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HPLC	� High performance/pressure liquid 
chromatography

HS	 �HEPES-buffered saline solution
LC-MS/MS	� Liquid chromatography-tandem mass 

spectrometry 
M	� Metabolite analysis
MEHP	� Mono(2-ethylhexyl) phthalate
5OH-MEHP	� Mono(2-ethyl-5-hydroxyhexyl) phthalate
5oxo-MEHP	� Mono(2-ethyl-5-oxohexyl) phthalate
5cx-MEPP	� Mono(2-ethyl-5-carboxypentyl) phthalate
PAEs	� Phthalates
VCL	� Curvilinear velocity

Introduction

Infertility is a global health problem affecting at least 15% 
of couples (Thoma et al. 2013; Vander Borght and Wyns 
2018), with an increasing trend observed in recent years. 
In Germany, for example, the proportion of unintentionally 
childless women and men in the 20–50 age group rose from 
25% in 2013 to 32% in 2020 (Wippermann 2020). Human 

Non-standard Abbreviations
ACD-A	� Anticoagulant Citrate Dextrose Solution, 

Solution A
BF	� Beat frequency analysis
DEHP	� Di-2-ethylhexyl phthalate
ECMO	� Extracorporeal membrane oxygenation
EDCs	� Endocrine-disrupting chemicals
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Abstract
Although people are constantly exposed to phthalates little is known about the extent to which PAEs affect sperm. Most 
studies do not address changes at the single-cell level. Our study concentrated on the examination of donors who were 
assumed to have been exposed to high levels of phthalate under plateletpheresis. We used Computer-Assisted-Sperm-Anal-
ysis to study the association between the most potent phthalate, di-2-ethylhexyl phthalate, and a decrease in sperm motility. 
In an exploratory in vivo study, we investigated whether plateletpheresis of donors led to an increase in the concentration 
of active metabolites of DEHP in seminal plasma and whether this had an effect on sperm motility. PAE metabolites and 
sperm motility parameters of ejaculate donors were analyzed at a single-cell level before and after plateletpheresis. We 
found an increase in PAE metabolite concentration in the seminal plasma, associated with a decrease in flagellar beat 
frequency after plateletpheresis. Follow-up analysis showed that this was a transient effect of plateletpheresis in terms of 
a PAE concentration increase in seminal plasma and a decrease in sperm motility. This study shows that plateletpheresis 
results in high levels of phthalate exposure and that these are associated with a transient and reversible decrease in sperm 
motility.
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infertility has various causes, with approximately 1/3 of 
infertility due to male factors, 1/3 due to female factors, and 
in 1/3 of couples no cause can be identified (Isidori et al. 
2006; Turner et al. 2020; Wippermann 2020). Apart from 
genetical causes, one reason for infertility may be expo-
sure to exogenous compounds such as endocrine-disrupting 
chemicals (EDCs) which potentially affect hormonal path-
ways involved in the development and function of the male 
and female reproductive systems (Meeker and Ferguson 
2014; Rogers et al. 2013). Phthalates (PAEs) belong to the 
group of endocrine disruptors (Darbre 2017), which disturb 
the hormonal balance of organisms, leading to an alteration 
of the development and function of hormone-dependent 
structures of the reproductive system (Meeker et al. 2012; 
Skakkebaek et al. 2016). Further, there is an association 
between PAE exposure and the development of testicular 
dysgenesis syndrome, which includes the occurrence of 
undescended testes, hypospadias, as well as subfertility, 
infertility, and increased risk of testicular cancer (Main et 
al. 2010; Skakkebaek et al. 2001, 2016).

In general, PAEs are ortho-phthalic acid (1,2-benzenedi-
carboxylic acid) diesters which, since the 1930s, have been 
the main plasticizers used in the polymer industry (Fergu-
son et al. 1946; Giuliani et al. 2020). To date, more than 24 
types of PAEs with metabolites of di(2-ethylhexyl) phthal-
ate (DEHP) (Hosseinzadeh et al. 2021) were the most com-
monly used phthalates (Wang et al. 2019) associated with 
male reproductive toxicity (Cha et al. 2018; Wittassek and 
Angerer 2008). DEHP is metabolized in the liver to its toxic 
agent monoester mono(2-ethylhexyl)phthalate (MEHP), 
which is further metabolized to mono(2-ethyl-5-hydroxy-
hexyl)phthalate (5OH-MEHP), mono(2-ethyl-5-oxohexyl)
phthalate (5oxoMEHP) and 5cx-MEPP mono(2-ethyl-
5-carboxypentyl)phthalate (Albro et al. 1982; Koch et al. 
2005; Peck and Albro 1982; Schmid and Schlatter 1985).

PAEs are used in the production of many products 
such as food packaging, cosmetics and medical devices 
(PETROVIČOVÁ, 2014; Schettler 2006; Yen et al. 2011). 
As they are not covalently attached to their substrates they 
are constantly released into the environment (Pearson and 
Trissel 1993; Wang et al. 2019) with the consequence of 
high exposure for humans across their lifespan (Radke et 
al. 2018). DEHP and its metabolites have been detected in 
98% of the US population (Api 2001; Zota et al. 2016). The 
absorption of these substances occurs mainly via ingestion, 
inhalation or intravenous medication administration (Hauser 
et al. 2004; Johns et al. 2015; Meeker et al. 2009). PAEs are 
rapidly metabolized in the body and primarily excreted into 
the urine (Genuis et al. 2012; Schulz and Rubin 1973). Thus, 
increased DEHP values have been determined in blood or 
urine samples of patients undergoing extracorporeal mem-
brane oxygenation (ECMO) treatment, plasmapheresis or 

plateletpheresis (Kaestner et al. 2020; Koch et al. 2005). In 
addition, PAEs have been detected in blood and breast milk 
(Genuis et al. 2012; Mortensen et al. 2005), the placenta 
(Minatoya et al. 2018; Skakkebaek et al. 2016) and in semen 
(Pant et al. 2014). Several general studies evaluating glob-
ally established parameters of sperm motility after exposure 
to PAEs have been published (Amjad et al. 2021; Axelsson 
et al. 2015; Hosseinzadeh et al. 2021; Jurewicz et al. 2013; 
Khasin et al. 2020).

In addition, PAE exposure results in severe male repro-
ductive system toxicity (Hosseinzadeh et al. 2021). There 
is also evidence that sperm come into contact with unme-
tabolized DEHP via intravenous medication administration 
(Hauser et al. 2004; Johns et al. 2015; Meeker et al. 2009). 
During the platelet and plasmapheresis process, which are 
the most common apheresis procedures (Zantek et al. 2021), 
PAEs are released into the donors blood (Buchta et al. 2003, 
2005). Apheresis in general is a procedure for separating 
specific components in an apheresis machine. The technol-
ogy uses centrifugation, beads or filters to perform separa-
tion. Plateletpheresis is a standard procedure for collection 
of thrombocytes from healthy individuals. The procedure 
includes harvesting of the whole blood by transferring it 
into a special machine, equipped with a disposable sterile 
set of plastic tubing. Next, thrombocytes are concentrated. 
Non-needed blood components, such as plasma and eryth-
rocytes, are re-transfused to the donor. Platelets are needed 
for patients who are bleeding (during surgery or accidents) 
or patients with high risk of bleeding and low platelet counts 
(e.g. after stem cell transplantation or with hematology dis-
orders). Estimated by the Paul-Ehrlich Institut, over 320.000 
platelet concentrates were produced in Germany in 2021.

It has already been shown that both chronic and short-
term exposure to DEHP negatively affects sperm motility, 
chromatin DNA stability, and capacitation, a physiological 
process leading to hypermotility (Pant et al. 2011; Sumner 
et al. 2019). However, contact with plasticizers through 
plateletpheresis has not yet been examined.

This study was designed as an exploratory investigation 
to demonstrate for the first time how systematic PAE expo-
sure leads to changes in sperm parameters such as motility, 
velocity and beat frequency. It was a test of the hypothe-
sis that there is a correlation between the aforementioned 
sperm parameters and PAE exposure, both in vitro and in 
vivo. In this context, the reversibility of possible altered 
sperm parameters after PAE exposure was also an intrigu-
ing aspect.
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Materials and Methods

Reagents and Chemicals

Di(2-ethylhexyl) phthalate (DEHP) and MEHP (mono(2-
ethylhexyl)phthalate) were purchased from Merck 
(Darmstadt, Germany). The three secondary metabo-
lites – the biologically active metabolites forms called 
mono-(2-ethyl-5-hydroxyhexyl) phthalate (5OH-MEHP), 
mono-(2-ethyl- 5-oxohexyl) phthalate (5oxo-MEHP) and 
mono-(2-ethyl-5-carboxypentyl) phthalate (5cx-MEPP) 
were obtained from LGC Standards (Wesel, Germany).

Animals

Wildtype NMRI mice were purchased from Jackson Labo-
ratories (Bar Harbor, Maine, USA). The mice were treated 
in accordance with guidelines approved by the University of 
Duisburg-Essen Animal Center.

Selection of Donors and Semen Sample Collection

All experiments with human spermatozoa were approved by 
the Ethics Committee of the University of Duisburg-Essen 
(14-5748-BO and Addendum 11/2019) and the samples 
were pseudonymised. All donors signed informed consent 
forms before sample donation. Prior to donation, sexual 
abstinence for a period of 48–72 h was required. The same 
requirement applied to measurements prior to apheresis. All 
samples were analyzed according to the WHO 2010 clas-
sification (5th edition) (WHO 2010).

For in vitro studies, three healthy donors were recruited 
through flyers posted on the university notice boards. Semen 
samples were obtained by masturbation at a site chosen by 
the donor and brought to the Department of Anatomy within 
one hour.

Platelet donors (N = 25 males, ≥ 18 years) who under-
went plateletpheresis up to every four weeks at the Institute 
for Transfusion Medicine at the University Hospital Essen 
were recruited for this study via takeaway study informa-
tion envelopes between December 2015 and March 2016 
as well as between June and September 2019. The inclu-
sion criterium was that the participants were male platelet 
donors without previous urological operations affecting fer-
tility. In addition, all donors had to comply with the regula-
tions for plateletpheresis, e.g. no current infectious disease 
and 48 h alcohol and THC abstinence. Human semen sam-
ples (N = 25) were obtained before (-48 h to -1 h) and after 
apheresis (1  h), with a minimum period of 28 days since 
the last apheresis. The average duration of apheresis was 
80 min. In addition, samples were also obtained from seven 
of the 25 platelet donors on the second and seventh day after 

apheresis. Sperm motility and individual daily phthalate 
exposure of the respective donor were determined prior to 
apheresis and provided control data.

Ejaculates were collected in DEHP-free containers – a 
Weck® 160 ml lintel glass, with a fitting glass cover (Weck® 
Rundrand Glas 60, Wehr-Öflingen, Deutschland).

Spermatozoa Preparation

After liquefaction at RT for 30–60 min, human sperm were 
separated from the ejaculates by means of the swim-up pro-
cedure as previously described (Muschol et al. 2018). In 
brief, 0.5 ml of the sperm suspension was carefully layered 
under 2 ml of HS buffer (in mM: 135 NaCl, 5 KCL, 2 CaCl2, 
1 MgCl2, 20 HEPES, 5 glucose, 10 DL-lactic acid, 10 pyru-
vic acid, pH 7.4, 353 mOsm) in a 50 ml Falcon tube. The 
swim-up procedure took place at 37 °C with 5% CO2 for 
60 min. Subsequently, 1.5 ml of the supernatant containing 
motile sperm was used for further experiments.

Mouse sperm were subjected to the swim-out procedure 
for 15 min at 37 °C and 5% CO2 in HSB-buffer (Wiesehofer 
et al. 2022). After two washing steps (300 g for 5 min), a 
final concentration was adjusted to 1–2 × 107 cells/ml in HS 
medium.

Computer-assisted Spermatozoa Analysis (CASA)

A spermiogram was carried out for each donor according to 
WHO 2010 (WHO 2010) before using sperm samples for 
single-cell analysis. In brief: After a washing step (300 g, 
5 min), the human or murine sperm pellet was re-suspended 
in pre-warmed HS buffer and different DEHP concentra-
tions (0, 0.07, 6.67 and 66.67 µM). After incubation for 
30 min at 37 °C with 5% CO2, 10 µl of the sperm suspension 
was placed in a pre-warmed Makler® counting chamber 
(Sefi-Medical Instruments, Haifa, Israel) and motility was 
examined on a 37  °C stage with a CASA system (Mede-
aLAB CASA, v. 5.5, Medical Technology GmbH, Altdorf, 
Germany). CASA was used to measure total motility [%], 
the proportions according to WHO sperm classifications (≥ 
25 μm/s) [%] and the curvilinear velocity (VCL) [µm/s].

Sperm Flagellar Beat Frequency Analysis

The flagellar beat frequency was analyzed as previously 
described (Mannowetz et al. 2011; Wennemuth et al. 2003). 
In this study, the beat frequency of human or murine sper-
matozoa (N = 3, n = 30 sperm) previously incubated for 
30 min with different DEHP concentrations (0, 0.07, 6.67 
and 66.67 µM) was investigated. In addition, beat frequency 
analysis of sperm suspension from platelet donors (Npre−post 

apheresis = 25, npre−post apheresis = 250 sperm; Nlong−term study = 
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to 8 ml glass tubes (Macherey-Nagel, Düren, Deutschland) 
with DEHP-free screw caps (Wheaton®, VWR, Darmstadt, 
Deutschland) and were stored at -20  °C, a temperature at 
which DEHP remains metabolically stable. For analysis, 
1 ml of the ejaculate and 30 µl of the internal standards were 
transferred into a glass vial. After adding 200 µl ethanol, 
1 ml aqueous 0.9% sodium chloride solution and 100  µl 
aqueous phosphoric acid (phosphoric acid/water, 1/1, v/v), 
the sample was extracted by liquid-liquid extraction using 
2 ml of η-hexane and 1 ml ethyl acetate. For analysis, 5 µl 
of the solutions were injected into the LC-MS/MS system. 
The quantitative determination of DEHP in the seminal 
plasma was performed by using tandem mass spectrome-
try with electrospray ionization (Sciex API 2000, Applied 
Biosystems, Langen, Germany) coupled to an Agilent 1100 
series HPLC value system (Agilent, Waldbronn, Germany), 
including a quaternary pump (Agilent G 1311 A), a vacuum 
degasser (Agilent G 1322  A) and an autosampler (Agi-
lent G 1313 A). The limit of substance detection (LOD) 
was > 0.25 µg/l and the limit of quantification (LOQ) was 
0.5 µg/l.

In this study, the DEHP primary metabolite MEHP 
(mono(2-ethylhexyl)phthalate) and its three secondary 
metabolites – the biologically active metabolites forms 
called mono-(2-ethyl-5-hydroxyhexyl) phthalate (5OH-
MEHP), mono-(2-ethyl- 5-oxohexyl) phthalate (5oxo-
MEHP) and mono-(2-ethyl-5-carboxypentyl) phthalate 
(5cx-MEPP) - were determined in the ejaculate samples.

Statistics

Statistical analysis was carried out with GraphPad Prism 
(Vers. 9, Statcon GmbH, Witzenhausen, Germany) using 
descriptive statistics. Numerical results are presented as 
mean with N = number of independent individuals and 
n = number of determinations. We wish to avoid publication 
bias by preferential reporting of significant results. Instead, 
we rather judge the value of our estimates by their precision 
and validity (Lash 2007; Wasserstein et al. 2019). However, 
in order to optimize the structure of our research project 
and to improve the readability of the manuscript, statisti-
cal tests were performed as one-way analysis of variance 
(ANOVA) or Student’s t-test analysis incase of normal dis-
tribution. Detailed p-values are written in the corresponding 
figure legend. Numerical results are presented as mean with 
N = number of independent individuals and n = number of 
determinations. Due to the small n-number in the single cell 
analysis presented in Fig. 6, we did not perform significance 
tests, but calculated standard errors and assessed the preci-
sion of our estimates.

7, nlong−term study = 70) was performed at different time points 
before and after apheresis (-48 h to -1 h before apheresis, 
1 h, 48 and 168 h after apheresis). For the analysis, 10 µl 
of the respective sperm suspension was transferred to a 
FluoroDish™ (World Precision Instruments, Sarasota, FL, 
USA) and the spermatozoa were allowed to adhere to the 
bottom (2 min) before 3 ml of HS buffer were added. Stop 
motion flagellar beat frequency analysis was performed 
using an inverted microscope (Nikon Diaphot 300, Tokyo, 
Japan) with a 40 × 0.65 N.A. objective and a MotionScope 
M3-mono fast speed camera (Imaging Solutions, Ehingen, 
Germany). Images were recorded at 300 frames per second 
for a total time of 1  s. Pictures were collected using the 
MotionStudio 64 software (Imaging Solutions, Regensburg, 
Germany) and stored in TIFF format for subsequent semi-
quantitative single-cell flagellar movement analysis. The 
brightness and contrast of the pictures were adjusted using 
ImageJ V1.37 (National Institute of Health, Buckingham-
shire, Little Chalfont, UK) and regions of interest (single 
sperm) were selected. Flagellar beat frequency analysis for 
each individual sperm was conducted using a semi-auto-
mated analysis software written in Igor Pro™ (v6.04, Wave-
metrics, Lake Oswego OR, US) (Wennemuth et al. 2003).

Plateletpheresis

Healthy apheresis donors who fulfilled the German guide-
lines and recommendations for cytapheresis were included 
in the study after providing their written informed consent. 
Donors with a body weight ≥70  kg and a hemoglobine 
level of 13.5 g per dl were included in this study. Throm-
bocyte collection was performed using the Amicus blood 
cell separator system (Fresenius, Bad Homburg, Germany) 
with a single-needle procedure in an air-conditioned sur-
rounding. The donors who agreed to participate in the study 
were automatically assessed using an algorithm which 
took the donors’ criteria (height, weight, hematocrit and 
platelet count) into account. To prevent coagulation, donor 
blood was supplemented with Anticoagulant Citrate Dex-
trose Solution, Solution A (ACD-A). The average volume 
of blood processed per donor was 4080  ml (from 1800 
to 5700 ml) and the average length of the procedure was 
80 min (in a range of 60–90 min).

Quantification of DEHP Metabolites in Seminal 
Plasma

DEHP metabolite analysis was performed by the Institute 
and Policlinic for Occupational, Social and Environmental 
Medicine of the Friedrich-Alexander-University in Erlan-
gen-Nuremberg as previously described (Eckert et al. 2015). 
In short, the donated ejaculates of platelets were transferred 
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VCL: 75.11 ± 16.3 μm/s) caused a velocity nearly as high 
as that of control sperm without contact to DEHP. Incuba-
tion with 66.67 µM DEHP again reduced total sperm motil-
ity to 30.00 ± 2.8% (Fig. 1A), whereas the proportions of 
WHOa classified sperm (18.67 ± 1.9%) were also nearly the 
same as those of control sperm (18.33 ± 5.0%) (Fig. 1B). 
In contrast, the VCL of sperm after treatment with 66.67 
µM DEHP was 5.3% (78.52 ± 6.2 μm/s) higher than that of 
control sperm (Fig. 1C). Flagellar beat frequency increased 
after 0.07 µM DEHP incubation (4.95 ± 1.8 Hz; control: 
4.18 ± 1.5 Hz), decreased after 6.67 µM DEHP incubation 
(4.38 ± 1.6 Hz) and at the higher dose of 66.67 µM DEHP, 
a stable beat frequency was regained (4.18 ± 1.5 Hz) com-
pared to the control group (4.18 ± 1.5 Hz) (Fig. 1D).

Results

DEHP Decreases the Motility of Mouse and Human 
Sperm

In vitro studies were carried out on mouse and human sper-
matozoa to examine the effect of exposure to different DEHP 
concentrations (0, 0.07, 6.67, 66.7 µM) on sperm motility. 
The incubation of mouse spermatozoa for 30 min with 0.07 
µM DEHP resulted in reduced motility (total motility: 28.33 
± 4.8%, WHOa: 17.00 ± 3.7%, VCL: 70.16 ± 12.5 μm/s) 
compared to untreated sperm (total motility: mean 32.67 
± 3.3%, WHOa: 18.33 ± 5.0%, VCL: 74.35 ± 14.9 μm/s) 
(Fig. 1A-C). The treatment of sperm with 6.67 µM DEHP 
(total motility: mean 31.66 ± 4.0%, WHOa: 19.33 ± 2.6%, 

Fig. 1  Sperm motility and flagellar beat frequency of murine sperm are 
affected by DEHP. (A-C) CASA analysis of mouse sperm after 30 min 
incubation with different DEHP concentrations (0, 0.07, 6.67, 66.67 
µM). Statistical analysis of total motility (A), WHOa classified sperm 

(B) and of their curvilinear velocity (VCL) (C), N = 3 mice, n ≥ 750 
sperm/condition. (D) Analysis of the single-sperm beat frequency 
responses to DEHP, N = 3 mice, n = 30 sperm/condition. All data are 
shown as mean ± s.e.m
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Beat Frequency Decreases Immediately after 
Plateletpheresis

Plateletpheresis over a period of 70–90 min was used to 
mimic a short-term exposure to phthalates of apheresis tub-
ing. The sperm beat frequency of 25 donors was calculated 
before (-48  h to -1  h; representing the control) and after 
apheresis (+ 1 h) (Fig. 3). For each donor, the mean beat fre-
quency of 10 sperm per condition (pre and post apheresis) 
was calculated (mean valuedonor, pre apheresis, mean valuedonor, 

post apheresis). A decrease in beat frequency after plateletphere-
sis was detected in 84% (21/25) of the donors (Fig. 3A). To 
clarify the effect of plateletpheresis on the beat frequency, 
the mean valuesdonor, pre apheresis were used to calculate the 
mean beat frequency value of all donors prior to apheresis 

In human sperm all the velocity parameters investigated 
by CASA were reduced by DEHP at dose-dependent rates. 
With increasing concentrations total motility decreased from 
75.33 ± 7.4% to 54.33 ± 12.5% (Fig. 2A), WHOa classi-
fied sperm from 48.67 ± 7.6% to 30.00 ± 15.6% (Fig. 2B), 
VCL from 69.79 ± 7.0 μm/s to 51.44 ± 5.6 μm/s (Fig. 2C). 
The beat frequency of the sperm w/o DEHP present in the 
control group was 9.16 ± 3.2  Hz. When incubated with 
0.07, 6.67, and 66.67 µM DEHP, it rose to 9.52 ± 3.7 Hz 
(+ 3.78%), 10.53 ± 3.9 Hz (+ 13.01%), and 10.96 ± 4.6 Hz 
(+ 16.42%), respectively.

Fig. 2  DEHP decreases human sperm motility. (A-C) Velocity analy-
sis by CASA of human sperm after 30 min incubation with different 
DEHP concentrations (0, 0.07, 6.67, 66.67 µM). Statistical analysis of 
total motility (A), WHOa classified sperm (B) and of their curvilinear 

velocity (VCL) (C), N = 3 donors, n ≥ 750 sperm/condition. (D) Beat 
frequency after different exposure to different DEHP conditions, N = 3 
donors, n = 30 sperm/condition. All data are shown as mean ± s.e.m
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for single cell analysis of the beat frequency (Fig. 5B, S2). 
A decrease in flagellar beat frequency 1 h (10.60 ± 0.42 Hz) 
and 48  h (10.25 ± 0.39 Hz) after apheresis was detected 
in comparison to beat frequency analysis of sperm before 
apheresis (12.59 ± 0.46 Hz). Flagellar beat frequency analy-
sis 168 h after apheresis revealed a reconstitution of the beat 
frequency 48 h after apheresis, suggesting a reversible effect 
(Fig.  5B). Determination of MEHP and its metabolites in 
the seminal plasma revealed an increased concentration 
after apheresis (MEHP: 4.46 ± 1.01 µg/l, 5OH-MEHP: 1.46 
± 0.43  µg/l, 5oxo-MEHP: 0.96 ± 0.31  µg/l, 5cx-MEPP: 
1.29 ± 0.32 µg/l) compared to determination before apher-
esis (MEHP: 3.48 ± 0.91 µg/l; 5OH-MEHP, 5oxo-MEHP, 
5cx-MEPP: below detection) (Fig. 5C-F, S2). MEHP and 
all active metabolites of MEHP measured in this study 
decreased to a level close to the values before apheresis 
or below detectable concentrations 168  h post apheresis 
(MEHP: 2.25 ± 0.72  µg/l; 5OH-MEHP, 5oxo-MEHP: 
below detection; 5cx-MEPP: 0.30 ± 0.04 µg/l).

To correlate beat frequency and DEHP metabolites in 
more detail, we show beat frequency of semen samples of 
the same 7 donors as in Fig. 5 and their individual concen-
tration of the DEHP metabolite 5OH-MEHP (Fig.  6A-E). 
Again, samples immediately before and 1 h, 48 and 168 h 
after plateletpheresis were used. A significant increase of 
5OH-MEHP 1 h after apheresis was detected in 5 of 7 sam-
ples (meanbefore apheresis: 0.28 ± 0.03 µg/l, meanafter apheresis: 
1.77 ± 0.54 µg/l) correlating with a decrease in sperm beat 
frequency (meanbefore apheresis: 12.36 ± 0.44  Hz, meanafter 

apheresis: 10.20 ± 0.47 Hz) (Fig. 6A-E).
In two donors, the highest concentration of 5OH-MEHP 

in the ejaculate was measured 48  h post plateletpheresis 

(mean valuetotal, pre apheresis) and set to 100% (first scatter blot, 
thick black line, Fig. 3B). Subsequently, to calculate the per-
centage of beat frequency alteration (Δ beat frequency) the 
single mean values pre and post apheresis (mean valuedonor, 

pre apheresis, mean valuedonor, post apheresis) were set in relation 
to meantotal, pre apheresis (dots, Fig. 3B). The reduction of the 
relative mean beat frequency between the two groups was 
19.76%.

After determining that apheresis leads to a decrease in sin-
gle cell motility, we additionally determined the concentra-
tion of DEHP metabolites in the seminal plasma before and 
after apheresis. We used the same 25 donors that were used 
for the analysis in Fig. 3. The primary metabolite of DEHP - 
MEHP - as well as its three biologically active metabolites – 
5OH-MEHP, 5oxo-MEHP and 5cx-MEPP – were measured 
by mass spectrometry (Fig. 4, S1). In seminal plasma col-
lected prior to plateletpheresis, MEHP was detected in 24 
out of 25 donors (Fig. 4A). In contrast, there were no detect-
able levels of the metabolites 5OH-MEHP (Fig. 4B), 5oxo-
MEHP (Fig.  4C), 5cx-MEPP (Fig.  4D) in the majority of 
samples (5OH-MEHP: 20/25 donors; 5oxo-MEHP: 24/25 
donors; 5cx-MEPP: 21/25 donors). An increase of MEHP 
concentration after apheresis was observed in 76% of the 
donors (19/25) (Fig. 4A). A rise in the seminal plasma con-
centration of 5OH-MEHP was documented in 80% (20/25) 
(Fig. 4B), of 5oxo-MEHP in 72% (18/25) (Fig. 4C) and of 
5cx-MEPP in 68% (17/25) of the donors (Fig. 4D).

To characterize the transient effects of plateletphere-
sis on sperm motility parameters, we analyzed the sperm 
samples of seven donors before (-48  h to -1  h) and after 
(1  h) plateletpheresis with additional time points on days 
2 (48 h) and 7 (168 h) (Fig. 5A). As before, we used sperm 

Fig. 3  Apheresis reduces sperm 
beat frequency of platelet donors. 
(A) Beat frequency analysis of 
human sperm before (-48 h to 
-1 h) and after plateletpheresis 
(+ 1 h). Examination before 
plateletpheresis served as control. 
(B) Beat frequency changes 
(Δ) of human sperm before and 
after apheresis (dots). The mean 
differences in beat frequency of 
all analyzed donors is shown as a 
continuous line (mean ± s.e.m.). 
On average, the beat frequency 
of sperm after apheresis was 
reduced by 19,76%, compared to 
sperm before apheresis, N = 25 
platelets donors, n = 10 analyzed 
sperm/donor/dot
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h after apheresis: 2.77  µg/l) (Fig.  6G). Only this one donor 
showed an increase in beat frequency after plateletphere-
sis (1 h: 12.20 ± 1.28 Hz, 48 h: 12.30 ± 0.72, 168 h: 10.2 
± 0.81 Hz) in comparison to the measured beat frequency 
before apheresis (8.70 ± 1.0 Hz).

(Fig. 6F-G). While one donor showed only a small increase 
(5OH-MEHPbefore apheresis: not detectable, 5OH-MEHP48 
h after apheresis: 0.27  µg/l) correlated with a decrease of the 
beat frequency from 17.63 Hz to 8.87 Hz (Fig. 6F), a sig-
nificant increase could be detected in the second donor 
(5OH-MEHPbefore apheresis: not detectable, 5OH-MEHP48 

Fig. 4  Increase in active metabo-
lites of DEHP in the seminal 
plasma after apheresis. (A-D, 
left) Analysis of concentrations of 
active DEHP metabolites (MEHP, 
5OH-MEHP, 5oxo MEHP, 5cx-
MEPP) in the seminal plasma 
before and after apheresis. 
(A-D, right) Differences (as Δ) of 
concentrations of active DEHP 
metabolites (MEHP, 5OH-MEHP, 
5oxo-MEHP, 5cx-MEPP) in the 
seminal plasma before and after 
apheresis illustrated by water-
fall plots. Examination before 
plateletpheresis serves as a con-
trol. N = 25 platelets donors, n = 1 
metabolite value/platelets donor
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apheresis, the mean beat frequency of spermatozoa was 
slightly decreased (mean7 donors: 10.31 ± 0.39 Hz) compared 
with its value before apheresis (mean beat frequency7 donors: 
12.59 ± 0.46 Hz), but increased again after 168  h (mean 
beat frequency7 donors: 11.23 ± 0.33 Hz).

Even if the seminal plasma concentration of 5OH-
MEHP was higher for one or two days (mean7 donors: 1.70 
± 0.46 µg/l), it did revert to its initial pre-apheresis value 
(mean 5OH-MEHP7 donors: 0.27 ± 0.02  µg/l) after 168  h. 
The same tendency was observed in beat frequency. After 

Fig. 5  Reversible effect of apheresis on sperm beat frequency and 
increase of active DEHP metabolites in the seminal plasma. (A) shows 
the time sequence of the metabolite and beat frequency evaluation. 
Measurements took place − 48 to 1 h before apheresis, 1  h, 48 and 
168 h after apheresis. For the beat frequency analysis, sperm were col-
lected by swim-up procedure, whereas sample preparation for metab-
olite analysis was performed by centrifugation. – h = hours before 
apheresis; + h = hours after apheresis; BF = Beat frequency analysis; 
M = metabolite analysis. (B) Time dependent beat frequency of human 
sperm (N = 7 platelets donors, n = 70 sperm/ time point). Examination 

before plateletpheresis (-48 h to -1 h) served as control. Beat frequency 
decreased 1 and 48 h after apheresis, increased again between 48 and 
168 h, however the value did not regain the initial value. (C-F) Time-
dependent concentration of active DEHP metabolites in the seminal 
plasma. Concentration of MEHP (C), 5OH-MEHP (D), 5oxo-MEHP 
(E) and 5cx-MEPP (F) increased 1  h after apheresis and continu-
ously decreased afterwards. The time point of apheresis is marked by 
a dashed line. N = 7 platelets donors, n = 1 metabolite value/platelets 
donor, mean ± s.e.m
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After showing a DEHP exposure dependent reduc-
tion in sperm motility in vitro, we extended this analysis 
to evaluate the sperm parameters in vivo of healthy donors 
who underwent plateletpheresis with a presumably substan-
tial load of DEHP. The concept of the study foresaw that 
donors delivered ejaculates 48 h to 1 h before apheresis and 
1 h after apheresis. This resulted in different time intervals 
between first ejaculation and ejaculation after apheresis 
between donors (maximum time interval: 49 h; minimum 
time interval: 2 h). A shorter interval between ejaculations 
affects sperm concentration, semen volume and sperm count 

Discussion

In vitro experiments were conducted with increasing DEHP 
concentrations to demonstrate a causal relationship between 
the plasticizer DEHP and sperm motility. Using CASA, we 
were able to identify a DEHP dose-dependent reduction of 
sperm motility parameters in humans. These results are in 
line with other CASA studies showing a reduction in sperm 
motility as well as in hyperactivity after exposure to DEHP 
or its metabolites (Amjad et al. 2021; Hosseinzadeh et al. 
2021; Jurewicz et al. 2013).

Fig. 6  Single donor analysis 
of time-dependent effect of 
apheresis on beat frequency 
and accumulation of active 
DEHP metabolite 5OH-MEHP 
in the seminal plasma. (A-G) 
Time-dependent beat frequency 
analysis (mean ± s.e.m.) and 
5OH-MEHP accumulation [µg/l] 
of all seven donors (N = 7 donors, 
n = 10 sperm, n = 1 metabolite 
value/measure time). Analysis 
was conducted − 48 h to -1 h 
before plateletpheresis, serv-
ing as a control and 1 h, 48 and 
168 h after apheresis. While the 
beat frequency of most donors 
decreased, concentration of 5OH-
MEHP increased 1 h after aphere-
sis. The time point of apheresis is 
marked by a dashed line
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have a deletion or mutation in the CatSper genes. However, 
the mouse study conducted by the Lishko group found no 
significant changes in monovalent CatSper currents after 
DEHP exposure (Khasin et al. 2020). The differences in the 
effect on sperm motility parameters in humans and mice as 
shown in Figs. 1 and 2 could also be explained by differ-
ences in CatSper activation in the two species. The Lishko 
group speculated that it is also possible that the massive 
production of reactive oxygen species (ROS) impairs sperm 
fertility (Khasin et al. 2020). It is known that mitochondria 
are the key producers of ROS (Murphy 2009), which have 
cytotoxic effects on sperm reproductivity. Phthalate esters 
and bisphenols trigger oxidative stress through the forma-
tion of ROS, as well as through the reduction of enzymatic 
and non-enzymatic antioxidants in both animal models and 
seminal plasma of infertile patients (Al-Saleh et al. 2019; 
Bahrami et al. 2018; Rahman and Pang 2019). Therefore, 
it is possible that the PAE accumulation measured after 
plateletpheresis leads to increased ROS production, result-
ing in the observed sperm motility deficiencies. There is 
already evidence that acute DEHP exposure results in an 
excessive ROS production in sperm, leading to an altered 
capacitation, marked by fast tyrosine phosphorylation (Kha-
sin et al. 2020). Capacitation is a developmental process 
which sperm undergo in the female reproductive tract (Aus-
tin 1951; Chang 1951) and is required for mammalian sperm 
navigation and successful oocyte penetration (Carlson et al. 
2003; Ho et al. 2009; Yanagimachi 1970). Capacitation is 
characterized by a pattern of hyperactive sperm motility 
that requires Ca2+ influx via the sperm-specific selective 
CatSper channel (Qi et al. 2007; Ren et al. 2001). In addi-
tion to altered capacitation, inhibition of the acrosome reac-
tion, a Ca2+-dependent process required for oocyte plasma 
membrane binding and fusion (Breitbart 2002; Yanagimachi 
1995), was also observed after DEHP exposure (Khasin et 
al. 2020). The authors speculate that the inhibition of the 
acrosome reaction is due to lipid peroxidation, provoked by 
excessive oxidative stress (Khasin et al. 2020). Based on 
these results, further work should investigate whether there 
is an inhibition of the acrosome reaction, possibly through 
the induction of oxidative stress, triggered by the PAE accu-
mulation in seminal plasma observed in this study after 
plateletpheresis.

Apart from ROS production, a reduction in ATP levels 
in spermatozoa due to PAE exposure could explain the 
observed motility decrease (Amjad et al. 2021). ATP is pro-
duced via oxidative phosphorylation in mitochondria and is 
crucial for sperm motility (Tourmente et al. 2015). A study 
has already been published on the DEHP-dependent inhibi-
tion of the expression of oxidative phosphorylation complex 
subunits in testes leading to reduced ATP levels and result-
ing in decreased sperm motility and asthenozoospermia (Li 

in all motility subgroups, but more sperm with higher veloc-
ity, progressiveness and hyperactivation could be identified 
(Alipour et al. 2017; Carlsen et al. 2004). Therefore, the dif-
ferent time periods between donations are not a determining 
factor for the single-cell analyses performed in this study.

Increasing concentrations of DEHP in serum and urine 
samples after plateletpheresis have been shown previously 
(Buchta et al. 2003; Koch et al. 2005). In our study, mass 
spectrometric analyses of DEHP, MEHP as well as its three 
biologically active metabolites - 5OH-MEHP, 5oxo-MEHP 
and 5cx-MEPP - showed a short-term accumulation of 
phthalates in seminal plasma one hour after plateletphere-
sis. Single-cell analysis performed at the same time as mass 
spectrometric analysis demonstrated a decrease in human 
sperm beat frequency. Depending on the donor, a return 
to increased beat frequency is measurable after 2–7 days. 
These results show for the first time on a single-cell level, 
a correlation between an increase of phthalate concentra-
tion in the seminal plasma and changes in sperm motil-
ity. The design of our study does not enable us to prove a 
causal link between the concentration of plasticizer and a 
decrease in sperm beat frequency in vivo. However, other 
reasons for this observation are very unlikely. One could 
argue that citrate, which is applied to the donors blood dur-
ing the apheresis procedure, might be responsible for a Ca2+ 
decrease in the ejaculate, leading to altered sperm motility. 
A decrease of Ca2+ in the seminal fluid longer than 60 min 
after apheresis is rather unlikely. Lokhande and co-workers 
showed that the serum Ca2+ level of platelet donors recovers 
almost completely 30 min after termination of plateletphere-
sis (Lokhande et al. 2021). The ejaculates analyzed in this 
study were obtained more than 60 min after plateletpheresis.

A possible explanation for the decreased beat frequency 
after plateletpheresis observed in this study could be a nega-
tive effect of accumulated PAEs on CatSper, the major cal-
cium channel in sperm, necessary for sperm motility and 
thus for successful fertilization (Carlson et al. 2003; Ren 
et al. 2001). It has already been speculated that EDCs may 
manipulate sperm fertility via CatSper (Schiffer et al. 2014). 
The arrangement of CatSper nanodomains in long zig-
zag rows, formed by repeating CatSper units which could 
coordinate the opening of the entire array of CatSper chan-
nels along the flagellar axis, guarantees synchronous Ca2+ 
along the sperm tail to regulate flagellar bending (Zhao 
et al. 2022). A misalignment of the CatSper zigzag rows 
could impede continuous Ca2+ influx, resulting in sperm 
movement changes (Wiesehofer et al. 2022; Zhao et al. 
2022). Further analysis is needed to address the question 
as to whether EDCs can manipulate human sperm motil-
ity via CatSper. A possible approach to this question could 
be to repeat the current study and analyse sperm motility 
in patients who have undergone thrombocytapheresis and 
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