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Abstract 
The aim of this study was to characterize the testicular isoform of angioten-
sin-converting enzyme (tACE) before and after semen cryopreservation, and 
in the acrosome reaction of sperm from Nelore bulls in vitro. Ejaculates of 10 
sexually mature Nelore bulls were used. After semen was collected, 1.0 mL of 
the ejaculate was used for the analysis and the rest was subjected to cryopre-
servation. Fresh semen before freezing, and frozen/thawed semen were cen-
trifuged twice and the pellet was resuspended intyrode’s albumin lactate py-
ruvate (TALP). Thereafter, 100 μL aliquots containing 100 × 106 spermatozoa 
were prepared. Aliquots of samples were used for western blot analysis, sub-
jected to capacitation, and thereafter, acrosome reaction assays were per-
formed in vitro. With the help of an anti-ACE monoclonal antibody, a 100 
kDa protein band was identified in the spermatozoa of Nelore bulls. Cryo-
preservation reduced the intensity of the protein bands obtained by western 
blot assay to less than half of that observed prior to freezing (P < 0.05). In-
hibition of ACE by captopril (10 μM), decreased the percentage of capaci-
tated spermatozoa with a positive acrosome reaction (P < 0.05), indicating 
the involvement of ACE in these processes. It is concluded that tACE can be 
found in the spermatozoa of Nelore bulls, and cryopreservation process de-
creases the intensity of bands of this enzyme; and that the inactivation of 
tACE reduces the capacity of spermatozoa to undergo the acrosome reac-
tion. 

How to cite this paper: Almeida, R.G., 
Faria, F.J.C., Furtado, F.H.G., Santos, E.F. 
and Costa, D.S. (2019) Characterization of 
Testicular Angiotensin-Converting Enzyme 
before and after Semen Cryopreservation 
and in the Acrosome Reaction of Spermato-
zoids of Nelore Bulls. Agricultural Sciences, 
10, 518-529. 
https://doi.org/10.4236/as.2019.104041 
 
Received: March 22, 2019 
Accepted: April 16, 2019 
Published: April 19, 2019 
 
Copyright © 2019 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

http://www.scirp.org/journal/as
https://doi.org/10.4236/as.2019.104041
http://www.scirp.org
https://doi.org/10.4236/as.2019.104041
http://creativecommons.org/licenses/by/4.0/


R. G. Almeida et al. 
 

 

DOI: 10.4236/as.2019.104041 519 Agricultural Sciences 

 

Keywords 
Bovine, Semen, Proteomic 

 

1. Introduction 

Angiotensin-converting enzyme (ACE) is a zinc-dependent metalloprotease, 
which is anchored to the plasma membrane and exists in two isoforms. A so-
matic form (sACE150 - 180 kDa) is found in various organs and is involved in 
the control of blood pressure via the renin-angiotensin-aldosterone system. 
sACE converts inactive angiotensin I into angiotensin II, a potent vasoconstric-
tor that also stimulates the release of the hormone aldosterone, which induces 
sodium retention and increases blood pressure. In addition, it enhances this ef-
fect by inhibiting the action of the vasodilator bradykinin [1] [2] [3] [4] [5]. 

The second isoform is of lower molecular weight (110 kDa), although tran-
scribed by the same gene, and is found exclusively in male germ cells; therefore, 
it was designated as a testicular isoform (tACE). This isoform is not expressed in 
animals before puberty, which suggests that hormonal stimulation is required 
for its synthesis [3]. Hypophysectomized rats do not express tACE before pu-
berty; however, animals that receive testosterone, follicle stimulate fol-
licle-stimulating hormone (FSH), and luteinizing hormone (LH) soon after pi-
tuitary withdrawal can synthesize the enzyme, indicating the need for reproduc-
tive hormones in the expression of tACE [6].  

tACE has an important function in the fertilization of the egg by sperm. In 
experiments with ACE-knockout mice, no changes in the number or morpholo-
gy of sperm were observed, although they displayed defects when binding to the 
zonaepellucidae [7]. For fertilization to occur, proteins such as TESP5 and 
PH-20, which are anchored to the spermatozoa by glycosylphosphatidylinositol 
(GPI), need to be released, and this is one of the roles performed by ACE, and 
explains why ACE-knockout mice have impaired fertility [8]. 

Part of ACE is released from spermatozoa during capacitation [9], indicating 
that it is also involved in this process; however, its role remains unclear. Gur et 
al. [10] showed that the activity of angiotensin II on spermatozoa capacitation 
and the acrosome reaction involves the AT1 receptor. This demonstrates the in-
direct action of ACE in these processes, as the enzyme is responsible for the 
conversion of angiotensin I into angiotensin II.  

Several studies have revealed ACE activity in human [11], canine [2], swine 
[12], equine [13], and rodent semen [14]. In a study, Costa and Thundathil [15] 
observed ACE activity in the semen of Holstein bulls, making ACEa candidate 
protein marker of bovine fertility. Thus, the present study was carried out to ve-
rify the immunolocalization of ACE in spermatozoa, to compare its expression 
pattern before and after cryopreservation, and to determine its importance in 
sperm capacitation in Nelore bulls.  
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2. Materials and Methods 
2.1. Animals and Semen Collection 

Semen samples from 10 sexually mature Nelore bulls (Bos taurusindicus) were 
used. Semen was collected by the artificial vagina technique in an artificial inse-
mination center. Only ejaculates with motility greater than 70% and vigour 
greater than three were used. Sperm motility (0% - 100%) and sperm vigour 
(score from 0 to 5) were subjectively assessed by the same technician in at least 
four fields in each sample, and the results were expressed in average of the fields. 

All international guidelines for the care and use of animals for scientific pur-
poses were followed in this experiment. 

2.2. Cryopreservation of Semen 

An ejaculate sample from each bull was diluted in tris-yolk buffer (tris 2.42%, ci-
tric acid 1.36%, fructose 1.0%, glycerol 7.0%, egg yolk 20.0%, and gentamic in 
0.7%) at a concentration of 50 × 106 spermatozoids/mL, and packed in 
0.5mLvials. Samples were frozen using a TK 4000 programmable portable semen 
cryopreservation system (TK Equipamentospara Reprodução, Uberaba, Brazil). 
In this system, the cooling rate was 0.25˚C/min up to 5˚C, where it remained 
constant for 5 hours. Then, the freezing rate was −15˚C /min from 5˚C to 
−80˚C, and then from −10˚C/min to −140˚C. Thereafter, the vials were racked 
and stored in cryogenic cylinders at −196˚C. 

2.3. Preparation of Spermatozoid Pellets 

In order to prepare the fresh semen pellet, a 1.0 mL sample was withdrawn im-
mediately after the ejaculate was collected and centrifuged twice at 700 g for 30 
min (at room temperature) in Tyrode’s albumin lactate pyruvate medium 
(TALP [16]) to remove the seminal plasma. The supernatant was discarded and 
the pellet formed was used for the subsequent analyses.  

To prepare a frozen/thawed semen pellet, 48 hours after of storage in cryo-
genic tanks, 10 vials were thawed in a water bath at 37˚C for 30 s. Then, the se-
men was placed in the same tube and centrifuged twice at 700 g for 30 min with 
TALP to remove the diluent. The supernatant was discarded and the pellet 
formed was used for subsequent analyses. 

Western blot 
To detect ACE in Nelore bull spermatozoa, the pellet concentration was de-

termined after centrifugation with TALP, and protein was extracted from 100 µL 
aliquots containing 100 × 106 spermatozoa with 25 μL Laemmli buffer (4% SDS, 
20% glycerol, 10% DTT, 0.004% bromophenol blue, and 0.125 M Tris HCl, pH 
6.8) and heating at 100˚C for 5 min. The samples were then centrifuged at 
11,200 g for 5 min. 

The supernatant (protein extract) was subjected to SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE 10%) to separate the proteins according to their 
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molecular weights. After 1 h at a constant electric current of 100 V, the proteins 
traversed the entire length of the gel. The gel was then carefully removed from 
the cassette and submerged in 20% ethanol for 10 min to increase transfer effi-
ciency. Proteins were transferred from the gel to a nitrocellulose membrane by 
electrophoresis in a sandwich system with transfer buffer (25 mM Tris, 0.2 M 
glycine, and 20% methyl alcohol, pH 8.5), at a constant voltage of 350 mA. The 
resulting nitrocellulose membranes were stained with 0.2% ponceau in acetic 
acid to determine the effectiveness of the electrotransfer. Subsequently, nonspe-
cific binding sites were blocked with 3% skimmed milk powder, diluted in 
tris-buffered saline + tween 20 medium (TTBS), for 60 min at room tempera-
ture. The membranes were then incubated (overnight at 4˚C) with the primary 
antibody (anti-ACE, clone 2E2, Millipore®, 1:5000 in TTBS). Following overnight 
incubation the membranes were washed three times in TTBS, and incubated 
with secondary antibody (goat anti-mouse IgG, HRP conjugate, Millipore®, 
1:10,000 in TTBS) for 1 h at room temperature. After washing three times with 
TTBS, the protein bands were identified by chemiluminescence [17]. 

To confirm that all samples contained the same amount of protein, another 
gel was prepared using the same samples, and a further western blot was per-
formed using a monoclonal anti-β-tubulin antibody [18]. The pixel density of 
the protein bands was compared with the software Image J 1.40 (ranging be-
tween 0 = anechoic and 255 = hyperechoic); the more protein present in the 
sample, the more hypoechoic the image and the lower the number of pixels. 

ACE was detected in seminal plasma by adding 25 μL of Laemmli buffer to 
100-μL aliquots of plasma diluted in TALP (1:50) and heated at 100˚C for 5 min 
to extract protein. Then, the samples were centrifuged at 11,200 g for 5 min and 
the supernatant was used for western blotting, with the same methodology de-
scribed for spermatozoa.  

2.4. Testing of Sperm Capacitation 

Aliquots of 50 µL containing 200 × 106 spermatozoa were used for each of the 
following treatments for each bull: control group (50 µL of semen + 50 µL of 
SP-TALP), heparin group (50 µL of semen + 49 µL of SP-TALP + 1.0 µL of he-
parin 100 µg/µL), captopril + heparin group (50 µL of semen + 49 µL of 
SP-TALP + 1.0 µL of heparin 100 µg/µL+ 10 µM captopril). The samples were 
incubated in a CO2 incubator at 39˚C for 4 h. Sperm motility and vigour were 
evaluated every hour in each experimental group to evaluate whether capacita-
tion occurred at a similar time for each animal evaluated.  

2.5. Induction of Acrosome Reaction in the Capacitated  
Spermatozoids 

After 4-h incubation, an aliquot of each treatment was incubated for a further 30 
min with L-α-lysophosphatidylcholine (LPC) to induce the acrosome reaction in 
the capacitated spermatozoids [19]. After this period, smears stained with fluo-
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rescein-conjugated Pisumsativum agglutinin (FITC-PSA) were prepared and 
analyzed under an epifluorescence microscope. Cells (200) were counted and the 
percentage of spermatozoa with a green-stained acrosomal region (a positive 
acrosome reaction), was estimated. 

2.6. Statistical Analysis 

The size of the protein bands was subjected to analysis of variance and differ-
ences between groups were compared with a t-test, setting a significance level of 
P < 0.05. The percentage of cells exhibiting a positive acrosome reaction between 
treatments was compared by chi-square test. The level of significance set was P < 
0.05. 

3. Results 
3.1. Western Blot 

The use of a monoclonal anti-ACE antibody revealed at leastone 100-kDa pro-
tein band in the spermatozoid suspension from Nelore bulls. 

The pattern of the pre- (Figure 1(a)) and post-cryopreservation (Figure 1(b)) 
protein bands in semen with the anti-ACE antibody showed that the amount of 
protein was reduced following cryopreservation. 
 

 
Figure 1. Immunodetection reactions of ACE in the semen of Nelore bulls, pre- (a) and 
post-cryopreservation (b). Immunodetection of β-tubulin protein (c). Western blot anal-
ysis with anti-ACE monoclonal antibody and anti-β-tubulin. Each column represents a 
different bull. 
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Western blot analysis with an anti-β-tubulin antibody (Figure 1(c)) showed 
that the same amount of protein was used in the samples evaluated. 

Figure 1 shows a single picture of an X-ray film; the three nitrocellulose 
membranes were placed together in order to avoid differences in the intensity of 
protein bands following exposure to luminol for different times. 

The freezing process increased the number of pixels in the ACE bands of 
samples from the 10 Nelore bulls after cryopreservation (P < 0.05), indicating 
reduced protein expression of this enzyme as a result of the protocol used 
(Figure 2). The amount of protein in the samples from each animal was similar, 
as demonstrated by the number of pixels in the β-tubulin bands for samples 
from the 10 bulls (Figure 3). 
 

 
Figure 2. Number of pixels in the ACE bands, as detected by western blot, for 10 Nelore 
bulls, pre- and post-cryopreservation, calculated by Image J Software 1.40. The lower the 
number of pixels, the greater the amount of ACE. Different letters represent a significant 
difference, determined by the t test (P < 0.05). 
 

 
Figure 3. Number of pixels in the β-tubulin bands, as detected by western blot, of the 
spermatozoa of 10 Nelore bulls, calculated by Image J Software 1.40. The lower the num-
ber of pixels, the greater the amount of β-tubulin. 
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3.2. Induction of the Acrosome Reaction in the Capacitated  
Spermatozoids 

Following induction of the acrosome reaction, the smears were analyzed under 
an epifluorescence microscope. The estimated percentage of spermatozoa with a 
positive acrosome reaction was 83% in the Heparin group (Figure 4(a)), 11% in 
the control group (Figure 4(b)), and 13% in the captopril + heparin group 
(Figure 4(c)). There was a significant difference between the results obtained for 
the heparin group and those obtained for the other two groups (P < 0.05); how-
ever, there was no difference between the control and heparin + captopril groups 
(P > 0.05). 

4. Discussion 

Western blot analysis with a monoclonal anti-ACE antibody revealed a single 
protein band with a molecular mass of approximately 100 kDa in extracts pre-
pared from the semen of sexually mature Nelore bulls. The molecular mass of 
the protein band was consistent with that reported for tACE, between 90 and 
110 kDa [4]. This result was consistent with the findings of other studies in dif-
ferent species: rabbit [20], pig [21], human [22], mouse [23], sheep [24], and 
Holsteinbulls [15]. 

Equal amounts of protein were loaded from each animal, as confirmed by the 
immunodetection of β-tubulin (Figure 1(c)). This suggests that differences in 
the intensity of protein bands among animals (Figure 1(a) and Figure 1(b)) are 
intrinsic to each individual. Other proteins present in the plasma membrane of 
sperm or in seminal plasma, are correlated with fertility in bulls, either in a pro-
portional manner, such as osteopontin (OPN), BSP 30 kDa, phospholipase A2, 
heparin binding proteins, and P25b [25] [26], or in an inversely proportional 
manner, such as spermadhesinZ13 and clusterin [26] [27]. Thus, if a visual dif-
ference is found in the amount of ACE protein among the animals evaluated is 
also observed in fertility and/or seminal freezing, ACE could be a fertility mark-
er. 

The location of tACE in sperm varies between species, and disagreement ex-
ists among researchers investigating the same species. Nikolaeva et al. [28], in a  
 

 
Figure 4. Smears stained with FITC PSA were analyzed under an epifluorescence micro-
scope to estimate the percentage of spermatozoa with a positive acrosome reaction. (a) 
heparin; (b) Control; and (c) Captopril + heparin. 400× magnification. Green coloration 
in the acrosomal region indicates a positive acrosome reaction (red arrow). 
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study with human sperm, found tACE in the post-acrosomal region and in the 
midpiece, while Köhn et al. [29] described its presence in the same species, in the 
entire sperm head (acrosome, equatorial segment, post-acrosomal region), mid-
piece, and flagellum, and Foresta et al. [30] in cytoplasmic droplets. 

In pigs, tACE was detected in spermatids and cytoplasmic droplets of epidy-
dimal sperm [21]. In an experiment with rabbits, Brentjens et al. [31] found 
tACE in spermatids and cytoplasmic droplets, consistent with findings in pigs. 
The location of this enzyme inspermatozoa of rodents was described by Metayer 
et al. [32], and in both rats and mice, was located in the midpiece and the initial 
part of the flagellum. 

Changes in the structure of the plasma membrane (PM) occur during the 
freeze/thaw of semen, which can lead to cold thermal shock, loss of proteins on 
the spermatozoa surface, and damage to the sperm cell, such as rupture of the 
PM and, consequently, death of the spermatozoa [33] [34]. Several seminal pro-
teins are related to semen freezability, such as bovine acidic seminal fluid protein 
(aSFP), albumin, OPN, sperm binding proteins (BSP) A1 and A2, and P25b [25] 
[35]. In the present study, the expression of tACE was reduced by approximately 
70% (from 2923 to 938.5) (P < 0.05) after semen cryopreservation, which is sim-
ilar to the results found by Nauc and Manjunath [36], who observed a 70% to 
80% reduction in the concentration of BSP proteins bound to the PM after the 
cryopreservation of bovine semen. 

As with tACE, BSP A1 and A2 are related to sperm capacitation, and sperm 
protein P25b is involved in the fusion of gametes [37] [38], Although the exact 
role of tACE in these processes is unknown [9], given that this enzyme is anc-
hored to the PM [1], like BSP and P25b, reorganization of PM components dur-
ing freezing may explain the reduced amount of tACE detected in sperm. Like 
the proteins listed above, which are important for bull fertility, the quantity of 
tACE in bovine ejaculate could be considered an important factor in the choice 
of a breeder for the freezing of semen, since after the cryopreservation process, 
there is reduced tACE, along with other proteins [34], and their presence is in-
dispensable for the fertilization of the egg [8] [39]. 

In an experiment carried out comparing ACE activity in rooster, buffalo, and 
bull semen by spectrophotometry (using hippuryl-L-histidyl-L-leucine, as a sub-
strate), Mohan et al. [40] reported that ACE activity in the bird was not altered 
by cold shock. However, in both buffaloes and bulls, there was a decrease in the 
amount of ACE in the spermatozoa and an increase in seminal plasma. This was 
attributed to the loss of enzyme from the sperm cell PM, and its accumulation in 
plasma due to the cold thermal shock experienced by sperm during the freezing 
process. It is probable that the same occurred in our study, since there was a re-
duction in the amount of ACE in the spermatozoa of the Nelore bulls after cryo-
preservation; however, the amount of ACE in the plasma following cryopreser-
vation, was not measured.  

Mammalian sperm undergoes physiological changes during its trajectory in 
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the reproductive system of the female, termed sperm capacitation and acrosome 
reaction, and these events are necessary for the fertilization of the egg [10]. Ball 
et al. [13] suggested that ACE plays an important role in capacitation processes 
and in the acrosome reaction in sperm, although this mechanism has not been 
fully elucidated. In this experiment, the heparin group displayed a higher per-
centage of capacitated sperm, and sperm with a positive acrosome reaction, 
compared with the control and heparin + captopril groups (83%, 11%, and 13%, 
respectively) (P < 0.05), indicating that ACE inhibition by captopril (10 µM) af-
fected capacitation and, consequently, the acrosome reaction. The percentage of 
sperm with a positive acrosome reaction in the captopril group was similar to 
that in the control group, with a spontaneous reaction (P > 0.05). These results 
are similar to those found in Holstein bulls [15]. 

Costa and Thundathil [15] showed that spermatozoa and seminal plasma of 
Holstein bulls possess ACE activity, through the hydrolysis of furanylacry-
loyl-L-phenylalanylglycylglycine (FAPGG) to furanylacryloyl-L-phenylalanyl 
and glycyl-glycine. Captopril (10 μM) was efficient in inhibiting the activity of 
tACE and, consequently, sperm capacitation; therefore, a smaller percentage of 
cells had a positive acrosome reaction, as observed in the present study.  

Gur et al. [10] found angiotensin II (AT1) receptors only in the tail of nonca-
pacitated sperm; however, in capacitated cells, AT1 was found in the tail and pe-
riacrosomal regions. Those authors successfully induced the acrosome reaction 
in vitro using angiotensin II in the presence of calcium. It is probable that the 
amount of ACE inhibitor used in our experiment was able to reduce the conver-
sion of angiotensin I to angiotensin II, which seems to play an important role in 
the activation of the acrosome reaction via the AT1 receptor, which would explain 
the lower percentage of capacitated spermatozoa in the heparin + captopril group. 

5. Conclusion 

tACE can be found in the sperm of Nelore bulls. The cryopreservation process 
leads to a decrease in the intensity of the bands of this enzyme, and the inactiva-
tion of tACE reduces the ability of sperm to undergo the acrosome reaction.  
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