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Abstract

Introduction: Spermatozoa are rapidly changing cellular structures that are highly dependent on their interaction with the environ-
ment. These interactions cause fundamental changes in the spermatozoa’s cells and membrane.

All physiological changes that a spermatozoon goes through are required for fertilization. One of the proteins that are essential for the
physiological processes in the spermatozoon membrane is the testicular angiotensin-converting enzyme (tACE). In human ejaculated
spermatozoa, tACE is found on sperm plasma membrane in the head, neck, and midpiece of the tail having an active role in the capaci-
tation and acrosome reaction.

Aim: Immuno-histochemical and fluorescent testing of the testicular isoform of the angiotensin-converting enzyme during spermio-
genesis and acrosome membrane of spermatozoa.

Materials and methods: Testis biopsies from infertile males have used immunohistochemical testing and fixed spermatozoa for the
immunofluorescence assay of tACE.

Results: The immunohistochemical test showed tACE expression during spermiogenesis and its participation in the stages of spermatid
differentiation in the testis. The immunofluorescent test follows the manifestation of tACE in untreated, capacitated, and acrosome-
reacting spermatozoa. In the process of capacitation and acrosome reaction, we found considerable dynamics accompanied by a change
in the expression of tACE on the sperm membrane.

Conclusions: tACE expression during spermiogenesis and its visualization in the acrosome region confirms the active role of the en-
zyme in the processes of maturation, capacitation, and acrosome reaction, which determines the enzyme as a reliable marker for the
selection of quality spermatozoa in assisted reproduction.
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INTRODUCTION

Infertility is a worldwide reproductive health problem. It
is estimated to affect about 15% of couples globally, with
men being responsible for approximately half of the cas-
es.ll] Male infertility is frequently caused by problems with
the quality of the spermatozoon, which are most common-
ly manifested by low sperm motility and morphological
deviations in the sperm, which prevent spermatozoa from
carrying out the required movements and penetrating the
ovum.?! One of the enzymes participating in all processes
of maturation and realization of spermatozoa is the testicu-
lar isoform of angiotensin-I-converting enzyme (tACE). In
humans, ACE is isolated in two isoforms which are coded
by one gene, somatic ACE and germinal or testicular ACE
(tACE).P?!

Fertility was reduced in experimental animals with
genetically manipulated tACE, demonstrating the enzyme’s
role in the male reproductive system and its importance for
fertilization.[!

AIM

The aim of this study was to assess tACE immunohisto-
chemical expression during spermiogenesis and tACE
participation in the stages of spermatid differentiation in
biopsy specimens from infertile men’s testes, as well as im-
munofluorescent analyses of the enzyme expression in un-
treated, capacitated, and acrosome-reacted spermatozoa in
the studied groups.

MATERIALS AND METHODS

Group formation

Testicular biopsies from patients with a history of reproduc-
tive disorders and azoospermia were included in this study
by testicular sperm extraction (TESE). The study included
24 men with reproductive disorders (age range 21-42 years).

The three groups into which the biopsy material was dis-
tributed were as follows: group 1: intact membrane propria
(MP) and preserved spermatogenesis, group 2: reduced
expression of tACE and increased amount of extracellular
matrix (ECM) between the layers of myofibroblasts in the
MP, and group 3: reduced expression of tACE and pres-
ence of two layers of myofibroblasts and thickened ECM
between them.[¥)

Semen collection and analysis

Semen samples were taken from the men with reproductive
disorders. Part of the semen sample was used for the assess-
ment of sperm parameters with computer-assisted sperm
analysis (CASA system, Microptic, Barcelona, Spain)

according to the World Health Organization (WHO) cri-
teria: normozoospermic (n=31 men), teratozoospermic
(n=24 patients).*!

Processing of ejaculate

Ejaculated sperm was processed using the method de-
scribed previously.l The ejaculated spermatozoa were
washed with phosphate buffered saline (PBS) to a concen-
tration of 5x10° cells/mL. One part from untreated ejac-
ulated sperm was used immediately after the procedure:
20 pL of this sperm was placed on slides which were al-
lowed to air-dry. The capacitation medium (Ferti Cult,
Ferti Pro, Belgium) was added to another part of the sam-
ple from untreated sperm. This was then placed in an in-
cubator for 1 hour at a temperature of 37°C and 5% CO.,,.
20 uL was taken from the surface fraction using the swim-
up method and dropped on slides and left to air-dry. The
protocol described by Gianzo et al. was applied for the
sperm capacitation from normal and pathological semen
samples.”) Calcium ionophore A23187 (sc-3591, Santa
Cruz Biotechnology, Inc., Texas, USA) was added to a final
concentration of 20 uL to stimulate acrosome reaction and
placed back in an incubator for 1 hour. Then the samples
were taken out of the incubator, some material was taken
from the surface layer, dropped 20 pL from it on glass slides
and let them air-dry. For fixation, ice methanol was applied
for 20 minutes and then air-dried. The fixed material was
stored in a refrigerator at 4°C for up to 3 months.

Immunohistochemistry

Immunohistochemical staining was performed on forma-
lin fixed, paraffin-embedded 5-um sections following anti-
gen retrieval, endogenous biotin, and peroxidase block, fol-
lowed by incubation with anti-goat ACE - 1:300 (sc-12187,
Santa Cruz Biotechnology Inc. USA), then incubated with
secondary antibody: biotinylated anti-goat (No. AGL015
ScyTek., USA) for 10 minutes. The reaction was visualized
with 3,3’-diaminobenzidine tetrachloride (DAB, ScyTek
Lab. Inc., USA); counterstaining was performed with May-
er’s hematoxylin.

Immunofluorescence

Sperm samples were fixed in 4% paraformaldehyde and
treated with 0.5% Triton X-100 for 10 minutes. The sperm
was blocked with 10% BSA for 1 hour and incubated with
primary antibody ACE (sc-12187, Santa Cruz Biotechnolo-
gy, Inc) diluted to 1:500 in 1% BSA in PBS overnight at 4°C,
which was followed by incubation with goat anti-rabbit IgG
Alexa Fluor-568, (ab-175470, Abcam). After washing, the
slides were mounted using Vecta shield mounting medium
with DAPI (Vector Lab., Burlingame, CA, USA). The sam-
ples were examined with a laser scanning confocal micro-
scope Leica TCS SPE (Leica Microsystems GmbH, 35578
Wetzlar, Germany).
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Morphometric analysis of sperm

Intensity was measured in arbitrary units (AU) for tACE
head sperm on at least 100 cells from each patient group.
The measurements were performed using the DP-Soft v.
3.2 (Olympus, Japan).

Statistical analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics (v. 25); P values of less than 0.05 were considered
to indicate statistical significance. We used the Spearman’s
coeflicient test, the independent #-test, and the paired sam-
ples test.

RESULTS

Cellular localization of tACE in human
testes

The present tACE immunoreaction in the seminiferous
tubules in the testis showed normal spermatogenesis;
spermatogonium (white arrow), pre-leptotene spermato-
cytes (red arrow), pachytene spermatocytes (black arrow)
(Fig. 1A). The results from the immunohistochemical anal-
ysis confirmed that tACE is found mainly in round (blue

TACE-Marker Sperm Quality

arrow) and elongated spermatids (green arrow) (Fig. 1A).
In groups 2 (Fig. 1B) and 3 (Fig. 1C), there is predominant
visualization of tACE in round spermatids (black arrow,
blue arrow).

In comparison to the intact MP and preserved sper-
matogenesis (group 1), the intensity of the tACE immuno-
reaction of the reduced expression of tACE and increased
amount of ECM between the layers of myofibroblasts in the
MP (group 2) was significantly lower (p<0.001) (Fig. 2).
The morphometric analysis revealed that the intensity of
tACE immunoreaction in the reduced expression of tACE
and presence of two layers of myofibroblasts and thickened
ECM between them (group 3) was significantly lower, as
compared to the one observed in the group of preserved
spermatogenesis (group 1) (p<0.001).

Correlation analysis

The analysis of correlations between the sperm indicators
and the intensity (AU) of tACE in spermatozoa (Table 1)
shows that there is a strong negative correlation between
morphology, vitality, and progressively motile spermatozoa
(PR) (p<0.01) in the three studied groups (AU-ejaculated,
AU-capacitated, AU-AR). In measuring the percentage of
spermatozoa expressing tACE, a strong positive correlation
was found between the indicators of immobile spermato-
zoa (IM) and the defects in the head and neck segment
(p<0.01) in all three groups.

Figure 1. Photomicrographs of tACE immunoreaction in the testis.
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Figure 2. Intensity of tACE in the testis. *** p<0.001
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Table 1. Correlation analysis between sperm indicators and intensity (AU) of tACE and the percentage of spermatozoa expressing tACE

for normozoospermic and teratozoospermic patients (n=>5 patients)

AU-acrosome

AU-ejaculated  AU-capacitated

% acrosome

% ejaculated % capacitated

reacted reacted
Concentration -0.287" —-0.269" -0.254 0.394" 0.421" 0.297"
PR% -0.583" —-0.483" —-0.458" 0.684" 0.525" 0.574"
NP% -0.191 —-0.349™ -0.229 0.327 0.296" 0.274
IM% 0.6117 0.556" 0.518" -0.724" -0.581" -0.595"
Morphology -0.752" -0.724" -0.703" 0.842" 0.667" 0.728"
Head defect 0.660" 0.767" 0.653" -0.837" -0.701" -0.705™
Neck 0.693" 0.723" 0.597" -0.836" -0.782" -0.705"
Vitality -0.617" -0.706" -0.559" 0.813" 0.656" 0.715"
Age 0.059 0.103 0.054 -0.177 —-0.090 -0.013

Note: The table shows Spearman’s rho. *p<0.05 and **p<0.01

Taking into account the performed correlation analysis
between the sperm indicators and the percentage of sperma-
tozoa expressing tACE (Table 1), we found that there is al-
most the same correlational strength among them, but it is of
a different type, i.e., with reverse direction, from the correla-
tion between the sperm indicators and the intensity (AU).

Determination of ACE intensity in sperm

The immunofluorescent analysis of the intensity of tACE
expression shows that the intensity in the immunofluo-
rescent signal is stronger with the spermatozoa from the

normozoospermic group in comparison to those with
teratozoospermia. The results from the tACE expression
can likely be accounted for by the enzyme in the infertile
groups being located predominantly in certain areas, while
in those with normozoospermia, it is evenly distributed in
the acrosome membrane (Fig. 3).

DISCUSSION

Spermatozoa develop in the testes undergoing a series of
genetic and morphological transformations, processes such

Ejaculated

Normozoospermia

Teratozoospermia

Capacitated

Acrosome reacted

C

Figure 3. Comparative measurement of intensity (AU) in sperm (scale bar, 5 um and 10 pum).
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as maturation, capacitation, acrosome reaction, and, of
course, movement.'®/ The working hypothesis of the pres-
ent study is that the expression of essential proteins in the
sperm membrane and their relocation during the capacita-
tion process and their release during the acrosome reaction
underlies the ability of spermatozoa to participate in fertil-
ization followed by the development of a quality embryo.

In the present study, we analyzed tACE expression in
the sperm membrane of spermatozoa classified as normo-
zoospermic and teratozoospermic as compared to the one
of ejaculated, capacitated spermatozoa and those with ac-
rosome reaction and in correlation with the fertile status
of man.

The immunohistochemical analysis conducted by us
confirms the established tACE expression in testes but also
shows an expression pattern correlating with the degree of
thickening of the canal walls and the change in the expres-
sion intensity in the groups with impaired reproduction
(Table 1).

The change in the intensity of tACE expression may be
due to various factors such as reduced androgen regulation,
the influence of environmental factors causing elevated lev-
els of free radicals, and oxidative stress expressed in mor-
phological changes including reduced spermatogenesis and
impaired organization of germ cells.”!

The research done proves tACE and a positive relation-
ship between sperm motility and fertilization success.[®!%]
The statistical analysis found that the reduced expression
of tACE in humans is associated with reproductive dis-
orders, abnormal sperm morphology, which can result in
reduced fertility.

The percentage of spermatozoa expressing tACE in the
processes of capacitation and acrosome reaction is also
reported as higher in normozoospermic spermatozoa in
comparison to those in the groups with reduced fertile abil-
ity. tACE is not found in the acrosome and postacrosome
region of normozoospermic AR spermatozoa but is still
visible in the equatorial region and neck.

Analyzing immunofluorescence expression, we discov-
ered that it was found primarily in a specific area of the
membrane in pathological spermatozoa, as opposed to
normozoospermic spermatozoa, which had a uniform
distribution of the signal in the acrosome of the sperma-
tozoon. Nikolaeva et al. also report a uniform distribu-
tion (ejaculated and capacitated sperm) with the help of
self-generated monoclonal antibodies.!!!!

The role of tACE in the acrosome, neck, and mid-piece
of the tail of the spermatozoa is well established — tACE par-
ticipates there in the hydrolysis of Ang I into Ang II, Ang II
expressing its activity through its receptors AT1 and AT2.!?!

The tACE/Ang II - AT1 axis exerts influence on the
spermatozoa motility thus stimulating the processes of ox-
idative phosphorylation through the membrane NADPH
oxidase which is the main source for ROS generating.!*!

The immunofluorescent tACE expression found by us
presupposed appropriate positioning and participation
of tACE in signaling which influences the secondary ac-

TACE-Marker Sperm Quality

tivation of Ca?*, necessary for activation of key acrosome
proteins.[14]

The established continuing tACE visualization in the
equatorial region presumes its participation in the conver-
sion of Ang I into Ang IT, which is known to have a prolifer-
ative effect and stimulates growth factors necessary for the
early development of the embryo.!”)

On the other hand, the poor expression or lack of
enzyme expression is linked to early and late influence on
the developing embryo by some authors. In a recent study,
Gianzo et al. evaluated the relationship between tACE and
the quality of the embryo and found that specimens with
a lower percentage of tACE expression in spermatozoa are
linked to poorer quality embryos.1]

The location in a highly reactive area such as the equato-
rial one probably determines the tACE ability to participate
in signal-transduction processes in both directions both on
the cell membrane and on the inner side coming into con-
tact with the proteins on the internal cellular membrane.!'”]

Dynamic rearrangement of proteins and in particular
tACE in capacitation, proves its role in the fertilization
process.!14]

CONCLUSIONS

The main contribution of this study is in the summary of
our data related to the role of tACE in spermatogenesis,
in the process of capacitation and AR, and its role in male
sterility.

These studies have also reported that tACE is a prom-
ising male infertility biomarker and the clinical assays for
tACE have the potential to replace diagnostic testicular
biopsies and help in the prediction of outcome of sperm
retrieval procedures thereby increasing the reliability and
success of assisted reproduction techniques.
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Pe3lomMme

BeepieHmne: CriepMaTo30MIbI NPENCTABIAIOT CO00JT OBICTPO MEHSAIONIMEC KIETOUHbIE CTPYKTYPBI, KOTOPbIe CUIBHO 3aBUCAT OT UX
B3aJMIMOJIEIICTBIA C OKPY’KaIolllel Cpefoil. DTV B3aMMOMIEICTBIA BbISbIBAIOT (YH/IaMeHTa/IbHbIe U3MEHEeHMA B KJIeTKaX U MeMOpaHax
CIIepMaTO30M/I0B.

Bce ¢usmonornyeckue n3MeHEHMs, KOTOPbIEe PETEPIIEBAET CIIEPMATO30M], HEOOXOMMMBI ISl OIUIOAOTBOpeHst. OfHUM U3 GEKOB,
HeO6XOUMBIX [T (PU3MOTIOrNIeCKX IPOLIeCCOB B MeMOpaHe CliepMaTo30M/a, SB/IAETCS AHIVIOTEH3MHITPEBPAIAIOINiT pepMeHT ce-
MeHHMKOB (tACE). B asakynmupoBaHHbIX criepMaTo3onfax yenoseka tACE oOHapy»xmBaeTcs Ha IIa3MaTIyecKoii MeMOpaHe cliepMaro-
301/]0B B TOTIOBKE, IlIee 11 CPefHEell YacTV XBOCTA, UTPasA AKTUBHYIO PO/Ib B KANIaIIMTAIMI ¥ aKPOCOMHO peaKIu.

LUenb: ViMmyHo-rcTOXMMMYecKoe 1 (QIyopecLeHTHOe MCCIefoBaHMe TeCTUKY/PHON M30(MOPMbI aHTMOTEH3MHIIPEBPAILAIOLIEro
depMeHTa B IIpoliecce ClIepMUOTeHe3a 1 aKpPOCOMHOJ MeMOPaHbI CLIEPMATO30U/[OB.

Matepuanb! n MeToAbl: B 6uonTaTax Andex 6eCIUIONHBIX MY>KUVH MCIOIb30BA/IN MIMMYHOTMCTOXMMIIECKOE MCCIeloBaHMe M (UK-
CMPOBaHHBIE CIIEPMATO30MABI /1A MMMYHOdIIyopecieHTHOro aHamm3a tACE.

Pesynbtatbl: VimMyHOrMcToXnmmdeckuii Tect BpiABmI akcpeccuto tACE B mpolecce criepMuoreHesa 1 €ro y4actue B CTagmax anud-
(bepeHILPOBKY CIIepMATI], B CeMeHHNKe. VIMMyHO(IyopecIieHTHBIII TeCT OTc/IexxuBaet nposisiaenne tACE B HeoO6paboTaHHBIX, Kalla-
LIUTMPOBAHHBIX ) PEArNPYIOLINX Ha aKPOCOMBI CIIEpPMAaTO30M/aX. B mporjecce kamanuranmm 1 akpocOMHOIT peaKI{iy Mbl 0OHAPYKIIN
3HAYUTENTBHYIO AMHAMIKY, COIIPOBOXAAIOIIYIOCA n3MeHeHeM skcrpeccun tACE Ha MemOpaHe criepmus.

3akntoueHue: Sxcrpeccus tACE B xofie cliepMyoreHesa 11 €ro BU3yaanu3alsa B aKpOCOMHOIT 06/1acTU HOATBEP)KAAeT aKTUBHYIO POJIb
(depMeHTa B IpoLleccax cO3peBaHMs, KallalUTaIlMY M aKPOCOMHOIT PeaKIu, 4To onpefernseT hepMeHT KaK HafI&KHbII MapKep 0T6opa
KayeCTBEHHBIX CIIepMaTO30MI0B IIPY BCIIOMOTATeTbHOI PeIPOyKIVIN.

KniwoueBble cnoBa

aKpOCOMa, OTIOFOTBOPEHNE, CTePIIbHOCTD, criepMaTo3onbl, tACE
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