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Abstract

Background and Aim: Lepidium meyenii Walp (Maca) is an herbaceous plant that grows in the Peruvian Andes and it
has been widely used as a nutritional supplement and fertility enhancer and has been used in the treatment of a variety of
diseases, such as rheumatism, respiratory disorders, and anemia. The most notable feature of Maca is its potent antioxidant
capacity, which helps in the scavenging of free radicals and protection of cells from oxidative stress. This study aimed to
evaluate the in vitro effect of Maca extract on thawed sperm cells from bulls.

Materials and Methods: Three dilutions of 1, 10, and 100 ug/mL of Maca extract were incubated with frozen—thawed
bovine semen and analyzed at 1, 3, and 24 h of exposure time, evaluating the activity of the extract on the DNA, motility,
morphology, viability, integrity of the membrane and acrosome of spermatozoa.

Results: The Maca extract improved the studied sperm parameters of motility, acrosome integrity, vitality, and DNA
integrity of sperm cells at a concentration of 10 pug/mL, and at 1 ug/mL, an improvement was observed in the morphology
and integrity of the membrane. However, the best activity of the Maca extract was observed on the DNA integrity of the
sperm, which was effective at the three concentrations evaluated after 24 h of incubation.

Conclusion: The results indicate that L. meyenii can help in maintaining spermatozoa cellular integrity after the frozen—
thaw process, especially in the protection against DNA fragmentation. Therefore, Maca would be a feasible supplementation
to protect sperm to maintain their fertile ability after thawing.

Keywords: Aberdeenangus, antioxidant, bull, frozen-thawed semen, Lepidium meyenii (Maca), reproductive health.

Introduction metabolites, such as macamides, alkaloids, and gluco-
sinolates [4], and the composition and several medic-
inal effects of Peruvian Maca were reported very
recently [2, 3]. Several studies have demonstrated the
effects of Maca on semen quality, spermatogenesis,
sperm count, and sperm motility in different species
[1, 5-7]. These effects were observed in both healthy
[1,4, 6, 8] and animals with induced subfertility prob-
lems [9, 10]. In addition, a recent study has shown
that Maca has a beneficial effect on the amount of
fresh semen and its quality after storage at a tempera-

Lepidium meyenii Walp, commonly known as
Maca, belonging to the Brassicaceae family and grow-
ing exclusively between 3500 and 4500 m above sea
level, is an herb known as a traditional nutritional
supplement, widely used in Peru, North America,
and Europe, and is considered a millenary food for
the Andean cultures [1]. According to numerous stud-
ies, the hypocotyls of Maca have been widely used
as a nutritional supplement [1-4]. Furthermore, in
folk medicine, it is used to increase fertility and sex- : !
ual function, so it is popularly known as the “Andean ~ ture of 5°C for 72 h [6]. A systematic review based
Viagra” [4]. Maca has elements of high nutritional ~ On trials on infertile and healthy men showed positive
value, such as proteins, carbohydrates, essential amino results of L. meyenii on semen quality [11]. A review

acids, lipids, free fatty acids, and a series of secondary ~ Of the properties of L. meyenii on sperm quality, sex-
ual behavior, and male genital tract pathologies was
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natural service, such as higher pregnancy rates and
lower costs of transporting animals for riding [13].
A fundamental part of Al is the use of frozen semen.
Therefore, samples must be carefully managed to
prevent damage that occurs due to oxidative stress
(OS) [6]. A strategy to prevent oxidative damage to
sperm can be found in the supplementation of food
with antioxidants or in the direct use of these sup-
plements in conjunction with semen samples. One
of the main characteristics of Maca is the presence
of compounds such as macamides and glucosino-
lates that help in eliminating free radicals and pro-
tect cells from OS [14]. During spermatogenesis and
steroidogenesis, sperm accumulate reactive oxygen
species (ROS) [15]. For proper fertilization to occur,
it is important to keep ROS levels low. In addition,
sperm capacitation, hyperactivation, acrosome reac-
tion, and sperm fusion require low levels of ROS
to be more efficient [16]. ROS activity is a major
concern for sperm quality both in vivo and during
in vitro incubation, as well as during cold stor-
age [17]. Tafuri et al. [17] observed on stallions
that Maca contains some effective antioxidants, a
high percentage of glucosinolates, and other import-
ant components with high antioxidant capacity that
can protect sperm and keep ROS levels low. Despite
the significance of sperm freezability affecting bull
fertility and its economic impact on cattle farming,
the efficiency of cryopreservation is still limited to
40-50% of cellular survival [18]. Although physical
damage to membranes and biochemical changes has
been linked to cryo-induced OS [19-21], the causes
of differing freezabilities remain unknown.

This study aimed to analyze, for the first time,
the in vitro effect of L. meyenii on frozen—thawed bull
sperm to determine the activity of the extract as a pro-
tective agent against sperm cell damage after thawing.

Materials and Methods

Ethical approval
Not applicable.

Study period and location

The study was carried out from March and
December 2019 in the Assisted Reproduction
Laboratory of the Center for the Development of
Scientific Research (CEDIC), Asuncion, Paraguay.

Experimental design

To evaluate the effect of L. meyenii extract on fro-
zen—thawed sperm cells, three dilutions of the extract
were tested at different times. Tests were conducted
by preparing plastic tubes containing 1 mL of Sperm
Prep Medium (SPM) (IVF Bioscience, Manhattan,
USA) at a concentration of 2x10° sperm/mL. After
1, 3, and 24 h of incubation at 38°C, control (U) and
sperm cells with 1, 10, and 100 g/mL of Maca extract
were evaluated (Figure-1). Samples were assessed for
motility, morphology, membrane integrity, vitality,
and DNA fragmentation at selected time points.

Preparation of L. meyenii extracts

Commercial powder of L. meyenii Walp, com-
posed of dry and raw yellow hypocotyl pheno-
types [22, 23] (Maca en p6 - Herbalsave Ltda., Sdo
Paulo, Brazil), was purchased in February 2019 in Séo
Paulo, Brazil. A stock was prepared by weighing 1 mg
of the powder and adding it to 1 mL of dimethyl sulf-
oxide (DMSO) (Sigma—Aldrich, St. Louis, USA) just
before use. Three successive dilutions were prepared
from the 1 mg/mL stock to be used at final concen-
trations of 1, 10, and 100 ug/mL in a final volume of
3 uL (DMSO <0.003%).

Preparation of bull semen frozen-thawed samples

Two commercial straws of 0.25 mL of frozen
bull semen (Aberdeen Angus, 18 months old) (Covepa
group, Asuncidn, Paraguay) were thawed in a water
bath at 37°C for 30 s. Both samples were pooled
together and then washed twice with 2 mL of SPM
medium by centrifugation at 1200 RPM for 5 min
(Biosan LCM-3000, Riga, Latvia). The pellet was
resuspended in 2 mL of SPM medium. Three indepen-
dent experiments were performed.

Sperm concentration

The number of sperm cells was counted by
adding 10 puL of sperm suspension to a pre-warmed
Makler chamber under an inverted phase-contrast
microscope with a thermal stage (38°C) (IX70;
Olympus, Centre Valley, PA, USA) at 200x. The final
concentration to perform the routine and functional
tests was 2x10° sperm/mL in SPM medium.

Motility assessment

Sperm motility and vigor were evaluated twice
by the same observer after each treatment using an
inverted phase-contrast microscope with a thermal
stage at 38°C at 200x (IX70). A droplet (10 uL) of
sperm was placed on a prewarmed microscope slide
and covered to be counted immediately. The motility
test was classified into four types: rectilinear, circular,
static, and immobile tests. A minimum of 200 sperm
cells were counted in each sample [24].

Morphology test

For each group, 10 uL of sperm was placed
on each slide for a thin smear and then air-dried for
5 min. Slides were stained with hematoxylin solution
for 5 min, washed with distilled water, and air-dried
for further processing. The presence of sperm cells
were analyzed under a light microscope at 100%
magnification (Axio LabAl, Zeiss, Germany) under
oil immersion and classified as normal or abnormal
conditions. Morphology of sperm cells refers to
the structure of the individual sperm cells, and the
minimum threshold for a bull to be classified as a
satisfactory potential breeder is 70% normal, live
cells [25]. Sperm defects (abnormalities) observed
were grouped as follows: Head defects (e.g., detached
head, defects in size and shape, nuclear vacuoles, and
acrosomal defects), midpiece defects (e.g., distal
midpiece reflex, bowed midpiece, and proximal
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Figure-1: Design of the in vitro activity assays of Lepidium meyenii on frozen-thawed bull spermatozoa.

droplet), and tail defects (e.g., bent tail and coiled tail)
[26]. A total of 200 sperm cells were counted per slide
from each group assayed.
Membrane integrity — hypo-osmotic swelling (HOS)
test

The procedure used for the HOS test was similar
to the one described by Correa et al. [27]. The HOS
test was performed by combining 0.1 mL of semen
with 0.1 mL of hypo-osmotic solution prepared by
mixing 7.35 g of sodium citrate 2H,0O and 13.51 g of
fructose in 1 L of distilled water. The solutions (sperm
mixture) were then incubated at 37°C for 2 h. A total
of 200 spermatozoa were counted in at least five dif-
ferent fields of view. Sperm swelling was assessed fol-
lowing incubation by placing a drop of a well-mixed
sample on a slide. The slide was covered with a cover
glass and observed under a phase-contrast microscope
(IX70) at 400x magnification. The total proportion
and different swelling patterns of swollen spermato-
zoa were calculated by dividing the number of reacted
cells (100x) by the total spermatozoa counted in the
same area. The proportion of swollen spermatozoa
from a control sample was subtracted from the calcula-
tions. Swelling patterns were recorded and expressed
on a percentage basis of the total spermatozoa that
reacted to the HOS test.

Acrosomal integrity and vitality test (AIT)

Trypan blue (Sigma—Aldrich, St. Louis, USA)
and Giemsa dye (Merck, Darmstadt, Germany) stock
solutions were prepared according to the manufactur-
er’s protocol. A total of 100 uL of each sample was
placed in 100 uL of 2% Trypan blue and incubated
for 10 min at 37°C. Samples were washed twice with

1 mL of SPM by centrifugation (6 min, 2000 RPM),
and 10 uL of a smear was drawn and dried at 37°C.
After that, slides were stained with 20% Giemsa for
40 min, rinsed underwater, and air-dried for further
processing. The presence of sperm cells was ana-
lyzed under a light microscope (Axio LabAl, Zeiss,
Germany) at 400x and classified into four groups:
Dead with an acrosome, dead without an acrosome,
alive with an acrosome, and alive without an acro-
some. A minimum of 200 spermatozoa were counted
in each group [28].
DNA fragmentation with terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay
The amount of DNA fragmentation was evaluated
by a TUNEL assay using a commercially available kit
(In situ Cell Death Detection Kit, TMR red, Roche,
Indianapolis, IN, USA), in which the free 3-OH ends
of the DNA were labeled with fluorescein-conjugated
dUTP by enzyme terminal deoxynucleotidyl transfer-
ase [29]. Briefly, fixed spermatozoa on the slides were
washed three times for 5 min with phosphate-buffered
saline (PBS) 1x and permeabilized with 0.1% (v/v)
Triton X-100 containing 0.1% (w/v) sodium citrate for
2 min on ice. Samples were then incubated in 50 uL
of the TUNEL reaction mixture for 1 h at 37°C in a
dark and humidified atmosphere. For positive control,
slides with spermatozoa were treated with RNase-free
DNase I (400 U/mL, Qiagen, Valencia, CA, USA) at
23°C for 10 min before incubation with the TUNEL
reagent. For negative control, slides with spermatozoa
were incubated with the TUNEL reagent in the absence
of terminal deoxynucleotidyl transferase. Slides were
washed three times with PBS, and mounted using a
mounting medium (Vectasheld®, Vector Laboratories,
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Figure-2: Motility test. Percentage of motile sperm
cells treated with different concentrations of Lepidium
meyenii versus control (U) at 1, 3, and 24 h of exposure.
Ul: untreated 1 h, U3: untreated 3h, U24: untreated 24 h
of incubation time. The * means p < 0.05.
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Figure-3: Hypo-osmotic swelling test. Percentage of sperm
cells with intact plasma membrane treated with different
concentrations of L. meyenii versus control (U) at 1, 3
and 24 h of exposure. Ul: untreated 1 h, U3: untreated
3h, U24: untreated 24 h of incubation time. The *means
p < 0.05.

morphological anomalies in the sperm head, neck, and
tail, no differences were observed (Table-1) (p = 0.6,
data not shown).

In the TUNEL test, less sperm DNA dam-
age was observed at concentrations of 100 pug/mL
after 1 h of incubation, 1 pug/mL after 3 h, and 1, 10,
and 100 pg/mL after 24 h of exposure (Figure-8).
However, at concentrations of 10 ug/mL at 1 h of
exposure (p <0.01) and 100 ug/mL at 3 h of exposure
(p < 0.05), values below the control were observed,
indicating greater DNA damage.

Discussion

This is the first study on the in vitro effect of
Maca on bovine spermatozoa. The only in vitro study
on Maca was conducted by Aoki et al. 7], and it was
on mouse and human spermatozoa. The effects of the
components of L. meyenii have been extensively stud-
ied in recent years. However, there are few studies per-
formed on bulls [30, 31]. The present study showed the
in vitro effects of L. meyenii on the sperm parameters

—

m-*. ) . Sogiin By i ¥
Figure-4: Acrosomal integrity and vitality test microscopic
images at 3 h of incubation time under 400x. (a) Control
sperm cells, (b) Sperm cells incubated with Maca at 100 ug/
mL. Slightly stained acrosomes and/or cytoplasm indicates
viable sperm, and strongly stained acrosomes and/or
cytoplasm are damaged or dead sperm cells.
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Figure-5: Acrosome intactness test. Percentage
of intact acrosome in live sperm cells treated with
different concentrations of L. meyenii at different times.
Ul: untreated 1 h, U3: untreated 3h, U24: untreated 24 h
of incubation time. The * means p < 0.05 and ** p < 0.01.

of capacitated frozen—thawed bull semen. Several
studies have shown that Maca has an effect on sem-
inal quality in humans [5, 12, 32], mice [1, 2, 8-10],
and stallions [6, 17] that is related to its antioxidant
capacity [4, 11, 33-36] because, during cryopreserva-
tion, sperm is damaged by OS [18-21]. In addition
to the high concentration of antioxidants, L. meyenii
contains several secondary metabolites [3, 14, 22, 23],
which help in keeping ROS levels low [14, 17].
A study showed that the secondary metabolites of
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Figure-6: Vitality test. Percentage of live sperm cells treated
with different concentrations of L. meyenii versus control
(U). U1l: untreated 1 h, U3: untreated 3h, U24: untreated
24 h of incubation time. The * means p<0.05.
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Figure-7: Morphology test. Percentage of sperm cells with
normal morphology treated with different concentrations
of L. meyenii versus control (U). Ul: untreated 1 h,
U3: untreated 3h, U24: untreated 24 h of incubation time.
The ** means p<0.01.
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Figure-8: TUNEL test. Average percentage of sperm cells
without DNA damage treated with different concentrations
of L. meyenii versus control (U). Ul: untreated 1 h,
U3: untreated 3h, U24: untreated 24 h of incubation time.
The * means p<0.05 and ** p<0.01.

Maca act on the ferric reducing antioxidant potential,
hydroxyl radical scavenging ability, and 2,2-diphe-
nyl-1-picrylhydrazyl free-radical scavenging capacity
and increase the levels of superoxide dismutase and
glutathione [37]. All of these secondary metabolites

or a distinct combination of them may explain the
potential effects of Maca on male fertility.

Regarding the tests carried out in this study, one
of them is the HOS test, which evaluates whether an
intact membrane is biochemically active [27]. Thus,
the assessment of sperm membrane function appears
to be a significant marker for the fertilizing capacity of
spermatozoa [27]. The results obtained in the present
study showed that frozen—thawed bovine spermatozoa
reacted to HOS and that minimal swelling occurred at
the lowest concentration evaluated. By itself, the HOS
test is a much better predictor of the outcome of fertil-
ization in humans than the sperm number, motility, or
morphology parameters by themselves, as shown by
the outcome of the zona-free hamster oocyte penetra-
tion assay and pregnancy rates in humans [27].

Regarding the morphology and motility test
results, they improved at concentrations of 1 and
10 ng/mL, respectively, but an adverse effect on mor-
phology was also observed at the highest concentration
of 100 pg/mL. A study presented by Rubio ef al. [38]
indicated that male rats with acetate-induced damage
on spermatogenesis treated with Maca showed an
improvement in spermatogenesis, as well as increased
motile sperm count and a count of sperm with normal
morphology. The adverse effect of the concentration of
100 pug/mL was also observed in the TUNEL and AIT,
which would indicate a hormetic effect of the extract
in these parameters. Hormesis is defined as a cellular
adaptive response to stressors that results in a biphasic
dose-response relationship, such that low-dose stimu-
lation results in a beneficial adaptation whereas a high
dose results in a toxic effect [39]. Furthermore, this
deleterious effect could be followed by an excessive
concentration of antioxidants that reduce too many
oxidants that, in low concentration, are necessary for
spermatozoa functions. Therefore, the in vitro use of
L. meyenii extract at high concentrations would not
be recommended.

The best results of Maca on the DNA of sper-
matozoa were observed at 24 h of incubation at all
concentrations tested. Maintaining the DNA integrity
of thawed semen is critical in assisted reproduction
because, in the case of bulls, sperm DNA fragmen-
tation values of 7-10% were associated with low Al
success [40], and genetic and epigenetic alterations in
sperm can result in early pregnancy loss [41].

Sperm viability was significantly lower after 1
and 3 h of incubation with the Maca dilutions, except
at 24 h. A previous study indicated that sperm viabil-
ity is related to bull fertility [42]. However, as these
are not the only parameters of importance in deter-
mining fertility, reliance on only these parameters will
not intuitively provide enough information regarding
potential fertility to be a useful predictor [43].

On spermatozoa, the plasma membrane, mito-
chondrial membrane, and acrosomal membrane con-
tain polyunsaturated fatty acids, and hence, they are
very susceptible to OS, especially during freezing
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procedures [44]. OS is one of the factors that increase
cell damage due to ROS. Excessive ROS production
in sperm is dangerous because of its negative effects
on functional sperm count [45]. Acrosome integrity is
one of the determinant factors for the success of fer-
tilization. Only acrosome-intact spermatozoa can pen-
etrate the zona pellucida and can fuse with the oocyte
plasma membrane [46]. In this assay, no damage was
observed in the acrosomal membrane of spermato-
zoa incubated with Maca at concentrations of 1 and
10 ug/mL after 3 and 24 h. This result showed the pro-
tective effect of the Maca components on the integrity
of the spermatozoa membrane, which indicates that
they might be acting as a protector agent.

Conclusion

The in vitro results showed a general improve-
ment in all sperm parameters analyzed (motility,
vitality, acrosome integrity, morphology, and DNA
fragmentation) in frozen-thawed bovine sperma-
tozoa treated with L. meyenii extract, with the best
results obtained at a concentration of 10 ug/mL. The
observed improvement in these parameters plays an
important role in predicting the sperm quality and
thus the efficiency of embryo production. However,
in vivo studies are required to elucidate the effects of
L. meyenii in semen used to produce bovine embryos.
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