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Abstract
Context  Perfluoroalkyl-substances (PFAS) are chemical additives considered harmful for humans. We recently showed that 
accumulation of perfluoro-octanoic acid (PFOA) in human semen of exposed subjects was associated with altered motility 
parameters of sperm cells, suggesting direct toxicity.
Objectives  To determine whether direct exposure of human spermatozoa to PFOA was associated to impairment of cell 
function.
Patients and methods  Spermatozoa isolated from semen samples of ten normozoospermic healthy donors were exposed 
up to 2 h to PFOA, at concentrations from 0.1 to 10 ng/mL. Viability and motility parameters were evaluated by Sperm 
Class Analyser. Cell respiratory function was assessed by both mitochondrial probe JC-1 and respiratory control ratio 
(RCR) determination. Sperm accumulation of PFOA was quantified by liquid chromatography–mass spectrometry. Expres-
sion of organic ion-transporters OATP1 and SLCO1B2 was assessed by immunofluorescence and respective role in PFOA 
accumulation was evaluated by either blockade with probenecid or membrane scavenging through β-cyclodextrin (β-CD). 
Plasma membrane fluidity and electrochemical potential (ΔΨp) were evaluated, respectively, with Merocyanine-540 and 
Di-3-ANEPPDHQ fluorescent probes.
Results  Compared to untreated controls, a threefold increase of the percentage of non-motile sperms was observed after 
2 h of exposure to PFOA regardless of the concentration of PFOA, whilst RCR was significantly reduced. Only scavenging 
with β-CD was effective in reducing PFOA accumulation, suggesting membrane involvement. Altered membrane fluidity, 
reduced ΔΨp and sperm motility loss associated with exposure to PFOA were reverted by β-CD treatment.
Conclusion  PFOA alters human sperm motility through plasma-membrane disruption, an effect recovered by incubation 
with β-CD.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a family of 
chemical compounds featured by a high degree or complete 
substitution of hydrogen atoms with fluoride. This character-
istic confers chemical stability and thermal inertia, allowing 
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their use in a large number of industrial processes, including 
textiles, paper, leather processing, paints, general cleaning 
products, carpets and drapery. On the base of their amphiph-
ilic properties, lack of degradation by environmental physi-
cal factors and wide distribution, PFAS have risen many 
concerns for their bio-accumulation in body tissues and 
potential harmful effects in humans [1–3]. In fact, inhalation 
of air particles and/or ingestion of contaminated food prod-
ucts and drinking water have been claimed as major routes 
of exposure to PFAS. Accordingly, PFAS have been found in 
several human tissues, such as the brain, placenta, semen and 
testis even in the presence of acknowledged blood/tissue bar-
riers [4–8]. Importantly, exposure to PFAS have been largely 
recognized in several human populations all over the coun-
tries, with considerable differences in terms of geographi-
cal distribution, ethnicity, molecular weight (long-chain or 
short-chain PFAS) and degree of fluorination [9–17]. To 
this regard, perfluoro-octanoic acid (PFOA) and perfluoro-
octanesulfonic acid (PFOS) are the most common and most 
studied PFAS in toxicological terms. In a recent study, we 
investigated the possible association between the exposure 
to PFOA and PFOS and endocrine disruption through the 
evaluation of developmental alterations and reproductive 
disorders in a group of 212 young males from the Veneto 
Region, a wide area in the northeast of Italy featured by high 
environmental exposure to these chemicals [18]. Compared 
to 171 age-matched controls residing outside of the exposed 
area, subjects from the contaminated area showed increased 
levels of circulating testosterone (T) and LH, together with 
altered anthropometrics, lower mean testicular volume, 
shorter penile length and anogenital distance. Importantly, 
quantification of PFOA and PFOS levels in biological flu-
ids showed that PFOA was more represented than PFOS 
in semen of exposed subjects, despite the pattern of serum 
concentrations was essentially reversed. In particular, aver-
age PFOA levels retrieved in semen samples from exposed 
subjects were 0.67 ng/mL, ranging from 0 to nearly 6 ng/
mL. In addition, semen levels of PFOA were significantly 
correlated with the presence of altered sperm parameters, in 
particular motility. This evidence was suggestive of a direct 
effect of PFOA on gamete function. However, data on this 
possible direct functional interference are lacking.

On these bases, in this study we investigated the pos-
sible disrupting role PFOA on human sperm function such 
as viability and motility. In particular, since PFAS are sug-
gested to interfere with cell function through the alteration 
of plasma-membrane characteristics [19], we evaluated 
the possible site of accumulation of PFOA in sperm cells 
by the use of specific membrane transport-inhibition and 
cyclodextrin-based scavenging approach. Finally, we pro-
vided mechanisms insight underpinning the observed effect 
on cell motility by the evaluation of plasma membrane prop-
erties through specific fluorescent probes.

Materials and methods

Chemicals and reagents

Probenecid, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benimidazolylcarbocyanine iodide (JC-1), Merocyanine 
540 (MC540), methyl-β-cyclodextrin (β-CD) and dimethyl 
sulphoxide (DMSO) were purchased from Sigma-Aldrich 
S.r.l. (Milan, Italy). Di-3-ANEPPDHQ was purchased 
from Thermo Fisher Scientific (Milano, Italy). Perfluoro-
octanoic acid native compound was purchased from Wel-
lington Laboratories (Southgate, Ontario, Canada) Chemi-
cals were dissolved in (DMSO, Sigma-Aldrich S.r.l.) to 
a stock concentration of 0.01 M and stored at − 20 °C 
until use. Stock solutions were then diluted in Sperm 
Wash Medium (SWM, Irvine Scientific, Santa Ana, CA) 
immediately before use at the final concentrations detailed 
below. Rabbit polyclonal anti OATP1 and SLCO2B1 anti-
bodies were purchased from Thermo Fisher Scientific.

Patients, sample collection and preparation

This study was approved by the Institutional Ethics Com-
mittee of the Hospital of Padova, Italy, (protocol number 
2208P and successive amendments). The investigation was 
performed according to the principles of the Declaration 
of Helsinki. Ten normozoospermic healthy donors, attend-
ing the University Andrology Unit as participants in an 
infertility survey program (age ≥ 20 and ≤ 35 years) were 
included in the study after provided written consent. To 
reduce any inter-subject variability, patients underwent 4 
separate sessions of semen donation by masturbation, tak-
ing care to maintain at least 3 days of sexual abstinence 
between each donation. Cervical mucus was obtained 
from 10 women resident in highly exposed areas Veneto 
region and from 10 age-matched control subjects from low 
exposure areas, during routine outpatient gynecological 
evaluation.

Human semen samples were obtained by masturba-
tion after 2–5 days of sexual abstinence, in sterile con-
tainers. Samples were allowed to liquefy for 30 min and 
were examined for seminal parameters according to the 
World Health Organization criteria [20]. All samples had 
normal viscosity and leukocyte count was recorded. All 
semen cultures were negative and anti-sperm antibodies 
were absent in all subjects. Population characteristics and 
semen parameters of healthy donors are summarized in 
supplemental Table S1. Each semen sample was washed 
with Sperm Washing Medium, centrifuged at 1000 ×g 
for 10 min and resuspended in SWM. In agreement with 
PFOA levels found in semen from exposed subjects [18], 
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sperm cells were then incubated with PFOA at a final con-
centration ranging from 0.1 to 10 ng/mL, for 1 or 2 h as 
detailed in the results section.

Sperm motility parameters were assessed using the Sperm 
Class Analyser (SCA, Microptic S.L., Barcelona, Spain) 
as previously described [21]. For the evaluation of sperm 
hyperactivation, the SCA cutoff points defined were: cap-
ture at 50 frames/s, curvilinear velocity (VCL) > 150 μm/s, 
linearity < 40% and amplitude of lateral head displace-
ment > 3.5. In accordance with WHO guidelines, 200 sper-
matozoa were analyzed which is approximately equivalent to 
the capture of 5 or 6 randomly selected microscopic fields. 
After every scan, video sequences were assessed to validate 
whether all spermatozoa had been identified and that their 
trajectory had been correctly reconstructed by the SCA sys-
tem. Sperm motility parameters considered were: progres-
sive motility, non-progressive motility and absent motility; 
curvilinear velocity (VLC), straight-line velocity (VSL), 
average path velocity (VAP), amplitude of lateral head 
displacement (ALH), linearity of a curvilinear path (LIN, 
defined as VSL/VLC), straightness (STR, defined as VSL/
VAP), wobble (WOB, defined as VAP/VCL), beat-cross 
frequency (BCF), hypermotile sperm fraction (Hyper) with 
the Sperm Class Analyser (SCA, Microptic S.L., Barcelona, 
Spain) as previously described [21].

Immunofluorescence

For immunofluorescence assay, aliquots of sperm cell sam-
ples were fixed in 4% paraformaldehyde/PBS solution for 
15 min at room temperature, smeared on poly-lysine-coated 
microscope glasses and let dry. Specimens were then satu-
rated with 5% BSA/5% normal donkey serum-PBS solution 
for 1 h at room temperature and then incubated with anti 
OATP1 or SLCO2B1 antibodies (final concentration 1 μg/
mL for both) at 4 °C overnight. Primary immunoreaction 
was then detected with FITC-conjugated goat anti-rabbit IgG 
(Santa Cruz Biotechnology, Heidelberg, Germany). Samples 
were finally counterstained with 4′,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI, Sigma-Aldrich), mounted with 
anti-fade buffer and the analyzed with Video Confocal-ViCo 
fluorescence microscope (Nikor-Firenze, Italy).

PFOA quantification in sperm cells by liquid 
chromatography–mass spectrometry

The quantification of sperm content of PFOA was measured 
through reversed-phase (RP) liquid chromatography coupled 
with high-resolution mass spectrometry (LC–MS) Agilent 
Varian 320 (Agilent Technologies, Santa Clara, CA, USA). 
Briefly, each sample was extracted with acetonitrile and 
fixed amounts of the stable isotope labeled internal stand-
ard were added (MPFOA, Wellington Laboratories, Ontario, 

Canada). To test the analytical response and to optimize cali-
bration curve standard mixture was used at increasing con-
centrations (PFAC-MXB, Wellington Laboratories) together 
with isotope-labeled internal standards (MPFOA) at fixed 
concentrations. This solution was analyzed by LC–MS. The 
perfluoroalkyl specie was identified by comparing the reten-
tion time and mass spectra (i.e., m/z value and isotopic pat-
tern). Quantification was calculated using the corresponding 
calibration curve.

Flow cytometry

After experimental treatment, sperm cells were evaluated for 
functional parameters by flow cytometry as follows. Mito-
chondrial membrane potential (ΔΨm) and plasma-mem-
brane electrochemical potential (ΔΨp) were evaluated with 
JC-1 and Di-3-ANEPPDHQ fluorescent probes, respectively, 
as previously described [22]. Evaluation of plasma mem-
brane fluidity was evaluated by MC540 probe [23]. Briefly, 
DMSO-stock solution of MC540 was diluted in sperm sus-
pension at the final concentration of 4 μM and incubated for 
15 min at 37 °C in the dark. Cells were finally analyzed by 
BD FACScan System (Becton–Dickinson, Milano, Italy) as 
previously described [21]. At least 105 events per session, 
corresponding to sperm cells, were recorded.

Mitochondria respiration studies

Spermatozoa were collected by centrifugation at 800g 
for 10 min at room temperature and washed by resuspen-
sion in isotonic salt medium (2 g/L bovine serum albu-
min, 113 mM KCl, 12.5 mM KH2PO4, 2.5 mM KH2PO4, 
3 mM MgCl2, 0.4 mM ethylenediaminetetraacetic acid, and 
20 mM Tris adjusted to pH 7.4 with HCl). Subsequently, 
cells were subjected to hypotonic treatment and their oxy-
gen uptake was measured as previously described [24] The 
respiration capacity of hypotonically treated spermatozoa 
was tested polarographically, in the presence of a solution 
of 10 mM pyruvate and 10 mM malate (respiratory sub-
strates) and 0.76 μM of adenosine diphosphate (ADP). The 
respiratory control ratio (RCR), an index of mitochondrial 
respiration efficiency, was calculated by dividing V3 (rate 
of oxygen uptake measured in the presence of respiratory 
substrates + ADP) by V4 (rate of oxygen uptake measured 
with respiratory substrates alone).

Statistical analysis

The results were expressed as means ± standard deviations 
(SD). Prior to data analysis, the Kolmogorov–Smirnov test 
was used to check for normality of distribution. Parameters 
not showing normal distribution were log-transformed. The 
Levene’s test was used to test the homogeneity of variance 
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among groups. If homogeneity of variance assumption was 
violated, Welch test was performed and the respective p 
value was reported. Differences between 2 or more groups 
were evaluated respectively using Student’s t test or ANOVA 
for comparison of multiple parameters with Bonferroni cor-
rection. p values < 0.05 were considered as significant.

Results

Direct exposure to PFOA alters sperm motility 
parameters

To disclose a possible direct effect of PFOA on sperm 
function, cells were exposed up to 2 h with the chemical 

compound at different concentrations. In particular, on the 
base of PFOA levels detected in semen samples [18], three 
levels of concentration were chosen: 0.1, 1 and 10 ng/mL. In 
control condition, PFOA was omitted (Fig. 1a). Compared 
to control condition, incubation with PFOA was associated 
with negligible effects on sperm viability, independently 
from the exposure time and concentration. Differently, pro-
gressive motility was significantly impaired by PFOA even 
at the lowest concentration of 0.1 ng/mL since the percent-
age of sperm cells with progressive forward motion was 
significantly reduced after 1 h of incubation compared to 
control. No significant differences were observed among 
the three levels of concentration at different time points. On 
the other hand, the percentage of cells with non-progressive 
motility showed to be significantly increased only after 2 h 

Fig. 1   a Time course of sperm viability, progressive motility, non-
progressive motility and absent motility in human sperm cells 
exposed to perfluoro-octanoic acid (PFOA), at different concentra-
tions, up to 2  h at 37  °C. Comparisons are made with PFOA-free 
control condition (CTRL) at each time point. Significance: *P < 0.05 
and **P < 0.01 vs CTRL. b Effect of exposure to PFOA 10  ng/mL 
for 2 h at 37  °C on detailed sperm motility parameters evaluated at 
sperm class analyser (SCA) such as: Hyper, hypermotile sperm frac-
tion; VLC, curvilinear velocity; VSL, straight-line velocity; VAP, 
average path velocity; ALH, amplitude of lateral head displace-
ment; LIN, linearity of a curvilinear path (LIN, defined as VSL/
VLC); STR, straightness (STR defined as VSL/VAP); wobble (WOB, 

defined as VAP/VCL); BCF, beat-cross frequency. SCA data of sperm 
cells prior to PFOA exposure (Basal) and cells cultured in absence 
of PFOA for 2  h at 37  °C (CTRL) are also reported. Significance: 
*P < 0.05 and ***P < 0.001 vs CTRL. Effect of exposure to PFOA 
10  ng/mL for 2  h at 37  °C on mitochondrial membrane potential 
(ΔΨm, c), evaluated by JC-1 staining, and respiratory control ratio 
(RCR, D). Data of sperm cells prior to PFOA exposure (Basal) and 
cells cultured in absence of PFOA for 2  h at 37  °C (+ 2  h PFOA 
0 ng/mL) are also reported. Significance: *P < 0.05 and n.s. P > 0.05 
among indicated conditions. Data show the mean value of three inde-
pendent experiments
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of exposure to PFOA at either 1 or 10 ng/mL, with no differ-
ential effect between the two conditions. These data reflected 
on the percentage of non-motile sperm cells that showed 
a significant increase after 1 h of exposure, since the low-
est concentration of 0.1 ng/mL. After 2 h, a nearly three-
fold increase of the percentage of non-motile sperms was 
observed compared to control, with no significant depend-
ence on the concentration of PFOA.

The analysis of detailed sperm motility parameters, evalu-
ated by SCA, was considered for the comparison among 
freshly ejaculated sperms at basal condition and sperm 
cells maintained for 2 h in SWM either absence or pres-
ence of PFOA at the concentration of 10 ng/mL (Fig. 1B). 
As expected, prolonged maintenance of sperms in culture 
media containing capacitating substances, like albumin, was 
associated with the increase of all parameters characterizing 
progressive motility at SCA analysis, such as hyper motil-
ity, curvilinear velocity, straight-line velocity and average 
path velocity, that showed higher values compared to basal 
conditions [25]. On the other hand, incubation with PFOA 
was associated with significant reduction of the aforemen-
tioned parameters compared to control conditions, reflecting 
an evident influence of PFOA on the motility gain of sperm. 
To investigate the molecular base subtending this evidence, 
we focused on the effect of PFOA on cell respiration evalu-
ating both mitochondrial membrane potential (ΔΨm) and 
cell-oxygen consumption, respectively (Fig. 1c, d). Whilst 
sperm cells cultured in absence or presence PFOA showed 
no significant variation on the percentage of sperm cells with 
altered ΔΨm compared to basal, mitochondrial respiration 
efficiency was significantly affected by PFOA as depicted 
by the reduction of RCR, in comparison to both basal and 
control condition without PFOA.

Taken together, these results suggest a direct influence 
of PFOA on sperm motility, likely related to the impaired 
metabolic performance associated with a decreased mito-
chondrial respiratory activity.

Evidence of PFOA accumulation in the plasma 
membrane of sperm cells

To disclose a possible accumulation in spermatozoa, the cell 
amount of PFOA after continuous 2 h exposure at the con-
centration of 10 ng/mL was quantified by liquid chromatog-
raphy–mass spectrometry (Fig. 2a). In comparison with very 
low levels detected in sperm cells at basal conditions, a sig-
nificant and time-dependent increase of PFOA cell content 
was observed after 1 and 2 h of exposure, suggesting some 
degree of accumulation. Further experiments were thus per-
formed to elucidate the accumulation site and the correspond-
ing mechanism.

Previous studies focused on mechanistic elucidation of 
PFOA renal elimination, showed that tubular re-absorption of 

PFOA in kidney is sensitive to probenecid [26]. Probenecid 
is a known inhibitor of active renal transport and is effective 
on SLC22A6 (OAT1) and SLCO1B2 (OATP4) members of 
the organic anion transporter family [27–31]. Accordingly, we 
evaluated the possible expression of these OATs in sperm cells 
by immunofluorescence, finding a specific immune-staining 
for these membrane transporters at cell neck and flagellum 
(Fig. 2b). However, sperm exposure to PFOA in presence 
of 500 μM probenecid, was not associated with a significant 
reduction of the cell content of the perfluoroalkyl substance 
(Fig. 2d), ruling out a major involvement of OATs in the 
uptake of PFOA in spermatozoa.

On the other hand, on the base of the strict similarity to 
fatty acids, the possible interaction of PFOA with plasma 
membrane lipid bilayer has been suggested [32–34]. To 
verify this hypothesis, we took advantage of β-cyclodextrins 
(β-CD), cyclic oligo-saccharides made of 7 glucose units. The 
structural peculiarity of these compounds is having a large 
molecular size, that render β-CD impermeable to intact cell 
membranes, to be highly water-soluble but to display an inner 
hydrophobic cavity able to host several lipophilic substances. 
Due to these characteristics, β-CD have been widely used to 
experimentally modify the composition of plasma membranes 
through the removal of lipid components, such as sterols, from 
the lipid bilayer [35]. In addition, PFOA has been recently 
shown to bind with high affinity to β-CD [36]. On these bases, 
we assessed the possible accumulation of PFOA within cell 
membrane through the ability of β-CD to reduce the sperm 
PFOA content after previous incubation. Accordingly, sperm 
cells were exposed for 2 h with PFOA and were successively 
treated with β-CD at concentrations ranging from 0 to 10 mM 
for additional 30 min. Quantification by liquid chromatogra-
phy–mass spectrometry showed a sharp reduction of sperm 
PFOA content, even at the lowest β-CD concentration of 1 mM 
(Fig. 2d).

Taken together, these results suggest that PFOA accumu-
lates in sperm membranes, a process reverted by water-soluble 
lipid-sequestrants like β-CD.

PFOA impairs sperm motility through the likely 
alteration of plasma membrane fluidity 
and electrochemical potential

To address the downstream consequences associated with 
PFOA accumulation, specific properties of plasma mem-
brane were evaluated by the use of fluorescent probes.

Membrane fluidity, acknowledged as a major determi-
nant of sperm motility and fertilization potential, is asso-
ciated with decreased packing order of phospholipids in 
the outer layer of the plasma membrane and can be evalu-
ated by the use of the hydrophobic dye Merocyanine 540 
(MC540, [37–40]. Membrane fluidity of sperm was assessed 
with MC540 after exposure to PFOA for 2 h, eventually 
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followed by further 30 min incubation with 1 mM β-CD. 
The staining pattern for MC540 outlined a two cell popula-
tions with, respectively, “bright” staining and “mild” stain-
ing, corresponding to cells with high and low membrane 
fluidity (respectively, M1 and M2 domains in Fig. 3a, panel 
I). Compared to control condition (no exposure to PFOA 
and no β-CD treatment), exposure to PFOA was associated 
with a significant increase of both the cell fractions with 
bright staining for MC540 and the corresponding mean fluo-
rescence value, with complementary decrease of the same 
parameters for the fraction with mild staining (Fig. 3a, panel 
II). This evidence was suggestive of a significant increase 
of membrane fluidity due to PFOA accumulation. Incu-
bation with the sole β-CD also showed an increase of the 
population with bright staining and the corresponding mean 
fluorescence value, confirming previous data on increased 

membrane fluidity due to sterol withdrawal by β-CD [41]. 
However, the extent of this variation was lower compared 
with the exposure to PFOA. After PFOA incubation, addi-
tion of β-CD was apparently ineffective on the staining pat-
tern for MC540 compared with the sole exposure to PFOA, 
compatible with a decreased packing order of phospholipids 
in the outer layer operated by both chemicals.

Increased permeability to ions and reduction of electro-
chemical potential have been claimed as major consequences 
of increased membrane fluidity in different cell models [42, 
43]. Accordingly, by the use of Di-3ANEPPDHQ fluorescent 
dye [22], we evaluated whether variations of membrane flu-
idity due to the exposure to PFOA were also associated with 
altered electrochemical potential (ΔΨp). As for MC540, 
staining for Di-3ANEPPDHQ identified two cell popula-
tions: one with bright staining and one with mild staining, 

Fig. 2   a Liquid chromatography–mass spectrometry (LC–MS) quan-
tification of perfluoro-octanoic acid (PFOA) content in sperm cells 
exposed to PFOA 10 ng/mL up to 2 h at 37 °C. Quantitative data of 
sperm cells prior to PFOA exposure (Basal) are also reported. Sig-
nificance: *P < 0.05, **P < 0.01 and ***P < 0.001 among indicated 
conditions. b Representative images of the expression of organic 
anion transporters (OAT) OAT1 and OATP4 in human sperm cells, 
assessed by immunofluorescence. Cell nuclei are counterstained 
with DAPI. Bright-field merges are provided as insets. In blank sam-
ples (Neg), primary antibodies are omitted. c LC–MS quantifica-

tion of PFOA in sperm cells exposed to PFOA 10 ng/mL for 2 h at 
37  °C, preceded or not by incubation with OAT inhibitor Probene-
cid 500 μM. In control conditions, PFOA was omitted. Significance: 
*** P < 0.001 and n.s. P > 0.05 among indicated conditions. d LC–
MS quantification of PFOA in sperm cells exposed to PFOA 10 ng/
mL for 2  h at 37  °C, followed by incubation with β-cyclodextrin 
(CD), at a concentration ranging from 0 to 10  mM, for 30  min at 
37 °C. In basal conditions (Basal), PFOA was omitted. Significance: 
***P < 0.001 vs Basal. Data show the mean value of three independ-
ent experiments
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corresponding to cells high ΔΨp and low ΔΨp, respectively 
(M1 and M2 domains in Fig. 3b, panel I). Exposure to PFOA 
was associated with a significant increase of the cell popula-
tion with low ΔΨp compared to control (Fig. 3b, panel II). 
However, post incubation of PFOA with β-CD restored the 
percentage of sperms high ΔΨp. Treatment with β-CD only 
was not associated with significant variation of the staining 
pattern for Di-3ANEPPDHQ compared control.

Since plasma membrane potential is strictly related 
to sperm motility [22, 44], we evaluated whether the 
observed restoration of ΔΨp due to treatment with β-CD 
after exposure to PFOA was associated with a possible 
recovery of motility in sperm cells (Fig. 4a). Compared 
to control, 2 h of exposure to PFOA was associated with 
significant reduction of progressive motility and a cor-
responding increase of both the non-progressive motile 

and non-motile fraction as previously reported. However, 
further incubation with 1 mM β-CD for 30 min was associ-
ated with almost complete recovery of motility parameters, 
barely resulting in overlapping with the motility pattern of 
control samples at the same time point. Incubation with 
β-CD had non-significant effects on both progressive-, 
non-progressive motility and non-motile sperms, com-
pared to matched time points of the control. Evaluation of 
all parameters characterizing progressive motility at SCA 
analysis, showed that incubation with β-CD after exposure 
to PFOA was associated with a significant recovery of the 
hyper-motile fraction, the curvilinear and the straight-line 
velocity, as well as of the straightness and wobble param-
eters (Fig. 4b). The same pattern was observed after the 
sole incubation with β-CD.

Fig. 3   a Representative histogram plots of merocyanine 540 staining 
(MC540, panel I), evaluated by flow cytometry, of human sperm cells 
exposed or not to perfluoro-octanoic acid (PFOA) 10 ng/mL for 2 h at 
37 °C, followed or not by incubation with β-cyclodextrin (CD) 1 mM 
CD for 30 min at 37 °C. In control conditions (CTRL), both PFOA 
and CD were omitted. Panel II summarizes the percentage of cells 
owning to M1 or M2 domains, corresponding to cells with bright 
or low staining for MC540, and the respective mean value of fluo-
rescence intensity in arbitrary units (A.U.). Significance: *P < 0.05 

and **P < 0.01 vs CTRL. b Representative histogram plots of Di-
3-ANEPPDHQ staining (Di-3-ANEPPDHQ, panel I), evaluated by 
flow cytometry, of human sperm cells exposed or not to PFOA 10 ng/
mL for 2 h at 37  °C, followed of not by incubation CD for 30 min 
at 37  °C. In control conditions (CTRL), both PFOA and CD were 
omitted. Panel II summarizes the percentage of cells owning to M1 
or M2 domains, corresponding to cells with bright or low staining for 
Di-3-ANEPPDHQ. Significance: *P < 0.05 vs CTRL. Data show the 
mean value of three independent experiments
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Taken together, these data suggest that the impairment 
of sperm motility associated with the exposure to PFAS, 
likely relies on the alteration of plasma-membrane potential 
possibly due to disruption of membrane fluidity. Treatment 
with β-CD, was observed to reduce the membrane content of 
PFOA and to essentially restore the electrochemical proper-
ties of plasma membrane and motility parameters.

Evidence of PFOA accumulation in cervical mucus 
of exposed women

On the base of the wide bio-accumulation of PFAS, it can 
be hypothesized that sperm cells may come into contact 
with PFAS in seminal plasma of exposed males and/or with 
PFAS in genital secretion of exposed females. Accordingly, 
we quantified PFOA by liquid chromatography–mass spec-
trometry in both serum and cervical mucus from 10 women 
resident in highly exposed areas in Veneto region (EXP). 
Results were compared results with those of 10 control sub-
jects from low-exposure areas (CTRL). The two groups of 

subjects did not differ for age (EXP 20.56 ± 1.03 years vs CTRL 
21.12 ± 0.98 years; P = 0.945), weight (EXP 61.11 ± 12.31 kg vs 
CTRL 59.74 ± 9.85; P = 0.431), height (EXP 1.71 ± 0.12 m vs 
CTRL 1.69 ± 0.21; P = 0.711) and BMI (EXP 21.11 ± 4.01 kg/
m2 vs CTRL 20.95 ± 3.84 kg/m2, P = 0.33).

Both serum and cervical mucus from exposed women 
showed higher levels of PFOA compared to control sub-
jects (serum: 36 ± 6.9 ng/mL exposed vs 5.1 ± 3.0 con-
trols, P = 0.021; cervical mucus 5.9 ± 1.2 ng/mL exposed 
vs 0.14 ± 0.10 ng/mL controls, P = 0.009). These data are 
suggestive that female genital secretion may represent an 
accumulation site of PFAS and a possible source of exposure 
for ejaculated sperm cells.

Discussion

In this study we provide evidence of a direct detrimental 
effect of the exposure to perfluoro-octanoic acid on human 
sperm motility, associated with a significant increase of 

Fig. 4   a Time course of sperm viability, progressive motility, non-
progressive motility and absent motility in human sperm cells 
exposed to perfluoro-octanoic acid (PFOA) 10  ng/mL for 2  h at 
37 °C, followed or not by incubation with β-Cyclodextrin (CD) 1 mM 
CD for 30 min at 37 °C. Comparisons are made with PFOA-free con-
trol condition (CTRL) at each time point. Significance: *P < 0.05 and 
**P < 0.01 vs CTRL. b Effect of exposure to PFOA 10 ng/mL for 2 h 
at 37  °C, followed or not by incubation with β-Cyclodextrin (CD) 
1 mM CD for 30 min at 37 °C, on detailed sperm motility parameters 
evaluated at sperm class analyser (SCA) such as: Hyper, hypermotile 

sperm fraction; VLC, curvilinear velocity; VSL, straight-line veloc-
ity; VAP, average path velocity; ALH, amplitude of lateral head dis-
placement; LIN, linearity of a curvilinear path (LIN, defined as VSL/
VLC); STR, straightness (STR, defined as VSL/VAP); WOB, wobble 
(WOB, defined as VAP/VCL); BCF, beat-cross frequency. SCA data 
of sperm cells prior to PFOA exposure (Basal) and cells cultured in 
absence of both PFOA and CD (CTRL) are also reported. Signifi-
cance: a P < 0.05, b P < 0.01 and c P < 0.001 vs CTRL. Data show the 
mean value of three independent experiments
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the non-motile cell fraction at concentrations comparable 
to average levels observed in human semen retrieved from 
subjects residing in highly exposed areas. In addition, we 
provide mechanistic insights of this evidence, showing that 
PFOA accumulates within the lipid bilayer of sperm plasma 
membrane, altering the fluidity and the electrochemical 
potential of this organelle and, in turn, the sperm oxygen 
consumption. This model is further supported by the fact 
that treatment with β-cyclodextrin, an acknowledged seques-
trant of membrane lipids, effectively reduces sperm PFOA 
content, restoring cell biochemical and motility properties.

Widely and indiscriminately used over the past decades 
for several industrial applications, PFAS are currently con-
cerned for their chemical stability to hydrolysis, photolysis, 
or microbial degradation that associates with persistent envi-
ronmental accumulation [45–47]. In turn, PFAS have been 
recognized to accumulate in several human fluids and tissues 
[48], showing also some sex-dependent toxicodynamic since 
higher PFAS levels have been detected in adult men com-
pared to women, an evidence possibly linked to lower clear-
ance [49–52]. To this regard, association studies frequently 
linked PFAS exposure with alterations of male reproduc-
tive system. In particular, Joensen et al. [53] reported that 
young men with high serum levels of PFOS and PFOA had 
unexplained low semen quality, whilst a recently study from 
Governini et al. [54] reported altered sperm quality, higher 
index of chromatin fragmentation, as well as an increase of 
the chromosomal aneuploidy rate in sperm cells from sub-
jects with elevate PFAS concentration in serum and seminal 
plasma. However, in spite of this evidence, a mechanistic 
hypothesis of PFAS toxicity has not been provided yet. Very 
recent data from our group showed a strong reduction of 
sperm motility in male subjects exposed to PFAS [18]. This 
evidence was highly suggestive of a direct effect of these 
substances on the gamete function. Here we provide a mech-
anistic model supporting this hypothesis. In particular, mem-
brane scavengers β-cyclodextrins succeeded in abrogating 
PFAS accumulation in sperm cells. This capacity was not 
detected for probenecid, a known inhibitor of PFOA cell re-
absorption through the blockade of organic anions transport-
ing protein. This evidence suggests that PFOA accumulates 
within sperm plasma membrane altering, in turn, membrane 
fluidity, membrane potential, oxygen consumption and cell 
mobility. Plasma membrane is a key organelle involved in 
sperm physiology and the fine tuning of its composition, 
from ejaculation to fecundation, has been critically linked 
to the overall efficacy of the fertilization process (Reviewed 
in [55]). In particular, there is a general consensus that a 
progressive gain of membrane fluidity is gathered during 
the transit through the female reproductive tract thanks to 
cholesterol deprivation by sterols acceptors like albumin 
of HDL [56–58]. Importantly, cholesterol is not uniformly 
widespread on sperm membrane but generally accumulates 

in lipid rafts together with ion channels and membrane pro-
teins. Hence, ordered removal of cholesterol from these 
highly functional interfaces triggers a cascade of cell events 
associated with the gain of progressive motility and fuso-
genic properties [59]. It can be speculated that, because of 
the high hydrophobicity of perfluoroalkyl substances, PFOA 
randomly accumulates in sperm membranes, altering local 
pH and permeability to ionic species and, in turn, membrane 
potential as recently observed also in somatic cell models 
[32]. In agreement with this model, the local perturbation 
of membrane composition may also result in the production 
of free radicals, as recently demonstrated for other chemi-
cal species such as graphene-oxide [60], possibly explaining 
the aforementioned association between PFAS exposure and 
sperm-DNA damage. On the other hand, incubation with 
β-CD likely restores membrane properties by widespread 
removal of both PFOA and cholesterol, with consequent 
activation of canonic pathways involved in sperm capaci-
tation and gain of hypermotility [61]. Intriguingly, expo-
sure to PFOA was associated with decreased mitochondrial 
respiratory activity, but unvaried mitochondrial membrane 
potential. Similar effects have been previously described 
for other chemical species having more physiological sig-
nificance, such as Zinc (Zn). Secreted by the prostate, Zn is 
detected at very high concentration in seminal plasma where 
it exerts physiologic modulation of sperm motility. In fact, 
Zn reduces reduce sperm oxygen consumption through the 
direct inhibitory effects on specific receptors expressed on 
sperm flagellum, as well as reducing cell respiration through 
blockade of mitochondrial aconitase [62, 63]. Nevertheless, 
none of these events were associated with mitochondrial tox-
icity and reduction of ΔΨm [64, 65]. Hence, these results are 
not contradictory since ΔΨm represents a general marker of 
the energetic state of the mitochondria and the cell, whilst 
RCR values provides a much more detailed information of 
the efficiency of oxidative phosphorylation process.

We acknowledge the exclusive in vitro nature of these 
results that have been obtained on the base of the detection 
of PFAS within seminal plasma of exposed subject, lack-
ing of the exact source and time of exposure of sperm cells 
to PFAS within the male genital-urinary tract. However, in 
this study we applied levels of exposure to PFOA which 
are highly comparable with those retrieved in semen from 
subjects residing in areas of high environmental pollution, 
reporting conclusive findings about the possible direct tox-
icity of PFOA on sperm function. Furthermore, we provide 
evidence that exposure to the perfluoroalkyl substances may 
also derive from female genital secretions, opening novel 
scenarios about the reproductive toxicity of these pollutants 
and the corresponding screening for exposure. Of note, aver-
age levels of PFOA in cervical mucus were nearly tenfold of 
those observed in semen (~ 6 vs ~ 0.7 ng/mL, respectively). 
Accordingly, all experiments were performed at 10 ng/mL 
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of PFOA, being an order of magnitude closer to the aver-
age exposure levels experienced by the sperm in the post-
ejaculatory phase.

In conclusion, here we demonstrate that PFOA alters 
human sperm motility as a downstream effect of plasma-
membrane disruption and that incubation with CD is associ-
ated almost complete recovery from PFOA toxicity. Further 
studies are required to disclose the specific influence on fer-
tilization and embryo development.
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