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Abstract: Plant bioactives, such as polyphenols, can differentially affect (positively or negatively)
sperm quality, depending on their concentration. These molecules have been proposed as natural
scavengers of reactive oxygen species (ROS) for male infertility treatment. However, few data are
available about their effects on the molecular mechanisms related to sperm quality and, in particular,
to sperm mitochondrial function. We investigated the effects of quercetin, naringenin, genistein,
apigenin, luteolin, and resveratrol at the concentration of 0.1–1000 nM on mitochondrial respiration
efficiency. Upon chemical exposure, spermatozoa were swollen in a hypotonic solution and used for
polarographic assays of mitochondrial respiration. All tested compounds, except for apigenin, caused
a significant increase in the mitochondrial respiration efficiency at the concentration of 0.1 nM, and a
significant decrease starting from concentrations of 10 nM. The analysis of oxygen consumption rate
in the active and in the resting state of mitochondrial respiration suggested different mechanisms by
which the tested compounds modulate mitochondrial function. Therefore, by virtue of their ability
to stimulate the respiration active state, quercetin, genistein, and luteolin were found to improve
mitochondrial function in asthenozoospermic samples. Our results are relevant to the debate on the
promises and perils of natural antioxidants in nutraceutical supplementation.

Keywords: quercetin; naringenin; luteolin; apigenin; genistein; resveratrol; sperm mitochondria;
sex steroids

1. Introduction

Current evidence links oxidative stress to male subfertility and infertility [1]. Although
adequate and controlled reactive oxygen species (ROS) levels play an important role in
sperm physiology, high ROS levels negatively affect sperm quality and function [2–5].
Mature sperm cells are sensitive to reactive oxygen species’ damaging effects, because they
lack proper repair machineries and have inadequate antioxidant capacity [6].

Different findings suggest a central role of sperm mitochondria in oxidative damage
and related infertility [7,8], since these organelles, according to the “mitochondrial theory
of aging”, are, at the same time, ROS generators and ROS targets [9–11]. Therefore, the
biochemical mechanisms arranging mitochondrial metabolism and redox homeostasis are
functionally linked.

Consequently, mitochondria have been identified as a potential therapeutic target
and considerable effort has been made to evaluate the efficacy of natural compounds.
In particular, many dietary natural polyphenols (mainly flavonoids) isolated from fruits,
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vegetables, and edible plants have been shown to modulate mitochondrial metabolism,
organelle biogenesis, and redox status [12–14].

The protection of mitochondrial function by these plant bioactives may be important
in explaining their beneficial effects on health. In this context, some studies [15] focused
on the effects of the consumption of oral substances with antioxidant properties on sperm
parameters, so that the use of biomolecules of plant origin for the improvement of male
reproductive performance has become a modern trend in recent years.

For example, quercetin (QRC, 3,3′,4′,5,7-pentahydroxylflavone) is a mitochondria-
targeted flavone [14,16] present in citrus fruits, berries, herbs and spices, tea, cocoa, red
wine, and fruit juices that has been proposed as a natural scavenger of ROS in the treatment
of male infertility. However, in the literature there are controversial reports highlighting
the antioxidant as well as a pro-oxidant character of QRC, leaving much research to be
carried out in this particular direction [17–20].

Similar to QRC, naringenin (NRG, 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-
4H-1-benzopyran-4-one) is a natural flavonoid belonging to flavanones, commonly avail-
able in tomatoes, bergamot, and citrus fruits that merit further attention [21]. In particular,
recent experiments carried out on boar semen [22] found that NRG was more effective
against lipid peroxidation, while QRC acted as a stronger protective agent against pro-
tein oxidation.

Genistein (GEN, 5,7-Dihydroxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is a
natural isoflavone compound present in soy products that seems to have positive effects
only at certain concentrations on sperm characteristics, such as motility, viability, and
mitochondrial activity [23].

Other molecules of plant origin have been studied for their effects on animal sper-
matozoa. Among them, the stilbene resveratrol (RESV, trans-3,5,4′-trihydroxystilbene)
seems to protect the quality of the mitochondria, thus improving the sperm motility of
bovine spermatozoa [24]. Another flavone, apigenin (API, 5,7-diidrossi-2-(4-idrossifenil)-
4H-1-benzopiran-4-one), can ameliorate mitochondrial activity, antioxidant activities, and
the intracellular ROS concentration of frozen-thawed boar spermatozoa [25]. Luteolin
(LUT, 3′,4′,5,7-tetrahydroxyflavone) is also a common flavone that is abundantly present
in various edible plants and seems to have protective effects against oxidative stress and
mitochondrial dysfunction [26].

All these molecules have also been recognized to display estrogenic activity (Table 1)
and to act as multi-functional endocrine disruptors, since they interfere with the enzymes
needed for steroid biosynthesis and/or degradation [27]. Therefore, these compounds are
also commonly known as phytoestrogens. In particular, QRC and GEN possess a weak
estrogenic agonist activity [27,28]; LUT possesses a potent estrogenic agonist activity [27];
NRG has anti-estrogenic as well as estrogenic activities [29]; API has been reported to
possess progestational activity or both progestational agonist and antagonist activity [27];
and RESV functions as a mixed estrogenic agonist/antagonist [30]. Indeed, androgen-like
activities have also been suggested for all of them [31–33] (Table 1).

Interestingly, since sex steroid hormones are also implicated in controlling mitochon-
drial function, their hormone signaling is important for maintaining a proper mitochondria
physiology, which is one of the major determinants of semen quality [34].

Therefore, we can conclude that natural antioxidants of plant origin differentially
affect (positively or negatively) sperm quality, depending on their concentration. However,
the information on the effect of various molecules on sperm quality is extensive, but, at the
same time, fragmentary and/or partially inconsistent. This is mainly due to the very large
variety of experimental conditions used in the studies carried out on this topic on gametes
from different species.

The aim of this study is therefore to evaluate the possible effects of plant bioactives
on sperm mitochondria, since these organelles play a key role in the modulation of sperm
quality. In particular, we investigated the effects of QRC, NRG, GEN, API, LUT, and
RESV on the mitochondrial respiration efficiency of human spermatozoa using the same
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experimental conditions. We took advantage of our already-established ex vivo assay of
human sperm mitochondria [33,34], which were exposed to the tested molecules at the
concentration range of 0.1–1000 nM. This range was considered because it broadly covers
the estimated (nM range) dietary intake of these compounds.

The picture emerging from this investigation is relevant to the debate on the promises
and perils of natural antioxidants of plant origin as nutraceutical supplements, suggesting
caution in supplementation beyond levels attained in a healthy, plant-rich diet.

Table 1. Tested compounds and their hormone-like activities [27–33,35].

Molecule Structure
Hormone-Like Activities

Estrogenic Anti-
Estrogenic Progestational Anti-

Progestational Androgenic Anti-
Androgenic

Quercetin
(QRC)
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2. Materials and Methods
2.1. Tested Compounds

All chemicals were purchased from Sigma-Aldrich.
Nicotinamide adenine dinucleotide reduced (NADH, CAS no. 53-84-9) and carbonyl

cyanide 4-chlorophenyl hydrazone (CCCP, CAS no. 555-60-2) were used as, respectively,
positive and negative reference controls of the experimental model. Dimethyl sulfoxide
(DMSO) was used as a blank control for each chemical treatment.

The plant bioactive chemicals used in this study (Table 1) were QRC (CAS no. 117-
39-5), NRG (CAS no. 67604-48-2), GEN (CAS no. 466-72-0), API (CAS no. 520-36-5), LUT
(CAS no. 491-70-3), and RESV (CAS no. 501-36-0).

The tested hormones included the human endogenous sex steroids testosterone
(T, CAS no. 58-22-0) and 5α-dehydrotestosterone (DHT, CAS no. 521-18-6), 17β-estradiol
(E2, CAS no. 50-28-2), and progesterone (P4, CAS no. 57-83-0) [33].
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2.2. Sperm Samples

Sperm samples used in this study and respective spermiograms were provided by the
biological medical center “Tecnomed” in Nardò (Lecce), Italy.

The research (new biochemical markers for the nanodiagnostics of male infertility)
was approved by the Institutional Review Board of the Department of Biological and
Environmental Sciences and Technologies at the University of Salento (10 November 2015)
and was conducted in accordance with the Declaration of Helsinki. All experiments were
performed in accordance with the relevant guidelines and regulations for research on
human subjects. The donors (19–38 years old), who signed a written informed consent
form for the use of their semen, did not have any conditions interfering with semen analysis
(urogenital infections, leukocytospermia, or systemic diseases) and did not have a history
of smoking, alcohol abuse or drug consumption; moreover, they did not receive antioxidant
supplements or medication with a proven toxicity to fertility.

Semen samples were obtained by masturbation after 3–5 days of sexual abstinence
and analyzed after liquefaction within 30 min, according to the World Health Organization
(WHO)’s laboratory manual for the examination and processing of human semen [36].
Computer-assisted sperm analysis (CASA-SCA®: Sperm Class Analyzer, LabIVF Asia Pte
Ltd., Singapore, Singapore) was carried out on all semen samples.

Sperm samples that satisfied the WHO guidelines’ criteria for normozoospermia
(sperm total number >39 million; progressively motile spermatozoa >32%; morphologically
normal spermatozoa >4%) were selected for this study. Sperm samples with a progressive
motility of about 25% were also collected. Semen samples with similar characteristics
(15 normozoospermic samples with a progressive motility from 32% to 40% and 10 astheno-
zoospermic samples with a progressive motility from 23% to 27%) were pooled. Sperm cells
were collected by centrifugation at 800× g for 10 min at room temperature and resuspended
in an isotonic salt solution [34] for mitochondrial respiration studies.

2.3. Human Sperm Exposure to Plant Bioactive Chemicals

10 × 106 sperm cells/mL were incubated for 1 h at 37 ◦C with the chemicals reported
in Table 1 at the concentrations of 0.1, 1, 10, 100, and 1000 nM. One hour (1 h) was chosen
as incubation time, because an incubation of this duration allowed us to see the hormone-
mediated effects on sperm mitochondria function [33].

A sperm control sample (blank) was incubated in the presence of 1% DMSO, which
was used to dissolve the tested compounds.

Each experiment reported in this study included 6 separate assays for normozoosper-
mic samples (blank, 0.1, 1, 10, 100, and 1000 nM of the tested chemical) or 2 separate assays
for asthenozoospermic samples (blank and 0.1 nM).

2.4. Mitochondria Respiration Studies

After chemical treatment, spermatozoa were swollen in a hypotonic solution and used
for polarographic assays of oxygen consumption [33,34].

Oxygen consumption was measured as nmol O2 ×mL−1 ×min−1/(10 × 106 cells) by
using a Clark-type oxygen probe (Hansatech oxygraph, King’s Lynn, UK) in the presence
of a solution of respiratory substrates (10 mM pyruvate and 10 mM malate) and 0.76 µM of
adenosine diphosphate (ADP).

V3 (the rate of oxygen uptake in the presence of pyruvate/malate and ADP) and V4
(the rate of oxygen uptake in the presence of pyruvate and malate alone) were measured
and the respiratory control ratio (RCR) was calculated dividing V3 by V4 as an index of
mitochondrial respiration efficiency.

2.5. Statistics

Each experiment was performed 4 times in the same experimental conditions. Data are
expressed mean ± standard deviation. Student’s t-test was performed to detect significant
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differences between the control (blank) and chemically treated spermatozoa. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. Effects of Plant Polyphenols on Human Sperm Mitochondria Respiration

To assess the reliability of our experimental model, NADH and CCCP were used,
respectively, as positive and negative reference controls, since NADH is a substrate and
CCCP is an uncoupler for mitochondrial oxidative phosphorylation [37].

As expected, NADH treatment caused a slight increase in the active state of mito-
chondrial respiration (V3) and an increase in the RCR values in a dose-dependent manner.
Conversely, CCCP treatment caused a dose-dependent increase in the resting state of
respiration (V4) and a dose-dependent decrease in RCR values (Figure 1).
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Figure 1. Experimental controls. Human spermatozoa were treated with the positive (nicotinamide
adenine dinucleotide reduced, NADH) and negative (carbonyl cyanide 4-chlorophenyl hydrazone,
CCCP) reference controls at the concentrations of 0.1–1000 nM. Oxygen consumption rates (V3 and
V4) were measured and RCR (respiratory control ratio) was calculated as V3:V4 ratio. All data were
subjected to Student’s t-test (* p < 0.05), n = 4.

Then, sperm cells were treated with the plant polyphenols of interest, namely QRC,
NRG, GEN, API, LUT, and RESV (Figure 2).

Except for API, we found a significant increase in RCR values when spermatozoa
were exposed to the tested plant bioactives at the concentration of 0.1 nM. The increase was
more remarkable for NRG, GEN, LUT, and RESV (about 20%) than for QRC (9%). Starting
from concentrations of 10 nM, we found a significant decrease in sperm mitochondrial
respiration efficiency, reaching the lowest value at the concentration of 1000 nM.
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Figure 2. The effects of quercetin (QRC), naringenin (NRG), genistein (GEN), apigenin (API), luteolin
(LUT), and resveratrol (RESV) on human sperm mitochondria respiratory efficiency. Human sperm
cells were incubated with the chemicals at the concentrations of 0.1–1000 nM. The respiratory control
ratio (RCR), which is an index of mitochondrial respiration efficiency, was calculated as V3:V4 ratio.
All data were subjected to Student’s t-test (* p < 0.05), n = 4.

The analysis of the V3 and V4 values (Figure 3) suggested different mechanisms by
which the tested compounds modulate mitochondrial function.
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Figure 3. V3 and V4 values upon dose-dependent treatments with QRC, NRG, GEN, API, LUT, and
RESV. V3 (the rate of oxygen uptake in the presence of pyruvate/malate and ADP) and V4 (the rate
of oxygen uptake in the presence of pyruvate and malate alone) were measured as nmol O2 × mL−1

×min−1/(10 × 106 cells). All data were subjected to Student’s t-test (* p < 0.05), n = 4.

In particular, QRC, GEN, and LUT stimulated the overall oxygen consumption. These
molecules significantly increased V3 values at all concentrations, causing, at the same time,
a significant increase in V4 values in a dose-dependent manner.

NRG and RESV did not affect the active state of mitochondrial respiration, but signifi-
cantly stimulated the resting state of respiration, starting from a concentration of 1 nM and
10 nM, respectively.

API affected mitochondrial respiration efficiency in an opposite manner, causing a
significant decrease in V3 values at the highest concentrations, without affecting V4 values.

All these molecules have also been recognized to possess hormone-like activities,
in particular estrogen-like, progesterone-like, and androgen-like ones. Therefore, we
compared the effects of the tested compounds on mitochondrial oxygen consumption with
those obtained after sperm exposure to the endogenous estrogen E2, progesterone P4, and
androgens T and DHT (Figure 4).
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Figure 4. V3 and V4 values upon dose-dependent treatments with E2, P4, T, and DHT. The oxygen
consumption rate obtained in the “blank” control was set to 100%. All data were subjected to
Student’s t-test (* p < 0.05), n = 4.

We found some similarities between the effects observed after NRG and RESV treat-
ments and those observed after DHT exposure, since all these molecules stimulated the
resting state of mitochondrial respiration at higher concentrations.

QRC, GEN, and LUT showed an intermediate behavior between that of P4 (the
stimulation of V3 at the lowest concentrations) and DHT (the stimulation of V4 at the
highest concentrations).

3.2. Effects of Plant Polyphenols on Mitochondria Respiration of Spermatozoa from
Asthenozoosperic Subjects

The results reported in Figures 2 and 3 suggest a positive effect of the tested plant
bioactives QRC, NRG, GEN, LUT, and RESV (except API) only at the lowest concentration
(0.1 nM).

Previous studies showed that spermatozoa with a progressive reduction in motility
had dysfunctional mitochondria [38–40] and that the reduction in the respiratory efficiency
was mainly associated with a decrease in the V3 values [37,38].

Therefore, we decided to test the effects of QRC, NRG, GEN, LUT, and RESV at the
concentration of 0.1 nM on spermatozoa from asthenozoospermic subjects, with a motility
of about 25%. We found that QRC, GEN, and LUT were able to improve mitochondrial
function by significantly increasing V3 values (Figure 5).

In particular, RCR values were increased by 21%, 34%, and 46% and V3 values were
increased by 45%, 50%, and 75%, after the treatment with QRC, GEN, and LUT, respectively.
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Figure 5. The effect of QRC, NRG, GEN, LUT, and RESV on the mitochondrial respiration of
spermatozoa from asthenozoospermic subjects. Human spermatozoa were treated with QRC, NRG,
GEN, LUT, and RESV at the concentration of 0.1 nM. The oxygen consumption in the active state
of mitochondrial respiration (V3) and in the resting state (V4) of mitochondrial respiration was
measured as nmol O2 × mL−1 × min−1/(10 × 106 cells). RCR values were calculated as a V3:V4

ratio. All data were subjected to Student’s t-test (* p < 0.05), n = 4.

4. Discussion

During the last decade, several studies have shown that some mitochondrial pa-
rameters, such as organelle integrity, respiratory activity, membrane potential, and ROS
production, are strictly linked to sperm quality [41–50]. Additionally, poor sperm mitochon-
drial function is reported to be associated with seminal ROS levels. In fact, despite their key
role in sperm energy metabolism to which glycolysis also contributes [51], mitochondria are
highlighted as sources of pro-oxidative factors that are crucial in the alteration of oxidative
homeostasis [7,14,42,52,53].

There is growing evidence that mitochondria are a powerful screening tool to assess
the effects of several compounds, especially those with a hormone-like activity [54–56]. In
this study we took advantage of our already established ex vivo human sperm mitochon-
dria assay [33,34] in order to respond to the question: can mitochondria be a sensor for
antioxidant compounds that might influence sperm function? This question arises from the
fact that, in current medical practice, antioxidant therapy is widely used in the management
of oxidative-stress-induced male infertility, although its action at the subcellular levels
remains unclear.

Among many natural products, plant bioactives such as polyphenols have been
extensively investigated for the treatment of male reproductive dysfunction and sperm
quality decline [57]. At the same time, most of these molecules can target mitochondria
to improve and/or restore their function by indirectly modulating the redox status, as
observed in several diseases [14].

Therefore, in this study we tested the effects of some plant polyphenols (QRC, NRG,
GEN, API, LUT, and RESV) at different concentrations (0.1–1000 nM) on human sperm
mitochondria. This range was considered because it broadly covers the plasma concentra-
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tion (nM range) of these compounds in Western populations. In fact, polyphenol plasma
concentrations were estimated to be 0.01 µM (10 nM) in the European population, with a
mean polyphenol intake of 0.5–0.8 mg/day. Concentrations were estimated to be 0.23 µM
(230 nM) for vegetarians and vegans, with a mean polyphenol intake of 22.4 mg/day [58].
For example, the daily intake of QRC with a typical Western diet was estimated to range
between 0 and 30 mg, with a median value of 10 mg. QRC is also available as a dietary
supplement with a recommended daily dose of 200–1200 mg, or as a nutraceutical for
functional foods within a concentration range of 10–125 mg/serving. Median maximum
plasma concentrations of QRC (431 nM) were observed 360 min after the intake of 150 mg
of quercetin [59].

At the tested concentrations, we observed a hormetic effect of polyphenols on human
spermatozoa, because these molecules caused a significant increase in the RCR value, an
index of mitochondrial respiration efficiency, at the concentration of 0.1 nM; starting from
concentrations of 10 nM, mitochondrial respiration efficiency decreased.

Our results demonstrate that QRC was able to stimulate the active state of mito-
chondrial respiration at the concentrations of 0.1–1000 nM, causing, at the same time, an
uncoupling between electron transport and ATP synthesis in a dose-dependent manner.
This suggests that QRC exhibits both antioxidant and pro-oxidant activities on human
sperm mitochondria, depending on its concentration.

These results are in agreement with the “QRC paradox in male reproductive dysfunc-
tion”, which can be explained by a biphasic concentration-dependent response of sperm
cells (from a wide variety of species) to QRC [60–65], justifying the conflicting biological
effects [66].

Molecular investigation of the mechanism by which QRC targets mitochondria sug-
gested that, due to its chemical structure, QRC interacts directly with mitochondrial
membranes and their components, affecting the production of ATP [67,68]. In particular, it
has been proposed that QRC is able to competitively inhibit complex I at the Coenzyme
Q-binding site, suppressing superoxide generation and allowing electron transfer to con-
tinue from NADH to complex III [68,69]. This evidence results in a more efficient coupling
with ATP synthesis, which could justify the observed increase in RCR and V3 values. On
the other hand, the dose-dependent increase in V4 values could be due to the interaction
between flavonoids and lipid bilayers as well as with membrane proteins, which could
influence the electric properties of mitochondrial membranes [70].

Moreover, the hydrophobic ring structure of QRC and the presence of hydroxyls as
potential hydrogen bond donors prompted us to compare its activity to that of sex steroid
hormones. Indeed, QRC has been shown to possess a P4 antagonist activity in both breast
and endometrial cancer models [27]. In our experimental system, we found that QRC
showed an intermediate behavior between that of P4 (the stimulation of the active state
of respiration at the lowest concentrations) and DHT (the stimulation of the resting state
of respiration at the highest concentrations). This is an intriguing aspect, since it could
be supposed that sex steroid hormones and flavonoids can use similar mechanisms to
target mitochondria.

Compared with QRC, GEN and LUT exhibited similar but more remarkable effects
on human sperm mitochondrial respiration. Although there are very few studies on the
effects of GEN and no studies on the effects of LUT on sperm quality [71–73], our results
could be interpreted based on the proposed “mitochondriotropic” role of GEN [74] and of
the protective effect of LUT against oxidative stress and mitochondrial dysfunction [26].
To our best knowledge, this is therefore the first evidence of a modulation of human
sperm mitochondrial respiration by plant polyphenols, considered natural antioxidant
compounds, in a dose-dependent manner.

Additionally, we found that GEN and LUT, along with QRC, were able to improve mi-
tochondrial function in asthenozoospermic samples. This is an interesting aspect, because
these results suggest the potential use of these molecules for sperm preparation to be used
in assisted reproduction techniques (ART), especially in cases of asthenozoospermia. Our
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results are also in agreement with the improvement in human sperm motility observed
after QRC treatment at appropriate concentrations [60].

In this context, it has also been suggested that the addition of NRG during semen
storage may improve gamete quality [75,76]. However, in our experiments where NRG
was added directly to sperm cells (without seminal plasma) we demonstrated that NRG
significantly uncoupled mitochondrial oxidative phosphorylation starting from a concen-
tration of 10 nM. Similar results were also obtained in endometriosis cells, where NRG has
been shown to depolarize mitochondrial membrane potential [77].

Our data reveal some similarities between the effects observed after NRG and RESV
treatment. Some studies reported that RESV acts as a regulator of male reproductive
function [78,79] and it has been suggested that RESV arguably improves semen quality in
humans [80] when this molecule is added to a cryopreservation medium.

The effects of RESV on mitochondria have been investigated in different experimental
models, where it has been found that RESV induces both pro-oxidant and antioxidant
effects on mitochondria [81]. Therefore, according to our results on sperm cells, high
concentrations of RESV could be responsible for detrimental effects on mitochondria.

Finally, we found that, differently from the other tested plant polyphenols, API
negatively affected mitochondrial respiration, causing a significant decrease in the active
state of mitochondrial respiration in a dose-dependent manner. This result is in agreement
with the hypothesis that API is an inhibitor of mitochondrial complex I [82].

Taken together, the results of the present study reveal that sperm mitochondria are
a plausible main target of polyphenols, which can differently affect (positively or nega-
tively) the organelle function, depending on their concentration. The modulation of sperm
mitochondrial function could play a key role in the improvement of sperm quality.

We are aware of the limitations of this research, which represents a pilot and limited
ex vivo experiment on the effect of single plant bioactives on sperm mitochondria function.
However, we hope that our results could serve as a basis for future studies on antioxidant
combinations in the improvement of sperm quality.

5. Conclusions

This study allowed for the clarification of the effects of selected plant polyphenols,
considered natural antioxidants of plant origin, on human sperm mitochondria function.
We found that all the tested plant polyphenols had a dose-dependent effect. In particular,
QRC, NRG, GEN, API, LUT, and RESV caused a significant increase in the mitochondrial
respiration efficiency at the concentration of 0.1 nM, and a significant decrease starting
from concentrations of 10 nM.

Moreover, by virtue of their ability to stimulate the respiration active state, QRC, GEN,
and LUT were found to improve mitochondrial function in asthenozoospermic samples.

Our results provide not only important insights for the debate on the promises and
perils of natural antioxidants in nutraceutical supplementation, but also suggest that media
containing plant-derived antioxidants could increase sperm quality. This is an intriguing
matter, because the addition of plant bioactives at the appropriate concentrations could
improve the outcome of ART programs, especially in cases of asthenozoospermia.
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22. Tvrdá, E.; Debacker, M.; Ďuračka, M.; Kováč, J.; Bučko, O. Quercetin and naringenin provide functional and antioxidant protection
to stored boar semen. Animals 2020, 10, 1930. [CrossRef]

23. Kim, T.H.; Yuh, I.S.; Park, I.C.; Cheong, H.T.; Kim, J.T.; Park, C.K.; Yang, B.K. Effects of quercetin and genistein on boar sperm
characteristics and porcine IVF embyo developments. J. Embryo Transf. 2014, 29, 141–148. [CrossRef]

24. Takeo, S.; Sato, D.; Kimura, K.; Monji, Y.; Kuwayama, T.; Kawahara-Miki, R.; Iwata, H. Resveratrol improves the mitochondrial
function and fertilization outcome of bovine oocytes. J. Reprod. Dev. 2014, 60, 92–99. [CrossRef]

25. Pei, Y.; Yang, L.; Wu, L.; He, H.; Geng, G.; Xu, D.; Chen, H.; Li, Q. Combined effect of apigenin and ferulic acid on frozen-thawed
boar sperm quality. Anim. Sci. J. 2018, 89, 956–965. [CrossRef]

26. Chen, H.I.; Hu, W.S.; Hung, M.Y.; Ou, H.C.; Huang, S.H.; Hsu, P.T.; Day, C.H.; Lin, K.H.; Viswanadha, V.P.; Kuo, W.W.; et al.
Protective effects of luteolin against oxidative stress and mitochondrial dysfunction in endothelial cells. Nutr. Metab. Cardiovasc.
Dis. 2020, 30, 1032–1043. [CrossRef]

http://doi.org/10.3390/antiox8040089
http://doi.org/10.1530/REP-19-0452
http://doi.org/10.3390/antiox9020134
http://doi.org/10.1111/and.13126
http://doi.org/10.1016/S0015-0282(02)04948-8
http://doi.org/10.1093/humupd/dmn004
http://doi.org/10.1016/j.urology.2013.03.058
http://doi.org/10.1016/j.biocel.2014.08.011
http://doi.org/10.2741/3174
http://doi.org/10.1210/jc.2007-2616
http://doi.org/10.1016/j.fct.2014.03.017
http://doi.org/10.3748/wjg.v23.i23.4146
http://doi.org/10.1017/S0954422419000210
http://doi.org/10.1002/14651858.CD007411.pub3
http://doi.org/10.2174/0929867324666170529101810
http://doi.org/10.1111/j.1745-7262.2008.00306.x
http://doi.org/10.1111/j.1439-0272.2012.01311.x
http://doi.org/10.3390/ph12010011
http://doi.org/10.3390/ani10101930
http://doi.org/10.12750/JET.2014.29.2.141
http://doi.org/10.1262/jrd.2013-102
http://doi.org/10.1111/asj.13009
http://doi.org/10.1016/j.numecd.2020.02.014


Antioxidants 2021, 10, 217 13 of 15

27. Nordeen, S.K.; Bona, B.J.; Jones, D.N.; Lambert, J.R.; Jackson, T.A. Endocrine disrupting activities of the flavonoid nutraceuticals
luteolin and quercetin. Horm. Cancer 2013, 4, 293–300. [CrossRef]

28. Patisaul, H.B.; Adewale, H.B. Long-term effects of environmental endocrine disruptors on reproductive physiology and behavior.
Front. Behav. Neurosci. 2009, 3, 10. [CrossRef]

29. Galluzzo, P.; Ascenzi, P.; Bulzomi, P.; Marino, M. The nutritional flavanone naringenin triggers antiestrogenic effects by regulating
estrogen receptor alpha-palmitoylation. Endocrinology 2008, 149, 2567–2575. [CrossRef]

30. Bowers, J.L.; Tyulmenkov, V.V.; Jernigan, S.C.; Klinge, C.M. Resveratrol acts as a mixed agonist/antagonist for estrogen receptors
alpha and beta. Endocrinology 2000, 141, 3657–3667. [CrossRef]

31. Maggiolini, M.; Vivacqua, A.; Carpino, A.; Bonofiglio, D.; Fasanella, G.; Salerno, M.; Picard, D.; Andó, S. The mutant androgen
receptor T877A mediates the proliferative but not the cytotoxic dose-dependent effects of genistein and quercetin on human
LNCaP prostate cancer cells. Mol. Pharmacol. 2002, 62, 1027–1035. [CrossRef]

32. Smeriglio, A.; Trombetta, D.; Marcoccia, D.; Narciso, L.; Mantovani, A.; Lorenzetti, S. Intracellular distribution and biological
effects of phytochemicals in a sex steroid- sensitive model of human prostate adenocarcinoma. Anticancer Agents Med. Chem.
2014, 14, 1386–1396. [CrossRef]

33. Ferramosca, A.; Lorenzetti, S.; Di Giacomo, M.; Murrieri, F.; Coppola, L.; Zara, V. Herbicides glyphosate and glufosinate
ammonium negatively affect human sperm mitochondria respiration efficiency. Reprod. Toxicol. 2021, 99, 48–55. [CrossRef]

34. Ferramosca, A.; Focarelli, R.; Piomboni, P.; Coppola, L.; Zara, V. Oxygen uptake by mitochondria in demembranated human
spermatozoa: A reliable tool for the evaluation of sperm respiratory efficiency. Int. J. Androl. 2008, 31, 337–345. [CrossRef]

35. Basu, P.; Meza, E.; Bergel, M.; Maier, C. Estrogenic, antiestrogenic and antiproliferative activities of Euphorbia bicolor (Euphor-
biaceae) latex extracts and its phytochemicals. Nutrients 2019, 12, 59. [CrossRef]

36. WHO. WHO Laboratory Manual for the Examination and Processing of Human Semen, 5th ed.; World Health Organization, Department
of Reproductive Health and Research: Geneva, Switzerland, 2010. Available online: https://apps.who.int/iris/bitstream/handle/
10665/44261/9789750011245_tur.pdf (accessed on 13 January 2021).

37. Moscatelli, N.; Spagnolo, B.; Pisanello, M.; Lemma, E.D.; De Vittorio, M.; Zara, V.; Pisanello, F.; Ferramosca, A. Single-cell-based
evaluation of sperm progressive motility via fluorescent assessment of mitochondria membrane potential. Sci. Rep. 2017, 7, 17931.
[CrossRef]

38. Ferramosca, A.; Pinto Provenzano, S.; Coppola, L.; Zara, V. Mitochondrial respiratory efficiency is positively correlated with
human sperm motility. Urology 2012, 79, 809–814. [CrossRef]

39. Moscatelli, N.; Lunetti, P.; Braccia, C.; Armirotti, A.; Pisanello, F.; De Vittorio, M.; Zara, V.; Ferramosca, A. Comparative proteomic
analysis of proteins involved in bioenergetics pathways associated with human sperm motility. Int. J. Mol. Sci. 2019, 20, 3000.
[CrossRef]

40. Paoli, D.; Gallo, M.; Rizzo, F.; Baldi, E.; Francavilla, S.; Lenzi, A.; Lombardo, F.; Gandini, L. Mitochondrial membrane potential
profile and its correlation with increasing sperm motility. Fertil. Steril. 2011, 95, 2315–2319. [CrossRef]

41. Piomboni, P.; Focarelli, R.; Stendardi, A.; Ferramosca, A.; Zara, V. The role of mitochondria in energy production for human
sperm motility. Int. J. Androl. 2012, 35, 109–124. [CrossRef]

42. Amaral, A.; Lourenço, B.; Marques, M.; Ramalho-Santos, J. Mitochondria functionality and sperm quality. Reproduction 2013, 146,
R163–R174. [CrossRef]

43. Ferramosca, A.; Zara, V. Bioenergetics of mammalian sperm capacitation. Biomed. Res. Int. 2014, 2014, 902953. [CrossRef]
44. Durairajanayagam, D.; Singh, D.; Agarwal, A.; Henkel, R. Causes and consequences of sperm mitochondrial dysfunction.

Andrologia 2020, 53, e13666. [CrossRef]
45. Barbagallo, F.; La Vignera, S.; Cannarella, R.; Aversa, A.; Calogero, A.E.; Condorelli, R.A. Evaluation of sperm mitochondrial

function: A key organelle for sperm motility. J. Clin. Med. 2020, 9, 363. [CrossRef]
46. Mundy, A.J.; Ryder, T.A.; Edmonds, D.K. Asthenozoospermia and the human sperm mid-piece. Hum. Reprod. 1995, 10, 116–119.

[CrossRef]
47. Wang, X.; Sharma, R.K.; Gupta, A.; George, V.; Thomas, A.J.; Falcone, T.; Agarwal, A. Alterations in mitochondria membrane

potential and oxidative stress in infertile men: A prospective observational study. Fertil. Steril. 2003, 80 (Suppl. 2), 844–850.
[CrossRef]

48. Pelliccione, F.; Micillo, A.; Cordeschi, G.; D’Angeli, A.; Necozione, S.; Gandini, L.; Lenzi, A.; Francavilla, F.; Francavilla, S. Altered
ultrastructure of mitochondrial membranes is strongly associated with unexplained asthenozoospermia. Fertil. Steril. 2011, 95,
641–646. [CrossRef]

49. Ferramosca, A.; Albani, D.; Coppola, L.; Zara, V. Varicocele negatively affects sperm mitochondrial respiration. Urology 2015, 86,
735–739. [CrossRef]

50. Nowicka-Bauer, K.; Lepczynski, A.; Ozgo, M.; Kamieniczna, M.; Fraczek, M.; Stanski, L.; Olszewska, M.; Malcher, A.; Skrzypczak,
W.; Kurpisz, M.K. Sperm mitochondrial dysfunction and oxidative stress as possible reasons for isolated asthenozoospermia.
J. Physiol. Pharmacol. 2018, 69, 3.

51. Storey, B.T. Mammalian sperm metabolism: Oxygen and sugar, friend and foe. Int. J. Dev. Biol. 2008, 52, 427–437. [CrossRef]
52. Losano, J.D.A.; Angrimani, D.S.R.; Ferreira Leite, R.; Simões da Silva, B.D.C.; Barnabe, V.H.; Nichi, M. Spermatic mitochondria:

Role in oxidative homeostasis, sperm function and possible tools for their assessment. Zygote 2018, 26, 251–260. [CrossRef]
[PubMed]

http://doi.org/10.1007/s12672-013-0150-1
http://doi.org/10.3389/neuro.08.010.2009
http://doi.org/10.1210/en.2007-1173
http://doi.org/10.1210/endo.141.10.7721
http://doi.org/10.1124/mol.62.5.1027
http://doi.org/10.2174/1871520614666140624111011
http://doi.org/10.1016/j.reprotox.2020.11.011
http://doi.org/10.1111/j.1365-2605.2007.00775.x
http://doi.org/10.3390/nu12010059
https://apps.who.int/iris/bitstream/handle/10665/44261/9789750011245_tur.pdf
https://apps.who.int/iris/bitstream/handle/10665/44261/9789750011245_tur.pdf
http://doi.org/10.1038/s41598-017-18123-1
http://doi.org/10.1016/j.urology.2011.12.042
http://doi.org/10.3390/ijms20123000
http://doi.org/10.1016/j.fertnstert.2011.03.059
http://doi.org/10.1111/j.1365-2605.2011.01218.x
http://doi.org/10.1530/REP-13-0178
http://doi.org/10.1155/2014/902953
http://doi.org/10.1111/and.13666
http://doi.org/10.3390/jcm9020363
http://doi.org/10.1093/humrep/10.1.116
http://doi.org/10.1016/S0015-0282(03)00983-X
http://doi.org/10.1016/j.fertnstert.2010.07.1086
http://doi.org/10.1016/j.urology.2015.07.011
http://doi.org/10.1387/ijdb.072522bs
http://doi.org/10.1017/S0967199418000242
http://www.ncbi.nlm.nih.gov/pubmed/30223916


Antioxidants 2021, 10, 217 14 of 15

53. Agarwal, A.; Virk, G.; Ong, C.; du Plessis, S.S. Effect of oxidative stress on male reproduction. World J. Mens. Health 2014, 32, 1–17.
[CrossRef] [PubMed]

54. Pereira, S.P.; Pereira, G.C.; Moreno, A.J.; Oliveira, P.J. Can drug safety be predicted and animal experiments reduced by using
isolated mitochondrial fractions? Altern. Lab. Anim. 2009, 37, 355–365. [CrossRef] [PubMed]

55. Amaral, S.; Tavares, R.S.; Baptista, M.; Sousa, M.I.; Silva, A.; Escada-Rebelo, S.; Paiva, C.P.; Ramalho-Santos, J. Mitochondrial
functionality and chemical compound action on sperm function. Curr. Med. Chem. 2016, 23, 3575–3606. [CrossRef]
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