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Abstract

Objective: To examine the impact of a 6-week endurance training on red blood cell (RBC) aging and deformability of healthy participants to

detect possible improved hemorheological and performance-related adaptations.

Methods: A total of 31 participants (17 females and 14 males) performed a 6-week moderate training protocol (three 1-h running sessions per week

at 70% of maximal heart rate). Blood was sampled before and after the training. RBCs from each participant were fractioned according to density

and age into 4 RBC subfractions. Subfractions were examined for changes of RBC properties, including aging distribution, RBC deformability,

RBC microparticles, and phosphatidylserine concentrations. RBC and plasma nitrite levels were measured as indicators of nitric oxide metabolism.

Results: Aerobic performance, peak oxygen consumption, ventilatory thresholds, velocity at the aerobic�anaerobic threshold, and lactate at

exhaustion improved after training. The relative amount of both young RBCs and old RBCs increased, and the amount of the main RBC fraction

decreased. Phosphatidylserine externalization and RBC-derived microparticles decreased. Overall deformability expressed as shear stress

required to achieve half-maximum deformation to theoretical maximal elongation index at infinite shear stress improved in unfractioned RBCs

(p < 0.001). Nitrite decreased in total (p = 0.001), young (p < 0.001), main (p < 0.001), and old (p = 0.020) aged RBCs and in plasma

(p = 0.002), but not in very old RBCs.

Conclusion: These results indicate that non-endurance-trained healthy participants benefit from a regular moderate running training program

because performance-related parameters improve and a younger RBC population with improved RBC properties is induced, which might support

oxygen supply in the microcirculation.

Keywords: Cellular adaptation; Hemorheology; Nitric oxide; Performance; RBC physiology and aging
1. Introduction

The major function of red blood cells (RBCs) relates to

facilitating the exchange of oxygen and carbon dioxide with

the surrounding tissue in the microcirculation.1 Indeed, RBCs

need to deform to flow through small capillaries, which some-

times have a smaller diameter than the RBCs themselves.1 The

average life span of RBCs is about 120 days but may vary

with health condition, hormonal status, or physical activity
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(PA) level. Approximately 200 billion RBCs are newly formed

each day, meaning that RBCs of different ages are present in

the circulation.2

It has been shown previously that RBC deformability

decreases with RBC aging.3,4 Because RBCs lack a nucleus,

their capacity of antioxidative defense and damage removal is

limited. To maintain their functionality, RBCs can remove

oxidized and damaged proteins by membrane shedding and

vesiculation.5 Because the concomitant loss of enclosed water

is proportionally greater than the loss of proteins, RBC volume

decreases and RBC density increases with aging.5,6 In addition

to the removal of nonfunctioning cell components,
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microparticles (MPs) derived from RBCs can still exhibit

functional proteins and are assumed to play a role in cell-to-

cell communication and in the induction of adaptations

through internal and external stimulations, such as exercise.7

PA is one factor that can modify the age distribution of the

RBC population, and it has been shown that endurance athletes

possess a greater number of more flexible and low-density

young RBCs.8 Increased RBC deformability is suspected to

play a crucial role for athletic performance.9 RBC deformabil-

ity depends on the surface-to-volume ratio, internal viscosity,

and membrane elasticity, which can be affected by other fac-

tors such as by dehydration, cytoskeletal protein distribution,

hemoglobin concentration, or RBC aging.10,11 It has been

demonstrated that nitric oxide (NO) synthesized by a

RBC�NO synthase may S-nitrosylate a- and b-spectrins of

the RBC cytoskeleton, which ultimately leads to an improve-

ment of membrane flexibility and thus whole RBC deformabil-

ity.12 Therefore, improvement of RBC and plasma NO

bioavailability has been proposed to play a major role in physi-

cal performance because it enhances vasodilatation and RBC

deformability, which leads to a more efficient oxygen supply

in the microcirculation.

The aim of this study was to investigate the effects of a

6-week endurance training program on the RBCs aging distribu-

tion and their deformability. Previous studies suggest that RBC

deformability is positively influenced by endurance exercise,

primarily by increased formation of new RBCs with higher

deformability,4,13 and that aerobic exercise leads to adaptations

in the RBC aging proportion in patients with cardiovascular dis-

eases.14 Because these studies showed improvements in aerobic

performance, formation of a younger RBC population, and

improved deformability, we aimed to examine these effects in a

healthy population. We hypothesized that even a comparable

short, 6-week training intervention would lead to fast adapta-

tions in the RBC population, which in turn would lead to an

increased numbers of young RBCs and an overall rejuvenation

of the entire RBC population.
2. Methods

2.1. Ethics

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.
2.2. Participants

A total of 31 participants (17 females, 14 males) were

included in this study. All participants were healthy, moderately

fit, and nonsmokers. Further inclusion criteria were: age 18�32

years; body mass index 18�26 kg/m2, central European, no

severe cardiovascular diseases and <4 h of endurance training

per week. Baseline anthropometric data were as follows:

age = 23.9 § 3.3 years, height = 174.2 § 8.8 cm, and

weight = 68.0§ 11.5 kg (mean§ SD).
2.3. Performance diagnostics

To determine the endurance capacity of the participants, an

exercise test was performed on a treadmill using a previously

used incremental stepwise protocol.15 Lactate concentrations

were measured using EBIOplus (EKF Diagnostic Sales

GmbH, Magdeburg, Germany). Running speed at the 4 mmol/L

lactate threshold was calculated via a calculation matrix.15

Peak oxygen consumption (VO2peak) was measured using a

ZAN 300 spirometer (ZAN Austria E.U., Winkling, Austria)

during the test. Heart rate (HRmax) was measured using a heart

rate monitor (Polar Electro GmbH, B€uttelborn, Germany). The

individual maximal heart rate (HR) was determined as the

highest value measured during the exercise test. The VO2peak

was determined as the average of the highest values measured

over the last 30 s. The following classical criteria were used to

check that all participants reached their VO2peak: (1) plateau of

VO2 achieved, (2) HRmax achieved (220 � age (§10%)), (3)

inability to maintain the effort, and (4) VCO2/O2 ratio of

>1:1. Performance diagnostics were conducted before and

after the training. First ventilatory threshold (VT1) and second

ventilatory threshold (VT2) were determined based on the pro-

tocol of Beaver et al.16 and Schneider et al.17 and were

expressed as a percentage of VO2peak. Time to exhaustion

(TTE) was determined as the time from the start of the exer-

cise test until the stoppage of the exercise test (when partici-

pants were completely exhausted).
2.4. Training protocol

Participants were not endurance trained but practiced combat

sports, horse riding, court sports, and recreational activities such

as yoga and surfing. In addition to their normal activities and

training, participants were asked to run for 1 h 3 times a week at

70% of HRmax for 6 weeks. Total training volume of the partici-

pants thus ranged 3�10 h per week, depending on their other

recreational activities (3�5 days per week). A 1-day rest period

between the endurance training sessions was predefined for

regeneration and adaptation purposes. To ensure that partici-

pants followed training intensity protocols, HR monitors (Polar

Electro GmbH) were provided. All participants completed the

training protocol over the training period with high compliance,

which covered all exercise activities, including the type of sport

and its duration, as well as subjective exertion (Borg scale) to

control and monitor all training and recreational exercise activi-

ties. Additionally, the training protocol enabled participants to

control their individual progress at the predefined heart rate and

running time. Exercise sessions were performed individually or

in training groups having similar endurance capacity. In addi-

tion, a professional trainer was provided, who offered associated

training such as training advice or individual training.
2.5. Blood sampling and experimental protocol

2.5.1. Blood sample collection

Venous blood samples were taken before and after training.

Blood was anticoagulated using either sodium heparin or Na3-

citrate (BD Vacutainer; Becton Dickinson, Franklin Lakes,
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NJ, USA). Pretraining samples were taken within 1 week

before training. Post-training samples were taken within 1

week after training. Blood removal was performed so that

every participant had the same time interval between the pre-

training and post-training blood removal. RBCs were sepa-

rated according to age using a discontinuous Percoll density

centrifugation (Percoll; Amersham Biosciences, Uppsala,

Sweden) according to the protocol of Bizjak et al.18 Briefly,

heparinized blood samples were centrifuged at 3500 g for

1 min and the buffy coat was removed.

2.5.2. RBC fractionation

Plasma supernatant was collected into 1.5 mL microcen-

trifuge tubes (Eppendorf GmbH, Wesseling-Berzdorf, Ger-

many) for plasma nitrite analysis and stored at �80˚C until

measurement. RBCs were isolated, washed with a 9-fold vol-

ume of isotonic buffer originating from an established proto-

col by Bosch et al.5 (GASP-buffer containing albumin and

glucose: 9 mmol/L Na2HPO4, 1.3 mmol/L NaH2PO4,

140 mmol/L NaCl, 5.5 mmol/L glucose, and 0.8 g/L BSA

pH 7.4), and centrifuged (3500 g, 1 min, at 4˚C). The super-

natant was removed, reference samples of unfractioned

RBCs were taken (total RBCs), and the RBC pellet was

resuspended 1:1 in SAH-buffer 4-(2-hydroxyethyl)-1-pipera-

zineethanesulfonic acid (HEPES) buffer containing BSA:

26.3 g/L BSA, 132 mmol/L NaCl, and 4.6 mmol/L KCl, and

10 mmol/L HEPES; pH = 7.1). A total of 600 mL of washed

and resuspended RBCs were cautiously applied on 5 Percoll

layers diluted in SAH buffer. Percoll layers were built up as

previously described by Bosch et al.,5 and the density of Per-

coll solutions (Amersham Biosciences) was adapted to yield

the optimal fractionation success. Briefly, 2 mL of the

respective Percoll solutions with an increasing density of

1.064 g/mL, 1.066 g/mL, 1.068 g/mL, 1.072 g/mL, and

1.076 g/mL were layered manually, beginning with the dens-

est solution. Layers were built cautiously and dropwise to

minimize mingling of the different dense solutions. Centrifu-

gation was performed at 3700 g for 25 min at 4˚C, with the

lowest possible slowing-down process of the centrifuge used

to minimize RBCs clumping or mingling. After centrifuga-

tion, 4 different RBC fractions assembled in the respective

Percoll phases and were obtained by careful collection of

each fraction. Obtained fractions were classed into young

(�1.064 g/mL), main (1.065�1.071 g/mL), old

(1.072�1.076 g/mL), and very old (>1.076 g/mL) RBCs.

The volume percentage of each fraction was determined, and

isolated RBCs were subsequently used for the following

analyses.

2.5.3. Aging-related parameters

Hemograms were performed to determine the mean cellular

volume (MCV) in whole blood after blood removal as well as in

the subpopulations after fractionation using the hematology ana-

lyzer Sysmex Digitana KX-21N (Sysmex, Horgen, Switzerland).

Concentrations of externalized phosphatidylserine (PS)

were determined with an Annexin V enzyme-linked immuno-

sorbent assay (IBL International, Hamburg, Germany) for the
main fraction and the very old fraction according to the man-

ufacturer’s kit manual.
2.5.4. RBC deformability

RBC deformability was measured using the Laser-Assisted

Optical Rotational Cell Analyzer (LORCA, RR Mechatronics,

Hoorn, the Netherlands) as described in detail elsewhere.18,19

Briefly, RBCs were mixed with a viscous polyvinylpyrroli-

done solution (RR Mechatronics, Hoorn, the Netherlands; vis-

cosity of 30 cP; 1:250 ratio), and deformability was measured

at 37˚C at 9 increasing shear stresses (0.3�50.0 Pa). An elon-

gation index (EI) was calculated by the LORCA software (RR

Mechatronics) from the vertical and horizontal radius of the

ellipsoidal diffraction pattern. The theoretical maximal EI at

infinite shear stress (EImax) and the shear stress that is required

to achieve half-maximum deformation (SS1/2) were calculated

using a nonlinear regression according to Baskurt et al.20 Any

increase in EImax and/or decrease in SS1/2 indicates increased

RBC deformability.20 The SS1/2 to EImax ratio, which is a more

robust approach in reflecting alterations in deformability,19

was calculated to complete deformability outcomes. A low

ratio represents high deformability.19
2.5.5. Nitrite analysis

Measurement and analysis of nitrite were performed with

a chemiluminescence detector (CLD 88e; EcoPhysics,

Duernten, Switzerland) and the Chart FIA software (EcoPhy-

sics) described in detail elsewhere.14,18 For RBC nitrite mea-

surement, total RBCs and all subfractions were immediately

mixed with preservation solution (800 mmol/L K3[Fe(CN)6],

100 mmol/L N-ethylmaleimide, 10 V-% Nonidet P-40,

90 V-% aqua dest.) in a 5:1 ratio, snap frozen, and stored at

�80˚C until measurement. Measurement of nitrite content was

performed according to Hendgen-Cotta et al.21 Briefly, for

measurement of RBC nitrite content, samples were mixed

with methanol in a 1:2 ratio for protein precipitation and cen-

trifuged at 21,000 g for 10 min at 4˚C. Clear supernatant was

separated from the pellet and collected in 1.5-mL microcentri-

fuge tubes (Eppendorf GmbH). The concentration of RBC

nitrite was determined by injecting triplicates of 100 mL of

each supernatant into an acidified tri-iodide solution that

reduced nitrite to NO gas. The resulting NO was purged by a

NaOH trap and transported into an ozone-based chemilumi-

nescence NO detector via a constant helium gas-stream. Mea-

sured NO was analyzed with the Chart FIA software

(EcoPhysics), and a calibration curve derived from an aqueous

solution with a known nitrite solution was used to calculate

the RBC nitrite concentration. Plasma nitrite samples were

directly injected without further processing and analyzed as

described. RBC nitrite concentration of the sample was cor-

rected for nitrite levels of methanol and preservation solution.
2.5.6. RBC MP analysis

For RBC MP isolation, anticoagulated Na3-citrate blood was

prepared according to the method of Jansen et al.22 and MP con-

centration was measured via flow cytometry as described in
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detail elsewhere.23 Briefly, after purification using sequential

centrifugations, MPs were incubated with fluorescein isothio-

cyanate�annexin V (Beckman Coulter, Brea, CA, USA) and

phycoerythrin-conjugated anti-CD235a (glycophorin A, clone

11E4B-7-6, IgG1; Beckman Coulter) monoclonal antibodies to

identify MPs derived from RBCs. As an isotypic control, immu-

noglobulin G1 (IgG1) was used (679.1Mc7; Beckman Coulter).

The Megamix kit (size-calibrated fluorescent microspheres of

0.5mm, 0.9 mm, and 3.0 mm (Biocytex, Marseille, France)) was

used to obtain a reproducible gating for MPs, and Flow-

CountTM fluorospheres (Beckman Coulter) were used to deter-

mine absolute concentration of MPs. Sample data were acquired

on an FC500 MCL flow cytometer (Beckman Coulter) using the

CXP acquisition software (Beckman Coulter). Both forward

scatter and side scatter were set in a logarithmic gain and

acquired at a low flow rate for 5 min for all samples.
Fig. 1. Performance parameters before (Pre) and after (Post) a 6-week endur-

ance training. (A) VO2peak increased significantly; (B) Percentage of VT1 in

relation to VO2peak increased significantly; (C) Percentage of VT2 in relation

to VO2peak remained unchanged; (D) Lactate concentrations at exhaustion
2.6. Statistics

All data were tested for normality of distribution using the

Shapiro-Wilk test. If data fulfilled the requirements for a nor-

mal distribution, a paired t test was conducted to reveal differ-

ences between pre- and post-testing. If requirements for a

normal distribution were not met, Wilcoxon tests were

conducted to reveal differences between pre- and post-testing.

Statistical analyses were performed using the GraphPad Prism

5 software package (La Jolla, CA, USA). Differences were

considered as significant with p < 0.05, unless otherwise

marked. All data are expressed as mean § SD.

decreased significantly; (E) Paired t tests revealed no change in running dura-

tion until exhaustion; (F) Participants could maintain higher velocities at the

4 mmol/L threshold. *p < 0.05, **p < 0.01, ***p < 0.001, compared to pre-

training. TTE = time to exhaustion; VO2peak = peak oxygen consumption;

VT1 = first ventilatory threshold; VT2 = second ventilatory threshold.
3. Results

3.1. Performance data

Endurance training significantly improved VO2peak

(p< 0.001; Fig. 1A) and VT1 (p = 0.0046; Fig. 1B). Changes in

VT2 (Fig. 1C) were not statistically significant. Peak lactate val-

ues at exhaustion significantly decreased after training com-

pared with before (p = 0.025; Fig. 1D). TTE (Fig. 1E) was not

significantly affected by the training. Running velocity at the

4 mmol/L lactate threshold significantly increased after training

compared to before training (p = 0.004; Fig. 1F).
3.2. RBC fractions

The relative distribution of the 4 different RBC subfractions

that were determined according to their densities revealed that

the relative amount of young RBCs (<1.064 g/mL) signifi-

cantly increased after training from pretraining to post-training

(p = 0.002; Fig. 2A). The relative amount of the main fraction

(1.065�1.071 g/mL) significantly decreased (p < 0.001), and

the relative amount of the old fraction (1.072�1.076 g/mL)

significantly increased after training (p = 0.021). The relative

amount of the very old fraction (>1.076 g/mL) did not show

any difference between the pre- and post-training groups

(p = 0.799).
3.3. RBC MPs, PS externalization, and MCV

MPs deriving from RBCs significantly decreased from

before to after training (p = 0.044; Fig. 2B). Annexin V con-

centrations as a 1:1 determinant for PS externalization

decreased in the main RBC population (p = 0.028) and in the

very old RBC fraction (p = 0.022) from pretraining to post-

training (Fig. 2C). The MCV was highest in the young fraction

and lowest in the very old fraction, whereas MCV in the old

fraction increased after training (p = 0.035; Fig. 2D). The

MCV of the total RBCs did not change after training.
3.4. RBC deformability

The EImax of the total RBCs decreased after training com-

pared with pretraining values (p = 0.039; Fig. 3A). The SS1/2
of the total RBCs significantly decreased after training

(p< 0.001), as did the SS1/2 to EImax ratio (p< 0.001), indicat-

ing greater RBC deformability. The deformability of subfrac-

tions did not show any significant difference between the

pretraining and post-training groups (data not shown).



Fig. 2. RBC aging parameters before (Pre) and after (Post) a 6-week endurance training. (A) For RBC subfraction distribution, statistical analyses revealed that

training resulted in a significant increase in the young and old fractions with a concomitant decrease of the main fraction. The very old fraction was not affected by

the training; (B) Microparticles derived from RBCs decreased after training compared with Pre; (C) PS externalization represented by Annexin V concentration

decreased in the main fraction as well as in the very old fraction; (D) MCV of the old fraction significantly increased. * p < 0.05,

** p< 0.01, compared to pretraining. MCV =mean cellular volume; MP =microparticle; PS = phosphatidylserine; RBC = red blood cell.

Fig. 3. RBC deformability and nitrite concentrations of subfractions before (Pre) and after (Post) a 6-week endurance training. (A) For the EImax, statistical analy-

ses revealed a decrease in total RBCs. The shear stress required to achieve SS1/2 was markedly decreased in total RBCs. The calculated SS1/2 to EImax ratio

decreased significantly between pre- and post-training; (B) Nitrite decreased in post-training in total RBCs and in all RBC samples except for the very old fraction

and for the plasma nitrite. * p < 0.05, ** p < 0.01, *** p< 0.001, compared with pretraining. EImax = theoretical maximal elongation index at infinite shear stress;

RBC = red blood cell; SS1/2 = half-maximum deformation.
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3.5. NO metabolism

In total RBCs, the nitrite concentration significantly

decreased from pre- to post-training data (p = 0.001; Fig. 3B).

Nitrite concentrations decreased in young RBCs

(p < 0.001), main RBC fraction (p < 0.001), and old fraction

(p = 0.020) in the post-training group. Nitrite levels remained

unaltered in the very old RBC fraction (p = 0.065). Fig. 3B

shows that plasma nitrite decreased from pretraining to post-

training data (p = 0.002).

4. Discussion

This study sought to evaluate the effects of a 6-week run-

ning training program on RBC aging and distribution, and on

RBC deformability in young, moderately fit, and moderately

healthy untrained participants. RBC deformability is usually

thought to be of major importance for athletic performance in

providing sufficient oxygen to the working muscle because

RBCs have to pass through capillaries with diameters smaller

than their own.1,9 In contrast with resting and nonexercising

healthy individuals, whose blood profiles and aging parame-

ters do not change significantly over time,24 trained individu-

als usually exhibit increased RBC deformability,8,15 increased

RBC turnover (with a decreased RBC life span), and a con-

comitantly greater proportion of young RBCs.25,26

However, the interdependence of possible training-induced

adaptations on the RBC population and hemorheological prop-

erties has not been examined thus far. The present study shows

for the first time that a 6-week endurance training program

involving submaximal running leads to a significant increase

in the number of young RBCs, improved aerobic performance,

and improved overall RBC deformability in individuals who

are not endurance trained. The 6-week training period resulted

in increased aerobic endurance performance with respect to

VO2peak, VT1, and velocity measured at the 4 mmol/L lactate

threshold. Furthermore, lactate concentration measured at

exhaustion decreased. These results were very much expected,

because the positive effects of regular aerobic endurance train-

ing are well-documented.24

Regular endurance exercise leads to an upregulation of cat-

echolamines, cortisol, growth hormones, and insulin-like fac-

tors that stimulate bone marrow activity and increase

erythropoiesis.1 Erythropoiesis leads to a greater number of

reticulocytes, which in turn increases the number of young

RBCs.24 This adaptation in response to the endurance training

could be observed with an increased proportion of the young

as well as the old RBC subpopulation. Interestingly, the rela-

tive proportion of the main RBC fraction significantly

decreased concomitantly after the training in the present study,

which was also observed in a previous training study with par-

ticipants who had type 2 diabetes.14 A possible explanation

might be related to the fact that regular endurance training

accelerates RBC aging; thus, the formation of both young and

old RCBs is favored by an overall increased RBC turnover.

Mairb€aurl et al.4 showed that trained individuals have more

young, low-density cells with high 2,3-diphosphoglycerate

concentrations and fewer old, high-density RBCs with
impaired functionality. A greater proportion of young RBCs

might contribute to improved oxygen transport and release in

the microcirculation. These observations were recently con-

firmed by Tomschi et al.,9 whose study tested highly trained,

moderately trained, and low-trained individuals in relation to

their RBC age distribution. Highly trained individuals exhib-

ited more young RBCs and overall improved hemorheological

properties. Thus, the relatively large number of RBCs in the

main fraction that was measured before training in the present

study might have matured faster in response to the regular

endurance exercise. This finding might explain the signifi-

cantly increased number of old RBCs. Weight et al.25 observed

an increased RBC turnover and reduced RBC life span (65�75

days) in highly active runners, indicating an overall rejuve-

nated RBC population in endurance-trained athletes.27 There-

fore, although a nonexercising control was not integrated into

the design of the current study, regular endurance training

seems to accelerate the selective elimination of rigid and old

RBCs via the reticuloendothelial macrophage system.14,27

Adaptations of RBCs could be observed already after

6 weeks of training in the present study. RBC-derived MPs,

whose formation can, among other things, be induced by high

shear stress,28 decreased after training, as did phosphatidylser-

ine externalization, which acts as a removal signal for the

reticuloendothelial system and RBC degradation.29 Both

reduced RBC-derived MPs and decreased phosphatidylserine

externalization indicate reduced RBC senescence and later

removal with chronic endurance exercise. These findings sug-

gest that RBC adaptations during exercise possibly lead to less

frequent membrane shedding, which could reduce circulating

MP.7,30 Regular endurance training could, therefore, improve

the MP profile, as was assumed in a previous cross-sectional

study.31

Increased formation of young RBCs and the faster removal

of high-density old RBCs likely strengthens the entire RBC

system, because old RBCs show increased membrane exocyto-

sis to discard oxidative waste products.32,33 This process in

turn leads to a loss of cytosolic components, decreased MCV,

decreased RBC deformability, and overall weakened RBC

function.33 The successful separation with intact RBCs was

indicated by MCV levels of total RBCs being in the normal

range. The MCV decreased from the young to very old RBCs,

thus confirming previous findings.18 The MCV increased in

the old fraction after training. It was speculated that this

increase in RBC volume could be favorable14,18 because of the

concomitant loss of volume during the aging process. A cell

with an increased MCV might be capable of removing an

increased amount of damaged and oxidized protein through an

increased capacity of vesiculation. However, this hypothesis

remains to be tested.

Total RBCs showed higher deformability values after train-

ing. Smith et al.8 found increased RBC deformability in

world-class endurance athletes and ascribed this finding to the

increased RBC turnover with a higher proportion of younger

RBCs. The EImax describes the theoretical maximum deform-

ability at infinite shear stress.34 The EImax is generally higher

in endurance-trained athletes,8 but can temporarily decrease
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with unusually high training loads.35 In this study, the EImax

values of total RBCs decreased after the training, indicating

impaired maximum deformability, which is in accordance

with previous studies.11 Increased lactic acid production and/

or enhanced oxidative stress during training sessions could

have contributed to the decrease in the EImax.
11,36 It is known

that longer endurance training is needed to improve erythro-

cyte metabolism.36 Previous observations showed that a

12-week moderately intense treadmill walking program

increased overall deformability.37 However, although our

training program decreased the EImax, we also observed a

decrease in the SS1/2, which indicated an overall improved

deformability. This apparently inconsistent finding could be

explained by the faster RBC aging process that was induced

by training. Both results might point to more young RBCs in

the circulation, which are more flexible (reduced SS1/2), but

might show overall reduced EImax because of an altered sur-

face-to-volume ratio. The increase of the young fraction low-

ered overall EImax, as was observed in previous studies, which

showed that young RBCs exhibit a lower EImax compared with

the main fraction owing to high cellular volume and ongoing

membrane remodelling.14,18 Therefore, an SS1/2 to EImax ratio

was calculated, which is a more robust approach in reflecting

alterations of deformability and covers 2 of the important

parameters of RBC rheological properties.19 The markedly

reduced ratio, indicating improved deformability, supports the

assumption of training-induced positive effects on the hemor-

heological system.

A crucial parameter for increasing endothelial and hemor-

heological functionality is the main vasodilator NO.12,38

Nitrite represents the primary oxidation product of NO39 and,

thus, functions as a valid marker of NO synthesis. In the pres-

ent study, NO concentrations significantly decreased in

plasma, total RBCs, and the young, main, and old subfractions.

Multivarious reaction pathways of NO exist in the RBCs, in

which NO can be oxidized to form nitrite and finally nitrate39

or can result in the formation of RxNOs, which includes

S-nitrosothiols or N-nitrosamines.21 Because bioactive NO in

the microcirculation could be produced by several cells,40 the

reason for the observed decrease in plasma nitrite can only be

speculated. A decrease might result either by endothelial or

RBC adaptations, but a specific interdependence with

observed decreased RBC nitrite remains speculative. It was

previously shown that especially very old and barely function-

ing RBCs exhibit high NO concentrations.18 It was suggested

that the increased NO concentrations found in RBCs could

counteract impaired RBC deformability, possibly by increas-

ing NO-mediated modification of the cytoskeleton, which was

shown to improve RBC deformability and mechanical proper-

ties.12 The findings of reduced nitrite and improved deform-

ability might, therefore, be explained by 2 hypotheses: (1) the

hemorheological adaptations caused by the endurance training

are independent of NO adaptations in the RBC metabolism, or

(2) less NO is needed to improve deformability owing to an

improvement of antioxidative defenses with training and over-

all better RBC health, which might be caused by a rejuvenated

and younger RBC population. To address these questions,
further studies are needed to solve the possible interactions

and elucidate the complex in vivo situation.

Different techniques exist to separate RBCs according to

age, which exhibit different advantages and disadvantages.

The use of Percoll density centrifugation as a separation

medium is one established method to separate RBCs, but con-

tinuous or discontinuous gradient, as well as low-speed,18

high-speed,29 or counterflow centrifugation,5 are applied.

Therefore, an established and widely accepted protocol is

missing. This factor limits the transferability of the present

study to other RBC aging studies. In addition, the only reliable

method of measuring the exact RBC aging is in vivo labelling

and calculation of the biological half-life of RBCs, whereas

the separation in this study only yielded “young to very old”

RBCs, which could disguise further RBC aging properties

after training. This study used buffer systems established by

Bosch et al.,5 which led to RBCs with different buoyant densi-

ties, normally expected to be around 1.07�1.11 g/mL.4 There-

fore, although blood profile and microscopic approaches were

used to determine cell integrity, an impact of these buffers on

in vitro RBCs shrinking or swelling cannot fully be excluded.

In addition, although previous studies did not show any aging

effects in the untrained populations,4,18,24 a nonexercising con-

trol group might be integrated in prospective studies to deter-

mine the differences in RBC aging alterations between

training and resting individuals.
5. Conclusion

It was previously shown that highly endurance-trained ath-

letes have a younger RBC population with improved deform-

ability and oxygen transport/release properties compared to

the average population.3,9 In endurance-trained athletes, youn-

ger RBC populations with a lower mean age are induced by

enhanced shear stress in the cardiovascular system and by

increased oxidative stress, which limit the average RBC aging

and increase RBC turnover.24 Therefore, faster RBC aging

seems like a promising way for the blood system to adapt

faster to changed exercise activity by increasing old RBC

removal and continuously increasing the number of younger

RBCs with improved properties. However, the time needed for

erythropoietic adaptations of RBCs, the impact of the exercise

intensity or form of endurance sport, and the influence of a

younger RBC population on athletic performance are still

under debate. The present study found that a 6-week, moder-

ately intensive endurance training program leads to improved

aerobic capacity in young, moderately fit participants who had

not previously had endurance training. The benefits of the pro-

gram included a generally younger RBC population and

increased overall RBC deformability. Therefore, the present

study supports the idea that blood rheology and the distribution

of the RBC population can be rapidly influenced by endurance

training, but their interdependence with increased aerobic

capacities remains to be investigated. It should be noted that,

although the present study supports beneficial RBC adapta-

tions through moderate endurance running, research involving

prolonged training periods, different training intensities (e.g.,
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high-intensity marathon running), and alternative exercises

with weight-bearing activities (e.g., floor exercises in gymnas-

tics) that may impact increased foot hemolysis are needed to

give more insights into the long-term adaptation processes.
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