-
ted with 100 mL/flask of anti-nitrotyrosinepolyclonal anti-
body (Upstate” biotechnology, diluted 1:1000in TBS con-
taining 0.05% skimmilk and 0.05% Tween 20) inadditionto
100 pL of thesample(theplasmasamplesand nitrated albu-
min used in the calibration curve werediluted 1:4in TBS
containing 0.05% milk) for 2hoursat 37°C. Theplateswere
washed and incubated againwith 100 uL/flask of conjugate
(antirabbit |gG producedinmiceconjugated with peroxida:
se- Stressgen BiotechnologiesCorp.) diluted 1:2000in TBS
containing 0.05% skimmilk and 0.05% Tween 20for 1 hour
at 37°C. After washing, luminol (2.3mM), p-iodophenol (0.9
mM) (200pL/flask), and hydrogen peroxide(3.9nM) (50uL/
flask) were added. The chemiluminescence produced was
immediately read, by using theplatesof EL1SA for chemilu-
minescence (L umiCount, Packard, Meriden, USA). Thecon-
centration of nitrotyrosinein the samples was estimated
withthecalibration curvebuilt with nitroso-albuminand ex-
pressed as equivalents of nitro-ALB. Thesamplesandthe
calibration curveweretripled. Thebovinenitrated albumin
used asapatterntobuild calibration curves(nitro-ALB; 2-4
mol of nitrotyrosine/mol of protein) was prepared by
adding an alkaline solution of peroxynitriteat afinal con-
centration of 1 mM to abovineabumin solution (ALB - 1
mg/pL). The solution wasthen dialyzed overnightin PBS
buffer (10 mM of phosphate-buffered sodium, 140 mM of
sodiumchloride, 2.7 mM of potassium chloride, and 0.02%
sodiumazide). The concentration of nitrotyrosinein nitro-
AL B wasdetermined by using themolar extinction coeffi-
cient4300M *amtin438nm, pH 9.0.

The hydroperoxides derived from cholesterol lino-
leate (CH18:2-O0H), trilinolein (TG18:2-O0H), and phos-
phatidylcholine (PC-OOH) were extracted from plasma
(500 pL) withacetonitrile (4 L) containing 0.02% BHT in
amber tubes by being agitated in vortex for 2 minutes.
Afterwards, 4 UL of hexane previoudly treated with Chelex
resinwereadded, and thetubeswere agitated in vortex for
2 minutes. Then, the tubeswere centrifuged at 2500 rpm
for 5 minutes. The floating material containing the cho-
lesterol linoleate hydroperoxides and trilinolein and the
deposited material containing the hydroperoxides of
phosphatidylcholine were evaporated under nitrogen
flow. The residues were resuspended in 100 mL of 2:1
chloroform-methanol. The hydroperoxideswereidentified
with high-performance liquid chromatography with a
chemiluminescence detector (HPLC-CL). The device
consisted of the following parts: a manual injection
system, Perkin-Elmer quaternary pump series 200, postco-
lumn derivatization system, an injection pump of the
derivatization solution (Radpump Serieslil), and theL C-
240 fluorescence detector (Perkin-Elmer, software Turbo-
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chrom Navigator) coupled to a Pentium processor. The
derivatization solutionwasal:1 mixture of methanol and
borax buffer pH 10.0, containing 1.5 mg of microperoxidase
and 177.2mgof isoluminol, at arateof 1 uL/min. To sepa-
rate CH,,,-OOH and TG, ,-OOH, a Supelco LC18DB
column (25cm, 5y, 4.6mm, 120A) wasused with theres-
pective precolumn; the 2:1(v/v) methanol/t-butanol solu-
tionat arateof 1 mL/minwasthemobilephase. To separate
PC-OO0H, the Shim-pack C8 precolumn (Shimadzu Corpora
tion) and the Shim-pack HRC-C8 column (15¢cm, 4.6mm,
Shimadzu Corporation) wereused, withthe70:15:15 (v/v)
methanol/acetonitrile/H, O at arateof ImL/minasthemo-
bile phase. The hydroperoxideswere quantified through
therelation of the areawith aprimary pattern of linoleic
acid hydroperoxide(13-HPODE - Sigma, St. Louis, MO).

Tocholesterol oxidesdetermination, thelipidfraction
of theplasma (500 uL ) wasextractedin chloroform-metha-
nol (1:2v/v) containing 50pl of 5a-cholestane (Stera oids,
Inc.) (500 ng/uL), whichwasadded to each sampleasanin-
ternal pattern. Thelipid extract wasevaporated under ani-
trogen current and theresiduewasredissolvedin 1.0 uL of
toluene:ethyl acetate (1:1 v/v). The neutral lipid fraction
(triglycerides, cholesterol, and chol esterol oxides) andthe
polar lipid fraction (phospholipids) wereisolated through
sequential elutionwith acolumnto extract the solid phase
(WatersDiol columns) withtoluene:ethyl acetate, followed
by methanol. Theneutral lipid fraction underwent alkaline
saponification and methylation with ether diazomethane.
The sampleswere derivatized to trimethylsilylimidazole
(TMS) by using 50 L of dimethyl-formamideand 50 L of
N,O-bis-trimethylsilyltrifluoroacetamide (BSTFA, Sigma)
(1:1). Thetubeswere seal ed, purged with nitrogen, warmed
to 80°C for 20 minutes, and then transferred to avial. An
aliquot of 1ImL wasinjectedintothegaschromatograph (CG
6890-Plus— Hewlett Packard) coupled to aHP-5 column
(30minlength, 0.32mmD.l., 0.25 umof filling thickness;
Hewlett Packard) and operated withasplit ratio of 1:5. Hy-
drogenwasused asacarryinggasat arateof 5mL/min. The
injectiontemperaturewas290°C, and theinitial temperature
of the column was 260°C. The race was programmed to
remainat theinitial temperaturefor 2minutesfollowed by a
dopeof 5°C/minupto 290°C. Thetemperature of theflame
ionization detector was 300°C. The patterns used (Stera-
loids, Inc.) wereasfollows: 5-chol estene-33,7a-diol (7a-
OH); 5-cholestene-33, 73-diol (73-OH); cholestan-5a,6a-
epoxy-3p-ol (a-epoxy); cholestan-503,63-epoxy-3p-ol
(B-epoxy); cholestan-3[3,5a,6pB-triol (CT); 5-cholesten-33-
ol-7-one(7-Keto); and 5-cholesten-33,25-diol (25-OH).

Theestradiol concentrationwasdetermined with the
IMx" System Estradiol kit from Abbott Laboratories.

Dataarepresented asmean + standard deviation. The
statistical analysis was performed with the one-way
ANOVA and ORIGIN 5.0 software. Thecorrelationswere
performed with Sigma Stat 1.0 software, Pearson Product
Moment method, “r?” = valueof thecorrelation coefficient,
and“p” =descriptivelevel. A significancelevel of P<0.05
was adopted.
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Results

Figure 3 depictsthe plasmaconcentrationsof choles-
terol, LDL, and HDL in pre- and postmenopausal women.
Postmenopausal women (total cholesterol: 281+42 mg/dL ;
LDL-cholesterol: 184+37 mg/dL ; HDL-cholesterol: 65£15
mg/dL) had ahigher concentration of cholesterol ascompa:
red with premenopausal women (total cholesterol: 145+27
mg/dL ; LDL -cholesterol: 83+24 mg/dL ; HDL -chol esterol:
51+10mg/dL).

Figures4, 5, and 6 show the plasmaconcentrations of
NOx (p=0.01), S-nitrosothiol s(p<0.0001), and nitrotyrosine
(p=0.0005), respectively, inthe2 groupsanalyzed. Ascom-
pared with premenopausal women (21.1+7.3uM; 114+41
nM; 237+197 nM), postmenopausal women (33.8+22.3uM;
230+130nM; 91+55 nM) had increased concentrations of
NOx and nitrotyrosineand decreased concentrationsof S-
nitrosothiols, respectively.

Figure 7 showsthetotal concentration of cholesterol
oxidesin plasma, which was higher in postmenopausal
women (5519 ng/uL ) ascompared with that in premeno-
pausal women (31+13 ng/pL, p=0.0003). Figure8 showsthe
concentrationsof al cholesterol oxidesanayzed. Only p-
epoxy-cholesterol showed asignificantincrease (p=0.0003)
inpostmenopausal women (24+10ng/uL) ascompared with
that in premenopausal women (12+8ng/ulL ).
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Fig. 3— Comparison of the concentration of total cholesterol, LDL-cholesterol, and
HDL-cholesterol found in the groups of pre- and postmenopausal women. The
valuesare shown asmean + standard deviation. * Significant difference between the
groups (p<0.05).
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Fig. 4 — Comparison of the NOx concentration found in the groups of pre- and post-
menopausal women. The values are shown as mean + standard deviation. * Signifi-
cant difference between the groups (p=0.01).
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Total S-nitrosothiols
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Fig. 5—Comparison of the concentration of total S-nitrosothiolsfound in the groups
of pre- and postmenopausal women. The values are shown asmean + standard devia-
tion. * Significant difference between the groups (p<0.0001).
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Fig. 6—Comparison of the concentration of nitrotyrosinefound in the groups of pre-
and postmenopausal women. The values are shown as mean + standard deviation.
* Significant difference between the groups (p=0.0005).
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Fig. 7—Comparison of the concentration of total oxysterolsfound in the groups of
pre- and postmenopausal women. The values are shown as mean + standard devia-
tion. * Significant difference between the groups (p=0.0003).

The concentrations of hydroperoxides of cholesterol
esters(17+8.7nM; 6x1.4nM, fig. 9) and of phospholipids
(2775£460nM; 1635+373nM, fig. 10) weregrester (p=0.0007;
p<0.0001, respectively) in the group of postmenopausal
women ascompared withthoseinthegroup of premenopau-
sal women (respectively), indicating grester lipid peroxida-
tioninthat group. Nodifferenceintriglyceride hydroperoxi-
des(11+2.9 nM; 12+4.9 nM) was observed between pre-
and postmenopausal women, respectively (fig. 9).
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Fig. 8—Oxysterol profilein the plasma of pre- and postmenopausal women. The
valuesare shown asmean + standard deviation. * Significant difference between the
groups (p=0.0003).
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Fig. 9—Concentration of hydroperoxides of cholesterol esters (CE-OOH) and trigly-
cerides (TG-OOH) in the groups of pre- and postmenopausal women. Thevaluesare
shown as mean + standard deviation. * Significant difference between the groups
(p=0.0007).
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Fig. 10 — Comparison of the concentration of phospholipid hydroperoxides found
in the groups of pre- and postmenopausal women. The values are shown as mean
standard deviation. * Significant difference between the groups (p<0.0001).

Figure11 showsthe plasmaconcentration of estradiol
inthe2 groupsanalyzed (24+10 pg/mL; 200120 pg/mL,
p<0.0001).

Discussion

Estrogensincrease cholesterol flow from dietary inta-
ketotheliver, due to the cholesterol incorporation into

Estradiol
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300+ ] ;
premenopausal period
250+
200+
150
100- .
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a
o O
| 1

1

Fig. 11 —Plasmaconcentration of estradiol found in the groups of pre- and postmeno-
pausal women. The values are shown as mean + standard deviation. * Significant
difference between the groups (p<0.0001).

chylomicraand remnants of chylomicra. Subsequently,
cholesterol flowsto the cells of the peripheral tissues, as
VLDL and LDL, and returnsto the liver viathe reverse
transportation of cholesterol, asHDL. In liver cells,
cholesterol istransformedinto bileacids, which, inturn, are
excreted in bile. Under the influence of estrogens, the
following events may occur: (i) plasmatriglycerides
increaseduetoanincreasein VL DL production; (i) LDL
concentration is reduced dueto an increasein the expres-
sion of LDL receptors; (iii) HDL isincreased by 2 mecha-
nisms: greater secretion of apolipoprotein A-1, and lower re-
moval of itslipids, because estrogensleadto areductionin
hepaticlipaseactivity (revised by Zhu et a %).

In this study, we observed an increasein nitrate con-
centration associated with ahigher chol esterol concentra-
tionandwith lipid peroxidationin postmenopausal women.
Recently, the localization of endothelial nitric oxide
synthase (eNOS) in specializedinvaginationsof theplasma
membrane, called caveol ae, hasbeen proposed asnecessa
ry tothe maximal activity of that enzyme?’, Caveolacare
highly richincholesterol. CaveolinmRNA (protein present
inthe caveolaeandthat interactswitheNOS) isup-regula
ted when the uptake of free cholesterol fromLDL tothecell
isincreased. Theregulation of theefflux of freechol esterol
viathecaveolar pathismediated by caveolinmRNA #. Evi-
denceindicatesthat theincreasein caveolin regulationin
cellsexposed to high levels of L DL -cholesterol resultsdi-
rectly fromanincreaseinthetranscription of theeNOSgene
induced by the higher cellular content of cholesterol ®. In
vitro studieshave shownthat, when endothelial cellsareex-
posed tolow concentrationsof oxidized LDL (LDL-ox) for
morethan 24 hours, anincreasein eNOS mMRNA isobser-
ved, butin high concentrationsof LDL-o0x, thiseffectisre-
versed 332, These observations show the existence of a
correl ation between the production of nitric oxide, hyper-
cholesterolemia, and lipid peroxidation. Theincreaseinni-
trateconcentration may result fromtheincreaseineNOSre-
gulation, viacaveolin, induced by theincreaseintheplas-
ma, and consequently caveolar, concentration of choleste-
rol, and by theincreasein L DL-0x concentration.

Barbacanne et a * found an increase in"NO activity
induced by estrogens, but observed no changein eNOS
geneexpression, or intheactivity of thisenzyme, although
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they detected alower production of the superoxideradical.
The decrease in the generation of endothelium-derived
superoxide in response to estrogens could increase the
bioactivity of nitric oxide by reducing itsinactivation by
forming peroxynitrite. Hayashi et al 3 observed that 173-
estradiol increaseseNOS activity mediated by thereceptor;
high concentrationsof 17Bu-estradiol tendtoinhibiteNOS
activity through areceptor- independent path. 17[3-
estradiol was also observed to decrease the rel ease of
nitrogen oxides (NOx) produced by nitric oxide synthase
(iNOS) in macrophage culture. On the other hand, 173-
estradiol may actin eNOS by another mechanism, such as
activation of the Ca?/calmodulin system3.

Holm et al * reported that, in ovariectomized rabbits,
theantiatherogenic effect of estrogen waseliminated by an
endothelial lesioninduced with aballoon-catheter (g, itis
endothelium-dependent) and that estrogensincreased NOx
formationinrabbit plasma, showing that theeffect of estro-
gensinatherosclerosismight relateto greater bioavailabi-
lity of nitric oxide. Theeffect of estrogensinreducing cell
adhesion mol eculesand the consequent reductionin adhe-
sion of mononuclear cellsto the endothelium may also be
mediated by anincreaseinnitric oxide.

Some studies have shown that the vasodilation pro-
duced by 173-estradiol is endothelium-independent *¢.
Gonzaesand Kanagy ¥ observed that N-omega-nitro-argini-
ne, anitric oxidesynthaseinhibitor, did not affect vasodila-
tion produced by estrogensin arteriesof maerats, bothwith
intact and denuded endothelium. Theinhibition of guanylate
cyclasedid not affect rel axation. Those authors also obser -
vedthat 17p3-estradiol causesvasodilation by inhibiting Ca™
influx without causing Ca™ intracellular release. Therefore,
thestudy showed that 173-estradiol causesreceptor-media
ted vasordlaxation throughinhibition of calciuminflux, inde-
pendent of nitric oxide production, of guanylate cyclaseti-
mulation, and of potassium channel activation.

Severd pathological conditions, including ischemia/
reperfusion, inflammation, and deficiency in tetrahydro-
biopterin, acofactor for nitric oxidesynthesis, may inducethe
simultaneous production of superoxide (O,~) and ‘NO
radicalsin several tissues?®, generating peroxynitrite*,
which hasamuch greater oxidizing potential thanthenitric
oxide("NO) and superoxide(O,) radicalsalone. Peroxynitrite
causes nitration (incorporation of anitro group - NO,) of
aliphaticand aromaticresidues. Tyrosineresiduesin proteins
arekey targets of nitration, mediated by peroxynitrite, and
the presence of 3-nitrotyrosinein proteinsrepresents a
marker of the endogenous formation of peroxynitrite. The
processof nitrationinvolvesradicalar mechanisms, inwhich
an el ectron derived from peroxynitrite attacksthe aromatic
ring of tyrosine, leadingtotheformation of atyrosyl radical,
whichrapidly combineswithnitrogendioxide('NO,) toform
3-nitrotyrosine. Inadditionto peroxynitrite, another nitration
pathistheH,O,/NO, /myel operoxidase system, which uses
nitritederived from nitric oxidefor nitration*. 17(3-estradiol
has been shown to block the induction of formation of
peroxynitriteincell culture®.
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Both nitrateand nitrotyrosine concentrationswerein-
creasedin postmenopausal women. Thisimpliesthat nitric
oxide synthesis was not reduced in postmenopausal wo-
men, because nitrateisthe major metabolite derived from
nitric oxide. Inaddition, thegreater formation of nitrotyro-
sineindicatespossible’NOinactivation by itsreactionwith
thesuperoxideradical. Therefore, theproduct of thisreac-
tion, theperoxynitriteanion, or thenitrogen dioxideradical
derived fromitsdecompositionwould causenitration of the
tyrosineresiduesof plasmaproteins, generating theincrea-
sein plasmanitrotyrosine.

Peroxynitriteformation may beassociated with estra-
diol in other pathol ogical conditions. A higher incidence of
breast cancer has been associated with exposure to estro-
gens*+2, Estrogen metabolismisalteredin most breast can-
cer tumors. Thesealterationslead primarily totheformation
of catechols, which may generate superoxide®. In breast
cancer, ‘NO synthase activity isincreased, resultinginin-
creased nitric oxide production, and aconsegquent increase
inperoxynitriteand itsdecomposition products, which may
berelated to DNA lesionsin breast cancer “%. On the other
hand, the effect of the administration of estrogenson*NO
inactivation hasnot been clarified. Tamoxifeninhibits'NO
synthaseactivity and nitrotyrosineformationinthebrain of
rats “. Therefore, further studies assessing the effect of
hormonereplacement therapy on*NOinactivationarestill
required.

Nitrosothiols(RSNOs) may beformed by thereaction
of "NO with thiol groups? (present in cysteine, homocys-
teine, and glutathi oneresidues), and its concentration de-
pends on the synthesis of ‘NO “. Nitrosothiol s act promo-
ting vasodilation and inhibition of platel et aggregation .
Nitrosothiolsare considered reservoirsof ‘NO, and many of
their effectsmay be explained by ‘NO release. However, not
all biological effectsreported for RSNOs are attributed to
the "N O donor function of these compounds. Evidence
existsthat RSNOs by themselves may activate guanylate
cyclase, producing vasodilation“. Alterationinthevasodi-
lating activity in postmenopausal women may result from
the accelerated "N O decomposition or its smaller conver-
sionto RSNOs, or both. Thelower concentration of RSNOs
in postmenopausa women only confirmsthereduced*NO
bioavailability inface of the high nitrotyrosine concentra-
tion. "NO synthesized in postmenopausal women may be
inactivated prior totheformation of S-nitrosothiols.

Theformation of peroxynitritedirectly related tothe
formation of nitrotyrosinemay berel ated totheformation of
lipid hydroperoxidesby freeradical sderived from peroxyni-
trite decomposition. Becausenitric oxideisconvertedinto
peroxynitrite, it is not available for the formation of S-
nitrosothiolsin postmenopausa women (fig. 5).

Among the cholesterol oxides analyzed, only a-
epoxycholesterol wassignificantly increasedin postmeno-
pausal women. That oxide does not inhibit nitric oxide
synthesisand does not act on estrogen receptors, but hasa
cytotoxic effect on endothelial cells*. Fielding et al ®re-
ported that cholesterol oxidesreduce caveolin mRNA, the
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transportation of free cholesterol to cell surface, and free
cholesterol efflux. Caveolaeare probableintermediates of
freecholesteral efflux viaHDL %. The presence of oxyste-
rolsin HDL reducesthe capacity of that lipoprotein to sti-
mulate cholesterol efflux®. Invitro studieshave shownthat
estradiol is more effective than a pha-tocopherol or beta-
caroteneininhibiting theformation of cholesterol oxides®.

Severd studieshaveshowntheinvitroandinvivoan-
tioxidant action of estrogens. The addition of estrogensto
asystem of LDL oxidation mediated by copper showed an
increaseintheinitiationtimeof LDL oxidation?. Several
studies have shown the effect of the administration of
estrogenson human L DL oxidation %52, Therefore, there-
duced concentration of estrogens could partially explain
theincreaseinlipid peroxidationin postmenopausal women
observed in this study.

Other factors could have influenced these results,
such asageand the presence of hypercholesterolemia. Be-
cause the objective of this study wasto compare pre- and
postmenopausal women, normalization of theagefactorin
these 2 groupswasnot possible. Agingisanimportant de-
terminant in vascular disease %, and some studies have
reported areduction in nitric oxidebioactivity with aging,
independent of the sex of the groups studied > %, However,
Ohataet al %, analyzing the endothelial functionin old
women (> 80years), reported that the preservation of endo-
thelial function was associated with estradiol and estriol
concentrations. Sader et al %" a so reported that supplemen-
tation with estradiol isassociated with animprovementin
the endothelial function in healthy young men. Although
aging reducesnitric oxidebioavail ahility, estradiol isalsoan
important factor for endothelial function. Theelevated con-
centration of cholesterol in postmenopausal women may
have influenced the results obtained, independent of the
plasmaconcentration of estradiol, although estradiol also
affectslipid metabolismS®®, Estradiol deficiency inpostmeno-
pausal womenisnot theonly factor responsiblefor theele-
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vation in plasma cholesterol; other factors, such as age,
diet, and genetic factors may a so influence these results.
Wakatsuki et al > observed a strong correlation between
estradiol and L DL -cholesterol concentrationsinasimilar
study with pre- and postmenopausal women, suggesting
that estrogen plasmaconcentrationsareinversely related to
LDL-cholesterol concentration.

Several studieshave shown anincreasein HDL-cho-
lesterol and areductionin L DL -cholesterol dueto estrogen
replacement ®. Somestudieshaveclearly shownthat estro-
gensreducetotal plasmacholesterol ® and that hormonere-
placement therapy may bebeneficia for primary prevention
of coronary artery disease®. However, thisprotectiveeffect
of estrogens has been questioned in someepidemiol ogical
studies. The HERS %, ERA %, and WHIHRT % studies
have suggested that hormone replacement therapy hasno
cardioprotectiveeffect in postmenopausal womenwith co-
ronary artery disease and may even increase the risk of
thromboembolism and cardiovascular events. This unex-
pected effect may have been dueto mutationsin thrombo-
genic factorsin asubgroup of women -, Therefore, the
cardioprotectiveeffect of estrogensstill requiresadditional
studies.

Theincreasein nitric oxideinactivation dueto peroxy-
nitriteformation, the consequent reductionintheformation
of S-nitrosothiols, theincreasein nitrotyrosineandinlipid
peroxidationarefactorsthat caninduceareductioninvasodi-
lation andintheformation of atheroscleroticlesionsin pos-
tmenopausal women. These results allow for new perspec-
tivesfor futureresearch concerning theefficacy of hormone
replacement therapy on vasodilation and atherosclerosis.
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