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1. INTRODUCTION

1.1. Reactive species and antioxidants: physiology and pathophysiology

Reactive oxygen species (ROS) and reactive nitrapecies (RNS) are products of the
normal cellular metabolism and play important rafesarious physiological processes [1, 2].
These include the defense against microorganishes dxidative burst in phagocytes); the
redox regulation of the cell cycle; and the modalaif vascular tone, blood pressure (BP)
and platelet aggregation, mediated by nitric oXN®©) [1, 2].

Defense mechanisms against elevated concentrafdR®S and RNS involve enzymatic
antioxidants such as superoxide dismutase (SO@yJasea (CAT), glutathione peroxidase
(GPx) and the peroxiredoxin—thioredoxin—thioredoxmeductase system [1-3]; and
nonenzymatic scavenging antioxidants, represenyeceduced glutathione (GSH), ascorbic
acid (vitamin C), alfa-tocopherol (vitamin E), ctooids, flavonoids, urate and other
antioxidants (Figure 1). Under normal conditiortee tell maintains a balance between the
prooxidants and antioxidants, a state referredsttredox balance” or “redox homeostasis”.
This equilibrium is essential for the survival ofganisms and their health [1, 2]. Thus,
antioxidants not only serve as defense mechanigram&t an overproduction of reactive
species, but their proper functioning also allown83Rand RNS to fulfil their physiological
roles [1-3].

Oxidative stress is defined as a disturbance irpthexidant-antioxidant balance in favor
of the former, leading to potential damage to ingatrbiomolecules (nucleic acids, lipids and
proteins), often mediated by transition metalsniroopper) [1-4]. ROS can react with all
components of the DNA molecule, both the purine pyrimidine bases and the deoxyribose
chain. Permanent modification of the genetic matdry ROS is the first step involved in
mutagenesis, carcinogenesis and ageing [1]. RO& atsick polyunsaturated fatty acid
residues of phospholipids, resulting in a decreaserdhbrane fluidity, increased leakiness of
the membrane, and inactivation of receptors andl@mnels, as well as the formation of lipid
peroxides and their by-products malondialdehyde AYID4-hydroxy-2-nonenal (both
mutagenic and toxic) and-fsoprostanes (Figure 1) [1-3]. Additionally, RO8daRNS may



induce damage to proteins, either reversible (sashthe formation of mixed disulfides
between protein thiol groups and low-molecular-waeigthiols, in particular GSH
(Sglutathionylation)) or irreversible (carbonylatiamtrosylation and hydroxylation, resulting
in generation of carbonylated proteins, nitrotynesi 3,4-dihydroxy-phenylalanine,
ortho-tyrosine and meta-tyrosine) [1,5, 6]. Suclodifications can be detected in
cardiovascular (e.g. hypertension, obesity andrasizterosis), renal (chronic kidney disease
(CKD) and end-stage renal disease (ESRD)) and mdmyadiseases (for example asthma and
cystic fibrosis), and also in cancer and diabeteg][ These modified molecules can serve as
representative biomarkers of the oxidative/nitregat damage involved in the

pathophysiology of the diseases [4].
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Figure 1. Pathways of ROS formation, the lipid peroxidation process and the role of enzymatic ar
nonenzymatic antioxidants in the management of oxative stress.From Valko M.et al. Int J Biochem Ce
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1.2. Oxidative stress in pathological states

1.2.1. Primary hypertension and obesity in childhood: two interrelated diseases

The definition of juvenile hypertension is basedtbae normative distribution of BP in
healthy children, as a systolic and/or diastolic=B#5" percentile for age, gender and height
(on at least three separate occasions) by Thehl-&aport on the Diagnosis, Evaluation, and
Treatment of High Blood Pressure in Children anala&dcents [8]. Even if hypertension in
childhood is often of secondary origin [9-11] (iontrast with that in adulthood [12-14]), the
prevalence of juvenile primary hypertension incesasarkedly with age, in particular from
puberty [9, 10].

Primary (earlier term: essential) hypertension muwutifactorial and polygenic disorder in
which the individual’'s genetic background, and @as demographic and environmental
factors play roles in the development of elevat&d[B0, 12-15]. Factors that may contribute
to the development and aggravation of hypertensioclude obesity, insulin resistance, renal
microvascular alterations, oxidative stress andeadothelial dysfunction [13]. The major
pathways leading to an elevation of BP via ROS &irom are depicted in Figure 2 [16]. The
inducing effects of various agents, such as sasopressin, endothelin-1 (ET-1), renin,
angiotensin Il (Ang Il) and aldosterone, lead toiacreased abundance of ROS, which, in
turn, can induce vasoconstriction, vascular andaasaial hypertrophy, a decreased kidney
function, and increased sympathetic efferent agtisfifom the central nervous system,
contributing to the development of hypertension].[Tlhe closed reaction loops, leading to
the uncoupling of nitric oxide synthase, the adioraof xanthine oxidase, and the generation
of ET-1 and Ang Il, are possible mechanisms of ipegsce of the BP elevation (Figure 2)
[16].
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An increasing number of children and adolescentébéixexcess weight, which comprises
a major issue in public health due to the increassdof development of chronic diseases
[17]. The prevalence of overweight in adolesceriges from under 5% to more than 20%,
being higher in the Western and Southern regiorisuobpe and in the United States [18, 19].
However, the exact number depends on geographichethnical factors, and the definition
of obesity itself [18-20].

The body mass index (BMI) is the parameter mostelyidused to assess childhood
overweight, even if it is only an indirect measafediposity and has limitations as compared
with other techniques [17, 20]. Due to the fact the BMI in children varies greatly with age

and sex [20], percentiles (such as those specifiedhe Centers for Disease Control and



Prevention in 2000 [21]), or the age and sex-specift-off points set by the International
Obesity Task Force [22] are used to define childhoeerweight and obesity.

Obesityper se exerts unfavorable effects on several organs agdhe lung, liver, kidney
and heart [17], and is associated with a proinflatony state [23] and activation of vascular
endothelial cells and platelets [24], as well aghbr prevalences of insulin resistance [25],
type 2 diabetes [26] and dyslipidemia [27]. The \abaalterations and the increased
cardiovascular risk of overweight subjects havenbs&®own in obesity intervention programs
to be partly reversible [28-31]. It is noteworthat the level of oxidative stress is increased
and the antioxidant defense is compromised in 6pd8R], as shown by the increased
formation of superoxide [33] and peroxyl radicaBt]] higher levels of MDA [35] and
F.-isoprostanes [24], reduced concentrations of talfapherol and beta-carotene [36], and
lower activities of SOD and GPx [37].

Excess weight is one of the most important fagpweslisposing to hypertension [38]. The
interrelation between overweight and hypertens®rcamplex, involving (among others)
activation of the sympathetic and renin-angiotesdtiosterone systems, and various
metabolic and vascular changes (e.g. insulin sasist, decreased NO availability and renal
sodium excretion, and increased levels of plaspiddiand ET-1), often manifested as the
metabolic syndrome [38-40]. These effects have lsgyested to be mediated, in part, by
hyperleptinemia and leptin resistance in obesi@}.[4

In view of the facts that adult hypertension [42] dnd obesity [37] are associated with an
increased level of oxidative stress, we previotisiyothesized that oxidative stress may be an
important feature in juvenile hypertension toolitre with this, increased levels of oxidized
glutathione (GSSG), elevated ratios of oxidizedisdl glutathione (GSSG/GSH), decreased
GSH levels, impaired GSH regeneration and a mavaqunced lipid peroxidation have been
demonstrated in adolescent hypertensives [43]. Kewao differences were observed in the
paraoxonase-1 (PON1) activities, PON1 Q192R gemoityp homocysteine levels in this
patient group, irrespective of the degree of olgdd]. Next, we set out to examine whether
a short-term antihypertensive treatment could rediéi@rences in markers of oxidative stress
and endothelial dysfunction between lean or obegeertensive adolescents [45]. Before
medication, elevated activities of the angiotertinverting enzyme (ACE) were found in the

lean hypertensives as compared with the controlgohtrast, the obese hypertensive group



demonstrated a higher heart rate and elevatedsl@fetanthine oxidase activity, ET-1 and
leptin at baseline. In both groups, the levelshef plasma NO end-products (NGnd free
thiols were decreased, and the ratios MDA/Nfere increased before treatment. ACE
inhibitor therapy normalized the levels of N@nd the ratios MDA/NQonly in the obese
hypertensives. These results suggested that thwmathanisms of juvenile hypertension

associated with normal body weight or obesity miffgid[45].

1.2.2. Hemodialysis

The incidences of CKD and ESRD show increasingdgein part due to the ever more
frequent prevalence of their underlying diseasesparticular diabetes [46]. Other causes
include hypertension, glomerulonephritis, chrony@lpnephritis and cystic kidney disease
[46]. The risk of cardiovascular events in ESRDigyas is 3.5-50 times higher than that in
the general population [7]. Besides classical csabcular risk factors (e.g. diabetes,
hypertension and dyslipidemia), uremia-associatadtofs such as a chronic volume
expansion, inflammation, oxidative stress and aneiso play roles [7, 47].

Uremia itself is regarded as a prooxidant statel, #we oxidative stress becomes more
severe together with the severity of CKD [7, 48gspite beneficial effects due to the removal
of uremic toxins and excess fluid [49], hemodiay@iiD) sessions may themselves induce
repetitive bouts of oxidative stress [7, 50, 5H,irdicated by increased levels of MDA and
organic hydroperoxides, decreased activities of @D GPx, and lower concentrations of
selenium, zinc and copper [52]. The dialysis mdigaj including the dialysis dose and
frequency [49, 53], the type of dialysis membrasedi[54-56], and the presence of glucose
in the dialyzing fluid [57], may also affect oxida¢ stress.

Anemia is a common feature of CKD and ESRD, anassociated with elevated levels of
morbidity and mortality in HD patients [58]. Theroent Revised European Best Practice
Guidelines for the Management of Anemia in Patievith Chronic Renal Failure [59] state
that the fundamental treatment choices in anemiaeciion are the administration of
erythropoiesis-stimulating agents (ESASs), iron adphvant vitamins (for example, vitamin E,
vitamin C and folate), and in HD patients, optintiaa of the dialysis process [59].



Despite a transient increase in the levels of dridamarkers after the initiation of ESA
therapy [60] (preventable with simultaneous vitamidministration [61]), long-term ESA
treatment is thought to have antioxidant effect®-¢6], though the mechanisms have not
been well established [67]. These mechanisms aygested to include elevated expressions
of the enzymes SOD, CAT, GPx [62-65] and heme omgge-1 [66], and attenuated lipid
peroxidation [64, 65]. Factors associated withrdduction of iron-dependent oxidative injury
[68] and the correction of anemia [65, 69] may ajday roles in the improvement of
oxidative stress. Before our studies, however, @#swiot known whether a short-term

withdrawal of ESA treatment has an influence onititkces of oxidative stress.

1.3. Assessment of the vascular system in pathological states

1.3.1. Studies on large vessels

Among the various techniques developed for thesassent of the macrovasculature, the
measurement of arterial stiffness is being increggiused in the clinical setting [70]. The
pulse wave velocity (PWV) and the augmentation xn(&ix) are reproducible parameters
with which to characterize arterial stiffness andsp wave reflection, respectively [70], as
measured noninvasively by means of applanationn@tiy, piezoelectricity or oscillometry
(a recent technique developed by lllyés and colleay[71-73]. The carotid-femoral PWV
(considered the gold-standard measurement of artstiffness [70]) is elevated in adult
patients with obesity [74] and uncomplicated priynaypertension [75], and in those on HD
[76]. The carotid-femoral PWV is of independent dictive value for all-cause mortality,
cardiovascular morbidity, coronary events and &rok hypertension [75] and HD [76]. In
adult hypertensives with or without the metabolindrome, the peripheral (radial) PWV and
Alx have likewise been reported to be increased].[A& concerns juvenile primary
hypertension, the brachial-ankle PWV has been te@oto be greater in hypertensive
adolescents, but the patients were not selectexding to the degree of adiposity [78].

Another technique, forearm venous occlusion pletiggraphy, is based on the
interruption of the venous outflow from the arm twe compression of a cuff at a pressure

that leaves the arterial flow unaltered [79]. Trasises the forearm blood volume to rise. The



rate and degree of swelling reflects the forearncwlas resistance, which, in turn, is related
to the vascular endothelial function [79, 80]. Vesmcclusion plethysmography is often used
in combination with complete occlusion and subsatiuelease of the arm (postocclusive
reactive hyperemia (PORH) test) or brachial artatheterization [79, 80]. Even if the latter
allows assessment of the responses to endothekperdent and -independent vasoactive
agents, its applicability is limited due to its @asive nature [79]. As examples, the impaired
endothelial function of the brachial artery wasfaomed in both hypertensive adults [81] and
HD patients [82] in earlier studies in which theghnique was used.
The working principle of the third method, bracheatery flow-mediated dilation (FMD),

is the change in the arterial diameter in resptmsecreased shear stress [79]. Dilation of the
artery after the PORH test or due to a sublinguadedof nitroglycerin (endothelium-
independent vasodilation) is monitored by meansasicular ultrasonography [79]. Even if
brachial artery FMD has some limitations (e.g. sah$al intra- and inter-observer variance),
this technique is most commonly performed and balslated for the noninvasive assessment
of the conduit vessel function [83]. FMD has beeparted to be impaired in obese children
[23, 84] and in patients on HD [85]. A relationsiptween the brachial artery FMD, the
carotid artery intima-media thickness and the lewd vascular inflammatory markers was
recently demonstrated in obese hypertensive chilfB8]. Importantly, a decreased brachial
artery FMD in adult hypertension [77, 87] has bseggested to have a prognostic role in

identifying patients at higher risk of nonfatalfatal cardiovascular events [88].

1.3.2. Assessment of the microvasculature

The definition of “microcirculation” is based onetlvessel physiology rather than diameter
or structure [89]. Accordingly, all vessels thaspend to increasing pressure by a myogenic
reduction in lumen diameter are considered parthefmicrocirculation. Such a definition
includes the smallest arteries and arterioles énntiicrovasculature in addition to capillaries
and venules [89]. The functions of the microcirtiola include the delivery of nutrients and
the removal of waste products from all cells of bloely; the avoidance of large fluctuations in
hydrostatic pressure at the level of the capiltarieat would otherwise impair capillary



exchange; and a contribution to the overall perpheesistance (due to a substantial drop in
hydrostatic pressure at this level of the circolaXi[89].

Laser Doppler flowmetry (LDF) and laser Doppler gimg (LDI) are noninvasive means
of assessment of the microvascular function [9(Q, Blis technique is based on the scattering
and frequency-shift of monochromatic laser lighedo its interaction with moving blood
cells (Figure 3A) [90, 91]. Laser Doppler methodsasure the microvascular blood perfusion
(termed the flux), which is the product of the \atyp and concentration of the moving blood
cells within the measured volume [90]. LDF and Lipbvide an estimate of perfusion up to a
depth of 1 to 1.5 mm into the dermis and thus ngaiméasure the perfusion in the arterioles,
venules and capillaries [91]. LDI makes use ofsetdbeam that scans across a predetermined
area, resulting in a two-dimensional map of theo@ligperfusion. LDI has a better spatial
resolution and smaller site-to-site variabilitycasnpared with LDF [91]. LDF, in turn, allows
continuous monitoring of the flux at a specifiedaf the skin, offers higher sensitivity and
has the ability to detect rapid perfusion chan§é3$. [

Due to the relatively large spatial and temporalakalities of the technique, the response
of the microvessels to provocation tests is asdesastead of the basal flux. These tests
include thermal challenges (local or systemic Imgatir cooling), iontophoretic administration
of vasoactive drugs, the PORH test, or a combinatib them (Figure 3B) [90, 91]. For
further details relating to the standardizatiomo€rovascular reactivity measurements with
the LDF technique, see Section 2.1.1.

——— Optic probes

——— Heating probes

—— ACH iontophoretic probes
— 8NP iontophoretic probes

Figure 3: A: Theory of the laser Doppler flowmetry technique. B: Schematic plot for the probe setting
during laser Doppler flowmetry measurement. ACH: acetylcholine; SNP: sodium nitroprusside.



The skin microvascular reactivity, as measured leams of the laser Doppler technique,
has been reported to correlate with other methpg$ieal to assess the vascular function in
distinct vascular beds, including brachial arteiF [92, 93] and transthoracic coronary
echocardiography [94]. The functional impairmentled microvascular system in HD affects
both the endothelium-dependent [95-97] and -inddpetvasodilations [96, 97]. In contrast,
only the endothelium-dependent microvascular reigtis affected in adult hypertension, as
shown by attenuated LDF flux responses to occlusibna limb and iontophoretic
administration of vasodilators [98], or to localatiag and iontophoresis [99], whereas the
endothelium-independent function is preserved $93,

Due to its simple, convenient and painless natuff is highly appropriate for the
examination of children and adolescents. Beforestunlies, however, no data were available

regarding the functional properties of the micr@dature in juvenile primary hypertension.

1.4. Aims

We set out to answer the following questions:

1. Is there a detectable alteration in the microukas reactivity in juvenile primary
hypertension? Is the microvascular reactivity imgai or augmented? Is the
endothelium-dependent or the -independent reactiianged?

2. Is there any variance in the microvascular reifgtas a function of the BMI in
adolescent hypertensives?

3. Does the level of oxidative stress correlatehwite microvascular reactivity in
juvenile hypertensives and HD patients?

4. Do the characteristics of the treatment with E8® type and the withdrawal of ESA)

influence the oxidative stress in HD?

10



2. SUBJECTS AND METHODS

2.1. Microvascular reactivity assessment

2.1.1. Laser Doppler flowmetry

Microvascular reactivity studies were performeditemperature-controlled room (24 °C)
between 9 a.m. and noon, the subjects being ifiadted state. They were lying in a supine
position with their feet at the heart level. Afeel5-min equilibration, the volar surface of the
right forearm (in HD patients, the forearm contratal to the Cimino fistula) was gently
cleaned with alcohol. The microvascular perfusibthe skin was continuously measured at
two sites (distance of separation: 6-8 cm) by medsDRT4 laser Doppler flowmeter (laser
wavelength: 780 nm, Moor Instruments Ltd., AxminstgK). The optic probes (DP12-V2)
fit into the heater probes (SHP2), which, in tuihjnto the iontophoresis chambers (ION1,
surface area: 0.71 émall Moor Instruments Ltd., Axminster, UK). Thistting allows
perfusion measurements at skin sites affected fipptoretic and local thermal provocations
(Figure 3B). The positions of the probes were chaseas to avoid hair and injured skin. A
MIC2 lontophoresis Device (Moor) was utilized ftvetparallel delivery of freshly prepared
1% isotonic saline solutions of the endotheliumeteient vasodilator acetylcholine (ACH)
and the endothelium-independent vasodilator sodnitroprusside (SNP) (both Sigma-
Aldrich, St. Louis, MO, USA), using separate chamb@t sites 1 and 2, respectively). The
local skin temperature was standardized at 33 °fingluhe iontophoresis sequence, and

subsequently increased to 44 °C by means of a SKbPHeating Unit (Moor).

2.1.2. Validation of the laser Doppler flowmetry protocol

The LDF protocol used in the present work was agthptith modifications from Khan
et al. [100]. It consisted of a 4-min measurement of blaseline perfusion, followed by 3
consecutive, increasing iontophoretic doses of A&id SNP (current: 20A, duration: 20,
40 and 80 s, respectively; yielding a total chaofie2.8 mC and a total charge density of

11



3.94 mC/crfi). Between iontophoretic doses, 4-min intervalshwib current administration
were allowed. Following an additional 10-min intelnafter completion of the iontophoresis
sequence, both measurement sites were gradualigchata rate of 0.1 °C/s [101] to reach
and maintain a temperature of 44 °C for 25 minyesponding to maximal vasodilation. A
typical blood flow curve in response to the abo@¥Lprotocol is shown in Figure 4.
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Figure 4: Typical blood flow curve. ACH: acetylcholine; SNP: sodium nitroprusside.

Flux values at baseline and in the plateau phastheflocal heating response were
evaluated by averaging 60-s intervals. Averageemlof 20-s intervals were used as peak
perfusion responses after each iontophoretic dédle.counted perfusion values were
expressed relative to the baseline values (basdalig®o).

The original LDF protocol [100] was modified in @dto meet recent recommendations
with which to avoid measurement artifacts such wsent-induced hyperemia [102-104]. A
lower current was applied (2, instead of 10tA) and isotonic saline was used instead of
deionized water as the solvent for vasoactive drugsaccord with this, we observed no
changes in the flux when isotonic saline was iohtwpsed by using the above protocol. The
within-subject variabilities determined at fixedirsksites of healthy young subjects were

15-25% for both iontophoretic and local thermalyar@ations in our laboratory.
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In order to validate the modified LDF protocol imetclinical setting, the microvascular
reactivities of 12 HD patients were assessed agptésence of an impaired microvascular
function had previously been demonstrated in thisug [95-97]. In agreement with the
literature, the endothelium-dependent and -independ/asodilation both proved to be
markedly diminished as compared with those in hgajtoung subjectsp&0.001 vs the
controls; data not published) (Table 1). The stpdytocol was well tolerated by both the
patients and the controls, and no adverse locaitepain or red flare) or systemic effects
(change in BP, heart rate or respiratory rate) wbeserved.

1% ACH iontophoresis

Controls HD patients
(n=19) (n=12)
367.0 110.0

(100.0-499.0)

(100.0-473.0)

2" ACH iontophoresis

860.0
(150.0-1854.0)

176.0
(100.0-752.0)"

39 ACH iontophoresis

1339.0
(577.0-2187.0)

289.0
(151.0-914.0)"

Local heating to 44 °C (site 1)

2087.0
(909.0-3245.0)

513.0
(235.0-1263.0§

1% SNP iontophoresis

367.0
(100.0-499.0)

110.0
(100.0-467.0)

2" SNP iontophoresis

860.0
(150.0-1854.0)

333.0
(100.0-669.0)"

39 SNP iontophoresis

1339.0
(577.0-2187.0)

412.0
(100.0-829.0)"

Local heating to 44 °C (site 2)

2087.0
(909.0-3245.0)

654.0
(221.0-1373.0}

Table 1: Skin blood flux values in response to the doses of acetylcholine (site 1and sodiurr
nitroprusside (site 2) iontophoresis and local heatg to 44 °C (LDF protocol validation). Data are express
relative to the baseline values (medians (rangkeayeline=100%). LDF: laser Doppler flowmetry; HD
hemodialyzed. Kruskal-Wallis test and Dunn’s muétipomparison test. p<0.001vs controls.

2.2. Laboratory determinations

For determination of the biochemical, metabolic dramatological parameters, blood

samples containing EDTA or heparin were used. bai (Microvascular reactivity in lean,
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overweight and obese hypertensive adolescentspugdnlood was obtained prior to the LDF
measurements. In Study 2 (Erythropoiesis-stimuatigent withdrawal and oxidative stress
in hemodialysis), blood samples were taken fromatterial line of the dialysis tubes. For the
biochemical determinations, we used samples drawheaend of the long interdialytic period

S0 as to minimize the acute effects of the dialgsission or intravenous iron administration
on the indices of oxidative stress [7, 105]. Thesiloly higher degree of fluid retention had
no effect on the oxidative parameters, as eithemabzation to the hemoglobin (Hb) levels
was performed (GSSG and GSH) or erythrocyte cormmgoms and activities were

determined (MDA and antioxidant enzymes, respelsfivelhe hematological parameters

were measured from mid-week blood samples accotdircgrrent guidelines [59].

2.2.1. Whole blood oxidized and reduced glutathione

Whole blood levels of GSSG and GSH were assayenhégns of a spectrophotometric
enzymatic recycling method [105]. In the presen€e,&'-dithio-bis(2-nitrobenzoic acid),
glutathione reductase and nicotinamide adeninectBotide phosphate (reduced form), the
colored product 5-thionitrobenzoate is formed uplo& progressive reduction of GSSG to
GSH. The rate of color change at 412 nm, followedrd min, is proportional to the total
glutathione (i.e. GSSG plus GSH) concentration. GS$&s determined via the blocking of
GSH with the thiol-masking ageNtethylmaleimide in a separate sample.

2.2.2. Plasma alfa-tocopherol

Plasma alfa-tocopherol was determined by means igh-performance liquid
chromatography (HPLC), using a 4.0x250 mm Sphdni€dDS2 5um reverse-phase HPLC
column (Waters Corp., Milford, Massachusetts, USA{ a variable-wavelength ultraviolet-
visible detector (at 297 nm) [107]. The levels &igma alfa-tocopherol are reported relative

to the total cholesterol plus triglyceride levels.
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2.2.3. Erythrocyte malondialdehyde

Erythrocyte MDA (E-MDA), after its reaction with ittharbituric acid, was measured by
means of HPLC, using a 3.9x300 nuBondapak C18 10m reverse-phase HPLC column
(Waters Corp., Milford, Massachusetts, USA) andaaable-wavelength ultraviolet-visible
detector (at 532 nm) [108].

2.2.4. Erythrocyte superoxide dismutase and catalase activities

The activity of the erythrocyte SOD (E-SOD) was swad according to Misra and
Fridovich [109], modified by Matkovicst al. [110]. The assay is based on the inhibition of
the epinephrine-adrenochrome transformation by S@&ected at 480 nm by means of
spectrophotometry.

The activity of the erythrocyte CAT (E-CAT) was dehined with the method of Beers
and Sizer [111], measuring the breakdown of hydnqueroxide by CAT, detected at 240 nm
with spectrophotometry.

The enzyme activities are given relative to thetgiro concentration of the sample,
determined at 675 nm with the spectrophotometrithogeof Lowryet al. [112].

2.2.5. Determination of metabolic and hematological parameters

Plasma levels of the total, high- and low-densipprotein (HDL and LDL) cholesterol
and triglycerides, as well as Hb levels, proposiaf reticulocytes, transferrin saturation

values and ferritin levels, were determined witnsard laboratory methods.

2.3. Study groups and interventions

2.3.1. Microvascular reactivity in lean, overweight and obese hypertensive
adolescents (Study 1)

Primary hypertensive patients (aged 6-19) with afiomed diagnosis were asked to
participate in Study 1. Hypertension was define &3l-h systolic and/or diastolic mean BP
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equal to or greater than the™percentile for age, height and sex [113], measwitdl an
oscillometric ambulatory BP monitor (Meditech ABRM; Budapest, Hungary). Secondary
causes of hypertension (renal parenchymal, renalasendocrinological, cardiological or
neurological) were excluded. No proteinuria (dedi@s >10 mg/kg/day) or any impairment in
renal function (creatinine clearance <80 ml/min&Int) was observed. Of the 33 adolescents
enrolled after establishment of the diagnosis aihary hypertension in the Department of
Pediatrics, University of Szeged, 10 patients hadoemal BMI (lean hypertensive (LH)
group), while 13 adolescents were classified agvesight hypertensive (OWH) and 10
patients as obese hypertensive (OBH) accordingdage and sex-specific cut-off points of
child overweight and obesity defined by the Intéiorel Obesity Task Force [22]. Most
patients were enrolled within 3 months after esthbtent of their diagnosis (in 1, 4 and 2
subjects in the LH, OWH and OBH groups, respectivelithin 6-10 months). Five LH, 6
OWH and 1 OBH patient had familiar predispositian hypertension. Nineteen healthy
adolescents with no evidence of cardiovasculaepalrdisorders served as controls, recruited
from secondary schools in Szeged. For all groupdusion criteria included the presence of
an acute illness, smoking, and taking medicatiorti{e previous 5 days) or beverages (on the
previous day) known to affect microvascular peduasiThree OWH and 2 OBH patients had
been on short-term metoprolol therapy antecederihdopresent study. No signs of acute
inflammation or systemic infection were revealed ragans of physical examination and
qualitative blood count in any of the patients antrtols. Written informed consent was
obtained from the patients, the controls and tipairents prior to the study, which was

approved by the Ethical Committee of the Universityszeged.

2.3.2. Erythropoiesis-stimulating agent withdrawal and oxidative stress in

hemodialysis (Study 2)

Twenty-one patients on chronic HD were enrolledStudy 2, dialyzed in two distinct
morning shifts (11 patients: age (mean)+SD 59.3&¥¥s, time on HD: 3.6£2.0 yrs; and 10
patients: age 56.6£13.6 yrs, time on HD: 4.3+24d|, yespectively). All patients were on 4-h
bicarbonate HD, performed on a Polyflux 21L dialyZ:times a week. The single-pool Kt/V

was greater than 1.4, in line with the current [pean Best Practice Guideline on Dialysis
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Strategies [114]. Heparin was used as the antidaagduring HD. The primary diagnoses
were chronic glomerulonephritis, chronic pyelonéior hypoplastic kidney. No patients
had hypertension or diabetes as etiological fadtmrehronic kidney disease in these shifts.
Fifteen of the patients were undergoing antihypesitee treatment with amlodipine, enalapril,
metoprolol or prazosin. Additional drugs reguladged by some patients included sodium
polystyrene sulfonate, sevelamer, clopidogrel,yasalicylic acid and famotidine. All patients
received 5mg folate once weekly. Patients withbelias were excluded. The regular
examination of the patients did not reveal any stnacute inflammation or systemic
infection throughout the study.

The patients had been receiving epoetin beta twieekly. As part of the treatment
strategy, the latter 10 patients were to be switdbedarbepoetin alfa, independently from the
present study. Epoetin beta therapy was withdraen 4 days, after which ESA
administration was resumed either with epoetin l{gth patients, dose: 5000 IU twice a
week), or with darbepoetin alfa (10 patients, d&€epig once weekly after the first dialysis of
the week), administered in subcutaneous bolus tiojes at the end of the dialysis. If the
transferrin saturation of a patient fell below 30%%.5 mg iron gluconate was given
intravenously during each of five consecutive d@ysessions. Written informed consent was
obtained from the patients prior to their enteritige study, approved by the Ethical
Committee of the University of Szeged.

2.4. Statistical analysis

For Study 1, the clinical data on the patients tedresults of the microvascular reactivity
measurements and biochemical determinations acetegpas medians (ranges). For Study 2,
the clinical data on the patients and the result @ biochemical analyses are reported as
meanszSD. Statistical analyses were performed vBtlaphPad Prism 4.00 software
(GraphPad Software Inc., La Jolla, CA, USA). Statsd comparisons included the
nonparametric Kruskal-Wallis test, followed by Disymultiple comparison test (Study 1), or
repeated-measures two-way analysis of variance (AA)Qfollowed by Bonferroni’spost

hoc test (Study 2). For both studiesp &alue <0.05 was considered significant.
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3. RESULTS

3.1. Microvascular reactivity in lean, overweight and obese hypertensive

adolescents (Study 1)

3.1.1. Epidemiological and clinical data on the study groups

The plasma levels of HDL cholesterol were signifitya elevated in the LH group, and
significantly decreased in the OBH patients (bp#0.05 vs the controls). The plasma
triglyceride levels were higher in the OWH and OB&tients as compared with the controls
(p<0.05 angp<0.01, respectively). The plasma HDL cholestera aiglyceride levels in the
OBH group were also higher than those in the LHexatb £<0.01 andp<0.05, respectively).
The mean age, diastolic BP and plasma levels af éotd LDL cholesterol were similar in the

study groups (Table 2).

Variables Controls Lean HT Overweight HT Obese HT
(n=19) (n=10) (n=13) (n=10)
Age (yrs) 15.4 (15.2-16.0) 16.5 (7.0-18.5) 15.3 (9.8-18.7 .217.0-18,9)

Systolic BP (mmHg)

115 (105-120)

144 (125-160)

138 (125-170)

140 (125-150)

Diastolic BP (mmHg)

80 (70-90)

84 (75-90)

90 (62-100)

83 (60-100)

BMI (kg/m ?) 22.4 (19.7-24.2) 22.0(18.3-24.2)  25.3 (24.2-78.6)30.9 (23.0-38.2y""""
Total cholesterol (mmol/l) 3.9 (2.8-4.3) 4.1 (3.6-5.4) 4.8 (3.6-5.2) 4.6 (3.3)
HDL cholesterol (mmol/l) 1.5 (1.2-1.8) 1.9 (1.4-2.1) 1.4 (0.9-1.7) 1.1 (0.8-1.4)™
LDL cholesterol (mmol/l) 1.9 (1.1-2.7) 2.4(1.9-3.2) 2.7(1.8-3.1) 23(13.9)
Triglycerides (mmol/l) 0.7 (0.4-1.0) 0.7 (0.4-1.1) 0.9 (0.6-3.1) 1.2 (0.9-3.0§"

Table 2: Epidemiological and clinical parameters ofthe study groups (Study 1).Data are reported as
medians (ranges). HT: hypertensive; BP: blood pressBMI: body mass index; HDL: high-density
lipoprotein; LDL: low-density lipoprotein. Kruskal-#Mis test and Dunn’s multiple comparison test.

™ p<0.001,” p<0.01," p<0.05vs controls.”" p<0.001," p<0.01," p<0.05vs lean HT.
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3.1.2. Biochemical parameters

Results of the biochemical analyses are summaiizéichble 3. The whole blood ratios
GSSG/GSH were significantly elevated in all thaguatgroups (alp<0.001vs the controls).
Also, the ratios GSSG/GSH in the OBH group werehéigthan those in the LH subjects
(p<0.05). The activities of E-CAT were increasedhe OWH group as compared with the
controls £<0.05). The levels of plasma alfa-tocopherol (re¢ato the total cholesterol plus
triglyceride levels) and E-MDA, and the activitieSE-SOD were similar in the study groups.

Variables Controls Lean HT Overweight HT Obese HT
(n=19) (n=10) (n=13) (n=10)
GSSG/GSH (%) 0.144 (0.071-0.201] 0.322 (0.163-0.379p.314 (0.203-0.40T} 0.367

(0.311-0.441§""

Plasma alfa-tocopherol/
/(total cholesterol plus 3.1(2.6-4.1) 3.0 (2.4-3.8) 2.8(2.3-3.4) 2.8 (2.8)
triglycerides) *10°3

E-MDA (nmol/g Hb) 5.1 (3.2-8.6) 6.2 (5.4-8.0) 4.9 (3.6-6.1) 5.5 (8.0)
E-SOD (U/mg prot) 3.7 (3.0-4.0) 3.7 (1.0-4.1) 3.4 (2.4-4.2) 3.2 (3.3)
E-CAT (BU/mg prot*10°?) 1.1 (1.0-1.6) 1.4 (1.0-1.9) 1.6 (1.1-2.1) 1.4 (0.8-1.8)

Table 3: Oxidative stress markers in the study grops (Study 1).Data are reported as medians (ranges)
hypertensive; GSSG/GSH: whole blood ratio of oyadizeduced glutathione; HEDA: erythrocyte
malondialdehyde; E-SOD: erythrocyte superoxide disse; ECAT: erythrocyte catalase; Hb: hemoglo
Kruskal-Wallis test and Dunn’s multiple comparigest.” p<0.001,” p<0.05vs controls." p<0.05vs lean HT.

3.1.3. Laser Doppler flowmetry

The perfusion increments after iontophoresis of éneothelium-dependent vasodilator
ACH did not differ significantly in the patient grps and the controls (Table 4, Figure 5A).
In contrast, the second iontophoretic dose of tidothelium-independent vasodilator SNP
increased the microvascular blood flux to a sigatfitly smaller extent in the LH group than
in the controls[§<0.05). After the third SNP dose, similar differeaavere revealed in the LH
and the OBH groups as compared with the contrath(<0.05) (Table 5, Figure 5B).
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In response to local heating to 44 °C, the incréaslee microvascular perfusion attained a

plateau at similar relative flux values at sitenlail groups (Table 4, Figure 5A). At site 2,

significantly smaller flux increments were detectedhe LH and the OBH groups than in the

controls (Table 5, Figure 5B). The study protocaswvell tolerated by all subjects and no

adverse local or systemic effects were observed.

1% ACH iontophoresis

Controls Lean HT Overweight HT Obese HT
(n=19) (n=10) (n=13) (n=10)
367.0 110.0 123.5 267.0

(100.0-499.0)

(100.0-1134.0)

(100.0-856.0)

(100.0-364.0)

2 ACH iontophoresis 860.0 4205 578.5 526.0
(150.0-1854.0) (268.0-1465.0) (264.0-1935.0) (333.0-909.0)
y . . 1339.0 889.0 1037.0 994.5
3" ACH iontophoresis (577.0-2187.0) (730.0-2368.0) (380.0-2210.0) (884.0-1492.0)
2087.0 1687.0 1534.0 1576.0

Local heating to 44 °C (site 1)

(909.0-3245.0)

(1068.0-3230.0)

(836.0-2741.0)

(1058.0-2137.0)

Table 4: Skin blood flux values in response tthree doses of acetylcholine iontophoresis and kicheating
to 44 °C (site 1, Study 1).Data are reported as medians (ranges). HT: hyméreerPACH: acetylcholine
Kruskal-Wallis test and Dunn’s multiple comparigest.

1% SNP iontophoresis

Controls Lean HT Overweight HT Obese HT
(n=19) (n=10) (n=13) (n=10)
341.0 110.0 426.5 361.5

(100.0-1131.0)

(100.0-949.0)

(100.0-897.0)

(164.0-774.0)

2" SNP iontophoresis

847.0
(432.0-1708.0)

4825
(157.0-842.0)

776.5
(170.0-1494.0)

655.5
(240.0-1204.0)

39 SNP iontoshoresis 1195.0 7975 1078.0 744.0
P (674.0-1774.0) (270.0-1100.0) (333.0-1618.0) (390.0-1207.0)
1870.0 1257.0 1682.0 1188.0

Local heating to 44 °C (site 2)

(1029.0-2970.0)

(585.0-1649.0)

(464.0-2367.0)

(693.0-1815.0)

Table 5: Skin blood flux values in response to theedoses of sodium nitroprussidéntophoresis and loce
heating to 44 °C (site 2, Study 1)Data are reported as medians (ranged). hypertensive; SNP: sodil

nitroprusside. Kruskal-Wallis test and Dunn’s npl&i comparison testp<0.05vs controls.
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Figure 5: Changes in skin blood flux in response tthree doses of acetylcholine [part A, sité] and sodiun
nitroprusside [part B, site 2] iontophoresis and lgal heating to 44 °C (Study 1)Empty box: control grou
striped box: lean hypertensives; squared box: osigiw hypertensives; filled box: obese hypertessi Dat
are expressed relative to the baseline values énedi(ranges), baseline=100%). HT: hyperten
Kruskal-Wallis test and Dunn’s multiple comparigest.” p<0.05vs controls.

21



3.2. Erythropoiesis-stimulating agent withdrawal and oxidative stress in

hemodialysis (Study 2)

3.2.1. Hematological indices

The Hb levels were decreased at week 6 in bothpgra<0.05vs the baseline), and had

returned to the initial values by week 14 (TableTd)e proportion of reticulocytes exhibited a

decrease at week 2 and a subsequent elevatioreis WWeand 10 (ajp<0.05vs the baseline)

(Table 6). No differences were observed between dgimups in either parameter. The

transferrin saturation values and the levels ofitferwere not changed in either group

(Table 6).
Repeated-measures two-way ANOVA
Base- | Week | Week | Week | Week
line 2 6 10 14 pvalue for p value for | pvalue for
! . factor factor
interaction “drug” “time”
Darbepoetin 114.1+| 111.9+| 101.6+| 103.4+| 116.6%
i alfa 8.6 12.8 13.0 10.5 11.0
H(/almoglobln n.s. n.s. <0.05
) Evoetin beta | 120-9% [ 107.3+ | 103.0| 109.9+ | 114.3¢
P 14.2 20.4 16.1 17.3 17.6
. Darbepoetin 103+ | 7.6x | 14.0+ | 144+ | 13.7+
Proportion of 44 42 | 13 | 77 | 68 | 31
reticulocytes n.s. n.s. <0.001
(%o) Epoetin beta 11.5+ | 6.8+ 13.9+ | 16.4% | 12.3%
P 4.2 2.2 3.9 4.3 55
Darbepoetin 38.1+ | 37.9+ | 349+ | 343+ | 34.1%
Transferrin alfa 25.5 28.9 9.9 9.9 14.4
N n.s. n.s. n.s.
saturation (%) '\ oia | 39:3% | 554 | 4261 | 201x | 49.0¢
Poelinbeta 1 171 | 238 | 279 | 83 | 245
Darbepoetin ) 793.5+ ) ) 687.0+
iti alfa 653.3 468.8
Ferritin n.s. n.s. n.s.
(ng/mi) Enoetin bet 808.6+ 758.4+
poetin beta ; 4654 | ; 529.0

Table 6: Hematological parameters in the study grops (Study 2).The antecedent epoetin beta therapy
withdrawn between week 0 (baseline) and week 2aRa¢ presented as meanstSD. n.s.. nonsignif
Repeated-measures two-way ANOVA and Bonferrqoos hoc test.
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3.2.2. Biochemical parameters

The ratios GSSG/GSH were significantly increased/etks 2 and 6 in both groups (all
p<0.001vs the baseline), but had returned to the initiakls\by week 14 (Figure 6). Similar
tendencies were found in the levels of GSSG (T@pleThe GSH concentrations were
increased at week 14 in the two groups(.001vs the baseline) (Table 7). The E-MDA
levels exhibited an elevation at weelkpg@.01vs the baseline) and a subsequent return to the
initial levels by week 14 in both groups (Table &A% compared with the baseline values, the
activities of E-SOD were reduced significantly agek 6 in both study groupp<0.001), and
had returned to the baseline by week 14 (Tabl@hg.activities of E-CAT were significantly
increased at week 14 in both groups@.001vs the baseline) (Table 7).

ESA-free

0.80- s
0.70 * X = darbepoetin alfa

. I epoetin beta
0.604 I

* % %
* % *

—

0.50+ l
0.404

0.304 l l
0.20+
0.10+

0.00 weeks
baseline 2 6 10 14

GSSGIGSH (%)

Figure 6: Whole blood oxidized/reduced glutathione atios (GSSG/GSH) (Study 2)The antecedent epoe
beta therapy was withdrawn between week 0 (ba3etind weelk2. Empty columns: darbepoetin alfa; fil
columns: epoetin beta. Data are expressed as n®BnsESA: Erythropoiesis-stimulating agent
Repeated-measures two-way ANOVA and Bonferrgoi's hoc test:” p<0.001vs baseline (factottime”) anc
p=nonsignificant for both interaction and factorugt.
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Repeated-measures two-way ANOVA

Base- | Week | Week | Week | Week
line 2 6 10 14 pvalue for p value for | p value for
! . factor factor
interaction u » P
drug time
Darbepoetin 25.9+ | 43.6x | 44.6% | 34.2+ | 28.8+
GSSG alfa 6.5 10.7 9.6 9.4 4.7 <0.001
n.s. n.s. .
(nmol/g Hb) Evoetin beta | 24-3% | 442t | 418t | 32,6+ | 29.1%
poetinbeta 14 4 9.0 9.8 4.9 4.9
Darbepoetin 7.9+ 8.2+ 8.7+ 9.1+ 10.0+
GSH alfa 1.2 15 2.1 2.0 1.9 s s <0.001
(nmol/g Hb) . 72+ | 7.1+ | 7.8+ | 8.1+ | 9.1+ o - '
Epoetinbeta | 1" | 16 | 11 | 12 | 15
Darbepoetin | 12.3+ | 13.1+ | 14.0+ | 13.2+ | 12.0%
E-MDA alfa 1.9 1.2 14 11 15 <0.01
n.s. n.s. )
(nmol/g Hb) . 11.8+ | 12.2+ | 13.4% | 125+ | 12.4+
Epoetinbeta | 197 | 15" | 10 | 13 | 11
Darbepoetin 3.3+ 3.4+ 2.6x 3.3t 3.0+
(U/mg protein) . 3.8+ | 3.2+ | 3.0+ | 3.5+ | 3.6¢ o ' '
Epoetinbeta | “n5" | 0o | 07 | 02 | 02
. Darbepoetin 1.1+ 1.3+ 0.9+ 1.1+ 1.6+
E-CAT activity alfa 0.4 0.4 0.2 0.1 0.3
(BUémg protein 0 11 0. 11 15 n.s. n.s. <0.001
*10%) . .0+ NE 9+ NE 5+
Epoetinbeta | “n4" | 9o | 02 | 01 | 03

Table 7: Oxidative parameters in the study groups Study 2). The antecedent epoetin beta therapy
withdrawn between week 0 (baseline) and week 2a ae presented as meansxSD. GS@hole bloo
oxidized glutathione; GSH: whole blood reduced ghibne; E-MDA: erythrocyte malondialdehyde;SBD:.
erythrocyte superoxide dismutase; CE&T: erythrocyte catalase; Hb: hemoglobin; n.s.: gigmificant
Repeated-measures two-way ANOVA and Bonferrgois hoc test.
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4. DISCUSSION

Cardiovascular risk factors such as hypertensibesity and uremia are accompanied by
the loss of endothelium-derived vasodilator and-gmombotic factors, and increased levels
of inflammatory and oxidative stress markers inlad7, 115]. Target-organ damage such as
left ventricular hypertrophy or an increased caraitery intima-media thickness can be
present already in childhood [9, 10, 15], althotlgtre are at present no long-term data to link
a level of childhood BP with cardiovascular evemdater adulthood. The prevalence of
hypertension in childhood and adolescence (abouin32006 [116]) is showing an increasing
trend, which is in part attributable to the higleyalence of obesity [9, 10, 15]. BP [117] and
weight [118] show tracking from childhood into athdod, which further emphasizes the
importance of juvenile hypertension and overweidgbten if secondary causes of the BP
elevation can be revealed in some hypertensivenati late in the first decade of life and
throughout the second, primary hypertension becdim@snost common cause of sustained
hypertension, particularly in those children witiidhasymptomatic disease [9].

4.1. Microvascular reactivity in lean, overweight and obese hypertensive
adolescents (Study 1)

To the best of our knowledge, this study was thst fo assess the functional properties of
the microvessels in juvenile primary hypertensidvioreover, a comparison of the
microvascular reactivities of hypertensive adolessegrouped according to the degree of
ponderosity (LH, OWH and OBH patients) was perfaidme

The microvascular responses to iontophoresis ofeti@onthelium-dependent vasodilator
ACH and local heating (site 1) were not signifidpmttenuated in these hypertensive groups
(irrespective of the BMI) as compared with the colst (Table 4, Figure 5A). The
endothelium-independent vasodilation in respons&N® iontophoresis was impaired to a
similar degree in the LH and OBH patients, but imotthe OWH adolescents (Table 5,
Figure 5B). It was an interesting finding that lbskin heating was associated with distinct
responses when performed after either the ACH d? BINtophoresis sequence (sites 1 and 2,
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respectively). Local skin warming initiates a bipitaresponse: an initial rapid increase to a
peak, mediated by neurotransmitter release frors@sgrafferents, followed by a prolonged
plateau phase, predominantly mediated by NO gepnar§i19]. This, in turn, raises the
possibility of using the local thermal hyperemisttas a tool with which to assess the
endothelium-dependent microvascular function [108]. accordance, similar blood flux
responses were observed to ACH iontophoresis aral heating at site 1 in our study. The
different responses to local heating at site 2 wamesumably influenced by the slower
clearance of SNP as compared with ACH, as indichjethe reported time-response curves
of the drugs [120] and the higher flux values & i at the start of the heating test in the

present study, as compared with those at siteta (d# shown).

During the validation stage of Study 1, a markediftenuated function of the
microvascular system, both endothelium-dependedt-emlependent, was found in the HD
patients. Moreover, a greatly increased oxidativess was confirmed by elevated levels of
E-MDA, GSSG and GSSG/GSH, and decreased concemsati GSH (data not published).
All changes were much more pronounced in the Hugrinan those in the hypertensives.
Even if these findings are in agreement with presimbservations [52, 56, 95-97], the
mechanisms of these alterations and their posstdéionship have not been fully elucidated.
Further analysis of the HD group revealed that rii@st noteworthy variance among the
patients was the difference in the ESA therapy.s€habservations led us to the assumption
that characteristics of the ESA therapy and/oraraxes in the action of ESA may contribute
to the alterations described above. Thereforeathms of our second study were to examine
the influence of the short-term withdrawal of ES#ertapy on oxidative parameters in HD
patients; and to follow the changes in oxidativeess after therapy resumption with two

commonly used ESAs, darbepoetin alfa and epoetm be
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4.2. Erythropoiesis-stimulating agent withdrawal and oxidative stress in

hemodialysis (Study 2)

This study was the first to reveal alterations kidative stress, as shown by increased
ratios GSSG/GSH, after the interruption of epobétita treatment in HD patients (Figure 6).
Four weeks after either darbepoetin alfa or epodieta readministration (week 6),
significantly elevated GSSG/GSH, GSSG and E-MDAelsy and decreased activities of
E-SOD were found as compared with the respectigellvee values (Table 4). These findings
are in line with previous reports of a transientlgreased oxidative stress after the initiation
of epoetin alfa treatment (culminating at week 4the#f therapy) [60], an impairment of the
antioxidant defense after ESA withdrawal [122], aevations in the levels of circulating
inflammatory markers after 4 weeks of ESA theral®3]. By the end of the 14-week study,
all parameters had returned to the respectiveaintilues. The GSH and E-CAT activity
levels at week 14 were higher than initially in lioa@roups (Table 4), concordant with the
reported adaptive response of the glutathione resistem to oxidative stress [1, 124],

consisting of augmented GSH regeneration and sgisthe

4.3. Possible mechanisms and clinical significance of the findings

Controversies exist as to whether the developmeat wascular dysfunction precedes or
follows the elevation of the BP. The endotheliahdtion in normotensive offsprings of
hypertensive patients has been reported to be el 25, 126], although not consistently
[127] (this issue has been previously reviewed L Zhis would suggest that an endothelial
dysfunction might precede the development of hymsibn. However, none of these studies
were prospective, and adolescents were enrollexhly one study assessing brachial artery
FMD [125]. On the other hand, a decreased vascutation may develop as a consequence
of the elevated BP. Transient hypertension has beewn to give rise to a direct attenuation
of the endothelium-dependent vasodilation of then& microvasculature vitro [129]. In
the Cardiovascular Risk in Young Finns Study, avated systolic BP in male adolescents
was found to predict an impaired brachial arteryDFM adulthood [130]. However, there
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have been no reports as concerns endothelium-depeadd -independent reactivities of the
microvascular system in adolescents.

Our finding of a preserved endothelium-dependentcronascular reactivity in
hypertensive adolescents (Figure 5A) may seemrtradict previous reports of a diminished
availability of NO in this patient group [43, 131ACH iontophoresis releases NO,
prostanoids and other vasoactive substances imtbeovessels [132]. The compensatory
activities of vasoactive mechanisms other than N@Ict prevent an impairment of the
endothelium-dependent microvascular reactivity desgecreased NO levels. In accordance,
prostanoids contribute to the vasodilator respongeCH to a greater extent in healthy young
adults than in older subjects [133]. Taken togethbese findings suggest that, in the
pathogenesis of juvenile primary hypertension,rapairment of the endothelium-dependent
microvascular reactivity is more likely to followgther than precede the elevation of the BP.

The responses to the endothelium-independent JasmdiSNP were found to be
attenuated in the LH and OBH groups, but not in @\WWH adolescents (Figure 5B). This
result is in line with the hypothesis that the cavescular risk of OWH patients might be
more favorable than that of their LH counterpatt34], as suggested by several [135, 136],
albeit not all [137] studies. In contrast with ghresent findings, the endothelium-independent
microvascular reactivity has been reported to lesgmved in adult hypertensives [98, 99].
The different microvascular responses among themairoups in Study 1 were not related to
variances in the levels of oxidative markers, ssfjgg that factors other than oxidative stress
play roles. SNP is an NO donor that reacts witbugssulfhydryl groups under physiological
conditions to produce NO directly and thereby stateismooth muscle relaxation [91]. The
decomposition of SNP, the rate of NO liberation ammhsequently the effects of SNP
iontophoresis on smooth muscle cells may be inftednby the local temperature, the
abundance of tissue sulfhydryl groups, and theidigxygen tension and pH [138, 139]. Even
if we standardized the local skin temperature dutive iontophoresis sequence, the possible
influences of the latter factors on the endothelindependent microvascular responses
cannot be excluded.

One may speculate that the microvascular resporeggsrted here might have been
influenced by individual differences in skin thi@gs, especially in obese subjects. Skin

resistance is indeed an important factor that tffebe delivery of vasoactive ions and
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consequently the reactivity of the microvesselsgdescribed by Ramsast al. [140]. The
MIC2 lontophoresis Device used in the present stadiomatically modifies the applied
voltage as a function of skin resistance, so thatdurrent and the delivery of ions into the
skin remain constant. Thus, individual differengeskin resistance are not likely to have had
a substantial effect on the microvascular responses

As to the microvascular function in the HD groupttbthe endothelium-dependent and
-independent reactivities were markedly attenua@edgdative stress is a potential cause of the
impaired vascular function in HD patients, charazezl by increased levels of oxidative
markers, a compromised antioxidant protection £1, &nd periodical exogenous challenges
that reportedly affect oxidative stress, such ae #D sessions [7,50,51] and the
administrations of intravenous iron [50, 105] an8AE[67]. Although effects of the HD
sessions and intravenous iron on oxidative markbeve already been explored
[7, 50, 51, 105], the issue of ESA therapy has yeitbeen fully elucidated. The episodic
administration of ESA is in contrast with the snimat physiological changes in the
endogenous erythropoietin (EPO) levels [121]. Bieves and descents may be observed in
the plasma level of ESA between individual dosespde unaltered Hb levels [121]. This, in
turn, could have an influence on the reported amant effect of the ESA treatment [67], sO
that the antioxidant protection would be transiemtitenuated if the level of ESA declined.
Such fluctuations in the antioxidant protection Woadd to the repeated effects of HD
sessions on the oxidative stress and the microlaisce [50, 51, 141]. Possible clinical
examples are the late phase of the widely exteradinistration intervals, and the
temporary suspension of ESA therapy in consequardcthe guideline Hb level being
exceeded, conditions in which the action of ESA rhaydepressed [121]. To assess the
hypothesis that variances in the action of ESA rdoute to an alteration in the oxidative
stress, we studied the effects of a 14-day suspeig$iESA therapy on oxidative indices.

Directly after ESA withholding (Study 2), a markedtrease in the ratio GSSG/GSH was
revealed in HD patients (Figure 6). In terms of haudsms that may contribute to this
elevation, we first refer to the earlier study otcdetal. [142], who reported that ESA
therapy withdrawal induces hemolysis of the youad blood cells (RBCs) in renal failure
[142]. Although we did not assess neocytolysisaliye a higher elimination rate of young

erythrocytes could contribute to an increase inrtten GSSG/GSH, due to low GSSG and
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high GSH contents of young RBCs [143] and the sseaf free heme, promoting the

oxidation of lipids and membrane-bound proteinsd|1#However, the proposed theory of the
mechanism of neocytolysis, which suggested thetenge of an EPO-mediated endothelial
cell-macrophage interaction [121], has been questidby recent reports of an absence of
EPO receptors on endothelial cells [145, 146].

Secondly, ESA withdrawal is associated with deméssrythropoiesis in HD, a disease
characterized by diminished endogenous EPO pramugii47]. The consequently decreasing
proportion of young RBCs, containing low levels®S8SG and high levels of GSH [143],
may also contribute to the elevation of the whatet GSSG/GSH levels.

Finally, EPO has been reported to activate dddarminal kinases (JNKs) in erythroid
cells [122]. INKs may, in turn, stimulate heme cygse-1 [148] and Forkhead box class O
(FOXO) transcription factor FOXO3a in response widative stress [149]. FOXO3a
activation is reported to be parallelled by elega®&D, CAT and GPx expressions and an
increased survival [150, 151]. As mature RBCs dd¢ have nuclei and cannot induce
FOXO3a, they are dependent on antioxidant enzyrgathesized during early erythroid
differentiation [151], even if post-translationalodifications of the enzymes may have an
influence on their activities [152153]. Therefoeedecrease of the JNK activity shortly after
ESA withdrawal [122] could contribute to an attetima of the FOXO3a-mediated stress
tolerance in erythroid cells, and also an increasshitivity of RBCs to free heme due to a
lower activity of heme oxygenase-1.

Four weeks after ESA readministration, the levelogidative stress was significantly
elevated in both HD groups, with a subsequent metarthe baseline level (Figure 6 and
Table 4). Despite the distinct pharmacokinetic abtaristics of epoetin beta and darbepoetin
alfa [154, 155] and the marked changes in the ¢ixelgparameters during the follow-up, no
statistically significant difference between thewyps, except for E-SOD, was found. Modest
variances were present already at baseline and vertken identical interventions were
performed in both groups. It was a noteworthy fiigdthat the trend of the changes in the
level of Hb was opposite to that shown by the oti@aparameters, in accordance with the
suggested association between the degree of aewhithe level of oxidative stress [65, 69].
Moreover, the time courses and magnitudes of the@ative alterations in the present study

with darbepoetin alfa and epoetin beta, and those previous study with epoetin alfa [60],
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were remarkably similar. These findings raise tloespility that the changes in oxidative
stress during ESA therapy may be generated by ria@ssociated with the correction of
anemia, and not the direct effect of ESA. To confthis hypothesis, assessments of the
effects of different administration doses and fesgpies of ESA, and studies comprising

larger patient cohorts with a parallel-group orssrover design, are suggested.
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5. SUMMARY

The microvascular responses to endothelium-depénaled -independent vasodilators
(ACH and SNP, respectively) and to local heatingenstudied in adolescents with primary
hypertension grouped according to their BMI (LH, &Vénd OBH). It emerged that the
endothelium-dependent vasorelaxation was not sugmfly attenuated in any of the
hypertensive groups. This finding does not suppb& (otherwise clinically attractive)
hypothesis of predicting the development of juvehiypertension via noninvasive assessment
of the endothelial function with LDF. In contragite endothelium-independent vasodilation
was significantly impaired in the LH and OBH patgemas compared with the controls. The
microvascular reactivities were not related toeati#hces in the levels of oxidative markers,
even if the presence of an increased oxidativesstreas confirmed in all the hypertensive
groups. Prospective studies on larger populatiodhsadwlescents, which also assess the
mechanisms of the microvascular responses to diffestimuli, could clarify these issues.

An impairment of the endothelium-dependent and efiahdent vasodilations and the
presence of a markedly increased oxidative strem® wonfirmed in HD patients. Among
possible factors influencing the oxidative stressfystantial characteristics of ESA treatment
(type and withdrawal of ESA) were studied. A sigraht elevation of the ratio GSSG/GSH
was revealed directly after the interruption of efoo beta treatment. Four weeks after
darbepoetin alfa or epoetin beta therapy resumptiom levels of GSSG/GSH, GSSG and
E-MDA were significantly increased in both groups @mpared with the baseline. In line
with the reported antioxidant effect of the sustdileSA administration, these parameters had
returned to the baseline values by the end of Zaedek follow-up, parallelled with increased
GSH and E-CAT activity levels. The findings of apposite trend in the levels of Hb and
oxidative markers, and similarities in the time sms and magnitudes of the oxidative
alterations during the treatment with different ESguggest that the observed changes may
primarily be caused by factors associated withcthreection of anemia, rather than the direct
effect of ESA. This emerging hypothesis is yetéocbnfirmed.
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6. ORIGINAL FINDINGS

1. The endothelium-dependent microvascular reagtigi not significantly attenuated in
primary hypertensive adolescents being lean, ovgiwer obese.

2. The endothelium-independent vasodilation isifaantly impaired in the LH and OBH
groups, but not in the OWH patients, as comparéh thie controls.

3. The microvascular reactivities are not relatedlifferences in the levels of oxidative
markers, even if the presence of an increased twédatress is confirmed in all the
hypertensive groups.

4. An increased oxidative stress is revealed bwifsigntly elevated ratios GSSG/GSH
directly after the withdrawal of epoetin beta treant in HD patients.

5. The levels of GSSG/GSH, GSSG and E-MDA are 8aanitly increased and the
activities of E-SOD are significantly decreasedrfaueeks after darbepoetin alfa or epoetin
beta therapy resumption as compared with the leseli

6. The levels of GSSG/GSH, GSSG and E-MDA returthéobaseline values by the end of
the 12-week follow-up after darbepoetin alfa or &tpobeta therapy resumption, parallelled
with increased GSH and E-CAT activity levels.
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