
fphys-09-01835 December 17, 2018 Time: 15:20 # 1

ORIGINAL RESEARCH
published: 19 December 2018

doi: 10.3389/fphys.2018.01835

Edited by:
Dmitry A. Fedosov,

Forschungszentrum Jülich, Germany

Reviewed by:
Gregory Barshtein,

The Hebrew University of Jerusalem,
Israel

Giovanna Tomaiuolo,
University of Naples Federico II, Italy

Jean-Frédéric Brun,
INSERM U1046 Physiologie et

Médecine Expérimentale du Coeur et
des Muscles, France

*Correspondence:
Marijke Grau

m.grau@dshs-koeln.de

Specialty section:
This article was submitted to

Red Blood Cell Physiology,
a section of the journal
Frontiers in Physiology

Received: 15 August 2018
Accepted: 06 December 2018
Published: 19 December 2018

Citation:
Grau M, Cremer JM,

Schmeichel S, Kunkel M and Bloch W
(2018) Comparisons of Blood

Parameters, Red Blood Cell
Deformability and Circulating Nitric

Oxide Between Males and Females
Considering Hormonal Contraception:

A Longitudinal Gender Study.
Front. Physiol. 9:1835.

doi: 10.3389/fphys.2018.01835

Comparisons of Blood Parameters,
Red Blood Cell Deformability and
Circulating Nitric Oxide Between
Males and Females Considering
Hormonal Contraception:
A Longitudinal Gender Study
Marijke Grau* , John Maxwell Cremer, Steffen Schmeichel, Markus Kunkel and
Wilhelm Bloch

Molecular and Cellular Sports Medicine, German Sport University Cologne, Cologne, Germany

Red blood cell (RBC) deformability is an important determinant of the microcirculation.
It is influenced by various hematological parameters but also by nitric oxide (NO) which
is produced in RBC from L-arginine by RBC-NO synthase. Longitudinal studies on
blood profile, deformability at rest and NO levels but also differences between males
and females (±hormonal contraception; HC) are less known so far. The study thus
aimed to investigate RBC deformability, RBC NO species (nitrite, RxNO), RBC L-arginine
concentration and basal blood parameters in males and females (±HC) as a function
of time. RBC deformability was measured at rest once per week and the remaining
parameters were measured once per month, respectively. A second experiment aimed
to daily measure RBC deformability and 17β-estradiol in Female ± HC during a whole
menstruation cycle to investigate a possible relation of the two parameters. Measured
parameters showed low week-to-week variation and remained constant during study
period. However, RBC deformability increased in Female + HC during study period
possibly because of increasing training volume of the participants. Overall, results
indicate gender differences in hematological parameters with higher RBC parameters
(RBC count, hematocrit, hemoglobin concentration) in males compared to females.
Differences were also observed between the female groups with Females− HC showing
lower number of RBC but higher MCV and hematocrit compared to Females + HC.
RBC deformability was highest in Females − HC which might be related to permanent
higher estradiol levels and/or higher RBC NO levels because RBC nitrite and RBC RxNO
concentrations were also highest in Females-HC. Results of the second experiment
also suggest higher RBC deformability in Female − HC because of higher estradiol
concentrations. L-arginine levels known to be related to RBC NO production were
comparable in all groups. In conclusion, hematological, hemorheological and NO related

Frontiers in Physiology | www.frontiersin.org 1 December 2018 | Volume 9 | Article 1835

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.01835
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2018.01835
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.01835&domain=pdf&date_stamp=2018-12-19
https://www.frontiersin.org/articles/10.3389/fphys.2018.01835/full
http://loop.frontiersin.org/people/529607/overview
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01835 December 17, 2018 Time: 15:20 # 2

Grau et al. Gender Differences in RBC Parameters

parameters show gender differences. In particular, RBC deformability is affected by
training volume and RBC estradiol concentrations. The results add new information on
the complex regulation of RBC function which might help to better understand the role
of RBC in the microcirculation.

Keywords: red blood cells, red blood cell deformability, nitric oxide, blood parameters, gender, hormonal
contraception

INTRODUCTION

Red blood cell deformability describes the ability of the cells
to reversibly change their shape in response to applied forces.
This relevant characteristic enables the passage of RBC through
blood vessels with diameters smaller than their own and
thus, the supply of oxygen and nutrient to the surroundings
(Mohandas and Chasis, 1993). RBC deformability is influenced
by various factors with nitric oxide (NO) being one of them
(Kleinbongard et al., 2006; Grau et al., 2013). Reduced RBC NO
bioavailability has been reported to reduce RBC deformability
while increased levels of RBC NO has been shown to positively
affect RBC deformability (Bor-Kucukatay et al., 2003; Grau
et al., 2013). In RBC, NO is enzymatically produced by
RBC-NO synthase (RBC-NOS) during the conversion of the
RBC-NOS substrate L-arginine to L-citrulline (Kleinbongard
et al., 2006). RBC-NOS activation state depends on the
phosphorylation of RBC-NOS serine 1177 residue which is
related to upstream activation of the phosphatidylinositol 3
(PI3)-kinase/Akt kinase pathway (Suhr et al., 2012). NO is a
highly diffusible inorganic radical and described reaction routes
of NO within RBC are diverse (Ozüyaman et al., 2008). The
RBC NO pool includes, among others, nitrite as primary NO
oxidation product and RxNO (sum of nitrosated and nitrosylated
species) (Hendgen-Cotta et al., 2008). Further, it was shown that
RBC-NOS produced NO leads to S-nitrosylation of cytoskeletal
spectrins which, although the exact mechanism remains to be
investigated, positively affects RBC deformability (Grau et al.,
2013). Changes in RBC-NOS activation and concomitant NO
levels were related to changes in deformability (Grau et al.,
2013).

Reduced deformability levels have been described for patients
suffering from cardiovascular diseases, diabetes mellitus or sickle
cell anemia (Ballas, 1991; Keymel et al., 2011), and reduction
in deformability has been associated to microcirculatory
disturbances (Lau et al., 1995; Cicco and Pirrelli, 1999; Kameneva
et al., 1999). Increased deformability levels have been shown for
endurance athletes (Smith et al., 1999; Tomschi et al., 2018a)
and associated to improved performance capacity (Koliamitra
et al., 2017; Tomschi et al., 2018b). Exercise was thus described
to positively affect RBC function in both, health and disease
(Mairbäurl, 2013; Ahmad et al., 2014; Brinkmann et al., 2016;
Koliamitra et al., 2017). In fact, endurance exercise increases
shear stresses applied to the RBC which increases RBC-
NOS dependent NO production (Suhr et al., 2012) and this
was related to increased performance parameters. In most
studies, male participants were recruited because hormonal
variations of female participants might interfere with the

outcome. Thus, less is known about possible differences in RBC
deformability between male and female subjects. A study by
Kameneva et al. (1999) indicated higher RBC deformability
levels in pre-menopausal women while a recent study by
Tomschi et al. (2018a) did not show sex differences regarding
RBC deformability. This difference might be related to the
fact that the use of hormonal contraceptives (HC) was not
considered in the studies. HC including birth control pill
contain synthetic estrogen and progesterone which prevents
ovulation and which elevates the progesterone levels in the
body. For these women, a reduction of plasma estradiol levels
were reported (Mishell et al., 1972) suggesting that this decrease
might relate to reduced RBC deformability (Farber et al.,
2018).

The recent literature suggests that the regulation of RBC
deformability is far more complex than previously believed
and additional information on the regulation of RBC function
is needed. All cited studies represent cross-sectional studies
while knowledge regarding variation of RBC deformability and
associated NO levels from longitudinal studies are missing but
would help to understand the stability of RBC NO parameters
and RBC deformability. Also, a possible effect of hormonal
contraceptives on blood parameters, RBC deformability and
related parameters is less known. Respective information would
be beneficial to assess the possible impact of HC on RBC
functional parameters which might help to further understand
the regulation of RBC function. Thus, the present study aimed
to examine RBC deformability, RBC NO species (nitrite and
RxNO) and RBC L-arginine levels during a 20-week investigation
period with a special focus on possible differences between
males and females. Additionally, female participants were further
divided into two sub-groups depending on the usage of hormonal
contraceptives to assess a possible effect of estradiol on RBC
function.

MATERIALS AND METHODS

A series of experiments was conducted to investigate the study
purposes. Experiment 1 aimed to investigate RBC function and
related parameters during a 20-week study period in males and
females ± HC. Experiment 2 aimed to outline a possible relation
between estradiol levels and RBC deformability in females ± HC
during one menstruation cycle. 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.
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Experiment 1
Participants
Twenty-seven healthy moderately trained subjects (15m/12f:
6 f + HC and 6 f-HC) were recruited. All subjects had a
west European background, were non-smokers, and non-blood
donors. Hormonal contraceptives used by the female volunteers
were oral contraceptive pills consisting of a combination of
ethinylestradiol and a member of the gestagen family:

Yasminelle [(Jenapharm GmbH & Co., KG, Jena, Germany):
Drospirenon 3 mg/Ethinylestradiol 0.02 mg per pill/]; Chariva
[(Gedeon Richter Pharma GmbH, Cologne, Germany):
Chlormadinone acetate 2 mg/Ethinylestradiol 0.03 mg per
pill]; Daylette [(EMRA-MED Arzneimittel GmbH, Trittau,
Germany): Drospirenon 3 mg/Ethinylestradiol 0.02 mg per
pill]; MAXIM [(Jenapharm GmbH & Co., KG, Jena, Germany):
Dienogest 2 mg/Ethinylestradiol 0.03 mg per pill]; Valette
(Jenapharm GmbH & Co., KG, Jena, Germany): Diogenest
2 mg/Ethinylestradiol 0.03 mg per pill. Length of menstrual cycle
of Female + HC was 28 ± 0 days and of Female − HC was
28± 3.5 days.

Basal anthropometric parameters of the subjects are
presented in Table 1. Average training volume per week
was 4.5 ± 0.45 h/week of Female-HC, 3.9 ± 0.6 h/week of
Female + HC and 3.6 ± 1.0 h/week of male participants.
Because exercise might have an effect on RBC deformability,
detailed course of training volume per week was monitored and
presented for each group in Figures 1A–C. Blood sampling of all
participants was scheduled at the same time starting in January
(week 1) and completed in May (week 20) to avoid a possible
influence of seasonal changes on blood count parameters which
were reported to be pronounced between spring and summer
time (Kristal-Boneh et al., 1993).

Study Design
Capillary blood was sampled form the finger pulp into sodium
heparinized capillaries (EKF Diagnostic, Germany) once per
week for a total of 20 weeks to measure RBC deformability as
described below. Additionally, venous blood was sampled weeks
1, 4, 7, 11, 14, 17, and 20 to measure blood parameters, RBC
nitrite, RxNO, and RBC L-arginine, respectively. Participants
were scheduled for blood sampling in an overnight fasting state
and on the same day of the week and at the same time of day
every week, respectively. Physical activities including exercise
were prohibited 48 h prior to blood sampling. Female participants
started with the study on day 1 of their menstrual cycle. Upon
arrival to the laboratory, subjects were asked to rest in supine
position for 15 min prior to blood sampling. Capillary blood was

TABLE 1 | Anthropometric data of the study groups.

Female + HC Female − HC Male

Age [years] 26.0 (4.3) 27.3 (7.3) 24.5 (2.9)

Height [m] 1.71 (0.07) 1.65 (0.04) 1.83 (0.06)

Weight [kg] 67.3 (12.8) 60.5 (7.9) 82.2 (8.5)

Data are presented as Mean (SD).

FIGURE 1 | Training volume of participants during study period. Total training
volume was recorded on a weekly basis and included both, resistance and
endurance training. (A) Training hours significantly increased in Female + HC
during study period and high variation was observed between the study
subjects. (B) Training of Female – HC was comparable during the study
period. Training volume of Female – HC was higher compared to Female + HC
but difference was not statistically significant (p = 0.21). (C) Training volume of
Male was comparable during the study period and lower compared to the
female groups, respectively. Difference was not statistically different (Male vs.
Female – HC: p = 0.14; Male vs. Female + HC: p = 0.3).

sampled immediately processed as described below. At respective
weeks, venous blood was sampled from the antecubital vein
either into sodium heparin vacutainer (BD, United States) for
measurement of NO species (nitrite, RxNO: the sum of all nitroso
compounds) and L-arginine, or into EDTA vacutainer (BD) to
determine blood parameters as described below. Sodium heparin
anticoagulated blood was immediately separated at 5,000 g for
1 min at 4◦C. Plasma was discarded. RBC for L-arginine and
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RxNO measurements were transferred to respective reaction
tubes, snap frozen and stored at −80◦C until measurement. For
RBC nitrite measurements, RBC were mixed with a preservation
solution (0.8 mol/l ferricyanide, 0.1 mol/l N-ethylmaleimide and
10% Igepal) to preserve RBC nitrite and stored at −80◦C until
nitrite measurement according to Pelletier et al. (2006).

Sample Analysis
Blood parameters
Numbers of red blood cells (RBC) [∗106/µl], white blood cells
(WBC) [∗103/µl] and platelets (PLT) [103/µl], hematocrit [%],
hemoglobin concentration [g/dl] and mean cellular volume
(MCV) [fl] were determined using hematology analyzer Sysmex
Digitana KX-21N (Sysmex, Switzerland).

Red blood cell deformability
Red blood cell deformability was measured using the
Laser-assisted-optical-rotational cell analyser (LORCA;
RR Mechatronics, Netherlands) as previously described
(Baskurt et al., 2009) and data were analyzed according to the
guidelines of Baskurt et al. (2009). Briefly, blood was added to a
polyvinylpyrrolidone solution in a 1:250 ratio (PVP; 28 cP, RR
Mechatronics) and sheared in a Couette system. The samples
were exposed to nine shear stresses between 0.3 and 50 Pa. The
shear stresses were consecutively applied to the samples and
the resulting diffraction pattern was analyzed by the computer
software resulting in an elongation index (EI). The nine EI were
then used to calculate the maximum deformability (EI max).

RBC nitrite and RBC RxNO
Measurements of NO species were performed according to
published protocols (Pelletier et al., 2006; Hendgen-Cotta et al.,
2008).

For nitrite measurements, RBC were placed on ice and
methanol (VWR international, Germany) was added to the
frozen samples and thoroughly mixed. Samples were centrifuged
at 21,000 g, for 15 min at 4◦C and the supernatant was transferred
to clean reaction tubes and placed on ice for measurement. Nitrite
levels of the supernatants were determined using an ozone-
based chemiluminescence NO detector (CLD 88e, EcoPhysics,
Switzerland). Samples were injected into an acidified tri-iodide
solution that reduces nitrite to NO gas, which was then measured
by its gas-phase chemiluminescent reaction with ozone (Grau
et al., 2007). Nitrite levels were measured in triplicate. For
RxNO measurement, samples were pre-treated with acidified
sulfanilamide solution (Sigma-Aldrich, United States) for 15 min
at 4◦C in the dark. Total sample volume was injected into
the reaction chamber and measured as described above. Data
analysis was performed with the Chart FIA software (Ecophysics,
Switzerland) to integrate the area under the curve. A standard
curve was used to calculate nitrite and RxNO concentration in the
samples. Nitrite concentrations of the samples were corrected for
nitrite levels of methanol and preservation solution, respectively.
RxNO contents were corrected for RxNO levels of sulfanilamide.

RBC L-arginine
L-arginine concentration of RBC was measured using L-arginine
ELISA Kit (Immundiagnostik, Germany). Frozen RBC were lysed

for 20 min in an ultrasound bath. Samples were centrifuged
at 10,000 g for 5 min and the supernatant was used for the
analysis. The results were evaluated using 4-parameter-algorithm
with L-arginine concentration being inverse proportional to color
development.

Experiment 2
Participants
Twenty healthy moderately trained females (12 Female –
HC and 8 Female + HC) were recruited. All females had
a west European background, were non-smokers, and non-
blood donors. Hormonal contraceptives used by the female
volunteers were oral contraceptive pills and similar to the
ones described in Experiment 1 “Participants.” Length of
menstrual cycle of Female + HC was 28 ± 0 days and of
Female − HC was 26.4 ± 3.2 days. Basal anthropometric
parameters of Females−HC were: 24.5± 4.8 years; 1.7± 0.07 m;
62.14 ± 6.6 kg and of Females + HC were: 26.4 ± 3.9 years;
1.71 ± 0.08 m; 67.1 ± 3.8 kg. Average training volume per week
was 3.0 ± 1.7 h/week of Female + HC and 2.2 ± 0.9 h/week
Female−HC.

Study Design and Sample Measurement
Blood sampling was scheduled daily at the same time of day for
a whole menstruation cycle. The sampling started on the first
day of menstruation. Upon arrival to the laboratory, females
were asked to rest in supine position for 15 min prior to blood
sampling. Capillary blood was sampled from the fingertip and
anticoagulated using sodium heparin. For RBC deformability
measurement, blood was diluted with PVP, transferred to
the LORCA device and measured as described above. For
17β-estradiol measurement, 110 µl blood was sampled from the
fingertip into a heparinized capillary, sealed and centrifuged at
1000 g for 1 min. Plasma fraction was stored at −20◦C until
measurement using the 17β-Estradiol ELISA (IBL, Hamburg,
Germany).

Statistical Analysis
Statistical analyses of data and representation of data were
performed using GraphPad Prism 6 software (United States).
Data are expressed as mean ± SD and presented for each
investigation day. Experiment 1: Whiskers plot comprising all
data of the whole study period was additionally presented. Data
were analyzed for differences between the three tested groups
and during intervention period using Friedman-Test or Kruskal–
Wallis-Test where appropriate. Linear regression analysis was
performed to test for a relation between training hours and RBC
deformability. For Experiment 2, paired t-test was applied to test
for differences between the two groups. P-values < 0.05 were
considered significant.

RESULTS

The tested parameters were presented for all investigation days of
the study period and additionally, data of all investigation days
were pooled and presented as Whiskers plot.
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Blood Parameters
Red blood cell count was significantly higher in male participants
compared to the two tested female groups for all investigation
days (Figure 2A). Summarized data confirmed higher RBC
count in Male (p < 0.001 vs. Female + HC; p < 0.001
vs. Female − HC) and further revealed higher RBC count
in Female + HC compared to Female − HC (p < 0.001;
Figure 2B). White blood cell (WBC) count was highest in
Female + HC (Figure 2C) and summarized data indicate
significant differences between Female + HC and Female − HC
(p < 0.05), between Female + HC and Male (p < 0.005) and
between Female − HC and Male (p < 0.05; Figure 2D). Platelet
(PLT) count was highest in Female − HC and lowest in Male
(Figure 2E). Pooled data underlined higher PLT in Female−HC
compared to Female + HC (p < 0.01) and Male (p < 0∗.001),
respectively, and lower PLT in Male compared to Female + HC
(p < 0.05; Figure 2F). Hematocrit values were highest in
Male throughout the intervention period (Figure 3A) and data
summary showed higher hematocrit levels in Female − HC
compared to Female + HC (p < 0.05) and higher hematocrit
levels in Male compared to female groups (p< 0.001, respectively;
Figure 3B). Hemoglobin concentration was also higher in
Male compared to female groups (Figure 3C). Whiskers plot
indicated higher hemoglobin concentration in Male compared
to Female + HC (p < 0.001) and Female − HC (p < 0.001;
Figure 3D). Mean cellular volume (MCV) was highest in
Female−HC (Figure 3E). Summarized data showed significantly
higher values in Female − HC compared to Female − HC
(p < 0.001) and Male (p < 0.001; Figure 3F).

Red Blood Cell Deformability
Experiment 1
Individual RBC deformability data and mean values of the three
tested groups were presented in Figure 4. Range of week to
week variation was −1.8 to +1.1% for Female + HC; −0.4
to +1.2% for Female − HC and −1.3 to +1.3% for Male.
RBC deformability data of weeks 2–20 were compared to RBC
deformability data of week 1 and results suggest no difference in
RBC deformability in Female − HC and Male participants while
in Female+HC significantly higher values were measured weeks
6–20 compared to week 1 (p < 0.05 weeks 6–14 and p < 0.01
weeks 15–20, respectively; Figures 4A–C). Linear regression
between training volume and RBC deformability revealed a
moderate positive relation between the tested parameters in
Female + HC (R2 = 0.3563) while no relation was found in
Female − HC (R2 = 0.14) and Male (R2 = 0.0314), respectively.
Data summary revealed that RBC deformability values were
higher in Female − HC compared to Female + HC (p < 0.001)
and compared to male participants (p < 0.001; Figure 4D).

Experiment 2
Red blood cell deformability measured during a whole
menstruation cycle suggest higher values in Female − HC
compared to Female + HC. Significantly higher values were
observed in Female − HC on days 2, 7, 9–16, 18, 20, and 22
(Figure 5A).

17β-Estradiol Concentration
Experiment 2
Hormone concentration of Female + HC was in the range
between 8 and 30 pg/ml throughout the whole menstruation cycle
while Female−HC showed high estradiol variation ranging from
22 to 40 pg/ml during follicular phase (days 1–10), between 90
and 100 pg/ml during ovulation (days 14–16) and between 60 and
70 pg/ml during mid luteal phase (day 21).

Female−HC showed higher 17β-estradiol levels on days 8–28
compared to Female+HC (Figure 5B).

RBC Nitrite and RxNO Levels
Red blood cell nitrite concentration was highest in Female− HC
(Figure 6A). Data summary revealed significantly higher RBC
nitrite levels in Female − HC compared to Female + HC
(p< 0.001) and to Male (p< 0.001; Figure 6B). RBC RxNO levels
were also highest in Female−HC (Figure 6C). Summarized data
revealed significantly higher RBC RxNO levels in Female − HC
compared to Female + HC (p < 0.01). Difference between
Female + HC and Male and Female − HC and Male was not
statistically different (p > 0.05; Figure 6D).

L-Arginine Concentration
Measured L-arginine levels did not show differences between the
tested groups (Figures 7A,B).

DISCUSSION

The hematological profiles of males and females are well known
while only few studies reported gender differences of RBC
deformability. Also, less is known about possible variations
of blood profile, RBC deformability and related parameters
over a longer period of time with a special regard on the
influence of hormonal contraceptives on RBC hematological and
hemorheological parameters which was thus, aim of the present
study.

The key findings of the recent study indicate that blood
parameters, RBC deformability and related parameters, such
as NO and L-arginine concentration, are stable throughout
a long period of time. Week to week variation of RBC
deformability for instance was less than 2%. Data were compared
between male and female participants and females were further
divided into non-HC and HC subgroups. Comparisons of the
tested groups indicate differences between males and females
but further indicate differences between Females + HC and
Females − HC regarding key RBC parameters like RBC count,
hemoglobin concentration, hematocrit or MCV, but also RBC
deformability and NO parameters were highly different between
the female groups and possibly related to differing estradiol
concentrations.

Hematological Parameters
Differences of the blood profile have been already reported
between males and females. For instance, Bain (1996) reported
higher white blood cell and platelet count in females compared
to males. The authors were not able to explain the observed
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FIGURE 2 | Differences in blood cell count of participants during study period. (A) RBC count was highest in Male subjects throughout intervention time which was
confirmed by (B) Whiskers plot (p < 0.001 vs. both Female groups). This further showed higher RBC count in Female + HC compared to Female – HC (p < 0.001).
(C) White blood cell (WBC) count was highest in Female + HC which was also observed for (D) summarized data. Female + HC showed higher values compared to
Female – HC (p < 0.05) and Males (p < 0.001). Male subjects showed lowest WBC count. (E) Platelet (PLT) count was highest in Female – HC throughout study
period as also indicated when (F) data were summarized. Female – HC showed higher PLT levels compared to Female – HC (p < 0.001) and to Males (p < 0.001).
Female + HC showed higher values compared to Males (p < 0.05).

differences but exclude that smoking, diet or hormonal
contraceptives have an impact on these parameters (Bain, 1996).
The data of the recent study also suggest higher white blood

cell and platelet count in women compared to men. In contrast
to the finding of Bain (1996) on the effects of HC on white
cell count, the data presented herein showed lower WBC count
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FIGURE 3 | Differences in RBC parameters between participants during intervention. (A) Hematocrit levels were highest in Males during the whole study period.
(B) Whiskers plot presentation revealed significantly higher hematocrit levels in Males compared to Females + HC (p < 0.001) and Females – HC (p < 0.001).
Significant higher hematocrit was measured for Females – HC compared to Females + HC (p < 0.05). (C) Hemoglobin concentration was highest in Males which
was supported by data summary (D). Males showed higher hemoglobin concentration than Female ± HC (p < 0.001, respectively). Female groups did not show
significantly different values. (E) Mean cellular volume (MCV) was highest in Females – HC with (F) data summary suggesting significantly higher values in
Females – HC compared to Females + HC (p < 0.001) and Males (p < 0.001), respectively.

in Female − HC compared to Female + HC. A study of
Fisch and Freedman (1975) reported that smoking, obesity and
contraceptive use have an impact of WBC count with lower

WBC number reported for women without these characteristics.
The women included in the present study showed a normal
BMI and were non-smokers but were separated according to
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FIGURE 4 | Maximum deformability variation of male and female subjects during investigation period. Individual values were presented along with mean values for
(A) Female + HC, (B) Female – HC, and (C) Male participants. Data of all three groups showed low week to week variation but RBC deformability increased with
time in Female + HC. (D) Maximum deformability was highest in Female – HC compared to Female + HC (∗∗∗p < 0.001) and compared to Males (p < 0.001).

the information on contraceptive use. It is thus suggested that
hormonal contraceptives affect the number of leukocytes but
the underlying mechanism remains to be investigated. Another
finding of the recent study indicated a higher number of
platelets in Female − HC compared to Female + HC. The
findings are in accordance to a study by Isaac et al. (2014)
who reported lower platelet count in females on long term
hormonal contraceptives. Higher number of platelets in Females
with higher estradiol levels was also reported by Daly (2011)
and explained by a triggering effect of estradiol on proplatelet
formation in megakaryocytes.

Differences between men and women were also shown for
RBC parameters, i.e., RBC count, hematocrit and hemoglobin
concentration. Males show higher hematocrit levels than
females (m: 41–50% vs. f: 35–45%) and higher hemoglobin
concentrations (m: 13.5–17 g/dl vs. f: 12–16 g/dl) which was
associated to higher testosterone levels in men which facilitates
erythropoiesis, but also genetic differences in the erythropoietin
gene and of its receptor have been reported between males and
females (Zeng et al., 2001). Further, women of reproductive
age have periodic menstrual blood losses which were reported
to reduce hematocrit. Moreover, the results indicate higher
hematocrit despite lower RBC number in females who do not
take hormonal contraceptives compared to women who take
contraceptives. This might be related to increased MCV of the

RBC in Females − HC because hematocrit measurements might
be affected by MCV values (hct = MCV ∗ number of RBC).

Week to week comparison of the hematological profile
indicate that the described gender differences were consistent
throughout the study period thus representing general gender
differences.

RBC Deformability
Red blood cell deformability was described to be of major
importance to transit the smallest capillaries for oxygen supply
to the tissues, organs or working muscles. To the best of
our knowledge, studies on long-term monitoring of RBC
deformability are lacking. Thus, the recent investigation is the
first to show low week-to-week intra-group variation of RBC
deformability, thus suggesting preserved stability in constant
situations. Also, variation in RBC deformability of Female − HC
and Male during course of study was low while in Female + HC,
RBC deformability increased over time. This increase was
highly related to increasing training volume observed in this
study group. While training hours of Female − HC and Male
remained constant throughout the study period, training hours
of Female + HC increased from 2.25 ± 0.61 h/week at week
1 to 5.46 ± 2.05 h/week at week 20 (p < 0.01). Increasing
training hours were observed in four out of six women. The
stated training intensities were rather moderate and type of
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FIGURE 5 | Maximum deformability and 17β-estradiol levels of Females – HC
and Females + HC during a menstruation cycle. (A) Maximum deformability
was higher in Females – HC compared to Females + HC during one
menstruation cycle. RBC deformability showed low day to day variation. Cycle
length was longer in Female – HC. (B) 17β-estradiol levels were comparable
throughout the menstruation cycle in Female + HC. In Female – HC, estradiol
levels were constant until day 7, then increased with maximum values
measured during ovulation and decreased again.

sports included jogging, cycling or swimming. Linear regression
analysis revealed a moderate relation of RBC deformability and
training volume in Female + HC while no relation was found in
Female−HC and Male, respectively. Published data on the effect
of exercise on RBC deformability are inconsistent and explained
by variation in exercise intensity and volume, study population
tested and/or deformability measuring devices applied (Connes
et al., 2013). More recent data suggest a beneficial effect of both,
acute exercise and chronic training on RBC deformability in
healthy and diseased participants (Gürcan et al., 1998; Smith
et al., 1999; Suhr et al., 2012; Ahmad et al., 2013, 2014; Koliamitra
et al., 2017; Tomschi et al., 2018a). The data presented herein are
thus in line with the cited literature indicating that even moderate
training might positively affect RBC function. The increase
in RBC deformability during training might be associated to
an increased number of young and more flexible RBC which
positively affects RBC deformability of the whole RBC population
(Smith et al., 1999; Brinkmann et al., 2016; Tomschi et al.,
2018b). RBC deformability might also be affected by increased
NO production during exercise because higher shear stresses
observed during physical activity were described to augment
phosphorylation and thus activation of the RBC PI3/Akt kinase
pathway which subsequently favors the phosphorylation and
thus activation of the NO producing RBC-NOS enzyme (Suhr
et al., 2012). The resulting increase in RBC NO levels were
shown to positively affect deformability (Kleinbongard et al.,
2006; Baskurt et al., 2011; Grau et al., 2013) possibly because of

S-nitrosylation of the cytoskeletal spectrins (Grau et al., 2013).
An increase in NO production caused by increasing training
hours seems unlikely because measured nitrite and RxNO levels
as representatives of NO production, were lower in Female+HC
compared to Female − HC and remained unchanged during the
study period.

Comparing RBC deformability of the recent investigation
between the study groups revealed that values obtained for
Females−HC were highest compared to male and Females+HC
while values of males and Females + HC show similar results.
A recent study by Tomschi et al. (2018a) suggest comparable
RBC deformability values between adolescent males and females
but differences in deformability between male and females
during transition to adulthood. It was suggested that the
onset of sex hormones might affect the RBC system. In the
aforementioned study, the use of hormonal contraceptives and
phase of menstrual cycle was not taken into account. A study
by Kameneva et al. (1999) reported higher deformability of
pre-menopausal women compared to age-matched men which
was explained by younger RBC population in females due to
regular physiologic bleeding. Guillet et al. (1998) reported an
influence of sex and menstrual cycle on RBC deformability but
no effect of hormonal contraception on RBC deformability. On
the contrary, Derham and Buchan (1989) describe a reduction
in RBC deformability after taking synthetic progesterons which
negatively affected blood viscosity and thus might promote
occlusive arterial diseases.

The recent data also indicate an influence of hormonal
contraception on RBC deformability. Female participants are
often excluded from investigations because hormonal variations
during the menstrual cycle were thought to impede the
interpretation of the data and might explain varying conclusions
from different studies. Serum estradiol is the most potent
endogenous estrogen and estradiol levels of women taking
hormonal contraceptives was shown to be in the range of 20–
30 pg/ml throughout the month (Mishell et al., 1972) while
estradiol levels of non-pill users show higher overall values but
also high variation with a daily production rate of estradiol
being 36 µg during early follicular phase, 380 µg during
preovulatory and 250 µg during mid luteal phase (see Reed
and Carr, 2015). To further address the question whether
estradiol influences RBC deformability, blood samples were
taken daily from females with/out contraceptive use during
a whole menstruation cycle to investigate and relate the two
parameters. Estradiol levels of the recent study support the
abovementioned findings of low hormone variation and overall
low concentration in Female+HC while hormone status showed
high variation during the menstruation cycle in Female − HC
with overall higher estradiol levels compared to contraceptive
users. RBC deformability was higher in Female − HC but values
remained constant throughout the study period suggesting that
acute estradiol changes as appear during menstruation cycle do
not acutely affect RBC deformability. Instead a general effect
of higher estradiol levels on RBC deformability is suggested.
A recent study by Farber et al. (2018) also indicate a positive
relation between RBC deformability and estradiol levels. RBC
possess estrogen receptor α and β but little is known about
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FIGURE 6 | Differences of RBC nitrite and RBC RxNO levels between study subjects during study period. (A) RBC nitrite levels were highest in Female – HC
throughout the study period. (B) Whiskers plot show significantly higher RBC nitrite levels in Female – HC compared to Female + HC (p < 0.001) and compared to
Males (p < 0.001). (C) RxNO levels of RBC were higher in Female – HC. (D) Significantly higher RxNO values were detected for Females – HC compared to
Female + HC (p < 0.01) but values of female groups were not significantly different to RxNO levels in Males.

FIGURE 7 | Red blood cell (RBC) L-arginine concentration of Females and Males during investigation period. (A) RBC L-arginine levels showed no variation during
investigation period and no significant differences between the tested groups. (B) This was confirmed by data summary represented as Whiskers plot.

the estrogen/estradiol pathway within RBC. Unfer et al. (2013)
showed that estradiol increases the activity of RBC CuZn
superoxide dismutase (SOD). CuZnSOD prevents the formation

of cytotoxic oxygen-derived free radicals through the rapid
conversion of superoxide anion to hydrogen peroxide (see for
review Zelko et al., 2002) and increased activity might enhance
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antioxidative capacity of the cells. Improved antioxidant capacity
might positively affect RBC deformability, especially in situations
with higher levels of reactive oxygen/nitrogen species (ROS/RNS)
because free radicals were known to decrease RBC deformability
(Simmonds et al., 2011). The cohesion of high estradiol levels
and higher deformability levels might also be explained by
the circumstance that estradiol was thought to increase NO
production in endothelial cells (Rubanyi et al., 1997; Haynes et al.,
2000) through PI3-kinase-Akt (Haynes et al., 2000) and eNOS
activation (Nevzati et al., 2015). Given the fact that endothelial
and red blood cell NO production show high similarities
(Kleinbongard et al., 2006; Ozüyaman et al., 2008), it is assumed
that also in RBC, estradiol might activate NO production through
PI3-kinase/Akt kinase/RBC-NOS pathway. Within RBC, NO
reaction routes are various. Nitrite has been described as primary
oxidation product of NO, thus representing a sensitive marker for
NO synthesis (Lauer et al., 2001; Kleinbongard et al., 2006). NO
can further react to form nitrosated and nitrosylated NO species
which are here summarized as RxNO. The results of the present
study revealed that in RBC, nitrite and RxNO levels were higher
in Females−HC compared to Females+HC but also compared
to the male participants. This might suggest that higher estradiol
levels of Females − HC activate NO production in RBC leading
to higher concentrations of NO species and thus explaining
higher RBC deformability values observed for Females − HC.
L-arginine represents the RBC-NOS substrate needed for the
conversion of L-arginine to L-citrulline and NO. Levels of RBC
L-arginine are approximately around 30 µM in healthy people
(Grau et al., 2015) and thus exceed the Km reported for the
NOS enzyme (2–20 µM) (Eligini et al., 2013). Mean RBC L-
arginine levels of the three tested groups ranged between 19.2 and
22.7 µM and thus also exceeded the enzyme Km. L-arginine levels
were comparable throughout the investigation period and levels
showed no significant differences between the groups. Thus,
differences in the nitrite/RxNO content and of RBC deformability
were unlikely to be related to L-arginine availability.

CONCLUSION

The results of the present study suggest long-term stability
of hematological and hemorheological parameters at constant
conditions. Alterations of the regular conditions, such as an
increase of weekly training hours, leads to an increase in
RBC deformability. Gender differences were observed for RBC
dependent blood parameters but also contraceptive use of women
was shown to affect the blood profile. Highest RBC deformability
data were reported for Female − HC and most likely associated
to higher RBC NO production. Differences between the female
groups were highly probably related to differing estradiol levels
suggested to affect NO synthesizing pathways. Thus, the present
results add information on the complex regulation of RBC
deformability and recommend to consider gender, training status
and hormone levels to interpret basal blood parameters, RBC
deformability and related NO data.
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