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STUDY QUESTION: Do selective serotonin reuptake inhibitor (SSRI) antidepressants affect the function of human sperm?

SUMMARY ANSWER: The SSRI antidepressant Sertraline (e.g. Zoloft) inhibits the sperm-specific Ca** channel CatSper and affects hu-
man sperm function in vitro.

WHAT IS KNOWN ALREADY: In human sperm, CatSper translates changes of the chemical microenvironment into changes of the in-
tracellular Ca>™ concentration ([Ca®'];) and swimming behavior. CatSper is promiscuously activated by oviductal ligands, but also by syn-
thetic chemicals that might disturb the fertilization process. It is well known that SSRIs have off-target actions on Ca®", Na™ and K™ chan-
nels in somatic cells. Whether SSRIs affect the activity of CatSper is, however, unknown.

STUDY DESIGN, SIZE, DURATION: We studied the action of the seven drugs belonging to the most commonly prescribed class of
antidepressants, SSRIs, on resting [Ca>"]; and Ca®" influx via CatSper in human sperm. The SSRI Sertraline was selected for in-depth analy-
sis of its action on steroid-, prostaglandin-, pH- and voltage-activation of human CatSper. Moreover, the action of Sertraline on sperm ac-
rosomal exocytosis and penetration into viscous media was evaluated.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The activity of CatSper was investigated in sperm of healthy volunteers, using
kinetic Ca®" fluorimetry and patch-clamp recordings. Acrosomal exocytosis was investigated using Pisum sativum agglutinin and image cy-
tometry. Sperm penetration in viscous media was evaluated using the Kremer test.

MAIN RESULTS AND THE ROLE OF CHANCE: Several SSRIs affected [Caz*]i and attenuated ligand-induced Ca*" influx via
CatSper. In particular, the SSRI Sertraline almost completely suppressed Ca*" influx via CatSper. Remarkably, the drug was about four-fold
more potent to suppress prostaglandin- versus steroid-induced Ca®" influx. Sertraline also suppressed alkaline- and voltage-activation of
CatSper, indicating that the drug directly inhibits the channel. Finally, Sertraline impaired ligand-induced acrosome reaction and sperm pen-
etration into viscous media.

LIMITATIONS, REASONS FOR CAUTION: This is an in vitro study. Future studies have to assess the physiological relevance in vivo.

WIDER IMPLICATIONS OF THE FINDINGS: The off-target action of Sertraline on CatSper in human sperm might impair the fertiliza-
tion process. In a research setting, Sertraline may be used to selectively inhibit prostaglandin-induced Ca* influx.

STUDY FUNDING/COMPETING INTEREST(S): This work was supported by the Swiss Centre for Applied Human Toxicology
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T Present address: Jingjie PTM BioLab Co. Ltd., Hangzhou Economic and Technological Development Area, Hangzhou, China.

* The last two authors contributed equally to this work.

© The Author(s) 2021. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

220z Aieniga4 91 uo Jasn aasuss) ap AlsisAlun Aq 64879£9/8£92/01/9€ /80 daiwny/woo dno olwapede//:sdiy Wol) papeojumod]


https://orcid.org/0000-0002-4694-8994
https://orcid.org/0000-0001-5315-2022
https://orcid.org/0000-0002-4230-2571
https://orcid.org/0000-0002-2952-134X
https://orcid.org/0000-0002-1832-0307
http://orcid.org/0000-0003-0812-1547
http://orcid.org/0000-0001-5462-0676
https://orcid.org/0000-0001-5462-0676
https://orcid.org/0000-0001-5462-0676
https://orcid.org/0000-0003-0812-1547
https://orcid.org/0000-0003-0812-1547

Human CatSper is inhibited by Sertraline

2639

TRIAL REGISTRATION NUMBER: NA.

Key word: human sperm / antidepressants / SSRI / calcium signaling / CatSper / acrosomal exocytosis / sperm motility

Introduction

Infertility affects 10—15% of couples worldwide (Barratt et al., 2017).
Causes can be of male or female origin or due to a combination of
both; however, in 15-20% of the cases, infertility remains idiopathic
(Nieschlag, 2010; Barratt et al., 2017; Cunningham, 2017). Among the
etiological factors involved in infertility, adverse effects of common
medications are often neglected in the clinical setting and rather under-
studied (Jarow et al., 2010; Samplaski and Nangia, 2015; Semet et dl.,
2017). It is however well known that a plethora of synthetic exoge-
nous compounds affects the function of human sperm in vitro (Gore
et al., 2015). Several studies have revealed that diverse endocrine dis-
rupting chemicals (EDCs) activate the sperm-specific Ca®" channel
CatSper (Tavares et al., 2013; Schiffer et al., 2014; Rehfeld et al., 2016;
Brenker et al., 2018; Majzoub et al., 2018; Yuan et al., 2020) that con-
trols the intracellular Ca®t concentration ([Ca**]) and, thereby,
sperm function (reviewed by Kaupp and Strinker, 2017; Rahban and
Nef, 2020; Wang et al., 2021). Physiological stimuli that activate
CatSper are depolarization of the membrane potential (Vy,), alkaliza-
tion of the intracellular pH (pH;) as well as steroids and prostaglandins
released in the oviduct (Kirichok and Lishko, 2011; Striinker et dl.,
2011). Activation of CatSper by steroids or prostaglandins has been
shown to be implicated in critical sperm functions like capacitation
(Sumigama et al,, 2015), chemotaxis (Eisenbach and Giojalas, 2006;
Publicover et al, 2008), hyperactivation (Alasmari et al, 20I13;
Williams et al., 2015), penetration into viscous media (Williams et dl.,
2015; Rennhack et al., 2018; Luo et al., 2019) and acrosomal exocyto-
sis (Tamburrino et al., 2014; Luo et al., 2019). This suggests that exog-
enous compounds interfering with the activity of CatSper can impair
the ability of sperm to reach and fertilize the egg.

Selective serotonin reuptake inhibitors (SSRIs) are the most widely
prescribed antidepressants in the USA and in Europe (Preskorn, 2004;
Dawson et al., 2016). Rates of depressive symptoms are twice as high
among infertile couples, and almost | 1% of women undergoing IVF are
taking SSRIs during the procedure (Dawson et al., 2016; Sylvester
et al, 2019). Treatment with SSRIs is usually prescribed for several
months and can last up to years, or even a lifetime. Sperm might be
exposed to SSRIs in the male reproductive tract, during their journey
through the female genital tract, and/or during the fertilization process.
SSRIs primarily target serotonin transporters, but off-target actions on
voltage-gated Ca®", Na' and K channels in somatic cells have been
described (Choi et al., 1999; Hahn et al., 1999; Lory et al., 2006; Lee
et al, 2012, 2016; Kim et al, 2017). Whether SSRIs also affect
CatSper is, however, unknown. Here, using kinetic Ca** fluorimetry
and patch-clamp recordings, we studied the action of SSRIs on human

sperm. We show that several SSRIs affect [Ca®'];

and/or suppress
progesterone- and prostaglandin-evoked Ca*t influx, indicating that
SSRIs affect the activity of CatSper. In particular, the SSRI Sertraline
inhibits in a concentration-dependent fashion ligand-, pH-, and
voltage-activation of human CatSper. Moreover, Sertraline attenuated
progesterone- and prostaglandin El-evoked acrosomal exocytosis and

sperm penetration into viscous media. Altogether, we conclude that

inhibition of CatSper by antidepressant treatment with SSRIs might im-
pair human fertilization in vivo.

Materials and methods

Reagents

SSRIs Dapoxetine (CAS # 129938-20-1), Escitalopram (CAS #
219861-08-2), Fluoxetine (CAS # 56296-78-7), Fluvoxamine (CAS #
61718-82-9), Sertraline (CAS # 79559-97-0), Citalopram (CAS #
59729-32-7) and Paroxetine (CAS # 110429-35-1) were purchased
from Sigma-Aldrich (Buchs, Switzerland). The drugs were dissolved at
a stock concentration of 20mM in Dimethyl sulfoxide (DMSO) manu-
factured by PanReac AppliChem and purchased from AxonlLab AG
(Baden, Switzerland). Steroids, prostaglandins, Pluronic FI27 and
NH4Cl were purchased from Sigma-Aldrich (Buchs, Switzerland). The
fluorescent Ca*" indicator Fluo-4-AM was purchased from Invitrogen
(CA, USA) and Human Serum Albumin (HSA) was obtained from
Polygon Diagnostics (Lucerne, Switzerland) or Irvine Scientific (Tilburg,
Netherlands). For the assessment of acrosomal exocytosis and sperm
motility, fluorescein isothiocyanate-conjugated Pisum sativum agglutinin
(FITC-PSA) and 4000 cP methylcellulose (MC) were purchased from
Sigma-Aldrich, MO, USA. Propidium lodide (Pl) and Hoechst-33342
(H342) were purchased from ChemoMetec A/S, Allergd, Denmark.

Semen sample preparation

Semen samples were obtained from volunteers with prior written con-
sent, under approval from the ethical committees of the medical asso-
ciation Westfalen-Lippe, the medical faculty of the University of
Minster (4INie), and the Capital Region of Denmark (H-16036581
and H-19089581). The study was performed in agreement with the
standards set by the Declaration of Helsinki. Semen samples were pro-
duced by masturbation and ejaculated into plastic containers. Motile
sperm were prepared by a swim-up procedure as previously described
(Striinker et al.,, 201 1) in human tubular fluid (HTF) medium containing
(in mM): 97.8 NaCl, 4.69 KCl, 0.2 MgSQOy,, 0.37 KH,PO,, 2.04 CaCl,,
0.33 Na-pyruvate, 21.4 lactic acid, 2.78 glucose, 21 HEPES and 4
NaHCO;, pH adjusted between 7.3 and 7.4 with NaOH. HSA was
added at a final concentration of 3 mg/ml. For the assessment of acro-
somal exocytosis and sperm motility in viscous media, sperm were ca-
pacitated for at least 3 h at 37°C in a capacitating medium containing
(in mM): 72.8 NaCl, 4.69 KCI, 0.2 MgSQOy,, 0.37 KH,PO,, 2.04 CaCl,,
0.33 Na-pyruvate, 21.4 lactic acid, 2.78 glucose, 21 HEPES and 25
NaHCO;, pH adjusted between pH 7.3 and 7.4 with NaOH. HSA
(3 mg/ml) was added to the capacitating medium.

Measurements of changes in [Ca**];

Sperm were incubated with the fluorescent calcium indicator Fluo-4-
AM at a final concentration of 5uM in the presence of Pluronic FI27
(0.05% w/v) for 45min at 37°C. After incubation, excess dye was
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removed by centrifugation (700xg, 5min, Room Temperature). The
sperm pellet was resuspended in HTF to a density of 5 x 10° sperm/
ml. A volume of 50 pl was filled into the wells of 384 multiwell plates.
Fluorescence was measured in a fluorescent plate reader (FLUOstar
Omega, BMG Labtech, Germany) at 30°C with an excitation wave-
length of 480nm and an emission wavelength of 520 nm with bottom
optics. Fluorescence was recorded before and after the application of
25 pl (1:3 dilution) of buffer, ligands or SSRIs with an electronic multi-
channel pipette yielding technical duplicates for each condition within
each experiment. Changes in Fluo-4 fluorescence are depicted as AF/
Fo (%), that is, the change in fluorescence (AF) relative to the mean
basal fluorescence (Fp) before application of buffer or stimuli (25 pl) in
order to correct for intra- and inter-experimental as well as drug-
induced variations in basal fluorescence among individual wells. Sperm
were incubated with SSRIs for at least 5 min prior to the addition of
prostaglandins, steroids, or NH4Cl.

Patch-clamp recordings

Patch-clamp recordings from human sperm were performed in the
whole-cell configuration, as previously described (Strinker et al.,
2011). The standard extracellular solution (HS) contained (in mM):
135 NaCl, 5 KCI, | MgSOy4, 2 CaCl,, 5 glucose, | Na-pyruvate, 10 lac-
tic acid and 20 HEPES, pH adjusted to 7.4 with NaOH. The sodium-
based divalent-free solution (NaDVF) contained (in mM): 140 NaCl,
40 HEPES, | EGTA, pH adjusted to 7.4 with NaOH; the pipette solu-
tion contained (in mM): 130 Cs-aspartate, 50 HEPES, 5 EGTA, 5
CsCl, pH adjusted to 7.3 with CsOH.

Analysis of acrosomal exocytosis

Acrosome exocytosis was evaluated using an image cytometer as previ-
ously described (Egeberg Palme et al., 2018). Briefly, suspensions of ca-
pacitated sperm (I x 107 sperm/ml) were divided into equal parts and
mixed with a staining solution containing: 5 pg/ml FITC-PSA, 0.5 ng/ml
Pl 'and 10 pg/ml H342 in HTF (final concentrations). Afterward, proges-
terone (5uM), PGEI (5uM) or Sertraline (10 uM) were added to the
parts. To study how Sertraline affects the action of progesterone and
PGEI, the stained sperm were incubated for 5minutes with Sertraline
before progesterone or PGE| was added. DMSO (0.2%) served as the
negative control. Samples were then thoroughly mixed and incubated at
37°C on a gentle mixing heating plate for 30 min. After incubation, a
50 pl aliquot was mixed with 100 pl of an immobilizing solution contain-
ing 0.6 M NaHCO5 and 0.37% (v/v) formaldehyde in distilled water.
This mixture was immediately loaded into a two-chamber NC-Slide
A2™ (ChemoMetec, Allergd, Denmark), which was analyzed by image
cytometry using a NucleoCounter® NC-3000™ (ChemoMetec). Only
live acrosome-reacted sperm cells were taken into account (FITC-PSA
positive but Pl negative).

Assessment of sperm motility

Sperm motility was assessed using the Kremer test. Sperm were evalu-
ated for their ability to penetrate a glass capillary filled with a viscous
medium containing 1% (w/v) MC (4000 centipoises) and 0.3% HSA,
equilibrated overnight at 4°C, in HTF (MC-HTF). Progesterone (5 uM),
PGEI  (5puM), Sertraline (I0uM), progesterone +  Sertraline,
PGE| + Sertraline or DMSO (control) was added to the MC-HTF that

was then filled into flattened glass capillary tubes (0.2 x 4.0 x 50 mm,
CM scientific, UK) and sealed on one end with wax (Vitrex, UK). The
open ends of the tubes were then submerged in a tube with |.5-3 X
10°/ml capacitated sperm in presence of Sertraline, DMSO, or with
Sertraline followed by application of the ligands. Sperm penetration was
assessed after 60 min of incubation at 37°C by counting sperm at | cm
using a phase-contrast microscope at a 200x magnification.

Statistical analysis

Data are shown as mean % SD with ‘n’ referring to the number of in-
dependent experiments performed using sperm samples from >3 dif-
ferent donors. Statistical analysis and fitting of dose—response relations
were performed using GraphPad Prism 8 (Prism, La Jolla, USA). Half-
maximal inhibitory concentrations (ICso) were derived by nonlinear re-
gression analysis, using a four-parameter fit. Statistical significance be-
tween control and stimulus/inhibitor-treated conditions was either
evaluated using one-way ANOVA, followed by Dunnett’s test and
Siddak’s when comparing each of the different conditions to a single
control and for multiple comparisons, respectively. A paired t-test was
used to analyze data in Figure 6B. A P-value <0.05 was considered sig-
nificant. The data and statistical analysis were performed according to
the recommendations on experimental design and analysis in pharma-
cology (Curtis et al., 2018).

Results

SSRIs affect the intracellular Ca?*
concentration in human sperm

We studied the action of the SSRIs Dapoxetine, Escitalopram,
Fluoxetine, Fluvoxamine, Sertraline, Citalopram and Paroxetine on
[Ca®™]; in non-capacitated human sperm using a fluorescence plate
reader (Striinker et al, 2011; Schiffer et al, 2014) (Fig. |A). Sperm
were loaded with a fluorescent Ca*" indicator and [Ca*"]; was moni-
tored before and after application of SSRIs (10uM). Progesterone
(2uM) and buffer were applied in parallel as a positive and negative
control, respectively. Progesterone-activation of CatSper evoked a pro-
totypical Ca>* response, whereas application of buffer evoked only a
small mixing artifact (Fig. 1B). Escitalopram and Citalopram did not affect
[Ca>™], whereas Dapoxetine, Fluoxetine, Fluvoxamine and Paroxetine
evoked a small, transient Ca*" signal (Fig. IB and C). Sertraline, how-
ever, decreased [Ca2+]i. Of note, except for Sertraline, the SSRIs did
not affect the intracellular pH, indicating that the transient Ca®" increase
does not rest on alkaline-induced Ca®" influx via CatSper
(Supplementary Fig. SI). Sertraline slightly increased pH;, which is how-
ever unlikely to account for the [Ca2+]i decrease evoked by the drug.
The mechanism underlying the slight pH; increase is unclear.

SSRIs suppress steroid- and prostaglandin-
evoked Ca** influx in human sperm

We next studied the action of the SSRIs on progesterone- and prosta-
glandin El (PGEI)-evoked Ca®" influx via CatSper. Dapoxetine,
Fluoxetine, Sertraline and Paroxetine, but not Escitalopram,
Fluvoxamine and Citalopram suppressed the ligand-evoked Ca®" influx
(Fig. 2A and B). The SSRIs seemed to suppress the Ca*" influx evoked
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Figure I. The action of selective serotonin reuptake inhibitors (SSRIs) on the intracellular Ca>* concentration in human sperm.
(A) Generic names and chemical structures of SSRIs. (B) Representative Ca”" signals evoked by application of buffer (control), progesterone (2 uM)
and SSRIs (10 puM). [Ca®*"]; was monitored using a fluorescence plate reader. Sperm were loaded with the fluorescent Ca*" indicator Fluo-4-AM.
AF/Fo (%) designates the percent change in fluorescence (AF) with respect to the mean basal fluorescence (Fo) before application and subsequent
continuous presence (indicated by the white bar on top) of SSRIs or progesterone (2 pM) at t = 0. (C) Mean (£SD) maximal amplitude of Ca®"

evoked by buffer (control), progesterone and SSRIs (n = 12). *P < 0.05; **P < 0.001; ****P < 0.00001| versus control.
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Figure 2. The action of selective serotonin reuptake inhibitors (SSRIs) on progesterone- and prostaglandin El-evoked Ca”* in-
flux in human sperm. Representative Ca”" signals in human sperm evoked by progesterone (A) or PGE| (B) in the absence (control) and pres-

ence of SSRIs (10 pM); sperm were incubated for >5min with SSRIs prior

to stimulation with progesterone or PGEI. (C and D): Mean (£SD)

maximal signal amplitude evoked by progesterone (C) and PGE| (D) in the presence of SSRIs relative to that evoked in their absence (control, set to

I) (n=6); *P < 0.05; *P < 0.001; ****P < 0.00001 versus control.

by PGEI more potently and/or efficaciously compared to that evoked
by progesterone. Particularly, at 10uM, Sertraline inhibited the PGEI
and progesterone response by 8048% and 31 4 2%, respectively
(Fig. 2D; n=6). Altogether, we conclude that SSRIs have a complex ac-
tion in human sperm: at 10 puM; some SSRIs evoke Ca®* signals on their
own, whereas others, such as Sertraline, decrease [Ca”]i. Moreover,
some, but not all, SSRIs also inhibit Ca*" influx via CatSper. We de-
cided to investigate the action of Sertraline on human CatSper in more

detail.

The SSRI sertraline directly inhibits human
CatSper
At first, we analyzed the action of Sertraline alone on [Ca®*]; over

a broad range of concentrations (Fig. 3A and B). At >0.3uM,
Sertraline caused a small, transient Ca®" increase. [Ca®>*]; peaked

and returned to basal levels within about 200s. The signal ampli-
tude grew with increasing concentrations, saturated at about
3uM, and decreased again. Only at 10uM, Sertraline caused a
small sustained [Ca®']; decrease. The mechanism(s) underlying
the complex, yet, small Sertraline-evoked changes in [CaH]i are
unclear but are reminiscent of the [Ca*"]; changes evoked by
other drugs that inhibit CatSper, such as RUI968 (Rennhack
et al., 2018) or H89 (Wang et al., 2020). Next, we studied prosta-
glandin- and steroid-evoked Ca®" influx in sperm incubated with
different concentrations of Sertraline (Fig. 3C—H). Of note, to cor-
rect for sertraline-induced differences in the baseline prior to the
application of the hormones (Fig. 3A and C), we depicted and an-
alyzed the prostaglandin- or steroid-evoked increases in fluores-
cence relative to the baseline right before their application
(compare Fig. 3C and D). Sertraline slowed down and almost
completely suppressed the Ca®" signals evoked by PGEI and
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Figure 3. Inhibition of prostaglandin- and- steroid-evoked Ca”* signals by Sertraline. (A) Representative Ca®" signals in human sperm
evoked by increasing concentrations of Sertraline. (B) Mean (£SD) maximal signal amplitudes evoked by Sertraline (n=20). (C) Representative
Ca** signals evoked in human sperm by Sertraline as shown in (A) and by a subsequent stimulation with PGE|. (D-G) Representative Ca*" signals
evoked by PGE| (D) PGE2 (E), progesterone (F), and testosterone (G) in the absence (control, 0 uM) and presence of different concentrations of
Sertraline; (D) shows the PGE|-evoked signals from (C), yet, normalized to the mean basal fluorescence right before application of PGEI. The
PGE2-, progesterone- and testosterone-evoked signals were processed and analyzed similarly. (H) Dose—response relation for the mean (£SD) max-
imal signal amplitudes within the first 200s after stimulation (n = 6). The amplitudes were normalized to that evoked in the absence of Sertraline (set
to 100); the dose—response curves were fitted restraining the top and bottom values to 100 and 0, respectively. |Csg value (& standard error of the
fit): 4.62 £ .18 pM for PGEI, 5.6 £ 1.27 pM for PGE2, 16.19 & |.16 uM for progesterone and 19.61 £ 1.10 pM for testosterone.
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Figure 4. Inhibition of alkaline-evoked Ca”* signals by Sertraline. (A) Representative Ca>" signals in sperm incubated for 10 min in the ab-
sence (control, left panel) and presence (right panel) of Sertraline (10 uM) evoked by stimulation with different concentrations of NH,Cl. (B) Ca*"
signals evoked by NH,4Cl in the absence (0 uM) and presence of different concentrations of Sertraline. (C) Dose—response relation for the mean
(£SD) maximal signal amplitudes within the first 200s after stimulation (n= 4). The amplitudes were normalized to that evoked in the absence of
Sertraline (set to 100). The dose—response curve was fitted restraining the top and bottom values to 100 and 0, respectively. |Csq (f=standard error
of the fit): | .54 1.05pM.

PGE2 with a half-maximal inhibitory concentration (ICsp) of
4.62+1.18uM and 5.61 £ 1.27 pM (n =6), respectively (Fig. 3C-
E and H). The drug also slowed down and attenuated the Ca®"
responses evoked by progesterone and testosterone (Fig. 3F—H).
However, Sertraline inhibited the steroid responses only at

concentrations >10uM; at 30 uM, Sertraline attenuated the first
transient signal phase by 72+7% (n=46). Fitting the dose—re-
sponse relation vyielded an ICsq of [6.19+1.16 M and
[9.61 £ 1.10 uM for the inhibition of the progesterone and testos-
terone response, respectively (Fig. 3H). Sertraline thus inhibits

220z Aieniga4 91 uo Jasn aasuss) ap AlsisAlun Aq 64879£9/8£92/01/9€ /80 daiwny/woo dno olwapede//:sdiy Wol) papeojumod]



Human CatSper is inhibited by Sertraline

2643

I (pA)

A NaDVF B
300 4
200 4
: 100 o
+Sertraline
V (mV)

< -100 A

1
~ 50 ms -200 -

C 10g===aax
@
b=
2
=
E
m
0.5+
5
(]
50 100 150 ¢
—s—HS ©
- i " oo I
—a&— +Sertraline (20uM) 0.0 -

Figure 5. Inhibition of CatSper-mediated membrane currents by Sertraline. (A) Representative whole-cell CatSper currents recorded
from a human sperm cell at pH; 7.3 in Na™-based divalent-free extracellular solution (NaDVF) and during perfusion with NaDVF containing Sertraline
(20 pM). Currents were evoked by stepping the membrane voltage from —100 to + 150 mV (in steps of 10 mV) from a holding potential of 0 mV. (B)
Steady-state current-voltage relationships from (A), including leak currents recorded as a control in extracellular solution containing Mg*™ and Ca*"
(HS) (€) Mean (£ SD) amplitude of CatSper currents at + 00 mV in the presence of Sertraline relative to that in its absence (set to |) (n=3).
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Figure 6. Action of Sertraline on progesterone- and prostaglandin El-induced acrosomal exocytosis and on sperm penetration
into viscous media. (A) Percentage (&SD) of live acrosome-reacted human sperm in the absence (DMSO, spontaneous acrosome reaction) and
presence of progesterone (10 uM), PGEI (5 uM), Sertraline (10 uM), ionomycin (10 uM), progesterone + Sertraline and PGEI + Sertraline (n > 7).
(B) Paired plots of the number of sperm at a penetration distance of | cm in the absence (DMSO) and presence of progesterone (10 uM), PGEI
(5 uM) or Sertraline (10 pM); paired plots of sperm number in the presence of progesterone/PGE| and Sertraline + progesterone/PGEI (n>5).
*P < 0.05, *P < 0.001, versus control, o * < 0.05, significantly different from progesterone, *B3 < 0.05, significantly different from PGE|.

prostaglandin-evoked Ca?" influx via CatSper with about four-fold
higher potency than the steroid-induced influx. The inhibitory ac-
tion of the drug was similar in capacitated sperm (Supplementary
Fig. S2). Next, we studied whether Sertraline also inhibits
CatSper-mediated Ca®" influx evoked by intracellular alkalization,
using NH4Cl. Sertraline slowed down and almost completely sup-
pressed Ca?t signals evoked by <I0mM NH4CI (Fig. 4A and B).
The 1Cso value for the inhibition of signals evoked by 10mM
NH4Cl was I1.5£1.13uM (n=4) (Fig. 4C). Finally, we studied
whether Sertraline inhibits CatSper-mediated membrane currents

recorded in human sperm by whole-cell patch clamping (Fig. 5). In
an extracellular solution containing Ca®™ and Mg®" (HS solution),
stepping the membrane voltage from —100mV to +150mV with
increments of |0 mV from a holding potential of 0 mV evoked only
minuscule currents (Fig. 5B, HS). Upon superfusion with Na'-
based divalent-free solution (NaDVF solution), the prototypical
monovalent CatSper currents were recorded (Fig. 5A and B;
NaDVF). Sertraline (20 uM) almost completely suppressed cur-
rents carried by CatSper (Fig. 5A—C). Moreover, Sertraline also
suppressed CatSper currents evoked in the presence of
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progesterone or PGEI (Supplementary Fig. S3). In summary,
Sertraline inhibits ligand-, alkaline-, and voltage-activation of
CatSper, indicating that the drug directly blocks CatSper.

Sertraline attenuates progesterone- and
PGEI-induced acrosomal exocytosis and
reduces the penetration of human sperm
into viscous media

Using an image cytometer-based assay (Egeberg Palme et al., 2018),
we studied the action of Sertraline on progesterone- and
exocytosis in
Progesterone and PGEI increased the fraction of acrosome reacted

sperm by [.70£0.93- and 1.441+0.93-fold (n>7), respectively
(Fig. 6A\). Sertraline alone did not induce acrosomal exocytosis, but

prostaglandin-evoked  acrosomal human  sperm.

strongly attenuated acrosomal exocytosis evoked by progesterone and
PGE!I (Fig. 6A).

Moreover, using a modified Kremer’s test, we assessed the penetra-
tion of sperm into viscous media. Progesterone increased the number
of sperm at a penetration distance of |cm by 1.50£0.52 fold
(Fig. 6B). PGEI also slightly increased the number of penetrating sperm
(Fig. 6B); the increase was, however, not statistically significant.
Sertraline alone decreased the number of penetrating sperm by
0.33 £ 0.22-fold and suppressed the action of progesterone and PGEI
(Fig. 6B). We wondered whether Sertraline affects the basal motility
parameters of human sperm, which might explain the drug’s action in
Kremer’s test. To this end, the swimming behavior of sperm before
and after application of Sertraline (10 M) was analyzed, using standard
computer-assisted sperm analysis. Incubation of sperm for |5 or
60 min with Sertraline did neither affect the fraction of motile sperm
nor their kinematics (Supplementary Fig. S4); the drug seemed to
slightly decrease some parameters such as spontaneous hyperactiva-
tion, but this decrease was not statistically significant. Thus, the sup-
pression of viscous-media penetration by Sertraline is rather not due
to impaired basal motility. Of note, the currently most specific and
best-characterized CatSper-inhibitor RU1968 has a similar action in
the Kremer test (see Rennhack et al., 2018). Altogether, we conclude
that inhibition of CatSper by Sertraline affects viscous-media penetra-
tion and acrosomal exocytosis of human sperm.

Discussion

Female ligands released into the genital tract assist the sperm to locate
and fertilize the egg by controlling the activity of CatSper (Schaefer
et al, 1998; Harper et al, 2004; Oren-Benaroya et al, 2008;
Publicover et al., 2008; Baldi et al., 2009; Kilic et al., 2009; Alasmari
et al, 2013; Schiffer et al, 2014; Tamburrino et al., 2014, 2015;
Rennhack et al., 2018; Rehfeld, 2020). This renders CatSper a central
signaling node required for sperm function and fertilization (Kaupp and
Striinker, 2017; Rahban and Nef, 2020; Wang et al., 2021). Mutations
or deletions of CATSPER genes leading to loss of CatSper function are
associated with male infertility (Avidan et al, 2003; Avenarius et al.,
2009; Hildebrand et al., 2010; Smith et al., 2013; Jaiswal et al., 2014;
Williams et al., 2015; Brown et al, 2018; Luo et al., 2019; Schiffer
et al., 2020). In the past decade, a series of studies, including our own,
revealed that CatSper is affected by synthetic chemicals including

EDCs, odorants as well as diverse compounds used to manipulate
enzymes, receptors, and ion channels (Lishko et al, 201 1; Striinker
et al., 201 1; Brenker et al., 2012; Tavares et al., 2013; Schiffer et al.,
2014; Rehfeld et al., 2016, 2017; Brenker et al., 2018; Rennhack et al.,
2018; McBrinn et al., 2019; Wang et al., 2020; Zhang et al., 2020).
The chemicals act as full or partial CatSper agonists, inhibitors, or fea-
ture rather a dual agonistic and inhibitory action at low and high con-
centrations, respectively. This demonstrates that the pharmacology of
CatSper is highly complex, involving several so far unknown activator-
and inhibitor-binding sites, which might be allosterically coupled. It
seems that some drugs can bind to more than one of these binding
sites at the same time, leading to complex pharmacological effects on
CatSper and, thereby, [Ca*']; (see, e.g., Rennhacket dl., 2018; Wang
et al., 2020).

We show that the list of synthetic, non-physiological CatSper modu-
lators also includes common drugs like SSRIs. These drugs have been
on the market for decades and their toxicity profile, as well as their
therapeutic window, is well known. Although there is no doubt about
the safety of these drugs, our findings suggest that Sertraline and per-
haps other SSRIs might have side effects that have thus far been unex-
plored. The drug's action on CatSper impairs sperm function and
might thereby iatrogenically disturb the fertilization process in vivo, low-
ering the fecundity of males, females, or both. Among other factors,
such previously unexplored side effects of commonly used drugs might
be involved in the adverse trends in human reproduction and increas-
ing demand for assisted reproduction (Skakkebaek et al., 2016).
Supporting this notion, previous studies suggested that SSRIs reduce
male fertility by affecting semen quality (reviewed by Norr et al., 2016;
Sylvester et al, 2019; Beeder and Samplaski, 2020). Treatment of
rodents with SSRIs reduced the sperm count, sperm motility, testicular
weight, length of seminiferous tubules, and, thereby, male fertility
(Bataineh and Daradka, 2007; Attia, and Bakheet, 2013; Monteiro
Filho et al., 2014; Galal et al, 2016; Lyons et al, 2016; Atli et dl,
2017). In men, intake of SSRIs was associated with reduced sperm
concentration, a higher number of morphologically abnormal sperm,
and an increase in DNA fragmentation. In most of these studies, re-
covery of normal semen parameters was observed upon cessation of
SSRI intake (Kumar et al, 2006; Tanrikut and Schlegel, 2007;
Safarinejad, 2008; Tanrikut et al., 2010; Koyuncu et al., 201 I; Relwani
et al., 201 |; Akasheh et al., 2014; Elnazer and Baldwin, 2014; Beeder
and Samplaski, 2020). Whether the intake of SSRIs affects female fertil-
ity and/or IVF success is unclear and, in fact, a much-debated question
(Klock et al., 2004; Friedman et al., 2009; Domar et dl., 2013; Casilla-
Lennon et al., 2016; Evans-Hoeker et al., 2018; Sylvester et al., 2019).

An important question concerns whether the results from our
in vitro study are indeed of pharmacological relevance in vivo. Sertraline
inhibits CatSper at concentration >0.3 uM and, thus, at pharmacologi-
cally relevant concentrations reached in body fluids: on average, peak
plasma concentrations of ~400nM were determined after oral admin-
istration of 200 mg Sertraline (DeVane, 1999; DeVane et al., 2002;
Hiemke et al., 2011). The tissue concentration of the drug, e.g., in the
lung, heart, and brain, can be more than 20-fold higher than in plasma
and might, thus, reach several micromolar (DeVane, 1999; DeVane
et al., 2002; Reis et al., 2007; Hiemke et al., 201 |; Lewis et al., 2013;
Nedahl et al., 2018). To experimentally assess whether Sertraline and
other SSRIs might indeed disturb sperm function and fertilization
in vivo, quantitative data regarding their concentration in reproductive
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fluids are required. To our knowledge, the concentration of Sertraline
and other SSRIs in seminal, oviductal and/or follicular fluid is unknown.
Most importantly, we need to study the action of the drugs on sperm
under conditions that experimentally mimic the complex chemical, to-
pographical and hydrodynamic landscapes of the female genital tract—
a challenging task that has not yet been accomplished (Suarez and
Pacey, 2006; Suarez, 2008; Kirkman-Brown and Smith, 201 |; Miki and
Clapham, 2013). In addition, animal models, such as primates, might
be used to assess whether and how the action of the drugs on sperm
might affect the fecundity of males and/or females.

The molecular mechanism underlying the inhibition of CatSper by
Sertraline remains to be elucidated. CatSper activation by alkaline pH;
and depolarization of the membrane potential does not involve a ligand-
binding site. This indicates that Sertraline directly binds to an inhibitory
binding site on the CatSper-channel complex. The finding that the SSRI
suppresses more potently prostaglandin- versus steroid-induced Ca*
influx via CatSper might reflect the different mechanisms of action of
these molecules. It has been proposed that steroids activate human
CatSper via the receptor alpha/beta hydrolase domain-containing pro-
tein 2 (ABHD2) (Miller et al., 2016). The mechanism of CatSper activa-
tion by prostaglandins is, however, unknown, but does not involve
ABHD2 or the classical G-protein coupled prostaglandin receptors
(Schaefer et al., 1998; Lishko et al., 201 I; Striinker et al., 201 |; Brenker
et al., 2012; Miller et al., 2016). The specific role and interplay of ste-
roids and prostaglandins, which activate CatSper highly synergistically
(Brenker et al., 2018), during fertilization, has not yet been fully estab-
lished (Baldi et al, 2009). In this regard, Sertraline with its higher po-
tency to inhibit prostaglandin versus steroid responses might serve as a
tool in future studies aimed at deciphering the mechanism of prostaglan-
din and steroid control of Ca®" signaling in human sperm.

Previous studies identified several drugs that inhibit human CatSper
(Lishko et al., 2011; Strinker et al, 2011; Brenker et al, 2012;
Rennhack et al., 2018), and at the same time the sperm-specific Kt
channel Slo3 (Navarro et al., 2007; Carlson et al., 2009; Brenker et al.,
2014; Mansell et al., 2014), the principal K™ channel in mouse (Santi
et al., 2010; Zeng et al, 2011) and human sperm (Brenker et dl.,
2014). Sertraline also inhibits human Slo3 (Supplementary Fig. S5), indi-
cating that the off-target action of SSRIs in human sperm involves not
only CatSper but also Slo3, which is thought to indirectly control the
activity of CatSper (Kaupp and Striinker, 2017).

The results presented here on SSRIs are the first example of the po-
tential impact of commonly used drugs on sperm function. Systematic
studies assessing the action of other types of pharmaceuticals on
CatSper and human sperm are required to evaluate their potential ad-
verse effects on fertilization. Such an approach might also identify tools
to study sperm physiology or lead structures to develop male
contraceptives.

Supplementary data

Supplementary data are available at Human Reproduction online.
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