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Abstract

Aim

To investigate RBC-NOS dependent NO signaling during in vivo RBC aging in health and

disease.

Method

RBC from fifteen healthy volunteers (HC) and four patients with type 2 diabetes mellitus

(DM) were separated in seven subpopulations by Percoll density gradient centrifugation.

Results

The proportion of old RBC was significantly higher in DM compared to HC. In both groups,

in vivo aging was marked by changes in RBC shape and decreased cell volume. RBC ni-

trite, as marker for NO, was higher in DM and increased in both HC and DM during aging.

RBC deformability was lower in DM and significantly decreased in old compared to young

RBC in both HC and DM. RBC-NOS Serine1177 phosphorylation, indicating enzyme activa-

tion, increased during aging in both HC and DM. Arginase I activity remained unchanged

during aging in HC. In DM, arginase I activity was significantly higher in young RBC com-

pared to HC but decreased during aging. In HC, concentration of L-arginine, the substrate

of RBC-NOS and arginase I, significantly dropped from young to old RBC. In DM, L-arginine

concentration was significantly higher in young RBC compared to HC and significantly de-

creased during aging. In blood from healthy subjects, RBC-NOS activation was additionally

inhibited by N5-(1-iminoethyl)-L-Ornithine dihydrochloride which decreased RBC nitrite, and

impaired RBC deformability of all but the oldest RBC subpopulation.
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Conclusion

This study first-time showed highest RBC-NOS activation and NO production in old RBC,

possibly to counteract the negative impact of cell shrinkage on RBC deformability. This was

even more pronounced in DM. It is further suggested that highly produced NO only insuffi-

ciently affects cell function of old RBC maybe because of isolated RBC-NOS in old RBC

thus decreasing NO bioavailability. Thus, increasing NO availability may improve RBC func-

tion and may extend cell life span in old RBC.

Introduction
40–50% of the human blood consists of red blood cells (RBC). The daily turnover of an adult
amounts to 200 billion RBC per day to maintain the total number of 20–30 trillion RBC [1].
Thus, RBC are considered as a heterogeneous population with cells of different age. The mean
RBC life span of healthy subjects is about 115–120 days [2,3]. In contrast, RBC from patients
with type 2 diabetes mellitus show a reduced RBC life span [4]. RBC experience morphological
[5,6] and physiochemical [7,8] changes during their life time in the human circulation. Mem-
brane microvesiculation of RBC to discard oxidative waste products with simultaneous loss of
cytosolic components leads to increased density and rigidity of aged RBC [9,10]. Among oth-
ers, these changes induce senescence, phosphatidylserine (PS) externalisation [11] and clear-
ance signals to remove the RBC from the cardiovascular system by the reticuloendothelial /
macrophage system.

RBC enzymatically produce nitric oxide (NO) by a functional RBC- nitric oxide synthase
(RBC-NOS) [12]. Nitric oxide is a key regulatory molecule with extensive metabolic, vascular,
and cellular effects [13,14]. NO synthesis is reduced in subjects with type 2 diabetes mellitus
[15] and associated with endothelial dysfunction and diabetic vascular complications including
atherosclerosis and other vascular pathologies [16].

So far, [17–22] it was presumed that in RBC all possible vasoactive produced NO has to be
scavenged by omnipresent hemoglobin. However, multiple reaction routes have been described
for NO. NO binding to hemoglobin either results in formation of S-nitrosated hemoglobin
(SNO-Hb) or iron nitrosyl hemoglobin (HbNO). Thus, the former is mainly found in oxygen-
ated arterial blood while the latter is prevalent in deoxygenated venous blood [23–26]. NO dis-
sociates from the hemes with faster dissociation rates found when hemoglobin is in the T-state
than in the R-state [27,28]. It was also reported that reaction of NO with oxyhemoglobin results
in the formation of methemoglobin and nitrate [23]. NO also reacts with molecular oxygen to
form nitrite [29] and recent data suggest nitrite as the primary NO storage molecule [23,30]
that can be reduced to bioactive NO by deoxygenated hemoglobin [31,32] and deoxygenated
myoglobin in hypoxic conditions [33] to mediate a spectrum of physiological responses in
blood and tissue [34] including hypoxic vasodilation [35].

Recently, another reaction route of NO within RBC was described. Increased RBC-NOS de-
pendent NO synthesis was shown to increase S-Nitrosylation of cytoskeletal α- and β-spectrins,
which was directly linked to increased RBC deformability [36]. Other studies confirm a positive
effect of NO on RBC deformability [12,37–40]. Reduced RBC deformability was reported for
patients with type 2 diabetes mellitus [41]. Deformability of RBC is important in order to en-
able the passage of the RBC through the microcirculation and to supply oxygen to the sur-
rounding tissue. It has been suggested that the impaired perfusion at the tissue level observed
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as a complication of diabetes is primarily due to the reduced RBC deformability [42,43]. Thus,
the microcirculation is directly influenced by intracellular NO availability [36].

Arginase, a key enzyme of the urea cycle, is a main regulator and competitor for RBC-NOS
activity [44,45] Arginase I is expressed in a variety of cells [46] including RBC [47] and in-
creased arginase expression and activity have been described in animal models [48,49] of dia-
betes mellitus and in diabetic tissue in humans, as well [50]. Both, arginase I and RBC-NOS
compete for their common substrate L-arginine. This mechanism may be of importance for re-
duced NO availability and endothelial dysfunction associated with type 2 diabetes mellitus. In-
hibition of arginase I has been shown to increase NO content in RBC and to protect from
myocardial ischemia-reperfusion injury [44]. In patients with type 2 diabetes mellitus, arginase
inhibition improved endothelial function [51].

Because changes in RBC-NOS dependent NO production and cell function during in vivo
RBC aging are unknown, the present study aimed to investigate arginase I activity, RBC-NOS
activation, nitrite concentration, reflecting NO production, and deformability of RBC during
in vivo aging in healthy subjects and patients with type 2 diabetes mellitus. We prove the ques-
tion whether RBC-NOS and arginase I compete for their common substrate during aging and
whether RBC-NOS represents a key enzyme being involved in the aging process. The results of
the study shall contribute to the development of new strategies to reduce the cardiovascular
complications described for diseases accompanied with decreased RBC life span like diabetes
mellitus.

Materials and Methods

Ethical approval
The protocols used in this study were approved by the ethics committee of the German Sport
University Cologne. These protocols align with the Declaration of Helsinki and all participants
gave written informed consent to participate in this study.

Selection of Subjects
Fifteen healthy subjects and four untrained, non insulin dependent patients with type 2 diabe-
tes mellitus participated in this study. Basal anthropometric parameters of healthy subjects
(HC) were as follows (mean ± SD): age [years]: 27.0 ± 5.4, height [cm]: 175.0 ± 10, weight [kg]:
73.1 ± 12.3. Basal anthropometric parameters of type 2 diabetics (DM) were as follows
(mean ± SD): age [years]: 52.3 ± 2.6, height [cm]: 178.5 ± 5, weight [kg]: 121.9 ± 19.8.

Sample Preparation
Blood was sampled from the Vena mediana cubiti of fasting human volunteers and anticoagu-
lated using Heparin vacutainers (BD Vacutainer, USA). In total, 16 ml of venous blood was
taken, unified in a sterile centrifugation tube and centrifuged at 3000 rcf for 1 min at 4°C. After
centrifugation, plasma und buffy coat were removed and isolated RBC were washed with nine
fold volume of GASP-buffer (isotonic buffer containing albumin and glucose: 9 mmol/L
Na2HPO4, 1.3 mmol/L NaH2PO4, 140 mmol/L NaCl, 5.5 mmol/L glucose, 0.8 g/L BSA, pH
7.4). After centrifugation (3000 rcf, 1 min, 4°C) supernatant was removed and the RBC pellet
was resolved 1:1 in SAH-buffer (HEPES buffer containing bovine serum albumin: 26.3 g/L
BSA, 132 mmol/L NaCl, 4.6 mmol/L KCl, 10 mmol/L HEPES, pH 7.1).
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Percoll Density Gradient Fractionation of RBC
Fractionation of the heterogenic RBC population into different aged subpopulations was con-
ducted via density gradient centrifugation using Percoll (Amersham Biosciences, Sweden). The
original protocol from Bosch et al [52] was modified for sample amount used and the total
number of different fractions received.

In detail, preparation of the different Percoll density gradients were based on Percoll stock
solution with a density of 1.131 g/ml. Percoll was diluted with SAH-buffer to the desired final
densities of 1.064, 1.065, 1.066, 1.068, 1.070, 1.072 and 1.076 g/ml, respectively. 2 ml of each
density fraction was cautiously transferred to a 15 ml tube, starting with the densest solution. A
volume of 600 μl of the prepared blood suspension was cautiously pipetted onto the preformed
Percoll gradients and centrifuged at 3700 rcf for 25 min at 4°C.

The RBC layers consisting of different subpopulations were collected separately in clean
tubes. The samples were washed 1:1 with GASP buffer and centrifuged (800 rcf, 10 min, 4°C).
Supernatant was discarded and the pellet was washed with 1–2 ml 0.1 M phosphate buffered
saline (PBS) depending on the volume of isolated fractions. After centrifugation (800 rcf,
10 min, 4°C), the supernatant was discarded. The hematocrit of the RBC pellets were adjusted
to 20% and immediately used for all following analytical procedures.

Age determination of separated RBC subpopulations
Morphology. Morphological changes of aged RBC subpopulations were determined mi-

croscopically using a Leica-microscope coupled to a CCD-camera (DXC-1850P, Sony, Ger-
many). The RBC subpopulations were fixed with 2% formaldehyde (final concentration) and
blood smears were prepared on microscope slides as described by Suhr et al. [37]. Pictures
were taken after heat fixation for RBC immobilisation. Magnification for all pictures was
400-fold.

MCV. The mean cellular volume (MCV) of RBC subpopulations was determined in RBC
suspensions with an automated haematology analyser (Sysmex KX-21N, USA).

Phosphatidylserine (PS) externalisation. Old and pathologically changed RBC external-
ise the senescence marker PS, which is preferentially bound 1:1 to the calcium-dependent phos-
pholipid-binding protein AnnexinV [53]. AnnexinV can therefore act to determine the
concentration of extracellular PS using an AnnexinV-ELISA (IBL International, Germany).
After haematocrit adjustment to 20%, the measurements were performed according to the
manufacturers’ instructions.

Briefly, the ELISA is based on a peroxidase dependent oxidation step followed by a colour
change from blue to yellow which was detected at 450 nm. A standard curve was prepared
from seven human AnnexinV standard dilutions (0, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50 ng/ml)
and human AnnexinV sample concentrations were directly determined from the standard
curve with linear regression. The intensity of the emitted light was proportional to the Annex-
inV concentration in the sample and was analysed out of the slope of the regression line.

RBC deformability
Deformability of the RBC-subpopulations was measured ektacytrometrically via the laser-opti-
cal-rotational-cell-analyser (LORCA, RR Mechatronics, Netherlands) [54,55]. The LORCA
system has been described in detail elsewhere [55,56].

Briefly, 10 μl of RBC suspension with RBC of different age were solved in 2.5 ml of an iso-
tonic 0.14 mM polyvinylpyrrolidone (PVP) solution (osmolarity 300 mOsmol�L-1, viscosity
28.7 mPa�sec at 37°C), respectively. 1 ml of the RBC/PVP solution was sheared in a Couette
system at physiological pH 7.4 and 37°C. Nine shear rates between 0.3 and 50 Pa (0.3, 0.57,
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1.08, 2.04, 3.87, 7.34, 13.92, 26.38, 50 Pa) were applied and width (W) and length (L) of the dif-
fraction pattern was used by the LORCA software to calculate an Elongation Index (EI) EI =
(L-W)/(L+W).

EI values were plotted as a Michaelis-Menten-like function and the maximal Elongation
Index (EImax) was calculated using non-linear regression. EImax describes the theoretical maxi-
mum deformability at infinite shear stress.

Nitric oxide measurement
Nitrite represents a reliable marker for NO production for both physiological and pathological
conditions [57–59].

According to the protocol of Pelletier et al [60] and Hendgen-Cotta et al [61], RBC subpop-
ulations were immediately mixed with preservation solution (800 mM K3[Fe(CN)6], 100 mM
NEM, 10 V-% Igepal, 90 V-% aqua dest.) in a 5:1 ratio and snap frozen. For measurement of
RBC nitrite content, the samples were mixed with methanol in a 1:2 ratio for protein precipita-
tion and centrifuged at 21000 rcf for 10 min at 4°C. The supernatant was collected in new reac-
tion tubes and nitrite concentration of supernatant was determined by injecting 100 μl into an
acidified tri-iodide solution that reduces nitrite to NO gas. Along with a helium gas-stream
NO was purged into an ozone-based chemiluminescence NO detector (CLD 88e, EcoPhysics,
Switzerland).

The Chart FIA software (EcoPhysics, Switzerland) was used to analyze the area under the
curve. All samples were measured in triplicate. Using aqueous calibration solution with known
nitrite concentration allowed calculation of sample nitrite content.

Determining L-arginine concentration
Concentration of L-arginine, the substrate of both RBC-NOS and arginase I, was measured
using an L-arginine-ELISA (Immundiagnostik AG, Germany). The test principle is based on
the method of competitive enzyme linked immunoassays. After lysis of RBC subpopulations in
a cold tempered ultrasonic bath for about 30 min, centrifugation at 21000 rcf at 4°C for 10 min
and supernatant transfer in clean reaction tubes, the measurements were performed according
to the manufacturers’ instructions. Detection was performed using an enzymatic colour reac-
tion measured in a photometer at 450 nm. The inverse proportional intensity to the L-arginine
concentration was analysed with a 4-parameter-algorithm with a linear ordinate for optical
density and a logarithmic abscissa for concentration.

All samples were measured in duplicates and L-arginine concentration was determined
from a dose response curve of absorbance unit using standard dilutions of defined concentra-
tion (0, 12.5, 30, 75, 150, 300 μM).

Immunohistochemical staining
RBC of the different subpopulations were fixed in 2% formaldehyde (final concentration) for
20 min as described by Suhr et al [37]. Briefly, RBCs were dispersed on a slide and heat fixed. Af-
terwards, a control and a test area were marked with a grease pencil and washed twice with 1x
Tris-Buffered Saline (TBS). RBC were incubated with 0.1% trypsin for 30 min at 37°C. Then the
endogenous peroxidase was inhibited with 80% methanol / 5% H2O2 / 15% aqua dest for 30 min
at room temperature (RT) and unspecific binding sites of the blood smear were blocked with 3%
milk powder solution in 1x TBS. The primary antibody was diluted in 0.3%milk powder and
0.09% Tween20 (1:500 for Rabbit anti Human RBC-NOS Serine1177, Upstate, USA; AB_310608)
and pipetted on the test area and incubated for 1 hour at RT. The control area was incubated
with 0.3%milk powder and 0.09% Tween20 for 1 h at RT without the primary antibody.
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Following TBS washing and blocking of unspecific binding sites using 3% Normal Goat Serum
(Dako Agilent Technologies, Denmark), both areas were incubated with the second antibody
(1:400 Goat anti-rabbit antibody, Dako Agilent Technologies, Denmark; AB_2313609) display-
ing specifity against the first antibody, for 30 min at RT. A horseradish-peroxidase solution
(Sigma Aldrich, USA), diluted 1:400 in 1x TBS, was added to the areas and a 3,3'-Diaminobenzi-
dine solution was used for staining reaction. The stained blood smears were dehydrated in rais-
ing alcohol solutions, mounted with Entellan (Merck KGaA, Germany) and covered.

Pictures were taken using a Leica microscope coupled to a CCD-camera (DXC-1850P,
Sony, Germany) with a magnification of 400-fold to determine RBC-NOS activation. Grey
value determination was used for staining intensity analysis. The mean grey values of the edge
of 50 RBC on at least 4 different visual fields of the test area and 10 RBC on at least 2 visual
fields of the control area were measured with the software “Image J” (National Institutes of
Health, USA).

Total immunostaining intensity for each fraction was calculated as the mean of measuring
RBC grey value minus background grey value which was obtained on a cell free area of the
slide. Mean grey values of the control field were subtracted from mean grey values of the test
field to yield net grey value representing staining of the RBC [36,37].

Enzyme activity assay: arginase assay
The protocol for determination of arginase I activity was adapted from Corraliza et al [62]. The
hematocrit of all RBC subpopulations was adjusted to 20%.

RBC of the different subpopulations were diluted 1:10 in protein cell lysis buffer (2.0 ng/μl
Leupeptin, 2.0 ng/μl Aprotinin, 1.0 mM PMSF, pH 7.5) containing protease inhibitors and de-
tergents, which were further diluted in arginase assay buffer (50 mM Tris-HCl, 0.5% Igepal,
0.25 M NaCl, 1.0 mM Na3VO4, 0.5 mM NaF in aqua dest., pH 7.5). The samples were further
diluted in a 1:2 ratio with a manganese dichloride buffer (10 mMMnCl2, 50 mM Tris-HCl, pH
7.5) for arginase I activation.

The solutions were incubated for 10 min at 55°C and 0.5 M L-arginine was then added and
samples were incubated for another hour at 37°C under mild shaking conditions. The reaction
was stopped by 1:9 dilution in an acid mix (1 V-% H2SO4: 3 V-% H3PO4: 7 V-% aqua dest) and
2:1 9% IPSF. Samples were thoroughly mixed and the tubes punctured at the lid, followed by
incubation for 45 min at 95°C in the dark, 10 min at RT in the dark and final centrifugation for
5 min at 18000 rcf and RT.

Samples were measured photometrically in triplicate at 540 nm in microtiter plates. Con-
centrations of the samples were determined using urea standards with known concentrations
(0, 100, 200, 250, 300, 350, 400, 500 nM). Concentration was calculated as nmol/μg urea pro-
duction per hour.

For calculation of produced urea in dependence of individual protein concentration, protein
content of the different fractions was determined using the Protein DC Kit (BioRad, Germany).

In vitro approach: Influence of RBC-NOS inhibition on RBC rheology
To determine the influence of RBC-NOS inhibition and thus reduced NO content in RBC
during aging, blood samples of 10 healthy subjects (mean ± SD): age [years]: 25.9 ± 5.8,
height [cm]: 178.1 ± 4.8, weight [kg]: 74.5 ± 8.6) were prepared as described above. In vitro
experiments were only performed in venous blood of healthy individuals. Blood was either in-
cubated with PBS (-L-NIO) or with L-NIO (+L-NIO) (10 μM; Cayman Chemicals, USA) to in-
hibit RBC-NOS for 1 hour at 37°C in a water bath. The samples were centrifuged for 5 min at
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2200 rcf at RT and the supernatant was discarded and the RBC pellets were taken to measure
deformability and nitrite concentration as described above.

Statistical Analysis
Statistical analyses of the data were performed by using statistics software package Graph-
PadPrism 6 (La Jolla, USA).

Gaussian distribution of the data was calculated and repeated measure analysis of variances
(ANOVA) with Tukey Post hoc test was applied to normal distributed data. Non Gaussian dis-
tributed data were analysed by Friedman test and Dunn’s multiple comparison Post hoc test.
Correlation and linear regression analyses were performed between RBC-NOSSer1177 immu-
nostaining and RBC nitrite concentration for both HC and DM and both R and R2 were pre-
sented. Statistical differences were considered to be significant for values of P< 0.05. Values of
the in vivo investigations were compared to the respective previous density. Data from in vitro
experiments were compared between-LNIO and +L-NIO. Descriptive statistics of the data was
presented as mean ± standard deviation unless otherwise described.

Results

Determination of RBC aging after Percoll density gradient centrifugation
Proportion. Seven RBC layers were received after Percoll density centrifugation (Fig 1). In

HC, calculation of the proportion of each RBC subpopulation to total volume revealed that
middle aged RBC with densities of 1.065–1.068 g/ml represented 76.0 ± 1.1% of total RBC vol-
ume while the portion of young RBC was calculated to be 6.8 ± 4.9% and the old fractions in-
cluding RBC with densities of 1.070–1.076+ g/ml constituted 15.7 ± 1.2%. For DM, portion of
young, middle aged and old RBC was calculated to be 6.7 ± 1.9%, 67.4 ± 1.3% and 25.8 ± 1.8%
(P< 0.01 compared to HC) (Fig 2).

Morphology. Morphological changes of RBC during aging as presented in Fig 3 showed
changes in size and shape in both RBC of HC and DM. Common changes observed in both
groups were that young RBC (density 1.064 g/ml) exhibited a uniform spherical morphological
shape, whereas the middle aged fractions (represented by density 1.068 g/ml) had in part a more
squat, spherocyte shape. In addition, there was an increase in membrane evagination indicated
through spots on the membrane surface which hints to membrane vesiculation. Further morpho-
logical changes were observed in old subpopulations (represented by density 1.076+ g/ml). Mem-
brane vesiculation was further enhanced and cell shape changed to echinocyte. RBC of DM
showed enhanced morphological changes with smaller and more shapeless RBC throughout the
different fractions in comparison with healthy controls.

MCV. In HC, MCV significantly decreased by 19.9 ± 6.3% (P< 0.001) during aging and
in DM, MCV significantly decreased by 12.1 ± 3.7% during aging (P< 0.05). In DM, MCV
was significantly lower in young and middle aged RBC (1.064–1.068g/ml) compared to MCV
of HC (Fig 4A).

Annexin V/ PS externalisation. Annexin V, a marker for externalized PS, was predomi-
nantly found on the oldest RBC subfractions (Fig 4B). PS concentration on the outer mem-
brane surface increased from 1.064 g/ml to 1.076+ g/ml fraction by 38.3 ± 7.4% (P< 0.05) in
HC and by 119.6 ± 11.9% (P< 0.05) in DM.
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Rheology and metabolite determination: Deformability and nitrite as
sensitive markers

RBC deformability. In HC, maximum deformability EImax significantly increased from
fraction 1.064 g/ml to fraction 1.065 g/ml (P< 0.001). Highest EImax values were calculated for
the middle aged fractions (1.065–1.068 g/ml) and EImax then significantly decreased with in-
creasing RBC age (1.072 g/ml: P< 0.001 compared to 1.070 g/ml; 1.076+ g/ml: P< 0.001

Fig 1. Red blood cell layers after Percoll density gradient centrifugation. Seven RBC fractions were
generated by Percoll density gradient centrifugation. Least dense fraction on the top consisted of youngest
RBC; increasing density indicated increasing RBC age. Arrows indicate the respective density of Percoll
solution. Subpopulations were clearly separated and collected. Oldest fraction at the bottom was described
as 1.076+ g/ml, with “+” indicating possible even denser RBC than the densest Percoll layer of 1.076 g/ml.

doi:10.1371/journal.pone.0125206.g001
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compared to 1.072 g/ml). In DM, EImax significantly decreased with aging with lowest EImax in
old RBC (1.072 g/ml: P< 0.001 compared to 1.070 g/ml; 1.076+ g/ml: P< 0.001 compared to
1.072 g/ml). EImax of middle aged RBC was significantly lower in DM compared to HC (Fig
5A). (For single elongation indices obtained from all nine shear rates see S1 and S2 Tables).

RBC nitrite concentration. In HC, RBC nitrite concentration remained constant for den-
sities of 1.064–1.068 g/ml and then significantly increased from 1.068 g/ml to 1.070 g/ml
(P< 0.05) and from 1.072 g/ml to 1.076+ g/ml (P< 0.05). In DM, RBC showed higher RBC ni-
trite concentration compared to HC and RBC nitrite significantly increased with increasing
cell age (Fig 5B).

Enzymatic properties—immunostaining and enzymatic assays for
RBC-NOS and arginase I

RBC-NOS activation. In HC, activation of RBC-NOS remained unchanged throughout
the subfractions 1.064–1.072 g/ml, but RBC-NOS phosphorylation of Serine1177 significantly
increased in the oldest subpopulation (1.076+ g/ml) (P< 0.05 compared to 1.072 g/ml). In
DM, RBC-NOS phosphorylation significantly increased during aging (P< 0.001 comparing

Fig 2. RBC proportion of HC and DM in dependence of increased cell age. Bars show RBC proportion of fractionated subpopulations to total RBC
volume, which were divided into young (1.064 g/ml), middle old (1.065–1.068 g/ml) and old (1.070–1.076+ g/ml) RBC. In both study groups, middle old RBC
represented the main proportion on total RBC volume. DM showed significantly higher amount of old RBC compared to HC. Data are presented as
mean ± standard deviation of n = 15 (HC) and n = 4 (DM).

doi:10.1371/journal.pone.0125206.g002
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fractions 1.064 and 1.076+ g/ml). RBC-NOS phosphorylation of young RBC was slightly de-
creased in DM (P = 0.13 versus HC) but was significantly higher in fractions 1.070 (P< 0.05),
1.072 (P< 0.01) and 1.076+ g/ml (P< 0.05) compared to HC (Fig 6A).

Arginase I activity. In HC, arginase I activity did not significantly change during aging. In
young RBC (1.064 g/ml) arginase I activity was significantly higher in DM compared to HC
(P< 0.05). Arginase I activity of DM decreased with increasing RBC age (P< 0.05 comparing
1.076+ with 1.064 g/ml) (Fig 6B).

RBC L-arginine concentration. In HC, L-arginine concentration significantly decreased
from young to old RBC (P< 0.05: 1.076+ versus 1.064 g/ml). DM showed significantly higher
L-arginine levels in young and middle aged RBC compared to HC. L-arginine concentration
of RBC from DM decreases with increasing RBC age (P< 0.001: 1.076+ versus 1.064 g/ml)
(Fig 6C).

Fig 3. Representative microscopic pictures of the seven isolated RBC subpopulations. Density of the RBC increased with increasing cell age, and cell
shape changed from discoid to echinocyte. In RBC of DM, cell shape changes were more pronounced. Magnification for all pictures was 400-fold.

doi:10.1371/journal.pone.0125206.g003
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Fig 4. Mean Cellular Volume (MCV) and phosphatidylserine (PS) externalisation with increasing cell age in HC and DM. (A) Mean cellular volume
constantly decreased during aging in both groups. MCV of young and middle aged RBC was significantly decreased in DM compared to HC. RBC of HC lost
20% of MCV during aging (P < 0.001; comparison of old and young RBC). RBC of DM lost 12% of MCV during aging (P < 0.05; comparison of old and young
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Correlation/Linear regression analyses. Correlation and regression analyses revealed a
strong positive relation of RBC-NOSSer1177 and RBC nitrite in HC and DM (Fig 7), respectively.

Influence of RBC-NOS inhibition by L-NIO on NO production and
deformability
To provide information about the inhibitory potential and sensitivity of the different RBC frac-
tions to NO inhibition, RBC-NOS activation was directly inhibited using L-NIO. The determi-
nation of nitrite concentration showed significantly lower nitrite levels after inhibition with
L-NIO. Nitrite concentration of young and old RBC was reduced by approximately 54% by
L-NIO while the nitrite concentration was reduced by approximately 40% in middle aged RBC
(Fig 8A). EImax of RBC subfractions ranging from 1.064–1.068 g/ml was significantly decreased
after L-NIO incubation. No changes in EImax were observed in RBC subfractions of 1.070–
1.076+ g/ml after L-NIO incubation (Fig 8B).

Discussion
RBCs are a very heterogeneous cell population exhibiting different rheologic and enzymatic
properties. RBC have been demonstrated to carry a functional NO synthase which produces
NO [12] and it was previously reported that RBC-NOS produced NO plays a crucial role in
RBC deformability [12,36,39]. RBC aging was associated to a series of molecular events that fi-
nally lead to cell clearance but whether changes in RBC NO synthesis during in vivo aging may
relate these events is unknown so far. RBC of healthy controls and patients with type 2 diabetes
mellitus were thus separated according to age and in vivo RBC-NOS activation, RBC deform-
ability, RBC nitrite, respective NO, concentration, activity of RBC-NOS competitor arginase I
and substrate bioavailability of both enzymes during the aging process were examined. Addi-
tional in vitro experiments were performed with blood of healthy individuals to examine the in-
fluence of specific RBC-NOS inhibition on rheologic properties and RBC nitrite, respective NO
concentration in the different aged RBC subpopulations.

The results of the present study revealed decreasing RBC deformability, increasing nitrite
concentration and increasing RBC-NOS activation during aging. These changes were observed
in both healthy controls and patients with type 2 diabetes mellitus, but more pronounced in
type 2 diabetics. Young RBC of patients with type 2 diabetes mellitus showed highest L-argi-
nine concentration, highest arginase I activity and least RBC-NOS activation. The course of the
parameters reversed during aging. Comparable changes of arginase I activity and L-arginine
concentration were not observed in healthy controls. RBC-NOS inhibition decreased nitrite
concentration in all subpopulations while RBC deformability of old RBC was not affected.

Percoll density gradient centrifugation is suitable to separate RBC by
age
Separation of blood by Percoll density gradient centrifugation yielded in seven clearly distin-
guishable RBC layers. Although Gifford et al questions the reliability and accuracy of RBC
fractionation according to cell age with density gradient centrifugation [63], the multiple age
determination parameters including MCV and AnnexinV/PS externalization performed in this
work prove fractionation according to cell age.

RBC). Data are presented as mean ± standard deviation of n = 15 (HC) and n = 4 (DM). (B) In both groups, Annexin V, a marker for PS externalisation,
significantly increased in the oldest subpopulation (P < 0.05 compared to 1.072 g/ml). Data are presented as mean ± standard deviation of n = 4 (HC) and
n = 4 (DM).

doi:10.1371/journal.pone.0125206.g004
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Fig 5. Maximal RBC deformability (EImax) and nitrite concentration in RBC of HC and DM during cell aging. (A) In RBC of HC, EImax values increased
from 1.064 g/ml to 1.065 g/ml (P < 0.001), remained constant to 1.068 g/ml and then decreased with increasing cell age. Oldest RBC (1.076+ g/ml) showed
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Subdividing the seven fractions into young (1.064 g/ml), middle (1.065–1.068 g/ml) and old
RBC (1.070–1.076+ g/ml) revealed that DM had less middle aged and more old RBC compared
to HC. These data underline findings made by Handelman and Levin [64], and Mazzanti et al
[65] who reported a reduced mean life span and faster senescence of RBC from patients with
type 2 diabetes mellitus.

Morphology of RBC changed during aging. Whereas the youngest RBC showed nearly
round and unaffected cell shape, older RBC became smaller and echonocytic. The observed
changes on the outer surface indicated membrane evagination [66]. Due to the missing nucleus
of mature RBC, the predefined enzymatic repertoire requires waste decomposition viamem-
brane exocytosis [66]. For instance, the main RBC protein hemoglobin becomes glycated and
carbamylated with aging, leading to accumulation of denatured hemoglobin at the inner mem-
brane site [9]. Microvesiculation is energetically more favourable in comparison to the whole
new synthesis of otherwise functional RBC, but leads to permanent loss of membrane bilayer
parts, cell ingredients and cellular water [52]. Data presented in this study prove decreasing
MCV with increasing cell age. Before clearance of the oldest RBC from the circulation, approxi-
mately 20% of the volume is lost in HC. These observations indicate the approximate vesicula-
tion capacity of normal RBC, which could be a limiting factor for RBC life time. MCV of RBC
from DM was significantly lower compared to HC and the vesiculation capacity was markedly
reduced (12%), which obviously is a limiting factor for RBC life span [67]. Once vesiculation
capacity is exhausted, old RBC generate senescence signals recognised by macrophages. These
signals include the expression of neoantigenic regions in the membrane domain, which results
in binding of autologous IgG or the externalisation of phosphatidylserine on the outer mem-
brane surface [9]. In both groups, HC and DM, PS externalisation was determined on the out-
side of the oldest RBC fraction with PS concentrations being twice as high as on the outside of
young RBC. An increased capacity for membrane vesiculation could favor the prevention of
oxidative stress and early RBC hemolysis, which has been described for cardiovascular diseases
like diabetes [68,69]. Decreased RBC volume is associated with RBC rigidity and impaired RBC
deformability thus increasing the risk for cardiovascular events [69,70]. A shift to older RBC as
observed in DMmay eventually explain impaired cardio- and microvascular function associat-
ed with this disease [16,71].

NO signaling in RBC is altered during RBC aging
It was previously reported that older RBC show reduced deformability, diminished capacity to
release ATP in response to mechanical deformation [70] and accelerated NO-dioxygenation
rates compared to younger RBC [72]. This may reduce NO bioavailability, diminish vasodilata-
tion and oxygen supply. Although the proportion of old RBC was relatively small in compari-
son to the main middle aged fraction, it is assumed that 20% of old RBC would increase overall
inhibitory potential of NO dependent vasodilatation in all RBC by ~ 8% [72]. These in vitro ob-
served kinetics indicate that small changes in the population proportion may have significant
effects on vascular homeostasis and NO-signaling. Therefore it seems of considerable interest
to shift the RBC proportion to the younger ones, especially in disease states accompanied with
insufficient oxygen supply and circulatory disorders.

lowest EImax (P < 0.001 compared to 1.072 g/ml). EImax of middle aged RBC (1.065–1.068 g/ml) was significantly lower in DM compared to HC. EImax of DM
significantly decreased during aging. Data are presented as mean ± standard deviation of n = 15 (HC) and n = 4 (DM). (B) In HC, RBC nitrite concentration
remained constant from 1.064 g/ml to 1.068 g/ml and then significantly increased reaching its maximum values at 1.076+ g/ml. RBC nitrite concentration was
significantly higher in DM compared to HC for 1.064, 1.066, 1.0681.072 and 1.076+ g/ml. RBC nitrite concentration in RBC of DM increased during aging.
Data are presented as mean ± standard deviation of n = 5 (HC) and n = 4 (DM).

doi:10.1371/journal.pone.0125206.g005
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RBC deformability changes during RBC aging. RBC deformability depends on a variety
of cellular properties: surface to volume ratio, intracellular calcium concentration, activation of
calcium ATPase, sodium-potassium ATPase activation, pH or messengers like prostaglandins
and NO [73].

Impaired deformability is reported for many diseases including diabetes mellitus [41] and
results in diminished oxygen supply to the microvascular system [36]. In DM, deformability
was significantly lower in middle aged RBC in comparison to HC. In both groups, deformabil-
ity decreased with increasing cell age with lowest EImax values measured in the oldest RBC. In-
terestingly, in HC the youngest RBC did not exhibit the highest EImax, possibly due to highest
MCV observed in this group. The high volume capacity has an adverse effect on rheological
properties. This subpopulation may possess too much cellular volume to squeeze fast and

Fig 6. RBC-NOS activation, arginase I activity and L-arginine concentration in RBC of HC and DM
during increasing cell age. (A) In HC, RBC-NOS phosphorylation at its Serine1177 residue, representing
activation of the enzyme, was significantly increased in subpopulation 1.076+ g/ml (P < 0.05 compared to
1.072 g/ml). In DM, RBC-NOSSer1177 significantly increased during aging with significantly higher values
obtained in DM compared to HC in RBC fractions 1.070, 1.072 and 1.076+ g/ml. Data are presented as
mean ± standard deviation of n = 8 (HC) and n = 4 (DM). (B) Arginase I activity was represented by the
synthesis of the arginase I product urea. In both groups, arginase activity remained constant in all measured
subpopulations. Data are presented as mean ± standard deviation of n = 4 (HC) and n = 4 (DM). (C) In HC, L-
arginine concentration remained unchanged during aging. DM showed significantly higher L-arginine values
compared to HC for young and middle old RBC (1.064–1.068 g/ml). L-arginine concentration of DM
decreased with increasing cell age. Data are presented as mean ± standard deviation of n = 8 (HC) and n = 4
(DM).

doi:10.1371/journal.pone.0125206.g006

Fig 7. Linear regression of RBC-NOSSer1177 immunostaining and RBC nitrite concentration in HC and DM. Calculation of R and R2 (goodness of fit)
revealed positive correlation of RBC-NOSSer1177 and RBC nitrite for both study groups.

doi:10.1371/journal.pone.0125206.g007
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Fig 8. Nitrite concentration andmaximumRBC deformability (EImax) in RBC after L-NIO incubation in
comparison to untreated RBC. (A) RBC nitrite concentration was decreased in all subpopulations by L-NIO.
Data are presented as Mean ± Standard Error of MEAN (n = 10). (B) EImax values significantly decreased in
subpopulations of 1.064 g/ml to 1.068 g/ml after L-NIO incubation. No decrease was observed in old
subpopulations (1.070 g/ml and 1.076+ g/ml). Data are presented as Mean ± Standard Deviation (n = 10).

doi:10.1371/journal.pone.0125206.g008
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suitable through the capillaries. Further membrane remodelling and volume reduction may
occur during aging which cause the increase in RBC deformability observed between 1.064 and
1.065 g/ml.

RBC-NOS dependent NO production increased during RBC aging. NO produced in
RBC is oxidised to nitrite in the presence of molecular oxygen [23,29,30]. Nitrite thereby acts
as a storage pool for NO and it was shown that nitrite represents a sensitive marker for NO
production and bioavailability [74]. RBC nitrite concentration, and thus NO level, increased
during aging with DM showing higher nitrite values compared to HC. Higher RBC nitrite con-
centrations were previously confirmed in whole blood of type 2 diabetics [75]. High nitrite lev-
els may counteract rheological restrictions and decreasing MCV during the aging process. It
can be assumed that without the enhanced NO concentration, deformability of old RBC would
be even more diminished. Among others, similar results were published by Smith et al [6], Lin-
derkamp et al [66] and Bosman et al [67]. This was in part confirmed by the presented in vitro
results as inhibition of NO synthesis further decreased RBC deformability in young and middle
aged RBC. Old RBC also showed reduced nitrite content after L-NIO application but RBC
deformability was not further affected.

In RBC, NO is enzymatically produced by RBC-NOS with phosphorylation of RBC-NOS
on its serine 1177 representing activation of the enzyme [37]. RBC-NOSSer1177 was increased in
senescent RBC in both healthy subjects and patients with type 2 diabetes mellitus. These results
matched the observation of increasing nitrite level in old RBC reaching its maximum in the
oldest fraction. Interestingly, in old RBC phosphorylation of RBC-NOSSer1177 was significantly
higher in DM compared to HC. Correlation analyses exhibited that nitrite and thus NO con-
centration depends on RBC-NOSSer1177 in DM and HC. These results indicate that increased
RBC nitrite concentration was caused by increased RBC-NOS activation to partly counteract
decreased deformability. But this compensation seemed to be insufficient for the oldest RBC
subpopulation. It is suggested that the NO produced is incapable to bind to the RBC cytoskele-
ton to regulate deformability. It was recently shown that microparticles formed by vesiculation
contained a functional endothelial NOS which still had enzymatic activity and were found to
produce NO [76]. Furthermore, RBC are one of the major vesicle-secreting cells [77]. Thus it is
speculated that the permanent formation of vesicles, as observed microscopically in aging RBC,
may have led to the embedding of membrane associated RBC-NOS in old RBC. RBC-NOS pro-
duced NO was still detected but could not exert its biological function of improving RBC
deformability. The experimental evidence that enhanced NO synthesis leads to modifications
of α- and β-spectrins at the cytoskeleton of RBC, leading to improved deformability, was re-
cently shown and is one of the most important binding sites of regulatory NO in RBC [36].
These modifications were induced by direct activation of RBC-NOS and subsequent NO
production. Separation of the cytoskeleton from the active RBC-NOS by microvesicles may in-
terrupt efficient NO transport for compensation. These findings suggest NO as possible phar-
macological target to improve deformability and life span of RBC.

Activity of RBC-NOS competitor arginase and concentration of common substrate L-ar-
ginine decrease during RBC aging. Due to its common substrate L-arginine and coexpres-
sion in a variety of different cell tissues, arginase I and NOS interdependences were intensively
examined in the past decade [49]. Arginase I is known to play an important role in the regula-
tion of the immune system and pathological development as it negatively regulates NO synthe-
sis [78,79]. Different cardiovascular disease states are described which exhibit decreased NO
availability and increased arginase activity such as hypertension and diabetes [47,79–81]. In-
creased arginase I activity was found in young RBC from type 2 diabetics and activity decreased
with increasing cell age. In parallel, highest L-arginine concentrations were found in young
RBC and decreased with increasing cell age. Considering the low RBC-NOS activation in
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young RBC, compared to HC, the data confirm a shift to arginase I activity at least in young
RBC from DM. A similar correlation was not observed in middle aged or old RBC and no such
correlation was observed in RBC from HC. The data of the presented study thus did not con-
firm previous observations of increased arginase activation in diabetic rats [81] but comparable
studies in humans are lacking.

In conclusion, in vivo RBC aging results in shape changes and changes in enzyme activities
which finally reduce RBC deformability in both health and disease with a higher prevalence in
the disease state. The inability of high NO levels in old RBC to affect cell function point out
that RBC-NOS may be isolated which might prevent NO from binding to the cytoskeleton,
necessary to affect RBC deformability. The data underline the importance of NO bioavailability
to extent cell life and to maintain healthy rheologic characteristics which also positively affect
blood flow through the microcirculation and oxygen supply to the surrounding tissues and or-
gans. The results obtained in this study could contribute to the development of new therapeutic
strategies to improve rheological properties in patients with cardiovascular diseases by increas-
ing RBC NO bioavailability.

Supporting Information
S1 Table. Single elongation indices obtained for all tested shear rates and red blood cell
fractions in healthy controls (HC). Data are presented as mean ± standard deviation of n = 15
(HC). Statistical differences were calculated for the respective previous group and are marked
with � for P< 0.05; �� for P< 0.01 and ��� for P< 0.001.
(DOCX)

S2 Table. Single elongation indices obtained for all tested shear rates and red blood cell
fractions in patients with type 2 diabetes (DM).Data are presented as mean ± standard devi-
ation of n = 4 (DM). Statistical differences were calculated for the respective previous group
and are marked with � for P< 0.05; �� for P< 0.01 and ��� for P< 0.001. Differences between
the HC and DM were marked with # for P< 0.05; ## for P< 0.01 and ### for P< 0.001.
(DOCX)

Acknowledgments
The authors would like to thank Bianca Collins, Anika Voß, Thomas Dietz and Anke Schmitz
for indispensable technical assistance.

Author Contributions
Conceived and designed the experiments: MG DAB CB. Performed the experiments: MG
DAB. Analyzed the data: MG DAB. Contributed reagents/materials/analysis tools: MGWB
CB. Wrote the paper: MG DABWB CB.

References
1. Palis J. Primitive and definitive erythropoiesis in mammals. Front in Physio. 2014 Jan 28; 5:3.

2. Franco RS. The measurement and importance of red cell survival. Am J Hematol. 2009; 84(2): 109–14.
doi: 10.1002/ajh.21298 PMID: 19025796

3. Rifkind JM, Nagababu E. Hemoglobin Redox Reactions and Red Blood Cell Aging. Antioxid Redox Sig-
nal. 2013; 18(17) 2274–83. doi: 10.1089/ars.2012.4867 PMID: 23025272

4. Chandramouli V, Carter JR Jr. Cell membrane changes in chronically diabetic rats. Diabetes 1975; 24
(3): 257–62. PMID: 163776

5. Nash GB, Wyard SJ. Changes in surface area and volumemeasured by micropipette aspiration for
erythrocytes ageing in vivo. Biorheology 1980; 17(5–6): 479–84. PMID: 7407351

RBC-NOS Dependent NO Production and Cell Function during Aging

PLOS ONE | DOI:10.1371/journal.pone.0125206 April 22, 2015 19 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125206.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125206.s002
http://dx.doi.org/10.1002/ajh.21298
http://www.ncbi.nlm.nih.gov/pubmed/19025796
http://dx.doi.org/10.1089/ars.2012.4867
http://www.ncbi.nlm.nih.gov/pubmed/23025272
http://www.ncbi.nlm.nih.gov/pubmed/163776
http://www.ncbi.nlm.nih.gov/pubmed/7407351


6. LinderkampO, Meiselman HJ. Geometric, osmotic, and membrane mechanical properties of density-
separated human red cells. Blood 1982; 59(6): 1121–7. PMID: 7082818

7. Clark MR, Mohandas N, Shohet SB. Osmotic gradient ektacytometry: comprehensive characterisation
of red cell volume and surface maintenance. Blood 1983: 61(5): 899–910. PMID: 6831052

8. Nash GB, Meiselman HJ. Red cell and ghost viscoelasticity. Effects of hemoglobin concentration and in
vivo aging. Biophys J. 1983; 43(1): 63–73. PMID: 6882863

9. Bosman GJCGM, Lasonder E, Groenen-Döpp YAM,Willekens FLA,Werre JM, Novotný VM. Compara-
tive proteomics of erythrocyte aging in vivo and in vitro. J Proteomics 2010 3; 73(3): 396–402. doi: 10.
1016/j.jprot.2009.07.010 PMID: 19660581

10. Antonelou MH, Kriebardis AG, Papassideri IS. Aging and death signalling in mature red cells: from
basic science to transfusion practice. Blood Transfus. 2010; 8(3): 39–47.

11. Connor J, Pak CC, Schroit AJ. Exposure of phsophatidylserine in the outher leaflet of human red blood
cells. J Biol Chem. 1994 28; 269(4): 2399–404. PMID: 8300565

12. Kleinbongard P, Schulz R, Rassaf T, Lauer T, Dejam A, Jax T, et al. Red blood cells express a function-
al endothelial nitric oxide synthase. Blood 2006 1; 107(7): 2943–51. PMID: 16368881

13. Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N Engl J Med. 1993 30; 329(27): 2002–12.
PMID: 7504210

14. Kleinbongard P, Keymel S, Kelm M. New functional aspects of the L-arginine-nitric oxide metabolism
within the circulating blood. Thromb Haemost. 2007; 98(5): 970–4. PMID: 18000600

15. Tessari P, Cecchet D, Cosma A, Vettore M, Coracina A, Millioni R, et al. Nitric oxide synthesis is re-
duced in subjects with type 2 diabetes and nephropathy. Diabetes 2010; 59(9): 2152–9. doi: 10.2337/
db09-1772 PMID: 20484137

16. Kolluru GK, Bir SC, Kevil CG. Endothelial dysfunction and diabetes: effects on angiogenesis, vascular
remodeling, and wound healing. Int J Vasc Med. 2012. doi: 10.1155/2012/918267

17. Hobbs AJ, Gladwin MT, Patel RP, Williams DL, Butler AR. Haemoglobin: NO transporter, NO inactiva-
tor or NOne of the above? Trends Pharmacol Sci. 2002; 23(9): 406–11. PMID: 12237152

18. Liu X, Miller MJ, Joshi MS, Sadowska-Krowicka H, Clark DA, Lancaster JR Jr. Diffusion-limited reaction
of free nitric oxide with erythrocytes. J Biol Chem. 1998; 273(30): 18709–13. PMID: 9668042

19. Liu X, Samouilov A, Lancaster JR Jr, Zweier JL. Nitric oxide uptake by erythrocytes is primarily limited
by extracellular diffusion not membrane resistance. J Biol Chem.; 277(29): 26194–9. PMID: 12006567

20. Joshi MS, Ferguson TB Jr, Han TH, Hyduke DR, Liao JC, Rassaf T, et al. Nitric oxide is consumed,
rather than conserved, by reaction with oxyhemoglobin under physiological conditions. Proc Natl Acad
Sci USA 2002; 99(16): 10341–6. PMID: 12124398

21. Vaughn MW, Huang KT, Kuo L, Liao JC. Erythrocyte consumption of nitric oxide: competition experi-
ment and model analysis. Nitric Oxide. 2001; 5(1): 18–31. PMID: 11178933

22. Sakai H, Sato A, Masuda K, Takeoka S, Tsuchida E. Encapsulation of concentrated hemoglobin solu-
tion in phospholipid vesicles retards the reaction with NO, but not CO, by intracellular diffusion barrier. J
Biol Chem. 2008; 283(3): 1508–17. PMID: 18003613

23. Kim-Shapiro DB, Schechter AN, Gladwin MT. Unraveling the reactions of nitric oxide, nitrite, and hemo-
globin in physiology and therapeutics. Arterioscler Thromb Vasc Biol. 2006; 26(4): 697–705. PMID:
16424350

24. Jia L, Bonaventura C, Bonaventura J, Stamler JS. S-nitrosohaemoglobin: a dynamic activity of blood in-
volved in vascular control. Nature 1996; 380(6571): 221–6. PMID: 8637569

25. Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT, Bonaventura J, et al. Blood flow regulation by
S-nitrosohemoglobin in the physiological oxygen gradient. Science 1997; 276(5321): 2034–7. PMID:
9197264

26. Gow AJ, Stamler JS. Reactions between nitric oxide and haemoglobin under physiological conditions.
Nature 1998 Jan 8; 391(6663): 169–73. PMID: 9428761

27. Sharma VS, Ranney HM. The dissociation of NO from nitrosylhemoglobin. J Biol Chem. 1978; 253(18):
6467–72. PMID: 681362

28. Moore EG, Gibson QH. Cooperativity in the dissociation of nitric oxide from hemoglobin. J Biol Chem.
1976; 251(9): 2788–94. PMID: 1262343

29. Ignarro LJ, Fukuto JM, Griscavage JM, Rogers NE, Byms RE. Oxidation of nitric oxide in aqueous solu-
tion to nitrite but not nitrate: comparison with enzymatically formed nitric oxide from L-arginine. Proc
Natl Acad Sci USA 1993; 90(17): 8103–7. PMID: 7690141

30. KelmM, Preik-Steinhoff H, Preik M, Stauer BE. Serum nitrite sensitively reflects endothelial NO forma-
tion in human forearm vasculature: evidence for biochemical assessment of the endothelial L-arginine-
NO pathway. Cardiovasc Res. 1999; 41(3): 765–72. PMID: 10435049

RBC-NOS Dependent NO Production and Cell Function during Aging

PLOS ONE | DOI:10.1371/journal.pone.0125206 April 22, 2015 20 / 23

http://www.ncbi.nlm.nih.gov/pubmed/7082818
http://www.ncbi.nlm.nih.gov/pubmed/6831052
http://www.ncbi.nlm.nih.gov/pubmed/6882863
http://dx.doi.org/10.1016/j.jprot.2009.07.010
http://dx.doi.org/10.1016/j.jprot.2009.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19660581
http://www.ncbi.nlm.nih.gov/pubmed/8300565
http://www.ncbi.nlm.nih.gov/pubmed/16368881
http://www.ncbi.nlm.nih.gov/pubmed/7504210
http://www.ncbi.nlm.nih.gov/pubmed/18000600
http://dx.doi.org/10.2337/db09-1772
http://dx.doi.org/10.2337/db09-1772
http://www.ncbi.nlm.nih.gov/pubmed/20484137
http://dx.doi.org/10.1155/2012/918267
http://www.ncbi.nlm.nih.gov/pubmed/12237152
http://www.ncbi.nlm.nih.gov/pubmed/9668042
http://www.ncbi.nlm.nih.gov/pubmed/12006567
http://www.ncbi.nlm.nih.gov/pubmed/12124398
http://www.ncbi.nlm.nih.gov/pubmed/11178933
http://www.ncbi.nlm.nih.gov/pubmed/18003613
http://www.ncbi.nlm.nih.gov/pubmed/16424350
http://www.ncbi.nlm.nih.gov/pubmed/8637569
http://www.ncbi.nlm.nih.gov/pubmed/9197264
http://www.ncbi.nlm.nih.gov/pubmed/9428761
http://www.ncbi.nlm.nih.gov/pubmed/681362
http://www.ncbi.nlm.nih.gov/pubmed/1262343
http://www.ncbi.nlm.nih.gov/pubmed/7690141
http://www.ncbi.nlm.nih.gov/pubmed/10435049


31. Huang KT, Keszler A, Patel N, Patel RP, Gladwin MT, Kim-Shapiro DB, et al. The reaction between ni-
trite and deoxyhemoglobin. Reassessment of reaction kinetics and stoichiometry. J Biol Chem. 2005;
280(35): 31126–31. PMID: 15837788

32. Huang Z, Shiva S, Kim-Shapiro DB, Patel RP, Ringwood LA, Irby CE, et al. Enzymatic function of he-
moglobin as a nitrite reductase that produces NO under allosteric control. J Clin Invest. 2005; 115(8):
2099–107. PMID: 16041407

33. Rassaf T, Flögel U, Drexhage C, Hendgen-Cotta U, Kelm M, Schrader J. Nitrite reductase function of
deoxyhemoglobin: oxygen sensor and regulator of cardiac energetics and function. Circ Res. 2007;
100(12): 1749–54. PMID: 17495223

34. Shiva S. Nitrite: A physiological store of nitric oxide and modulator of mitochondrial function. Redox
Biol. 2013; 1(1): 40–4. PMID: 23710434

35. Totzeck M, Hendgen-Cotta UB, Luedike P, Berenbrink M, Klare JP, Steinhoff HJ, et al. Nitrite regulates
hypoxic vasodilation via myoglobin-dependent nitric oxide generation. Circulation 2012; 126(3): 325–
34. doi: 10.1161/CIRCULATIONAHA.111.087155 PMID: 22685116

36. Grau M, Pauly S, Ali J, Walpurgis K, Thevis M, BlochW, et al. RBC-NOS dependent S-nitrosylation of
cytoskeletal proteins improves RBC deformability. PLoS One 2013; 8(2): e56759. doi: 10.1371 PMID:
23424675

37. Suhr F, Brenig J, Müller R, Behrens H, BlochW, Grau M. Moderate exercise promotes human RBC-
NOS activity, NO production and deformability through Akt kinase pathway. PLoS One 2012; 7(9):
e45982. doi: 10.1371 PMID: 23049912

38. Grau M, Mozar A, Charlot K, Lamarre Y, Weyel L, Suhr F, et al. High red blood cell nitric oxide synthase
activation is not associated with improved vascular function and red blood cell deformability in sickle
cell anaemia. Br J Haematol. 2015; 168(5): 728–36. doi: 10.1111/bjh.13185 PMID: 25316332

39. Bor-Kucukatay M, Wenby RB, Meiselman HJ, Baskurt OK. Effects of nitric oxide on red blood cell
deformability. Am J Physiol Heart Circ Physiol. 2003; 284(5): 1577–84. PMID: 12521942

40. Simmonds MJ, Detterich JA, Connes P. Nitric oxide, vasodilation and the red blood cell. Biorheology
2014; 51(2–3): 121–34. doi: 10.3233/BIR-14012 PMID: 25480930

41. Schwartz RS, Madsen JW, Rybicki AC, Nagel RL. Oxidation of spectrin and deformability defects in dia-
betic erythrocytes. Diabetes 1991; 40(6): 701–8. PMID: 2040386

42. Le Devehat C, Khodabandehlou T, Vimeux M. Relationship between hemorheological and microcircu-
latory abnormalities in diabetes mellitus. Diabete Metab. 1994; 20(4): 401–4. PMID: 7843471

43. Zimny S, Dessel F, Ehren M, Pfohl M, Schatz H. Early detection of microcirculatory impairment in dia-
betic patients with foot at risk. Diabetes Care 2001; 24(10): 1810–4. PMID: 11574447

44. Yang J, Gonon AT, Sjöquist PO, Lundberg JO, Pernow J. Arginase regulates red blood cell nitric oxid
synthase and export of cardioprotective nitric oxide bioactivity. Proc Natl Acad Sci USA 2013; 110(37):
15049–54. doi: 10.1073/pnas.1307058110 PMID: 23980179

45. Ikemoto M, Tabata M, Miyake T, Kono T, Mori M, Totani M, et al. Expression of human liver arginase in
Escherichia coli. Purification and properties of the product. Biochem J. 1990 Sep 15; 270(3): 697–703.
PMID: 2241902

46. Munder M. Arginase: an emerging key player in the mammalian immune system. British Journal of
Pharmacology 2009; 158(3): 638–51. doi: 10.1111/j.1476-5381.2009.00291.x PMID: 19764983

47. Savu O, Iosif L, Bradescu OM, Serafinceanu C, Papacocea R, Stoian I. L-arginine catabolism is driven
mainly towards nitric oxide synthesis in the erythrocytes of patients with type 2 diabetes at first clinical
onset. Ann Clin Biochem. 2015; 52(Pt 1): 135–43.

48. Grönros J, Jung C, Lundberg JO, Cerrato R, Ostenson CG, Pernow J. Arginase inhibition restores in
vivo coronary microvascular function in type 2 diabetic rats. Am J Physiol Heart Circ Physiol. 2011; 300
(4): 1174–81. doi: 10.1152/ajpheart.00560.2010 PMID: 21297024

49. Romero MJ, Platt DH, Tawfik HE, Labazi M, El-Remessy AB, Bartoli M, et al. Diabetes-induced coro-
nary vascular dysfunction involves increased arginase activity. Circ Res. 2008; 102(1): 95–102. PMID:
17967788

50. Bivalacqua TJ, HellstromWJ, Kadowitz PJ, Champion HC. Increased expression of arginase II in
human diabetic corpus cavernosum: in diabetic-associated erectile dysfunction. Biochem Biophys Res
Commun. 2001; 283(4): 923–7. PMID: 11350073

51. Shemyakin A, Kövamees O, Rafnsson A, Böhm F, Svenarud P, Settergren M, et al. Arginase inhibition
improves endothelial function in patients with coronary artery disease and type 2 diabetes mellitus. Cir-
culation 2012; 126(25): 2943–50. doi: 10.1161/CIRCULATIONAHA.112.140335 PMID: 23183942

52. Bosch FH, Werre JM, Roerdinkholder-Stoelwinder B, Huls TH, Willekens FL, Halie MR. Characteristics
of red blood cell populations fractionated with a combination of counterflow centrifugation and Percoll
separation. Blood 1992; 79(1): 254–60. PMID: 1728314

RBC-NOS Dependent NO Production and Cell Function during Aging

PLOS ONE | DOI:10.1371/journal.pone.0125206 April 22, 2015 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/15837788
http://www.ncbi.nlm.nih.gov/pubmed/16041407
http://www.ncbi.nlm.nih.gov/pubmed/17495223
http://www.ncbi.nlm.nih.gov/pubmed/23710434
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.087155
http://www.ncbi.nlm.nih.gov/pubmed/22685116
http://www.ncbi.nlm.nih.gov/pubmed/23424675
http://www.ncbi.nlm.nih.gov/pubmed/23049912
http://dx.doi.org/10.1111/bjh.13185
http://www.ncbi.nlm.nih.gov/pubmed/25316332
http://www.ncbi.nlm.nih.gov/pubmed/12521942
http://dx.doi.org/10.3233/BIR-14012
http://www.ncbi.nlm.nih.gov/pubmed/25480930
http://www.ncbi.nlm.nih.gov/pubmed/2040386
http://www.ncbi.nlm.nih.gov/pubmed/7843471
http://www.ncbi.nlm.nih.gov/pubmed/11574447
http://dx.doi.org/10.1073/pnas.1307058110
http://www.ncbi.nlm.nih.gov/pubmed/23980179
http://www.ncbi.nlm.nih.gov/pubmed/2241902
http://dx.doi.org/10.1111/j.1476-5381.2009.00291.x
http://www.ncbi.nlm.nih.gov/pubmed/19764983
http://dx.doi.org/10.1152/ajpheart.00560.2010
http://www.ncbi.nlm.nih.gov/pubmed/21297024
http://www.ncbi.nlm.nih.gov/pubmed/17967788
http://www.ncbi.nlm.nih.gov/pubmed/11350073
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.140335
http://www.ncbi.nlm.nih.gov/pubmed/23183942
http://www.ncbi.nlm.nih.gov/pubmed/1728314


53. Gerke V, Moss SE. Annexins: From Structure to Function. Physiol Rev. 2002; 82(2): 331–71. PMID:
11917092

54. Clark MR, Mohandas N, Shohet S. Osmotic gradient ektacytometry: comprehensive characterisation of
red cell volume and surface maintenance. Blood 1983 May; 61(5): 899–910. PMID: 6831052

55. Hardeman MR, Goedhart PT, Dobbe JGG, Lettinga KP. Laser-assisted Optical Rotational Analyser
(LORCA); A new measurement for measurement of various structural hemorheological parameters.
Clin Hemorheol. 1994; 14(4): 605–18.

56. Hardeman MR, Dobbe JG, Ince C. The Laser-assisted Optical Rotational Cell Analyzer (LORCA) as
red blood cell aggregometer. Clin Hemorheol Microcirc. 2001; 25(1): 1–11. PMID: 11790865

57. Green DJ, Maiorana A, O'Driscoll G, Taylor R. Effect of exercise training on endothelium-derived nitric
oxide function in humans. J Physiol. 2004 561(Pt 1): 1–25. PMID: 15375191

58. Hayashino Y, Jackson JL, Hirata T, Fukumori N, Nakamura F, Fukuhara S, et al. Effects of exercise on
C-reactive protein, inflammatory cytokine and adipokine in patients with type 2 diabetes: A meta-analy-
sis of randomized controlled trials. Metabolism 2014; 63(3): 431–40. doi: 10.1016/j.metabol.2013.08.
018 PMID: 24355625

59. Grau M, Hendgen-Cotta UB, Brouzos P, Drexhage C, Rassaf, Lauer T, et al. Recent methodological
advances in the analysis of nitrite in the human circulation: nitrite as a biochemical paramteter of the L-
arginine /NO pathway. J Chromatogr B Analyt Technol Biomed Life Sci. 2007; 851(1–2): 106–23.
PMID: 17400039

60. Pelletier MM, Kleinbongard P, Ringwood L, Hito R, Hunter CJ, Schechter AN, et al. The measurement
of blood and plasma nitrite by chemilumiscence: pitfalls and solutions. Free Radic Biol Med. 2006; 41
(4): 541–8. PMID: 16863986

61. Hendgen-Cotta UB, Grau M, Rassaf T, Gharini P, Kelm M, Kleinbongard P. Reductive gas-phase
chemiluminescence and flow injection analysis for measurement of the nitric oxide pool in biological
matrices. Methods Enzymol. 2008; 441: 295–315. doi: 10.1016/S0076-6879(08)01216-0 PMID:
18554541

62. Corraliza IM, Campo ML, Soler G, Modolell M. Determination of arginase activity in macrophages: a mi-
cromethod. J Immunol Methods 1994; 174(1–2): 231–5. PMID: 8083541

63. Gifford SC, Derganc J, Shevkoplyas S, Yoshida T, Bitensky MW. A detailed study of time-dependent
changes in human red blood cells: from reticulocyte maturation to erythrocyte senescence. Br J Hae-
matol. 2006; 135(3): 395–404. PMID: 16989660

64. Handelman GJ, Levin NW. Red cell survival: relevance and mechanism involved. J Ren Nutr. 2010; 20
(5): 84–8.

65. Mazzanti L, Faloia E, Rabini RA, Staffolani R, Kantar A, Fiorini R, et al. Diabetes mellitus induces red
blood cell plasmamembrane alterations possibly affecting the aging process. Clin Biochem. 1992; 25
(1): 41–6. PMID: 1312917

66. Bosman GJCGM,Were JM, Willekens FLA, Novotný MJ. Erythrocyte ageing in vivo and in vitro: struc-
tural aspects and implications for transfusion. Transfus Med. 2008; 18(6): 335–47. doi: 10.1111/j.1365-
3148.2008.00892.x PMID: 19140816

67. Smith JA, Martin DT, Telford RD, Ballas SK. Greater erythrocyte deformability in world-class endurance
athletes. Am. J. Physiol. 1999; 276(6 Pt 2): 2188–93. PMID: 10362703

68. Bonnefont-Rousselot D. Glucose and reactive oxygen species. Curr. Opin. Clin. Nutr. Metab. Care
2002; 5(5): 561–8. PMID: 12172481

69. Virtue MA, Furne JK, Nuttall FQ, Levitt MD. Relationship between GHb concentration and erythrocyte
survival determined from breath carbon monoxide concentration. Diabetes Care 2004; 27(4): 931–5.
PMID: 15047651

70. SubashingheW, Spence DM. Simultaneous determination of cell aging and ATP release from erythro-
cytes and its implications in type 2 diabetes. Anal chim Acta 2008; 618(2): 227–33. doi: 10.1016/j.aca.
2008.04.061 PMID: 18513544

71. Quiñones MJ, Nicholas SB, Lyon CJ. Insulin resistance and the endothelium. Curr Diab Rep. 2005; 5
(4): 246–53. PMID: 16033673

72. Owusu BY, Stapley R, Honavar J, Patel RP. Effects of Erythrocyte Aging on Nitric Oxide and Nitrite Me-
tabolism. Antioxid Redox Signal. 2013 Oct 10; 19(11): 1198–1208. doi: 10.1089/ars.2012.4884 PMID:
23311696

73. Bruckdorfer R. The basics about nitric oxide. Mol Aspects Med. 2005; 26(1–2): 3–31. PMID: 16125764

74. Lauer T, Preik M, Rassaf T, Strauer BE, Deussen M, Feelisch M, et al. Plasma nitrite rather than nitrate
reflects regional endothelial nitric oxide synthase activity but lacks intrinsic vasodilator action. Proc Natl
Acad Sci USA 2001; 98(22): 12814–9. PMID: 11606734

RBC-NOS Dependent NO Production and Cell Function during Aging

PLOS ONE | DOI:10.1371/journal.pone.0125206 April 22, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/11917092
http://www.ncbi.nlm.nih.gov/pubmed/6831052
http://www.ncbi.nlm.nih.gov/pubmed/11790865
http://www.ncbi.nlm.nih.gov/pubmed/15375191
http://dx.doi.org/10.1016/j.metabol.2013.08.018
http://dx.doi.org/10.1016/j.metabol.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/24355625
http://www.ncbi.nlm.nih.gov/pubmed/17400039
http://www.ncbi.nlm.nih.gov/pubmed/16863986
http://dx.doi.org/10.1016/S0076-6879(08)01216-0
http://www.ncbi.nlm.nih.gov/pubmed/18554541
http://www.ncbi.nlm.nih.gov/pubmed/8083541
http://www.ncbi.nlm.nih.gov/pubmed/16989660
http://www.ncbi.nlm.nih.gov/pubmed/1312917
http://dx.doi.org/10.1111/j.1365-3148.2008.00892.x
http://dx.doi.org/10.1111/j.1365-3148.2008.00892.x
http://www.ncbi.nlm.nih.gov/pubmed/19140816
http://www.ncbi.nlm.nih.gov/pubmed/10362703
http://www.ncbi.nlm.nih.gov/pubmed/12172481
http://www.ncbi.nlm.nih.gov/pubmed/15047651
http://dx.doi.org/10.1016/j.aca.2008.04.061
http://dx.doi.org/10.1016/j.aca.2008.04.061
http://www.ncbi.nlm.nih.gov/pubmed/18513544
http://www.ncbi.nlm.nih.gov/pubmed/16033673
http://dx.doi.org/10.1089/ars.2012.4884
http://www.ncbi.nlm.nih.gov/pubmed/23311696
http://www.ncbi.nlm.nih.gov/pubmed/16125764
http://www.ncbi.nlm.nih.gov/pubmed/11606734


75. Ramírez-Zamora S, Méndez-Rodriguez ML, Olguín-Martinez M, Sánchez-Sevilla L, Quintana-Quin-
tana M, García-García N, et al. Increased Erythroctes By-Products of Arginine Catabolism are associat-
ed with Hyperglycemia and could be involved in the Pathogenesis of Type 2 Diabetes Mellitus. PLoS
One 2013; 8(6). e66823. doi: 10.1371 PMID: 23826148

76. Horn P, Cortese-Krott MM, Amabile N, Hundsdörfer C, Kröncke KD, KelmM, et al. Circulating micropar-
ticles carry a functional endothelial nitric oxide synthase that is decreased in patients with endothelial
dysfunction. J Am Heart Assoc. 2012; 2(1). e003764. doi: 10.1161 PMID: 23525410

77. Alaarg A, Schiffelers RM, van SolingeWW, vanWijk R. Red blood cell vesiculation in hereditary hae-
molytic anemia. Front Physiol. 2013; 4(365). doi: 10.3389/fphys.2013.00365 PMID: 24379786

78. Yang Z, Ming XF. Arginase: the emerging therapeutic target for vascular oxidative stress and inflamma-
tion. Front Immunol. 2013; 4(149). doi: 10.3389/fimmu.2013.00149 PMID: 23781221

79. Witte MB, Thornton FJ, Tantry U, Barbul A. L-Arginine supplementation enhance diabetic wound heal-
ing: involvement of the nitric oxide synthase and arginase pathways. Metabolism 2002; 51(10): 1269–
73. PMID: 12370845

80. Durante W, Johnson FK, Johnson RA. Arginase: a critical regulator of nitric oxide synthesis and vascu-
lar function. Clin Exp Pharmacol Physiol. 2007; 34(9): 906–11. PMID: 17645639

81. Gupta BL, Preet A, Baquer NZ. Protective effects of sodium orthovanadate in diabetic reticulocytes and
ageing red blood cells of Wistar rats. J. Biosci. 2004; 29(1): 73–9. PMID: 15286406

RBC-NOS Dependent NO Production and Cell Function during Aging

PLOS ONE | DOI:10.1371/journal.pone.0125206 April 22, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/23826148
http://www.ncbi.nlm.nih.gov/pubmed/23525410
http://dx.doi.org/10.3389/fphys.2013.00365
http://www.ncbi.nlm.nih.gov/pubmed/24379786
http://dx.doi.org/10.3389/fimmu.2013.00149
http://www.ncbi.nlm.nih.gov/pubmed/23781221
http://www.ncbi.nlm.nih.gov/pubmed/12370845
http://www.ncbi.nlm.nih.gov/pubmed/17645639
http://www.ncbi.nlm.nih.gov/pubmed/15286406


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


