Ce"uIar Phy5|0|08y Cell Physiol Biochem 2014;34:1075-1089 Oggﬁgggcess

. . DOI: 10.1159/000366322 © 2014 S. Karger AG, Basel
and B|0Chem|5try Published online: September 08, 2014 www.karger.com/cpb 1075
Accepted: July 30, 2014 1421-9778/14/0344-1075$39.50/0

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to
the online version of the article only. Distribution permitted for non-commercial purposes only.

Original Paper

Oxysterol Mixture in
Hypercholesterolemia-Relevant Proportion
Causes Oxidative Stress-Dependent
Eryptosis

Luisa Tesoriere? Alessandro Attanzio® Mario Allegra®  Antonio Cilla®
Carla Gentile* Maria A. Livrea®

2Department of Biological Chemical and Pharmaceutical Science and Technologies (STEBICEF),
Universita di Palermo, Palermo. Italy; PNutrition and Food Science Area, Faculty of Pharmacy, University
of Valencia, Burjassot, Valencia Spain

Key Words
Hypercholesterolemia « Human red blood cell « Oxysterols « Eryptosis « Oxidative stress

Abstract
Background/Aims: Oxysterol activity on the erythrocyte (RBC) programmed cell death
(eryptosis) had not been studied yet. Effects of an oxysterol mixture in hyper-cholesterolemic-
relevant proportion, and of individual compounds, were investigated on RBCs from healthy
humans. Methods: Membrane phosphatidylserine (PS) externalization, calcium entry, ROS
production, amino-phospholipid translocase (APLT) activity were evaluated by cytofluorimetric
assays, cell volume from forward scatter. Prostaglandin PGE2 was measured by ELISA; GSH-
adducts and lipoperoxides by spectrophotometry. Involvement of protein kinase C and caspase
was investigated by inhibitors staurosporin, calphostin C, and Z-DEVD-FMK, respectively.
Results: Oxysterols caused PS externalization and cell shrinkage, associated with PGE2 release,
opening of PGE2-dependent calcium channels, ROS production, GSH depletion, membrane
lipid oxidation. Addition of antioxidants prevented Ca?* influx and eryptosis. Calcium removal
prevented cell shrinkage, with small effect (-20%) on the PS exposure, whereas ROS generation
was unaltered. Either in the presence or absence of calcium i) oxysterols inhibited APLT, ii)
staurosporin, calphostin C, Z-DEVD-FMK blunted and iii) antioxidants fully prevented the
oxysterol-induced PS externalization. Only 7-ketocholesterol and cholestan-3f,5a,6p-triol
were individually active. Eryptosis was observed in RBCs isolated after ex vivo spiking of
human whole blood with the oxysterol mixture. Conclusions: Oxysterols induce an oxidative
stress-dependent eryptosis, involving calcium-independent mechanisms. Eryptotic activity of
oxysterols may be relevant in vivo.
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Introduction

Cholesterol oxidation products in circulating low density lipoproteins (LDL), collectively
termed oxysterols, are considered to play a critical role in the initiation and development of
anumber of chronic diseases, including atherosclerosis, neurodegenerative pathologies, and
diabetes [1]. High levels of oxysterols (20 to 30 uM) have long been known to occur in hyper-
cholesterolemic subjects [2-5], and increased concentrations in plasma and cerebrospinal
fluid are correlated to enhanced risk of cardiovascular and Alzheimer’s diseases, respectively
[6-9]. Recent literature now supports that certain oxysterols exert pathological effects by
induction of apoptotic cell death. This has been shown with different cell types of the vascular
compartment, namely smooth muscle cells [10, 11], endothelial cells [11, 12] and monocyte-
macrophages [11, 13, 14], in intestinal epithelium cells [15, 16], and in oligodendrocytes
[17]. Similarly to nucleated cells, RBCs incur in suicidal death or eryptosis, characterized
by cell shrinkage and membrane scrambling with phosphatidylserine (PS) appearance at
the RBC surface [18]. Eryptosis is to be considered a physiological event, leading to disposal
of aged RBCs by macrophages, however growing evidences suggest that this process may
contribute to the patho-physiology of various clinical disorders. Enhanced eryptosis is
observed in chronic uremia [19], sickle cell disease [20], thalassemia [21] and diabetes
[22]. Externalization of PS at the RBC surface may activate coagulant enzymes [23] and thus
cause thrombosis and thrombo-occlusive disease [20, 23-26]. Moreover, eryptotic RBCs may
adhere to the vascular wall [25, 27], contributing to the inflammatory process of endothelial
tissue leading to atherosclerosis. RBCs are continuously exposed to circulating lipoproteins,
with rapid transfer of cholesterol and derivatives between particles and cells [28], however
eventual toxicity of oxysterols on these cells has not been studied yet. This work explored
the eryptotic activity of oxysterols on isolated human healthy RBCs, and investigated
mechanistic aspects associated. The major plasma oxysterols, i.e. 7-ketocholesterol (7-KC),
cholestan-3pB,50,6B-triol (TRIOL), 5a,6a-epoxy-cholesterol (a-epox), and 5p3,6B-epoxy-
cholesterol (B-epox), 7a-hydroxy-cholesterol (7a-OH), 7B-hydroxy-cholecholesterol (7f3-
OH), at the concentrations occurring in hyper-cholesterolemic subjects [5, 29, 30], have
been assayed either individually or in a mixture, and role of calcium and oxidative stress as
initiating factors in the oxysterol-induced eryptotic transduction investigated. The oxysterol
toxicity on RBCs has finally been evaluated after ex vivo spiking of normal blood with the
mixture.

Materials and Methods

7-KC, TRIOL, a-epox, B-epox, 7a-OH, 73-OH and fluorescent-labeled phosphatidylserine,1-palmitoyl-
2-{12-[(7-nitro-2-1,3-benzoxadia- zol-4-yl)amino]lauroyl}-sn-glycero-3-phosphoserine (NBD-PS), were
purchased from Avanti Polar Lipids, Inc (Alabaster, AL, USA); calphostin C was from Calbiochem (Merck
Millipore, Darmstadt, Germany). All other reagents and chemicals were from Sigma Chemical Co (St. Louis,
MO), unless indicated.

Cells and incubation conditions

Blood was drawn from five healthy volunteers, with informed consent, and RBCs isolated by a 20
min centrifugation at 2,000 g, 4 °C, over Ficoll (Biochrom KG, Berlin, Germany). RBCs (0.4 % hematocrit)
were incubated at 37°C, 5% CO, and 95% humidity, in Ringer solution containing (mM) 125 NaCl, 5 KCl,
1 MgS0,, 32 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)/NaOH, 5 glucose, 1 CaCl, pH
7.4, for 48 h. For the nominally calcium-free solution, CaCl, was replaced by 1mM ethylene glycol-bis(2-
aminoethylether)-N,N,N’N’-tetraacetic acid (EGTA). 7-KC, TRIOL, a-epox, 7a-OH, 73-OH and p-epox, at their
final concentration of 7 uM, 2 uM, 4 uM, 1 uM, 2 uM and 4 pM, respectively, were added individually or
in mixture. Oxysterols were delivered to the cells dissolved in a final 0.1% (v:v) tetrahydrofuran (THF)
concentration. Preliminary experiments showed that THF did not have any effect under this condition,
therefore control RBCs were incubated with THE. Where indicated, COX inhibitor acetylsalicylic acid (ASA,
50 uM), pan-caspase inhibitor Z-DEFD-FMK (100 uM), protein kinase C (PKC) inhibitor staurosporin (1.0
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uM), calphostin C 0.5 uM), N-acetyl-L-cysteine (NAC, 10 uM), vitamin E (a-T, 20 uM), or the calcium chelating
agent 1,2-bis-(0-aminophenoxy)-ethane-N,N,N’,N’-tetracetic acid, tetracetoxymethyl ester (BAPTA-AM) (50
puM) were added into the incubation medium 1 h before adding the oxysterols. o-T was delivered to the cells
in a final ethanol concentration 0.1% (v:v). Control RBCs were incubated with ethanol and THF in these
assays.

Measurement of phosphatidylserine (PS) externalization and forward scatter

RBCs were washed once in Ringer solution and adjusted at 1.0x10° cells/mL with combining buffer.
Cell suspension (100 pL) was added to a new tube and incubated with 5 pL. Annexin V-FITC (eBioscience
Inc., San Diego, CA, USA), at room temperature in the dark for 15 min. Then samples of at least 1x10* cells
were subjected to fluorescence-activated cell sorting (FACS) analysis by Epics XL™ flow cytometer, using
Expo32 software (Beckman Coulter, Fullerton, CA). Cells were analysed by forward scatter, and annexinV-
fluorescence intensity was measured in fluorescence channel FL-1 with an excitation wavelength of 488 nm
and an emission wavelength of 530 nm.

Measurement of hemolysis

RBCs were centrifuged (3 min, 400 g) and the supernatants harvested. Concentration of hemoglobin
(Hb) in the supernatant was determined by the absorbance at 408 nm (Soret’s band). The absorption of the
supernatant from analogous erythrocytes lysed in distilled water was defined as 100% hemolysis.

Measurement of cytosolic calcium

Intracellular Ca?* concentration was measured using fluo-3 AM as a fluorescent Ca?* probe, whose
intensity is directly representative of the ion concentration. Fluo-3/AM (2uM final concentration), was
added into the cell medium 40 min before the end of treatment. After centrifugation (2,000 g, 5 min), cells
were washed with 0.9% NaCl in 5 mM phosphate buffer, pH 7.4 (PBS) and suspended in 500 pL PBS. The
fluorescent intensity was analyzed by FACS analysis in at least 1x10* cells for each sample.

Measurement of prostaglandin E2 (PGE2) production

RBCs (1x10° cells/mL) were incubated for 48 h either in the presence or in the absence of oxysterols
as indicated above. PGE2 secretion in extracellular medium was quantified in pg/ml using a Prostaglandin
E2 Enzyme Immunoassay Kit (Cayman Chemical Corporation, Inc. Ann Arbor, MI) in accordance with the
manufacturer’s protocol.

Measurement of intracellular ROS

The ROS level was monitored by measuring fluorescence changes resulting from oxidation of dichloro-
dihydro-fluorescein diacetate (DCFDA). DCFDA, at 10 uM final concentration, was added to the cell medium
30 min before the end of treatment. Cells were collected by centrifugation (2,000 g, 4°C, 5 min), washed,
suspended in PBS and subjected to FACS analysis. At least 1x10* cells were analyzed for each sample.

Measurement of glutathione (GSH) in red blood cells

GSH was measured in cells from 3.0 mL incubation mixture, precipitated (2,000 g, 4°C, 5 min) and
hemolysed with 0.5 mL H,0, by titration with DTNB and spectrophotometric quantitation at 412 nm, using
a molar extinction coefficient of 13,600 [31].

Measurement of membrane lipid hydroperoxides

Ghosts were prepared by three 30 min washing-centrifugation cycles (20,000 g, 4°C) with excess
hypotonic PBS, and finally suspended in 1 mL PBS. Conjugated diene (CD) lipid hydroperoxides were
extracted from 500 pl of the suspension with 3ml of a CHCL,:CH,OH (2:1) mixture. The organic extract was
evaporated under a nitrogen stream, re-suspended in cyclohexane and quantified spectrophotometrically at
234 nm, using a molar extinction coefficient of 27,000 [32].

Measurement of APL-translocase (APLT) activity
RBC suspensions (0.5 mL) were incubated at 37°C with 0.5 mM NBD-PS fluorescent probe, added
from a Immol/L stock solution in HEPES-buffer. After 60 min, 5 pl of the sample was added to 250 pl HEPES
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Fig. 1. Eryptosis and hemolysis
by oxysterols added individually
or in mixture to human RBCs. His-
tograms of annexin V binding (a),
arithmetic means+SD (n=6) of the
forward scatter (b), percentage of
hemolysis (c), after a 48 h incuba-
tion in the absence (control) or
in the presence of oxysterols. (a)
Image representative of six ex-
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mixture (20 uM final concentration). RBCs were isolated by centrifugation over Ficoll as described above,
washed and re-suspended in PBS to obtain a 0.4% hematocrit. ROS level and PS externalization were cyto-
fluorimetrically measured by DCFDA and annexinV-FITC, respectively, as described above.

Statistics

Results are given as mean+SD of n independent experiments carried out in triplicate. Statistical
comparisons were made using one-way ANOVA test, with Bonferroni’s correction for multiple comparisons
by Instat-3 statistical software (GraphPad Software Inc., San Diego, CA, USA). In all cases, significance was
accepted if the null hypothesis was rejected at the P<0.05 level. Comparison between matched-paired
samples was by Student’s t test.

Results

Eryptosis by oxysterols in mixture or individually

Eryptotic activity of oxysterols was evaluated by cytofluorimetric analysis of FITC-
labelled annexin V binding and forward scatter, to measure PS exposure and cell shrinkage,
respectively. In comparison with cells incubated in their absence, a 48 h incubation with
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Fig. 2. Ca? entry (a) and PGE2 re-
lease (b), induced by a 48 h treat-
ment with oxysterol mixture or in-
dividual 7-KC or TRIOL, in human
RBCs and effect of COX-inhibitor
ASA. Values are the means+SD of
six separated experiments carried

O vehicle
M oxysterols

30 4
a + O +ASA (50 pM)

*
*§
15 A
o -
*

out in triplicate. * Significantly dif-
ferent vs control (P<0.0001); § sig-
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>

nificantly different vs mixture and b N
TRIOL (P<0.05) (Anova associated *
with Bonferroni’s test).
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a mixture including oxysterols at a hyper-cholesterolemia-relevant proportion (20 uM
total oxysterols) caused a net increase of annexin V binding RBCs (42+6%, n=6, Fig. 1, a),
and a significant decrease of forward scatter (Fig. 1, b). Exposure of erythrocytes to the
individual oxysterols provided evidence that only 7-KC and TRIOL were effective in causing
PS externalization and reduction of cell volume (Fig. 1, a, b). Hemolytic effects of oxysterols
were also investigated. Exposure of RBCs to the oxysterol mixture for 48 h caused increased
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AnnexinV- binding cells (%)

Staur  Calph Z-DEVD-FMK Staur  Calph Z-DEVD-FMK
(1 uM) (0.5 uM) (100 uM) (1 uM) (0.5 uM) (100 uM)

Fig. 4. Effect of pre-treatment with staurosporine (staur), or calphostin C (calph), or Z-DEVD-FMK on PS-
externalization in oxysterol-treated human RBCs in the presence or in the absence of Ca®* in the medium.
Arithmetic means+SD (n=6) of AnnexinV-FITC-cell fluorescence after a 48 h incubation of RBCs with the
oxysterols preceded by 1 h pre-treatment in the presence of inhibitors, or vehicle. *Significantly different vs
relevant value measured in the absence of inhibitor (P<0.0001; Student’s t-test).

+Ca?" -Ca>*

100 _I_ —I—

50 4 *

NBD-PS fluorescence
(% of positive cells)
*

Fig. 5. APL translocase activity in oxysterol-treated human RBCs in the presence or in the absence of Ca?* in
the medium. Arithmetic means+SD (n=6) of NBD-PS-associated cell fluorescence after a 48 h incubation of
RBCs with the oxysterols. *Significantly different vs control (P<0.0001; Anova associated with Bonferroni’s
test).

fragility, with release of hemoglobin (Fig. 1, c). The percent amount of lysated cells (8+1%,
n=>5) was quite lower than the apoptotic ones, showing that oxysterols primarily induced
a programmed cell death. Apparently TRIOL only elicited hemolysis. Based on the findings
that eryptosis was induced by either the mixture or the individual 7-KC or TRIOL, all other
oxysterols were no further assayed individually.

Among several events known to induce eryptosis, an intracellular Ca*? increase is
considered acommon signaling for PS exposure, associated with ahuge number of xenobiotics
and a variety of endogenous substances [33, 34]. Cytofluorimetric measurements in the
presence of calcium-sensitive Fluo 3-AM provided evidence that a 48 h treatment of RBCs
with the oxysterol mixture caused a net increase of the cytosolic calcium level (Fig. 2, a).
Both 7-KC and TRIOL were effective, with the effect of TRIOL significantly higher than 7-KC
and comparable with that of the mixture. The increase of cytosolic calcium by either the
mixture or individual oxysterols was totally prevented by pre-treatment of RBCs with the
COX inhibitor ASA (Fig. 2, a), suggesting entry of calcium through the PGE2-activated non-
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Fig. 6. Oxysterol-induced ROS produc-
tion (a), GSH depletion (b) and membrane 40 O vehicle
lipid oxidation (c) in human RBCs and ef- a * * B oxysterols
fect of antioxidants. Arithmetic means+SD - O +0-T(20 uM)
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oxysterols preceded by 1 h pre-treatment ~
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hicle. * Significantly different vs control 3.
(P<0.0001); § significantly different vs b
mixture and TRIOL (P<0.05; Anova asso-
ciated with Bonferroni’s test). B
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selective cation channels [35]. Consistent with these results, incubation of the cells with the
oxysterols caused a remarkable release of PGE2 into the incubation medium, which was
prevented by ASA (Fig. 2, b).

The role of calcium in the eryptotic activity of oxysterols was investigated exposing
RBCs to the oxysterols either in the absence of extracellular Ca?*, or in the presence of the cell-
permeable calcium-chelating agent BAPTA-AM, or ASA. Either the mixture or the individual
7-KC or TRIOL caused a PS exposure that was ~80% than observed in the presence of Ca?*,
under all conditions (Fig. 3, a), whereas the forward scatter was unaltered with respect to
control (Fig. 3, b), indicating that the oxysterols induced a substantial calcium-independent
membrane scrambling without a modification of the cell volume and shape.

Mechanisms of oxysterol-induced PS externalization

Apart from a calcium-dependent scramblase activity [36], loss of membrane PS
asymmetry in activated RBCs may be induced by Ca*-independent processes, including the
activity of protein kinase C [37, 38] and caspase-3 [39, 40]. When RBCs were pre-treated with
staurosporin or calphostin C, as PKC inhibitors, or the pan-caspase inhibitor Z-DEV-FMK
(Fig. 4), the oxysterol-induced PS externalization appeared strongly inhibited. This occurred
both in the presence and in the absence of Ca®* in the medium (Fig. 4). Loss of membrane
PS asymmetry may involve inhibition of the membrane APLT or flippase, moving PS from
the outer to the inner leaflet of the plasma membrane [41]. The measurement of activity by
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Fig. 7. Effect of antioxidants on the oxysterol-induced PGE2 release (a), Ca?* entry (b), PS externalization
(c) and cell shrinkage (d) in human RBCs. Arithmetic means+SD (n=6) of (a), PGE2 released in the medium;
(b), fluo3-AM-dependent fluorescence; (c), AnnexinV-FITC associated cell fluorescence; and (d), forward
scatter, after a 48 h incubation of RBCs with the oxysterol mixture or individual 7-KC or TRIOL, preceded by
1 h pre-treatment in the presence of antioxidants or vehicle. * Significantly different vs control (P<0.0001);
§ significantly different vs mixture and TRIOL (P<0.05; Anova associated with Bonferroni'’s test).

Fig. 8. Oxysterol-induced ROS pro-
duction in human RBCs in the pres- O vehicle
ence of ASA or BAPTA-AM. Arith- 40 * W oxysterols
metic means+SD (n=6) of DCFDA- O +ASA (50 uM)
associated MFI (mean fluorescence
intensity) after a 48 h incubation of
RBCs with the oxysterols preceded
by 1 h pre-treatment in the pres-
ence of COX inhibitor ASA or cell-
permeable Ca®* chelator BAPTA-AM,
or vehicle. * Significantly different vs 0

relevant control (P<0.0001); § sig- 60\ » » »
nificantly different vs mixture and N Y Q(\
TRIOL (P<0.05; Anova associated N ’\*' &
with Bonferroni’s test).

xg *§ *§ B BAPTA-AM (50 uM)

ROS production
(MFI)
o
(=1}

means of fluorescent-labeled phosphatidylserine (NBD-PS) was assessed from the extent
of fluorescent phospholipid retained in the plasma membrane after back-extraction with
BSA, which extracts exogenously added fluorescent phospholipid from the outer monolayer
only. PS-NBD-negative cells therefore are cells in which the flippase is inhibited. Both in

1082

KARGER



C€||u|al’ Phy5|0|08y Cell Physiol Biochem 2014;34:1075-1089

DOI: 10.1159/000366322 © 2014 S. Karger AG, Basel

and B|OChem|stry Published online: September 08, 2014 www.karger.com/cpb

Tesoriere et al.: Eryptosis by Oxysterols

Fig. 9. Effect of antioxidants on ROS O vehicl
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(P<0.0001); § significantly different vs
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the absence and in the presence of calcium ions, a 48 h treatment with oxysterols resulted
in a quite comparable inhibition of the enzyme activity, evident as a loss of residual NBD-
PS-associated cell fluorescence (Fig. 5). Overall these findings indicated that apart from
calcium-dependent scramblase, oxysterol-induced PS externalization in RBCs involved at
least the calcium-independent PKC and caspase-3 activities, as well as inhibition of the APLT-
mediated inward transport of PS.

Role of oxidative stress in oxysterol-induced eryptosis

ROS have appeared as mediators of oxysterol-induced apoptosis in a number of cells
[42,43]. Our cytofluorimetric analysis with DCFDA showed that a 48 h treatment with either
the oxysterol mixture or the individual 7-KC or TRIOL, induced a remarkable ROS production
in RBCs (Fig. 6, a), with a concomitant loss of GSH (Fig. 6, b) and oxidation of membrane
lipids evaluated by formation of CD hydroperoxides (Fig. 4, c). The pro-oxidant activity of
oxysterols was totally counteracted by pre-treatment with the water-soluble antioxidant
NAC, or the lipid antioxidant o-T, which prevented ROS production, GSH depletion and lipid
oxidation (Fig. 6). Either NAC or o-T entirely prevented PGE, production, calcium entry,
externalization of membrane PS, and cell shrinkage (Fig. 7), whereas the oxysterol-induced
ROS production was not affected by pre-treatment with ASA or BAPTA-AM (Fig. 8), indicating
that ROS generation was upstream production of PGE, and calcium entry in the oxysterol-
induced signaling axis.

Further experiments explored whether or to what extent oxidative stress influenced
the oxysterol-induced PS externalization in the absence of calcium. RBCs were pre-treated
with either NAC or a-T before incubating with the oxysterols in the absence of calcium in the
medium, for 48 h. Either NAC or o.-T prevented ROS production and PS exposure (Fig. 9, a, b),
while APLT activity did not appear to be modified with respect to control (Fig. 9, c), showing
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Fig. 10. Externalization
of PS (a) and ROS level a
(b) in RBCs isolated from
fresh human blood after a
48 h ex-vivo spiking with

oxysterol mixture (20 mi-
croM). Cells isolated from
homologous blood incu-
bated for 48 h with the
vehicle only were taken

17.8%

Cell number

as control. Image rep- 10° 10° 101 102 0
resentative of separate control oxysterol mixture

v

experiments carried out
in duplicate with blood
from five volunteers.

Annexin V

173
173
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control oxysterol mixture

v

DCFDA

that oxidative stress played a pivotal role in the eryptosis triggered by these compounds
even in the absence of calcium.

Oxysterol-induced eryptosis ex vivo

A pathophysiological condition of hypercholesterolemia was simulated by ex vivo
spiking of healthy human blood with the oxysterol mixture. After 48 h incubation, annexin
V-binding analysis of isolated RBCs provided evidence of a ten-fold increase of the percent
eryptotic erythrocytes with respect to cells from homologous blood incubated in the absence
of oxysterols (Fig. 10, a). Parallel measurement of the DCFDA-associated fluorescence showed
a remarkable increase of ROS production in cells from the oxysterol-treated vs -untreated
blood (Fig. 10, b).

Discussion

Toxicity of oxysterols has been reported in various cells [10-17], however activities of
these compounds on RBCs are not known. For the first time this study shows that a mixture
of oxysterols, qualitatively and quantitatively consistent with the oxysterol pool in plasma
of hyper-cholesterolemic subjects, triggered oxidative stress in healthy RBCs, leading to
programmed cell death, or eryptosis. The effect was observed either after incubation with
isolated cells, or after ex vivo spiking of whole blood with the oxysterols. Only 7-KC and
TRIOL appeared individually capable of exerting eryptotic activity.

Eryptosis has been associated with a number of events either patho-physiological or
caused by external factors, including a huge and ever-increasing number of xenobiotics [33].
These studies provided a very composite picture of this process and individuated many cell
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pathways, however various molecular aspects wait to be clarified [34]. In general, a rise of
the cytoplasmatic calcium concentration is a main signal for the subsequent series of events
leading to the suicidal RBC death, i.e. PS scrambling, activation of K* channels, exit of K* and
Cl, followed by loss of water and cell shrinkage [44]. In accordance, a calcium influx into
the erythrocytes, with a reduction of cell volume and loss of membrane PS asymmetry were
observed as a consequence of the treatment of erythrocytes with the oxysterols.

Main molecular mechanisms through which oxysterols have been shown to influence
Ca* entry into cells include direct biophysical perturbation of plasma-membrane [45],
or interaction with protein subunits forming calcium channels leading to modulation of
their gating properties [46]. In RBCs, elevation of cytosolic calcium results from opening
of plasma-membrane non-selective cation channels of the TRPC6 type activated by PGE2
[47], or eventually of the P-type CaV2.1 [48, 49]. We observed that treatment of RBC with
ASA, an inhibitor of COX, fully prevented the oxysterol-induced calcium influx. While ruling
out a direct interaction of the oxysterols with these channels [50] these data implied an
oxysterol-induced formation of PGE2 in the RBCs, which was also observed. Activation of the
arachidonic acid cascade with formation of PGE2 as a part of the apoptotic signaling pathway
has been reported in oxysterol-treated macrophages [51], and fibroblast [52], as well as in
kidney cell lines [53].

In accordance with the role of calcium in the activity of the Gardos K* channels [54],
we did not observe cell shrinkage neither in the presence of ASA nor of intracellular Ca®*
chelator, nor in the absence of calcium in the incubation medium. These findings exclude that
under the applied conditions oxysterols activated K* or Cl- channels independently of Ca*?, as
suggested to explain the eryptotic activity of other agents [55].

The increase of the intracellular steady-state levels of ROS has been associated with
the cytotoxicity of various oxysterols of patho-physiological interest [51, 56, 57]. Here we
observed that oxysterol-induced eryptosis appeared entirely controlled by oxidative stress
and such antioxidants as the water-soluble NAC or lipid vitamin E totally prevented ROS
generation, calcium entry and PS externalization. In this context, it seems interesting that the
oxysterol-induced activation of ROS producing systems in RBCs did not depend on calcium.
Our previous observations in human macrophages treated with 7-KC [58] also showed that
production of ROS preceded cytoplasmic calcium increase. Consistent with our findings,
other reports described anti-eryptotic activity of vitamin C [59] and probucol [60], under
conditions of energy depletion and oxidative stress. The molecular mechanisms underlying
the effects of all these antioxidants are not entirely clear in our as well as in the reported
studies.

Under physiological conditions, the outward gradient of PS is guaranteed by the APL-
translocase or flippase [41], counteracting the slow gradient-guided translocation of PS from
the inner to the outer leaflet of the bilayer. Arapid and persisting PS exposure occurs following
various stimuli, including the apoptotic ones, mainly through a cytosolic calcium increase
that activates the phospholipid scramblase activity [61] and inhibits the APL-translocase [62,
63], which finally confines PS at the outer side of the membrane. Nevertheless, in accordance
with recent publications [55, 64-66] in our oxysterol-stimulated RBCs Ca*2 contributed to, but
apparently did not fully account for, PS externalization which was only partially abrogated
(20%) by calcium removal. The contribution of calcium-independent mechanisms has been
shown by other researchers and considered in this study. The erythrocyte expresses various
isoforms of PKC, including calcium-independent [67], the activation of which can cause
membrane phospholipid scrambling by a mechanism not requiring Ca®* entry [37, 38]. In
addition, the involvement of caspase-3 in the PS externalization has been observed in the
absence of calcium in human erythrocytes under oxidative stress [39, 40]. In the absence
of calcium we observed ROS production and a PS externalization remarkably blunted in
the presence of PKC inhibitors, either calphostin C or staurosporine, or the pan-caspase
inhibitor of Z-DEV-FMK, providing evidence of an involvement of these enzymes. It may be
mentioned that these inhibitors blunted the oxysterol-induced PS externalization to the
same extent either in the absence or presence of calcium ions, suggesting that calcium-
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independent isoform of PKC and caspase-3 may play key roles in the eryptotic signaling
of these compounds. These considerations cannot rule out the involvement of other PKC
isoforms in the presence of calcium. Caspase-3 activation, GSH decrease and membrane lipid
oxidation have been associated to impairment of the membrane APL translocase activity
in RBCs [40, 68, 69], which has also been observed in the present study. This enzyme is
inhibited by calcium ions (62, 63), however oxidative stress has appeared a required event
even in the presence of calcium [39, 40, 69, 70]. Our findings that in the absence of calcium
either vitamin E or NAC, while preventing ROS production, prevented the oxysterol-induced
inactivation of the enzyme, provides evidence of a major role of oxidative stress, over PKC-
or caspase- dependent mechanisms, in the APLT inhibition. Generation of ceramide, a factor
known to increase RBC sensitivity to inner calcium reported to cause PS translocation in
xenobiotic-treated RBCs in the absence of extracellular Ca*? [54, 55], has appeared to be
associated with the activity of 7-KC in leukemia cells [71]. However, the evidence that PS
scrambling occurred also in the presence of an intracellular calcium chelating agent may
suggest, but not prove that ceramide was not involved in the eryptotic activity of oxysterols.

Taken together, these findings suggest that oxysterol-induced and oxidative stress-
dependent PS appearance at the RBC surface results from coordinated and complementary
processes involving different factors. Signaling pathway/s and molecular mechanism/s
leading oxysterol-treated RBCs to activate these processes deserve further studies, now in
progress in our laboratory.

In this study, among the components of the mixture, only the individual 7-KC and TRIOL
induced oxidative stress, Ca?* influx and eryptosis, showing each compound an activity
almost comparable with that of the whole mixture. It is not possible to conclude which one
and how much, when combined, TRIOL and 7-KC concur to the eryptosis or if their effects are
mutually attenuated or dampened by other component/s of the mixture. As both oxysterols
appeared to share a similar pathway of action involving ROS production, it seems reasonable
that sensitivity or abundance of the involved RBC system(s) may represent a limiting factor
to their cooperation. In this context it may be interesting that TRIOL also showed hemolytic
activity suggesting some additional activity.

Finally, the observation that redox unbalance and eryptosis were observed in RBCs
isolated after ex vivo spiking of whole blood with the oxysterol mixture, suggests a patho-
physiological significance of our findings. Oxysterol toxicity at endothelial cells and
macrophages has been involved in the pathogenesis of atherosclerosis and cardiovascular
diseases [1]. It is interesting to mention that RBCs from hyper-cholesterolemic patients
show higher levels of oxidized lipids and lower concentration of membrane protein thiols
than healthy RBCs [72], which could be an indication of the oxysterol toxicity and proneness
of cholesterolemic RBCs to eryptosis. Since PS-exposing RBCs can adhere to vascular
endothelial cells [25, 27] impairing microcirculation, and possess pro-thrombotic and blood
clotting activity [23, 24], our study suggests that the eryptotic activity of oxysterols can also
contribute to development of atherosclerosis and ischemic problems associated with hyper-
cholesterolemia. In this context, the observed release of inflammatory mediator PGE2 from
oxysterol-treated RBCs, could further enhance the intravascular inflammatory status.

References

1 Poli G, Biasi F, Leonarduzzi G: Oxysterols in the pathogenesis of major chronic diseases. Redox Biol
2013;1:125-130.

2 Addis PB, Emanuel HA, Bergmann SD, Zavoral JH: Capillary quantification of cholesterol oxidation products
in plasma lipoproteins of fasted humans. Free Radic Biol Med 1989;7:179-182.

3 Sevanian A, Seraglia R, Traldi P, Rossato P, Ursini F, Hodis H: Analysis of plasma cholesterol oxidation
products using gas- and high performance liquid chromatography/mass spectrometry. Free Radic Biol Med
1994;17:397-409.

4 Dzeletovic S, Breuer O, Lund E, Diczfalusy U: Determination of cholesterol oxidation products in human
plasma by isotope dilution-mass spectrometry. Anal Biochem 1995;225:73-80.

1086

KARGER



Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2014;34:1075-1089

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

. . DOI: 10.1159/000366322 © 2014 S. Karger AG, Basel
and B|0Chem|stry Published online: September 08, 2014 www.karger.com/cpb 1087

Tesoriere et al.: Eryptosis by Oxysterols

Chang YH, Abdalla DS, Sevanian A: Characterization of cholesterol oxidation products formed by oxidative
modification of low density lipoprotein. Free Radic Biol Med 1997;23:202-214.

Brown A ], Jessup W: Oxysterols and atherosclerosis. Atherosclerosis 1999;142:1-28.

Vaya ], Schipper HM: Oxysterols, cholesterol homeostasis, and Alzheimer disease. ] Neurochem
2007;102:1727-1737.

Lordan S, Mackrill JJ, O'Brien NM: Oxysterols and mechanisms of apoptotic signaling: implications in the
pathology of degenerative diseases. ] Nutr Biochem 2009;20:321-336.

Larsson DA, Baird S, Nyhalah JD, Yuan XM, Li W: Oxysterol mixtures, in atheroma-relevant proportions,
display synergistic and proapoptotic effects. Free Radic Biol Med 2006;4:902-910.

Nishio E, Watanabe Y: Oxysterols induced apoptosis in cultured smooth muscle cells through CPP32
protease activation and bcl-2 protein downregulation. Biochem Biophys Res Commun 1996;226:928-934.
Lizard G, Monier S, Cordelet C, Gesquiere L, Deckert V, Gueldry S, Lagrost L, Gambert P: Characterization
and comparison of the mode of cell death, apoptosis versus necrosis, induced by 7b-hydroxycholesterol
and 7-ketocholesterol in the cells of the vascular wall. Arterioscler ThrombVasc Biol 1999;19:1190-1200.
Lemaire S, Lizard G, Monier S, Miguet C, Gueldry S, Volot F, Gambert P, Neel D: Different patterns of IL-1beta
secretion, adhesion molecule expression and apoptosis induction in human endothelial cells treated with
7alpha-, 7beta-hydroxycholesterol, or 7-ketocholesterol. FEBS Lett 1998;440:434-439.

Aupeix K, Weltin V, Mejia JE, Christ M, Marchal ], Freyssinet JM, Bischoff P: Oxysterols-induced apoptosis in
human monocytic cell lines. Immunobiology 1995;194:415-428.

0’Callaghan YC, Woods JA, O’Brien NM: Oxysterol-induced cell death in U937 and HepG2 cells at reduced
and normal serum concentrations. Eur ] Nutr 1999;38:255-262.

Mascia C, Maina M, Chiarpotto E, Leonarduzzi G, Poli G, Biasi F: Pro-inflammatory effect of cholesterol and
its oxidation products on CaCo-2 human enterocyte-like cells: Effective protection by epigallocatechin-3-
gallate. Free Radic Biol Med 2010;49:2049-2057.

Biasi F, Chiarpotto E, Sottero B, Maina M, Mascia C, Guina T, Gamba P, Gargiulo S, Testa G, Leonarduzzi G,
Poli G: Evidence of cell damage induced by major components of a diet-compatible mixture of oxysterols in
human colon cancer CaCo-2 cell line. Biochimie 2013;95:632-640.

Trousson A, Makoukji ], Petit PX, Bernard S, Slomianny C, Schumacher M, Massaad C: Cross-talk between
oxysterols and glucocorticoids: differential regulation of secreted phopholipase A2 and impact on
oligodendrocyte death. PLoS One 2009;4:e8080.

Lang F, Gulbins E, Lerche H, Huber SM, Kempe DS, Foller M: Eryptosis, a window to systemic disease. Cell
Physiol Biochem 2008;22:373-380.

Bonomini M, Sirolli V, Settefrati N, Dottori S, Di Liberato L, Arduini A: Increased erythrocyte
phosphatidylserine exposure in chronic renal failure. ] Am Soc Nephrol 1999;10:1982-1990.

Wood BL, Gibson DF, Tait JF: Increased erythrocyte phosphatidylserine exposure in sickle cell disease:
Flow-cytometric measurement and clinical associations. Blood1996;88:1873-1880.

Basu S, Banerjee D, Chandra S, Chakrabarti A: Eryptosis in hereditary spherocytosis and thalassemia: role
of glycoconjugates. Glycoconj ] 2010;27:717-722.

Calderon-Salinas JV, Munoz-Reyes EG, Guerrero- Romero JF, Rodriguez-Moran M, Bracho-Riquelme RL,
Carrera-Gracia MA, Quintanar-Escorza M: Eryptosis and oxidative damage in type 2 diabetic mellitus
patients with chronic kidney disease. Mol Cell Biochem 2011;357:171-179.

Chung SM, Bae ON, Lim KM, Noh JY, Lee MY, Jung YS, Chung JH: Lysophosphatidic acid induces
thrombogenic activity through phosphatidylserine exposure and procoagulant microvesicle generation in
human erythrocytes. Arterioscler Thromb Vasc Biol 2007;27:414-421.

Andrews DA, Low PS: Role of red blood cells in thrombosis. Curr Opin Hematol 1999;6:76-82.

Closse C, Dachary-Prigent ], Boisseau MR: Phosphatidylserine-related adhesion of human erythrocytes to
vascular endothelium. Br ] Haematol 1999;107:300-302.

Pandolfi A, Di Pietro N, Sirolli V, Giardinelli A, Di Silvestre S, Amoroso L, Di Tomo P, Capani F, Consoli A,
Bonomini M: Mechanisms of uremic erythrocyte-induced adhesion of human monocytes to cultured
endothelial cells. ] Cell Physiol 2007;213:699-709.

Borst O, Abed M, Alesutan I, Towhid ST, Qadri SM, Foller M, Gawaz M, Lang F: Dynamic adhesion

of eryptotic erythrocytes to endothelial cells via CXCL16/SR-PSOX. Am ] Physiol Cell Physiol
2012;302:C644-C651.

KARGER



Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2014;34:1075-1089

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46
47

48

49

50

DOI: 10.1159/000366322 © 2014 S. Karger AG, Basel

and B|0Chem|stry Published online: September 08, 2014 www.karger.com/cpb

Tesoriere et al.: Eryptosis by Oxysterols

Meaney S, Bodin K, Diczfalusy U, Bjorkhem I: On the rate of translocation in vitro and kinetics in vivo of the
major oxysterols in human circulation: critical importance of the position of the oxygen function. ] Lipid
Res 2002;43:2130-2135.

Leonarduzzi G, Poli G, Sottero B, Biasi F: Activation of the mitochondrial pathway of apoptosis by
oxysterols. Front Biosci 2007;12:791-799.

Gargiulo S, Gamba P, Testa G, Sottero B, Maina M, Guina T, Biasi F, Poli G, Leonarduzzi G: Molecular
Signaling Involved in Oxysterol-Induced 31-Integrin Over-Expression in Human Macrophages. Int ] Mol Sci
2012;13:14278-14293.

Hu ML: Measurement of protein thiol groups and glutathione in plasma; In Packer L (ed): Methods in
Enzymology, Academic Press, San Diego, CA, 1994, vol 233, pp 380-385.

Pryor WA, Castle L: Chemical methods for detection of lipid hydroperoxides; In Packer L (ed): Methods in
Enzymology, Academic Press, San Diego,Ca, 1984, vol. 105, pp203-208.

Lang E, Qadri SM, Lang F: Killing me softly-Suicidal erythrocyte death. Int ] Biochem Cell Biol
2012;44:1236-1243.

Lang F, Qadri SM: Mechanisms and significance of eryptosis, the suicidal death of erythrocytes. Blood Purif
2012;33:125-130.

Lang PA, Kempe DS, Myssina S, Tanneur V, Birka C, Laufer S, Lang F, Wieder T, Huber SM: PGE2 in the
regulation of programmed erythrocyte death. Cell Death Differ 2005;12:415-428.

Woon LA, Holland JW, Kable EP, Roufogalis BD: Ca?* sensitivity of phospholipid scrambling in human red
cell ghosts. Cell Calcium 1999;25:313-320.

De Jong K, Rettig MP, Low PS, Kuypers F A: Protein kinase C activation induces phosphatidylserine
exposure on red blood cells. Biochemistry 2002;41:12562-12567.

Chung SM, Bae ON, Lim KM, Noh ] Y, Lee MY, Jung YS, Chung JH: Lysophosphatidic acid induces
thrombogenic activity through phosphatidylserine exposure and procoagulant microvesicle generation in
human erythrocytes. Arterioscler Thromb Vasc Biol 2007;27:414-421.

Mandal D, Moitra PK, Saha S, Basu J: Caspase 3 regulates phosphatidylserine externalization and
phagocytosis of oxidatively stressed erythrocytes. FEBS Letters 2002;513:184-188.

Mandal D, Mazumder A, Das P. Kundu M, Basu |: Fas-, caspase 8-, and caspase 3-dependent signaling
regulates the activity of the aminophospholipid translocase and phosphatidylserine externalization in
human erythrocytes. ] Biol Chem 2005;280:39460-39467.

Devaux PF, Herrmann A, Ohlwein N, Kozlov MM: How lipid flippases can modulate membrane structure.
Biochim Biophys Acta 2008;1778:1591-1600.

Uemura M, Manabe H, Yoshida N, Fujita N, Ochiai ], Matsumoto N, Takagi T, Naito Y, Yoshikawa T: Alpha-
tocopherol prevents apoptosis of vascular endothelial cells via a mechanism exceeding that of mere
antioxidation. Eur ] Pharmacol 2002;456:29-37.

Li W, Hellsten A, Xu LH, Zhuang DM, Jansson K, Brunk UT, Yuan X M: Foam cell death induced by 7beta-
hydroxycholesterol is mediated by labile iron-driven oxidative injury: mechanisms underlying induction of
ferritin in human atheroma. Free Radic Biol Med 2005;39:864-875.

Lang F, Lang E, Foller M: Physiology and pathophysiology of eryptosis. Transfus Med Hemother
2012;39:308-314.

Olkkonen VM, Hynynen R: Interactions of oxysterols with membranes and proteins. Mol Aspects Med
2009;30:123-33.

Massey ]B: Membrane and protein interactions of oxysterols. Curr Opin Lipidol 2006;17:296-301.

Foller M, Kasinathan RS, Koka S, Lang C, Shumilina E, Birnbaumer L, Lang F, Huber SM: TRPC6 contributes
to the Ca(2+) leak of human erythrocytes. Cell Physiol Biochem 2008;21:183-192.

Andrews DA, Yang L, Low PS: Phorbol ester stimulates a protein kinase C-mediated agatoxin-TK-sensitive
calcium permeability pathway in human red blood cells. Blood 2002; 100:3392-3399.

Wagner-Britz L, Wang |, Kaestner L, Bernhardt I: Protein kinase Ca and P-type Ca channel CaV2.1 in red
blood cell calcium signalling. Cell Physiol Biochem 2013;31:883-891.

Dyrda A, Cytlak U, Ciuraszkiewicz A, Lipinska A, Cueff A, Bouyer G, Egée S, Bennekou P, Lew VL, Thomas SL:
Local membrane deformations activate Ca?*-dependent K* and anionic currents in intact human red blood
cells. PLoS One 2010;5:e9447.

1088

KARGER



Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2014;34:1075-1089

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

DOI: 10.1159/000366322 © 2014 S. Karger AG, Basel

and B|0Chem|stry Published online: September 08, 2014 www.karger.com/cpb

Tesoriere et al.: Eryptosis by Oxysterols

Rosenblat M, Aviram M: Oxysterol-induced activation of macrophage NADPH-oxidase enhances cell-
mediated oxidation of LDL in the atherosclerotic apolipoprotein E deficient mouse: inhibitory role for
vitamin E. Atherosclerosis 2002;160:69-80.

Panini SR, Yang L, Rusinol AE, Sinensky MS, Bonventre ]V, Leslie CC: Arachidonate metabolism and the
signaling pathway of induction of apoptosis by oxidized LDL/oxysterol. ] Lipid Res 2001;42:1678-1686.
Lahoua Z, Vial H, Michel F, Crastes de Paulet A, Astruc ME: Oxysterol activation of arachidonic acid release
and prostaglandin E2 biosynthesis in NRK 49F cells is partially dependent on protein kinase C activity. Cell
Signal 1991;3:559-567.

Maher AD, Kuchel PW: The Gardos channel: a review of the Ca2+-activated K+ channel in human
erythrocytes. Int ] Biochem Cell Biol 2003;35:1182-1197.

Jilani K, Qadri SM, Lang F: Geldanamycin-induced phosphatidylserine translocation in the erythrocyte
membrane. Cell Physiol Biochem 2013;32:1600-1609.

Rosenblat M, Belinky P, Vaya |, Levy R, Hayek T, Coleman R, Merchav S, Aviram M: Macrophage enrichment
with the isoflavan glabridin inhibits NADPH oxidase-induced cell-mediated oxidation of low density
lipoprotein. A possible role for protein kinase C. ] Biol Chem 1999;274:13790-13799.

Biasi F, Leonarduzzi G, Vizio B, Zanetti D, Sevanian A, Sottero B, Verde V, Zingaro B, Chiarpotto E, Poli G:
Oxysterol mixtures prevent proapoptotic effects of 7-ketocholesterol in macrophages: implications for
proatherogenic gene modulation. FASEB ] 2004;18:693-695.

Tesoriere L, Attanzio A, Allegra M, Gentile C, Livrea MA: Phytochemical indicaxanthin suppresses
7-ketocholesterol-induced THP-1 cell apoptosis by preventing cytosolic Ca?* increase and oxidative stress.
Br] Nutr 2013;110:230-240.

Mahmud H, Qadri SM, Féller M, Lang F Inhibition of suicidal erythrocyte death by vitamin C. Nutrition
2010;26:671-676.

Shaik N, Lupescu A, Lang F: Inhibition of suicidal erythrocyte death by probucol. ] Cardiovasc Pharmacol
2013;61:120-126.

Bevers EM, Williamson PL: Phospholipid scramblase: an update. FEBS Lett 2010;584:2724-2730.

Bratton DL, Fadok VA, Richter DA, Kailey JM, Guthrie LA, Henson PM: Appearance of phosphatidylserine
on apoptotic cells requires calcium-mediated nonspecific flip-flop and is enhanced by loss of the
aminophospholipid translocase. ] Biol Chem 1997;272:26159-26165.

Loépez-Revuelta A, Sanchez-Gallego JI, Garcia-Montero AC, Hernandez-Hernandez A, Sanchez-Yagiie J,
Llanillo M: Membrane cholesterol in the regulation of aminophospholipid asymmetry and phagocytosis in
oxidized erythrocytes. Free Radic Biol Med 2007;42:1106-1118.

Nguyen DB, Wagner-Britz L, Maia S, Steffen P, Wagner C, Kaestner L, Bernhardt I: Regulation of
phosphatidylserine exposure in red blood cells. Cell Physiol Biochem 2011;28:847-856.

Lupescu A, Bissinger R, Jilani K, Lang F: Triggering of suicidal erythrocyte death by celecoxib. Toxins
2013;5:1543-1554.

Abed M, Towhid ST, Shaik N, Lang F: Stimulation of suicidal death of erythrocytes by rifampicin. Toxicology
2012;302:123-128.

Govekar RB, Zingde SM: Protein kinase C isoforms in human erythrocytes. Annals of Hematology
2001;80:531-534.

Dekkers DW, Comfurius P, Schroit AJ, Bevers EM, Zwaal RF: Transbilayer movement of NBD-labeled
phospholipids in red blood cell membranes: outward-directed transport by the multidrug resistance
protein 1 (MRP1). Biochemistry.1998;37:14833-14837.

Tyurina YY, Shvedova AA, Kawai K, Tyurin VA, Kommineni C, Quinn PJ, Schor NF, Fabisiak JP, Kagan VE:
Phospholipid signaling in apoptosis: peroxidation and externalization of phosphatidylserine. Toxicology
2000;148:93-101.

Hermann A, Devaux PF: Alteration of the aminophospholipid translocase activity during in vivo and
artificial aging of human erythrocytes. Biochim Biophys Acta 1990;1027:41-46.

Miguet C, Monier S, Bettaieb A, Athias A, Besséde G, Laubriet A, Lemaire S, Néel D, Gambert P, Lizard

G: Ceramide generation occurring during 7beta-hydroxycholesterol- and 7-ketocholesterol-induced
apoptosis is caspase independent and is not required to trigger cell death. Cell Death Differ 2001;8:83-99.
Duchnowicz P, Novwicka A, Koter-Michalak M, Broncel M: In vivo influence of extract from Aronia
Melanocarpa on the erythrocyte membranes in patients with hypercholesterolemia. Med Sci Monit
2012;18:CR569-74.

1089

KARGER



