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Abstract: Spermatogenesis, sperm motility, and apoptosis are dependent on the regulation of glan-
dular hormones and mitochondria. Natural astaxanthin (ASTA) has antioxidant, anti-inflammatory,
and anti-apoptotic properties. The present study evaluates the effects of ASTA on testosterone syn-
thesis and mitochondrial function in aging roosters. Jinghong No. 1 layer breeder roosters (n = 96,
53-week old) were fed a corn–soybean meal basal diet containing 0, 25, 50, or 100 mg/kg ASTA for
6 weeks. The levels of plasma reproductive hormones and the mRNA and protein levels of molecules
related to testosterone synthesis were significantly improved (p < 0.05) in the testes of the ASTA group
roosters. In addition, antioxidant activities and free radical scavenging abilities in roosters of the
ASTA groups were higher than those of the control group (p < 0.05). Mitochondrial electron transport
chain complexes activities and mitochondrial membrane potential in sperm increased linearly with
dietary ASTA supplementation (p < 0.05). The levels of reactive oxygen species and apoptosis factors
decreased in roosters of the ASTA groups (p < 0.05). Collectively, these results suggest that dietary
ASTA may improve testosterone levels and reduce sperm apoptosis, which may be related to the
upregulation of the testosterone synthesis pathway and the enhancement of mitochondrial function
in aging roosters.

Keywords: natural astaxanthin; testosterone synthesis; mitochondrial function; apoptosis factors;
sperm

1. Introduction

Age is an important factor that affects the reproductive performance of layer breeder
roosters. In aging roosters, a weakened antioxidant defense system is responsible for
causing testicular damage and reducing semen quality. Testes, as genital organs, are mainly
responsible for spermatogenesis and testosterone production. Spermatogenesis depends
on the regulation of multiple gonadal hormones and is affected by aging [1]. Testosterone
plays a crucial role in spermatogenesis, testicular development, and the maintenance
of male characteristics [2,3]. Decreased testosterone levels are a direct consequence of
impaired spermatogenesis in aging roosters; therefore, testosterone is considered an es-
sential hormone for spermatogenesis [4]. Several key enzymes, including steroidogenic
acute regulatory protein (StAR), cholesterol side-chain cleavage enzyme (P450scc), and 3β-
hydroxysteroid dehydrogenase (3β-HSD), are required for testosterone synthesis [5]. It has
been demonstrated that increased expression of StAR, P450scc, and 3β-HSD results in im-
proved reproductive performance in aging roosters [6]. Moreover, morphological changes
occur in the testes during aging [7]. Therefore, strategies should be investigated to directly
increase the testosterone levels in aging breeder roosters.

Mitochondria have a variety of physiological and reproductive functions [8]. Adeno-
sine triphosphate (ATP) is the most common form of chemical energy in cells [9]. As a
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biomarker of sperm health and fertility [10], mitochondria play an important role in the
linear motility, hyperactivation, and capacitation of sperms, acrosome reaction, and fertil-
ization; thus, they are important for male fertility [11]. The decline in male reproductive
performance may be linked to the deregulation of mitochondrial membrane potential
(MMP). It has been demonstrated that the loss of MMP and decreased energy within the
sperm may lead to a decline in sperm motility [12].

Apoptosis is a classic type of cell death that involves mitochondria. Free radicals are
produced primarily by the mitochondria, and abnormal mitochondrial function or structure
can lead to increased production of these radicals [13]. A recent study showed that reactive
oxygen species (ROS) could induce apoptosis via a mitochondria-dependent pathway
and that ROS promoted the permeabilization of the outer mitochondrial membrane [14].
MMP loss results in the release of pro-apoptotic factors, such as Ca2+, cytochrome c (Cyt-c),
and caspases, thereby promoting apoptosis [15]. Therefore, a strategy must be developed
to lessen the impact of aging on mitochondrial function in the sperm of breeding roosters.

Recently, several studies have investigated the use of natural antioxidant compounds
to prevent reproductive decline in aging roosters [16,17]. Astaxanthin (ASTA) is a member
of the xanthophylls family of carotenoids, which can be extracted from a variety of microor-
ganisms, phytoplankton, and marine organisms [18]. Currently, as a natural antioxidant,
ASTA has also been demonstrated to have higher antioxidant activity than α-carotene,
lycopene, lutein, and β-carotene [19]. Additionally, ASTA is 550 times more efficient than
vitamin E at scavenging singlet oxygens [20]. ASTA is a precursor of vitamin A, and its
biological activities include antioxidant [21], anti-inflammatory [22], and anti-apoptotic
properties, as well as the inhibition of lipid peroxidation [23]. Our previous study suggested
that dietary ASTA could enhance sperm motility in aging roosters (an increase from 64.40%
to 76.23%), which affects the expression of the MAPK/Nrf2 pathway, and reinforce the
antioxidant defense system [24]. Our previous study revealed that sperm concentration
and semen volume were also remarkably increased in animals with ASTA supplementation.
Although testosterone level and mitochondrial function can have a beneficial effect on
sperm quality, little research has been conducted on the effect of ASTA on semen quality.

Therefore, the objective of this study is to evaluate the effects of dietary supplemen-
tation with different concentrations of ASTA on testosterone synthesis, mitochondria-
regulated energy supply, and the apoptotic pathway.

2. Materials and Methods

All experimental protocols were approved by the Animal Care and Use Committee of
the Beijing University of Agriculture (Approval ID: BUA-zc-20200073).

2.1. Experimental Design

Haematococcus pluvialis containing 1.54% ASTA was purchased from Jingzhou Natural
Astaxanthin Inc. (Jingzhou, China). A total of 96 53-week-old Jinghong No. 1 layer
breeder roosters were randomly assigned to one of the four dietary treatments, i.e., 0, 25, 50,
or 100 mg/kg ASTA. Six replicates per treatment, with four birds per cage (70× 60× 75 cm),
were used. All birds were fed a basal diet for 1 week and then assigned to a corn/soybean-
meal-based diet containing various doses of ASTA for 6 weeks. The composition and
nutrient levels of the corn–soybean meal-based diet are shown in Table 1.
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Table 1. Composition and nutrient content of the basal diet (air dried basis, %).

Ingredients Content, % Nutrition Level

Corn 69.93 Metabolizable energy, MJ·kg−1 12.02
Soybean meal 18.60 Crude protein, % 14.00
Wheat bran 3.80 Methionine, % 0.23
Soybean oil 1.40 Lysine, % 0.64
Limestone 2.60 Calcium, % 1.37

Dicalcium phosphate 1.80 Total phosphorus, % 0.63
Salt 0.25 Available phosphorus, % 0.44

Choline chloride 0.20
Premix 1 1.42

Total 100.00
1 The premix provided the following, per kilogram of the diet: Cu 10 mg, Fe 80 mg, Mn 100 mg, Zn 80 mg,
VA 20,000 IU, VD 3000 IU, VE 30 IU, VK 2 mg, VB1 2 mg, VB2 10 mg, VB6 6 mg, VB12 0.012 mg, folic acid 1.2 mg,
D-pantothenic acid 12 mg, nicotinic acid 40 mg, biotin 0.2 mg, and Se 0.3 mg.

2.2. Sample Collection

Each bird was trained to have semen collected every two weeks. One bird from
each replicate was randomly selected for semen collection after the 6-week feeding trial.
Semen samples were temporarily stored in a pre-heated (37 ◦C) water bath until analysis.
One bird was randomly selected from each replicate and euthanized via cervical dislocation.
Blood samples were collected from the left jugular vein, and plasma was separated by
centrifugation at 3000× g for 10 min and stored at −20 ◦C until analysis of reproductive
hormones. Immediately after euthanasia, the left testis was fixed in 4% paraformaldehyde
and embedded in paraffin, and the remaining testis was removed and quickly frozen at
−80 ◦C for later analysis.

2.3. Reproductive Hormones Analysis

The concentrations of luteinizing hormone (LH, H206), follicle-stimulating hormone
(FSH, H101), and testosterone (H090) were measured using ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.
All assays were performed in 96-well plates, and the absorbance was measured at 450 nm
(Thermo Fisher Scientific, Waltham, MA, USA). The hormone concentrations were deter-
mined by referring to a standard curve.

2.4. Antioxidant Enzymes and Free Oxygen Radical Analysis

The activities of antioxidant enzymes, including glutathione peroxidase (GSH-Px,
A005-1), superoxide dismutase (SOD, A001-1), catalase (CAT, A007-1), and the abilities of
scavenging hydroxyl radical (A018-1), superoxide anion (A052-1), total antioxidant capacity
(T-AOC, A015-1), and malondialdehyde (MDA, A003-1) were analyzed in sperm using a
commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The methods
and principles used to determine the levels of these antioxidant indicators using these kits
have been described previously [25].

2.5. Sperm Mitochondrial Preparation

A mitochondria extraction kit (Nanjing Jian Cheng Bioengineering Institute, Nanjing,
China, G006) was used to extract sperm mitochondria in accordance with the manufac-
turer’s instructions. Semen (0.3 mL) was centrifuged for 10 min at 600× g and 4 ◦C. The se-
men plasma was eliminated, the sperms were washed three times with phosphate-buffered
saline (PBS), and the supernatants were discarded. The spermatozoa were resuspended in
buffer, and the homogenate was centrifuged for 5 min at 800× g at 4 ◦C. The supernatant
containing mitochondria was placed in a pre-cooled centrifuge tube and centrifuged at
15,000× g for 10 min at 4 ◦C; the precipitate was the sperm mitochondria. The mitochon-
drial precipitate was lysed for 15 min using a lysis buffer in an ice-water bath with shaking.
The mixture was then centrifuged for 15 min at 12,000× g and 4 ◦C. Mitochondrial protein
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concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China, A045-4).

2.6. Oxidative Phosphorylation (OXPHOS) Complexes Analysis

The activities of sperm mitochondrial respiratory chain complex I (NADH ubiquinone
oxidoreductase, A089-1), complex II (succinate dehydrogenase, A089-2), complex III
(ubiquinol cytochrome C reductase, A089-3), complex IV (cytochrome C oxidase, A089-4),
and complex V (ATP synthase, A089-5) were evaluated in accordance with the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The ac-
tivity of complex I was evaluated following the oxidation of NADH at 340 nm. The activity
of complex II was quantitatively determined using oxidized dichlorophenol indophenol to
reduce dichlorophenol indophenol at 600 nm. The activity of complex III was evaluated by
measuring the degree of reduction of Cyt-c by the enzyme at 550 nm. The activity of com-
plex IV was evaluated by measuring the oxidation of Cyt-c for 60 s at 550 nm. Mitochondrial
complex V activity was measured using the ultimate reaction of OXPHOS. In reactions
catalyzed by pyruvate kinase (PK) and lactate dehydrogenase (LDH), the conversion of
nicotinamide adenine dinucleotide (NAD), resulting in a change in the absorbance peak
(340 nm), was quantified to analyze complex V activity.

2.7. Sperm MMP, ROS Production, and Apoptosis Analysis

The semen samples were diluted with PBS (approximately 1 × 106 mL). Flow cytome-
try (Becton Dickinson, CA, USA) was used to detect MMP, ROS production, and apoptosis
in at least 10,000 sperm cells. MMP was evaluated using a MitoProbe™ JC-1 Assay Kit
(Thermo Fisher Scientific, Shanghai, China, M34652), which included a cationic dye, JC-1
(5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide). Sperm were
incubated with JC-1 in the dark for 30 min at 37 ◦C. They were then washed with PBS and
analyzed. Potential-dependent accumulation of JC-1 in the mitochondria can be observed
by a shift in fluorescence emission from green (529 nm) to red (590 nm). A decrease in
the red/green fluorescence intensity ratio indicates mitochondrial depolarization. Thus,
the MMP (high, H-MMP, and low, L-MMP) (ratio) of the samples was determined.

An ROS assay kit (Beyotime Institute of Biotechnology, Shanghai, China, S0033) was
used to measure ROS production, which included a fluorescent molecular probe and 2,7-
dichlorodi-hydrofluorescein diacetate (DCFH-DA). Sperm were incubated with 10 µM
DCFH-DA in the dark for 20 min at 37 ◦C. The samples were washed thrice with PBS prior
to flow cytometry. All flow cytometry analyses were performed using a 488 nm excitation
laser and a 525 nm emission laser. After obtaining the green fluorescence signal, the positive
rate of ROS and the mean fluorescence intensity were evaluated.

Apoptosis was analyzed using an FITC-Annexin V Apoptosis Detection Kit I (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China, 556547). Sperm samples were collected,
washed with PBS, and resuspended in 1× binding buffer. They were then incubated
with 5 µL PI, 5 µL FITC-Annexin V (dark, 37 ◦C, 15 min), and 1× binding buffer. Sperm
apoptosis was analyzed by flow cytometry.

2.8. Caspase Activity Analysis

The levels of caspase-3 and caspase-9 were measured using kits (Beyotime Institute
of Biotechnology, Shanghai, China, C1115 and C1157). Testis tissue samples (0.1 g) were
homogenized in pre-cooled (4 ◦C) saline (0.9%, 1:9), and the levels of caspase-3 and caspase-
9 were calculated based on the cleavage of the specific indicator fluorogenic substrates
(AC-DEVD-pNA for caspase-3 and AC-LEHD-pNA for caspase-9). Substrate cleavage was
determined at an excitation wavelength of 405 nm using a fluorescence spectrophotometer
405 nm excitation wavelength.
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2.9. Testes Histology Analysis

After the left testis sample was fixed in 4% paraformaldehyde for 48 h, at least six
sections from the testis samples were embedded in paraffin blocks and sectioned into
5 µm thick sections for histological examination. Three seminiferous tubules with regular
contours were randomly analyzed in each section. The thickness of the seminiferous
epithelium and the diameter of the seminiferous tubule were measured using Image-Pro-
Plus (Media Cybernetics Inc., Rockville, MD, USA) at 100×magnification.

2.10. Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from a 0.1 g testis sample using TRIzol reagent (Thermo
Fisher Scientific, Shanghai, China), as per the manufacturer’s instructions, and then
reverse-transcribed into single-stranded cDNA using the Thermo First cDNA Synthe-
sis Kit (Promega, Beijing, China). The expressions of 3β-HSD, P450scc, StAR, Caspase-3,
Caspase-9, Bax, Bcl-2, and Cyt-c were determined using qRT-PCR with specific primers
(Table 2). After initial denaturation at 95 ◦C for 10 min, 40 cycles of amplification were
carried out (95 ◦C for 10 s and 58.2 ◦C for 30 s), followed by the generation of melt curves
that could be used to verify the specificity of amplification. Relative gene expression was
calculated using the 2−∆∆Ct method [26], with ACTB serving as the reference gene.

Table 2. Primer sequences used for the quantitative real-time PCR.

Genes Primer Sequence (5′-3′) Product Size, bp Accession Number

Caspase-3 Forward: TGCTCCAGGCTACTACTCCT
91 NM_20472.51Reverse: TTTCCTGGCGTGTTCCTTCA

Caspase-9 Forward: GTCCATCCCAGTCCAACCTG
98 XM_424580.6Reverse: GGTACACCAGTCTGTGGTCG

Bax
Forward: ACAGGGATCGTCACAGTCAT

120 XM_015290060.2Reverse: CACCAACTGTGTGTCGTAGG

Bcl-2
Forward: TCGTCGCCTTCTTCGAGTTC

150 NM_205339.2Reverse: CATCCCATCCTCCGTTGTCC

Cyt-c Forward: CCTGTCCTGGTGCATGATG
77 NM_205147.1Reverse: TACTCTGATCCAGCTCTGCCTGAA

3β-HSD Forward: GCAAGAGGCTGGCAGAGGAATG
90 NM_205118.2Reverse: GGTGACGGCGTCGATGAA

P450scc
Forward: GCTTTGCCTTGGAGTCTGTG

104 NM_001001756.2Reverse: GGTGACGGCGTCGATGAA

StAR
Forward: TCAGCCGGCGGATTTAAGG

64 NM_204686.2Reverse: TGGTGGCTGCTACAAACACT

ACTB
Forward: GCCAACAGAGAGAAGATGACAC

118 NM_205518Reverse: GTAACACCATCACCAGAGTCCA

2.11. Western Blotting

Testes samples were lysed in radio immunoprecipitation assay (RIPA) buffer (Sino-
Gene, Beijing, China) supplemented with proteinase inhibitors for 20 min, in accordance
with the manufacturer’s instructions. The Bradford method was used to determine pro-
tein concentrations (SinoGene, Beijing, China). Protein markers (Thermo Fisher Scientific,
Shanghai, China) and samples containing 30 µg of protein were separated using SDS-PAGE
gels and transferred onto polyvinylidene difluoride (PVDF) membranes using a Bio-Rad
mini transfer system (Bio-Rad Laboratories, Hercules, CA, USA) at 120 V for 2 h. Mem-
branes were then incubated overnight with primary antibodies against β-actin (ABclonal
Technology Co.,Ltd., Wuhan, China, AC028, 1:3000), anti-3β-HSD (Bioss lnc., Boston, MA,
USA, bs-3906R, 1:1000), anti-P450scc (Bioss, bs-10099R, 1:1000), and anti-StAR (Abcam
plc., Cambridge, Cambridgeshire CB2 0AX, UK, ab133657, 1:2000) at 4 ◦C. After being
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rinsed four times with Tris-buffered saline containing 0.1% Tween® 20 Detergent (TBST)
(10 min per rinse), the membranes were incubated with the corresponding HRP-conjugated
secondary antibodies for 1 h. A chemiluminescent (ECL) kit (Engreen, Biosystem, Ltd.,
Beijing, China) was used to detect the immunological signals in the dark. Protein bands
were quantified through densitometric analysis using Image J (National Institutes of Health,
Baltimore, MD, USA).

2.12. Statistical Analysis

All statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY,
USA). Data are presented as mean ± standard deviation of the mean (SD). Additionally,
polynomial regression analysis was used to test the linear and quadratic nature of the
response to the additive ASTA dosage, and Tukey’s multiple comparison tests were used to
analyze the differences among various treatments. p < 0.05 was considered significant.

3. Results
3.1. Reproductive Hormones Level and Testes Histology

Testosterone is a key hormone related to spermatogenesis and metabolism, whose
secretion is stimulated by FSH and LH. Generally, LH activates the protein kinase A (PKA)
pathway and promotes the expression of key steroid genes by stimulating G proteins
and adenylyl cyclase. Figure 1A–C show the effect of dietary ASTA supplementation
on the levels of reproductive hormones in the plasma. When the concentration of ASTA
reached 50 mg/kg, the FSH and testosterone levels increased remarkably compared to the
control group (p < 0.05). In the group with 25 mg/kg ASTA supplementation, LH levels
were significantly higher compared to the control group and reached a maxima (p < 0.05).
The results also showed that the diameter of the seminiferous tubules and thickness of the
epithelium were markedly increased in the ASTA groups (p < 0.05) (Figure 1D–F).
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Figure 1. Effect of dietary ASTA supplementation on the plasma reproductive hormones and tes-
ticular histological parameters of aging roosters. (A) FSH level, (B) LH level, (C) testosterone level,
(D) testicular morphology, (E) seminiferous tubule diameter, and (F) epithelium thickness. The values
are expressed as means ± standard deviation, n = 6 in each group. a–c Means within a row with no
common superscripts are significantly different (p < 0.05).
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3.2. Expression of Genes Involved in the Testosterone Synthesis Pathway at the mRNA and
Protein Levels

The mRNA and protein levels of the testosterone synthesis pathway intermediaries in
the testes of aged roosters are shown in Figure 2. When the ASTA concentration reached
100 mg/kg, the expression of 3β-HSD at the mRNA and protein level was significantly
higher than that in the control group (p < 0.05). Further, in roosters of the 50 mg/kg ASTA
group, the expression of P450scc and StAR at the mRNA and protein level was increased
markedly in relation to the control group (p < 0.05). However, there was no significant
difference in expression of P450scc at the mRNA and protein level in roosters supplemented
with 50 and 100 mg/kg ASTA.
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Figure 2. Effect of dietary ASTA supplementation on the expression of testosterone synthesis pathway
intermediaries at the mRNA and protein level in the testes of aging roosters. (A–C) The expression
of testosterone synthesis pathway intermediaries at the mRNA level; the values are expressed as
means ± standard deviation, n = 6 in each group. (D) The expression of testosterone synthesis
pathway intermediaries at the protein level; the results are expressed as mean ± standard deviation
(n = 3). a–c Means within a row with no common superscripts are significantly different (p < 0.05).

3.3. Antioxidant Ability of Sperm

Antioxidant capacity can maintain sperm motility and viability. We investigated
the effects of dietary ASTA supplementation on the antioxidant enzyme activity and free
radical scavenging ability in rooster sperms (Figure 3). In roosters of the ASTA groups,
sperm GSH-Px activity was markedly higher than in roosters of the control group (p < 0.05).
SOD and CAT activities were higher in roosters of the 50 mg/kg ASTA group (p < 0.05).
T-AOC levels were the highest in the sperm of roosters supplemented with 100 mg/kg
ASTA (p < 0.05), while the MDA levels decreased linearly (p < 0.05). Notably, 50 mg/kg
ASTA was better at enhancing superoxide anion scavenging ability than the other ASTA
doses (p < 0.05). Additionally, the hydroxyl radical scavenging ability of roosters in the 50
and 100 mg/kg ASTA groups was significantly higher than that in roosters of the control
group (p < 0.05).
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3.4. OXPHOS Complex Activity

OXPHOS complex activity is important for mitochondrial ATP production. In the
present study, we evaluated the effects of dietary ASTA supplementation on the activity
of OXPHOS complexes in sperms (Figure 4). Dietary addition of 25, 50, and 100 mg/kg
ASTA resulted in markedly enhanced activities of complexes I–V (p < 0.05). Briefly, complex
I activity increased in roosters of the 50 and 100 mg/kg ASTA groups relative to that in
roosters of the control group (p < 0.05). The activities of complexes II and V in roosters of
the 50 mg/kg AST group were higher than those in roosters of the other groups (p < 0.05).
When the concentration of dietary ASTA reached 25 mg/kg, the activity of complex III
was significantly higher than that in the control group (p < 0.05) and reached the maxima.
Meanwhile, an increase in dietary ASTA supplementation from 25 to 100 mg/kg markedly
enhanced (p < 0.05) the activity of complex IV compared to the control group.
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(complex V). The data represent mean ± standard deviation; n = 3 in each group. a–d Means within a
row with no common superscripts are significantly different (p < 0.05).
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3.5. MMP, ROS, and Apoptosis Levels

The effects of dietary ASTA supplementation on MMP, ROS, and sperm apoptosis
levels are shown in Figure 5. The percentage of sperm with H-MMP in roosters of the
50 mg/kg ASTA group remarkably improved compared to that in roosters of the control
group, and the percentage of sperm with L-MMP decreased with ASTA supplementation
(p < 0.05). In addition, the positivity and mean fluorescence intensity corresponding to ROS
and sperm apoptotic levels markedly decreased in roosters of the ASTA groups (p < 0.05).
In particular, when compared to the control group, the ratio of early apoptotic sperm
gradually decreased with increasing dietary ASTA supplementation from 50 to 100 mg/kg
(p < 0.05).

Figure 5. Effect of dietary ASTA supplementation on the level of MMP, ROS, and apoptosis of sperm.
(A) MMP levels of sperm are measured by flow cytometry assay, (B) ROS level, and (C) sperm
apoptosis level. The data represent mean ± standard deviation; n = 6 in each group. a–c Means within
a row with no common superscripts are significantly different (p < 0.05).
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3.6. Caspase-3 and Caspase-9 Activation and the mRNA Expression of Apoptosis Factors

The effects of dietary ASTA on caspase-3 and caspase -9 activity are shown in Figure 6A,B.
Dietary supplementation with ASTA significantly decreased caspase-3 levels in testes
(p < 0.05). In addition, caspase-9 levels decreased gradually with increasing dietary ASTA
supplementation from 25 to 100 mg/kg (p < 0.05), while no significant differences in
caspase-9 levels were observed in roosters of the 50 and 100 mg/kg ASTA groups. To clarify
whether ASTA affects the expression of apoptotic factors, the transcript-level expression
of caspase-3, caspase-9, Cyt-c, Bcl-2, and Bax were measured in the testes (see Figure 6C–G).
The transcript-level expression of caspase-3 and Caspase-9 remarkably decreased with dietary
supplementation of 100 mg/kg ASTA (p < 0.05) and reached a minima. The levels of Bcl-2
mRNA in roosters of the 50 mg/kg ASTA group were higher than those in the other groups
(p < 0.05), whereas the levels of Cyt-c and Bax mRNA were significantly decreased in
roosters of the 25 to 100 mg/kg ASTA groups (p < 0.05).
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4. Discussion

Testosterone synthesis requires the conversion of cholesterol in the testes through a
complex series of chemical reactions. StAR regulates the acute transport of cholesterol from
the outer to the inner membrane of mitochondria in the testes. As P450scc catalyzes the con-
version of cholesterol into 22R-hydroxycholesterol in the inner mitochondrial membrane,
the double bond of 22R-hydroxycholesterol is cleaved to produce pregnenolone [27]. Finally,
3β-HSD catalyzes pregnenolone to testosterone in the endoplasmic reticulum [28]. Studies
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have shown that dietary antioxidant supplementation with molecules such as L-carnitine,
soybean isoflavones, and linseed oil aids the synthesis and secretion of reproductive hor-
mones [29–31]. These results indicate that dietary supplementation with ASTA, a natural
antioxidant, may aid the synthesis and secretion of reproductive hormones. Testicular ox-
idative stress may be one of the major factors that reduce testosterone production. The major
factor in the generation of oxidative stress is an imbalance between ROS production and
the scavenging capacity of the cellular antioxidant defense system [32]. As mitochondria
are critical sites for steroid hormone biosynthesis, ROS inhibit P450scc and StAR activity
and function, leading to decreased testosterone production [33,34]. In addition, MMP loss
induced by ROS also causes the downregulation of testosterone synthesis [35]. It has been
reported that following hydrogen-peroxide–induced oxidative stress in Leydig cells, ASTA
could reduce ROS production, prevent downregulated expression of the mature form of the
StAR protein, and restore steroidogenesis [36]. Thus, in the current study, we investigated
our hypothesis that ASTA, as an antioxidant, can improve testosterone production by
decreasing mitochondrial ROS levels in aging roosters.

It has been shown that antioxidants, including enzymatic or non-enzymatic com-
pounds, can improve the antioxidant defense system and play a key role in the prevention
and treatment of diseases [37]. In a previous study, dietary supplementation with ASTA
was found to improve SOD and GSH-Px activities and reduce lipid peroxidation in laying
hens [38]. Therefore, we hypothesized that ASTA could enhance semen quality, possibly
by improving the redox balance and membrane protection of sperm and decreasing MDA
levels. The effective antioxidant activity of ASTA can be attributed to the conjugated
polyene and terminal ring of ASTA, which capture free radicals on the surface and within
the membrane, respectively [39]. These results suggest that dietary ASTA exhibits an an-
tioxidative function in sperm by scavenging and neutralizing free radicals before they can
damage the sperm membrane. Although dietary supplementation with ASTA is beneficial
for sperm antioxidant capacity, whether ASTA can improve sperm mitochondrial function
by improving the sperm antioxidant capacity in aging roosters remains unknown.

The outer mitochondrial membrane enwraps the inner membrane, which allows ions
and most metabolites less than 10 kDa in size to enter the mitochondria [11,40]. The inner
mitochondrial membrane has a larger surface area than the outer membrane, owing to its
numerous cristae or invaginations, which increase the surface area that can produce energy
via OXPHOS [41]. OXPHOS respiratory chain complexes contain a number of small soluble
electron carrier proteins and cytochrome c, which are located on the mitochondrial cristae
membrane [42]. Mitochondrial OXPHOS is a complex process that requires the coordinated
operation of the respiratory chain and ATP synthases. The mitochondrial respiratory
chain is composed of four complexes (complex I, complex II, complex III, and complex
IV), which can actively transfer protons into the inner mitochondrial membrane, resulting
in transmembrane differences in the proton gradient [43]. Finally, ATP synthase uses the
free energy generated by the physiological dissipation of the proton motive force on the
inner membrane of mitochondria to synthesize ATP and provides energy for cells [44].
To enable electron transport, a variety of protein carriers are present in the lipid bilayer
of the inner mitochondrial membrane, including the ATP carrier [45] and the phosphate
carrier [46], which are necessary for ATP synthesis inside the mitochondria. Progressive
sperm motility largely depends on energy production from the mitochondrial compartment,
which supports the basic role of mitochondrial phosphorylation in sperm movement [47].
Another study showed that sperm motility is strongly dependent on the function of the
OXPHOS pathway, indicating that sperm motility is directly related to the activity of
complexes I–IV [48]. Our results suggest that dietary ASTA successfully improves the
activity of these complexes in the sperm. Therefore, we suspected that ASTA might improve
the activity of OXPHOS complexes in two ways. First, ASTA has a special molecular
structure that may physically affect mitochondrial membrane dynamics. For example,
ASTA may affect the function of the mitochondrial membrane and membrane proteins (such
as components of the electron transport chain (ETC)) through a special signal transduction
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mechanism, i.e., ASTA can regulate the association between adapter proteins and receptors
in the plasma membrane. In the next step, ASTA cannot reduce the ROS content during
ETC; it only neutralizes ROS and promotes ATP production during this process. However,
strategies to improve OXPHOS activity need further exploration.

Superoxide anions are mainly produced in respiratory complexes I and III of the
mitochondrial ETC; thus, in the sperm, ROS mainly originate from the mitochondria [49].
We speculated that ASTA has both lipophilic and hydrophilic properties, which can directly
act on mitochondria through cell uptake and improve MMP. These results are similar to
those reported in a previous study [50]. ROS, a byproduct of oxidative phosphorylation,
is necessary for proper sperm function. Low ROS levels can promote sperm tyrosine
phosphorylation, sperm hyperactivation, and sperm–egg interaction, but excessive ROS
levels lead to oxidative stress and affect sperm function [51]. A study has shown that
mitochondrial ROS levels correlate positively with lipid peroxidation, whereas ROS levels
and MMP are negatively correlated [52]. A recent study showed that ASTA could effec-
tively improve mitochondrial function by maintaining the MMP and reducing the ROS
content [53]. Therefore, we suggest that dietary supplementation with ASTA reduces ROS
levels and inhibits sperm apoptosis. These findings also confirmed our hypothesis that
dietary ASTA increases the activities of key proteins involved in the testosterone synthesis
pathway by increasing the MMP and reducing ROS production.

Apoptosis is a complex cascade of event responses; thus, evaluation of the effects of
dietary ASTA on apoptosis factors in aging roosters is necessary. Numerous pathways
regulate apoptosis, including intrinsic (mitochondrial), extrinsic, granzyme-mediated [54],
and endoplasmic reticulum stress-mediated pathways [55]. The intrinsic pathway is regu-
lated by the pro-apoptotic BAX-BAK and anti-apoptotic BCL-2 and BCL-XL proteins [56].
Mitochondria have been linked to apoptosis for years. They are the source of caspase
cascades that result in protein degradation and apoptosis [57]. Caspase 9 is a key effec-
tor caspase in the intrinsic apoptosis pathway, and Cyt-c is a protein released into the
mitochondrial inner membrane. However, whether dietary ASTA may play a role in the
intrinsic mitochondria-dependent pathway in aging roosters remains unclear. Therefore,
we evaluated the effects of dietary ASTA supplementation on caspase-3 and caspase-9
activity and the expression of apoptosis factors in the testes of aging roosters. The current
results are similar to those obtained in previous studies, which also showed that ASTA
inhibits the activation of caspase-3 and caspase-9 and the overproduction of ROS in cells.
These changes are known to have anti-apoptotic effects [58]. Sperm apoptosis is induced
when the activity of both caspase 3 and caspase 9 increases, and the MMP and sperm
motility decrease [59].

In the testes, Bax and Bcl-2 activities result in incomplete spermatogenesis and, ul-
timately, apoptosis [60]. ASTA has been reported to significantly suppress apoptosis by
upregulating the expression of anti-apoptotic proteins, such as Bcl-2, and downregulating
that of pro-apoptotic proteins, such as Bax, caspase 3/9, and Cyt-c, consistent with the
results of the present study [61]. Therefore, we speculated that the inhibition of apoptosis
by ASTA may be related to two factors. First, ASTA can improve sperm antioxidant defense,
reduce ROS levels, and prevent apoptosis. Second, ASTA increases the transcript-level
expression of Bcl-2 and decreases the transcript-level expression of Bax, phenomena that
prevent the release of Cyt-c from the mitochondrial intermembrane space, thus inhibiting
the caspase cascade events.

The reproductive performance of roosters is a key factor in poultry production, but fer-
tility begins to decline after 45 weeks of age. The primary features are decreases in sperm
volume, sperm concentration, vitality, and forward power, whereas lipid peroxidation
and oxidative stress in sperm increase [62]. Here, we suggest that mitochondria are es-
sential for spermatogenesis, sperm motility, and sperm apoptosis in aging roosters. First,
mitochondria are one of the most important sites for the synthesis of testosterone. Dietary
ASTA supplementation protects the mitochondrial structure under conditions of oxida-
tive stress and accelerates the transfer of cholesterol from the cytoplasm to mitochondria,
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which is a key step in determining the rate of testosterone synthesis. ASTA promoted the
expression of testosterone synthesis pathway genes and proteins and increased the level of
testosterone secretion. Next, in the sperm, mitochondria are arranged at the edge of the
tail microtubule, which is the organ most in need of energy because it promotes sperm
swing. This suggests that mitochondria play a direct role in providing energy for sperm
motility [57]. Dietary ASTA improved the activities of mitochondrial respiratory chain
complexes and MMP and ensured ATP production for sperm movement. Finally, ASTA
increased the antioxidant abilities of the sperm, whereas it inhibited the mitochondrial
apoptotic pathway and reduced ROS levels and the expression of sperm apoptosis factors.
Thus, these results indicate that dietary ASTA may improve semen quality by increasing
testosterone levels and mitochondrial function in aging roosters.

5. Conclusions

In summary, the current study suggests that the mechanism of action of dietary ASTA
involves increasing sperm concentration and sperm volume in aging roosters (Figure 7).
We speculate that dietary ASTA promotes spermatogenesis in aging roosters by decreasing
the ROS levels and protecting sperm antioxidant defense systems, which may be related
to increased testosterone levels and the maintenance of mitochondrial function. However,
more in-depth studies on the effects of ASTA with respect to mitochondrial function
are required.
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Abbreviation

ASTA: Astaxanthin; FSH: Follicle-stimulating hormone; LH: Luteinizing hormone; T: Testos-
terone; GSH-Px: Glutathione peroxidase; SOD: Superoxide dismutase; CAT: Catalase; MDA: Malon-
dialdehyde; T-AOC: Total antioxidant capacity; ROS: Reactive oxygen species; MMP: Mitochondrial
membrane potential; StAR: Steroidogenic acute regulatory protein; P450scc: Cholesterol side-chain
cleavage enzyme; 3β-HSD: 3β-hydroxysteroid dehydrogenase; Cyt-c: Cytochrome c.

References
1. Beattie, M.C.; Adekola, L.; Papadopoulos, V.; Chen, H.; Zirkin, B.R. Leydig cell aging and hypogonadism. Exp. Gerontol. 2015, 68,

87–91. [CrossRef] [PubMed]
2. Sun, Y.; Xue, F.; Li, Y.; Fu, L.; Bai, H.; Ma, H.; Xu, S.; Chen, J. Differences in semen quality, testicular histomorphology, fertility,

reproductive hormone levels, and expression of candidate genes according to sperm motility in Beijing-You chickens. Poult. Sci.
2019, 98, 4182–4189. [CrossRef] [PubMed]

3. Rebourcet, D.; Mackay, R.; Darbey, A.; Curley, M.K.; Jørgensen, A.; Frederiksen, H.; Mitchell, R.T.; O’Shaughnessy, P.J.; Nef, S.;
Smith, L.B. Ablation of the canonical testosterone production pathway via knockout of the steroidogenic enzyme HSD17B3,
reveals a novel mechanism of testicular testosterone production. FASEB J. 2020, 34, 10373–10386. [CrossRef]

4. Ansari, M.; Zhandi, M.; Kohram, H.; Zaghari, M.; Sadeghi, M.; Sharafi, M. Improvement of post-thawed sperm quality and
fertility of Arian rooster by oral administration of d-aspartic acid. Theriogenology 2017, 92, 69–74. [CrossRef] [PubMed]

5. Xu, G.; Yuan, Z.; Hou, J.; Zhao, J.; Liu, H.; Lu, W.; Wang, J. Prolonging photoperiod promotes testosterone synthesis of Leydig
cells by directly targeting local melatonin system in rooster testes. Biol. Reprod. 2021, 105, 1317–1329. [CrossRef]

6. Ansari, M.; Zhandi, M.; Kohram, H.; Zaghari, M.; Sadeghi, M.; Gholami, M.; Deldar, H.; Di Fiore, M.M.; Benson, A.P. D-Aspartate
amends reproductive performance of aged roosters by changing gene expression and testicular histology. Reprod. Fertil. Dev.
2018, 30, 1038. [CrossRef]

7. Jiang, H.; Zhu, W.; Li, J.; Chen, Q.; Liang, W.; Gu, Y. Quantitative histological analysis and ultrastructure of the aging human
testis. Int. Urol. Nephrol. 2014, 46, 879–885. [CrossRef]

8. Xia, M.F.; Zhang, Y.Z.; Jin, K.; Lu, Z.T.; Xiong, W. Communication between mitochondria and other organelles: A brand-new
perspective on mitochondria in cancer. Cell Biosci. 2019, 9, 27. [CrossRef]

9. Durairajanayagam, D.; Singh, D.; Agarwal, A.; Henkel, R. Causes and consequences of sperm mitochondrial dysfunction.
Andrologia 2021, 53, e13666. [CrossRef]

10. Losano, J.O.D.A.; Fernando, P.J.; Iago, M.; Angrimani, D.S.R.; García, G.A.; Barnabe, V.H.; Marcilio, N. The Stimulated Glycolytic
Pathway Is Able to Maintain ATP Levels and Kinetic Patterns of Bovine Epididymal Sperm Subjected to Mitochondrial Uncoupling.
Oxidative Med. Cell. Longev. 2017, 2017, 1682393. [CrossRef]

11. Moraes, C.R.; Meyers, S. The sperm mitochondrion: Organelle of many functions. Anim. Reprod. Sci. 2018, 194, 71–80. [CrossRef]
[PubMed]

12. Sharbatoghli, M.; Valojerdi, M.R.; Amanlou, M.; Khosravi, F.; Jafar-Abadi, M.A. Relationship of sperm DNA fragmentation,
apoptosis and dysfunction of mitochondrial membrane potential with semen parameters and ART outcome after intracytoplasmic
sperm injection. Arch. Gynecol. Obstet. 2012, 286, 1315–1322. [CrossRef] [PubMed]

13. Wang, X.; Wang, Y.; Zhang, L.; Zhang, D.; Jin, H. L-Cystathionine Protects against Homocysteine-Induced Mitochondria-
Dependent Apoptosis of Vascular Endothelial Cells. Oxidative Med. Cell. Longev. 2019, 2019, 1253289. [CrossRef]

14. Gao, J.; Shuang, L.; Fan, X.; Liu, Y.; Lv, C.; Yan, D.; Shi, J.; Gong, Q. Trilobatin Protects Against Oxidative Injury in Neuronal
PC12 Cells Through Regulating Mitochondrial ROS Homeostasis Mediated by AMPK/Nrf2/Sirt3 Signaling Pathway. Front. Mol.
Neurosci. 2018, 11, 267. [CrossRef]

15. Sinha, K.; Das, J.; Pal, P.B.; Sil, P.C. Oxidative stress: The mitochondria-dependent and mitochondria-independent pathways of
apoptosis. Arch. Toxicol. 2013, 87, 1157–1180. [CrossRef] [PubMed]

16. Najafi, A.; Taheri, R.A.; Mehdipour, M.; Farnoosh, G.; Martínez-Pastor, F. Lycopene-loaded nanoliposomes improve the perfor-
mance of a modified Beltsville extender broiler breeder roosters. Anim. Reprod. Sci. 2018, 195, 168–175. [CrossRef] [PubMed]

17. Yan, W.; Kanno, C.; Oshima, E.; Kuzuma, Y.; Kim, S.W.; Bai, H.; Takahashi, M.; Yanagawa, Y.; Nagano, M.; Wakamatsu, J.; et al.
Enhancement of sperm motility and viability by turmeric by-product dietary supplementation in roosters. Anim. Reprod. Sci.
2017, 185, 195–204. [CrossRef] [PubMed]

18. Ambati, R.R.; Phang, S.M.; Ravi, S.; Aswathanarayana, R.G. Astaxanthin: Sources, extraction, stability, biological activities and its
commercial applications—A review. Mar. Drugs 2014, 12, 128–152. [CrossRef] [PubMed]

19. Naguib, Y.M.A. Antioxidant Activities of Astaxanthin and Related Carotenoids. J. Agr. Food Chem. 2000, 48, 1150–1154. [CrossRef]
20. Sajad, F.; Fatemeh, A.; Leila, D.; Masoumeh, J. Astaxanthin: A Mechanistic Review on its Biological Activities and Health benefits.

Pharmacol. Res. 2018, 136, 1–20.

http://doi.org/10.1016/j.exger.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25700847
http://doi.org/10.3382/ps/pez208
http://www.ncbi.nlm.nih.gov/pubmed/31065698
http://doi.org/10.1096/fj.202000361R
http://doi.org/10.1016/j.theriogenology.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28237346
http://doi.org/10.1093/biolre/ioab155
http://doi.org/10.1071/RD17072
http://doi.org/10.1007/s11255-013-0610-0
http://doi.org/10.1186/s13578-019-0289-8
http://doi.org/10.1111/and.13666
http://doi.org/10.1155/2017/1682393
http://doi.org/10.1016/j.anireprosci.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29605167
http://doi.org/10.1007/s00404-012-2440-1
http://www.ncbi.nlm.nih.gov/pubmed/22760592
http://doi.org/10.1155/2019/1253289
http://doi.org/10.3389/fnmol.2018.00267
http://doi.org/10.1007/s00204-013-1034-4
http://www.ncbi.nlm.nih.gov/pubmed/23543009
http://doi.org/10.1016/j.anireprosci.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/29880233
http://doi.org/10.1016/j.anireprosci.2017.08.021
http://www.ncbi.nlm.nih.gov/pubmed/28869111
http://doi.org/10.3390/md12010128
http://www.ncbi.nlm.nih.gov/pubmed/24402174
http://doi.org/10.1021/jf991106k


Antioxidants 2022, 11, 1684 15 of 16

21. Janina, D.; Seiichi, M.; Haruka, Y.; Yutaro, K.; Shigetoshi, O.; Ulrike, S.; Manfred, E.; Gerald, R.; Tuba, E. Free Radical Scavenging
and Cellular Antioxidant Properties of Astaxanthin. Int. J. Mol. Sci. 2016, 17, 103.

22. Iskender, H.; Yenice, G.; Dokumacioglu, E.; Hayirli, A.; Sevim, C.; Dokumacioglu, A.; Terim, K.K. Astaxanthin alleviates renal
damage of rats on high fructose diet through modulating NFkappaB/SIRT1 pathway and mitigating oxidative stress. Arch.
Physiol. Biochem. 2020, 126, 89–93. [CrossRef] [PubMed]

23. Zhang, L.; Wang, H. Multiple Mechanisms of Anti-Cancer Effects Exerted by Astaxanthin. Mar. Drugs 2015, 13, 4310–4330.
[CrossRef] [PubMed]

24. Gao, S.; Heng, N.; Liu, F.; Guo, Y.; Chen, Y.; Wang, L.; Ni, H.; Sheng, X.; Wang, X.; Xing, K.; et al. Natural astaxanthin enhanced
antioxidant capacity and improved semen quality through the MAPK/Nrf2 pathway in aging layer breeder roosters. J. Anim. Sci.
Biotechnol. 2021, 12, 112. [CrossRef] [PubMed]

25. Xiaolong Qi, S.W.H.Z. Effects of dietary conjugated linoleic acids on lipid metabolism and antioxidant capacity in laying hens.
Arch. Anim. Nutr. 2011, 65, 354–365.

26. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data using Real-Time Quantitative PCR. Methods 2001, 25,
402–408. [CrossRef]

27. Ni, C.; Li, Y.; Li, Z.; Tian, L.; Fu, J.; Wu, K.; Wang, Y.; Yao, M.; Ge, R.S. Cisatracurium stimulates testosterone synthesis in rat and
mouse Leydig cells via nicotinic acetylcholine receptor. J. Cell. Mol. Med. 2020, 24, 14184–14194. [CrossRef]

28. Chen, P.; Zirkin, B.R.; Chen, H. Leydig Cells in the Adult Testis: Characterization, Regulation and Potential Applications. Endocr.
Rev. 2020, 41, 22–32. [CrossRef]

29. Heng, D.; Zhang, T.; Tian, Y.; Yu, S.; Liu, W.; Xu, K.; Liu, J.; Ding, Y.; Zhu, B.; Yang, Y.; et al. Effects of dietary soybean isoflavones
(SI) on reproduction in the young breeder rooster. Anim. Reprod. Sci. 2017, 177, 124–131. [CrossRef]

30. Elokil, A.A.; Bhuiyan, A.A.; Liu, H.Z.; Hussein, M.N.; Ahmed, H.I.; Azmal, S.A.; Yang, L.; Li, S. The capability of L-carnitine-
mediated antioxidant on cock during aging: Evidence for the improved semen quality and enhanced testicular expressions of
GnRH1, GnRHR, and melatonin receptors MT 1/2. Poult. Sci. 2019, 98, 4172–4181. [CrossRef]

31. Qi, X.; Shang, M.; Chen, C.; Chen, Y.; Hua, J.; Sheng, X.; Wang, X.; Xing, K.; Ni, H.; Guo, Y. Dietary supplementation with linseed
oil improves semen quality, reproductive hormone, gene and protein expression related to testosterone synthesis in aging layer
breeder roosters. Theriogenology 2019, 131, 9–15. [CrossRef] [PubMed]

32. Giorgio, M.; Trinei, M.; Migliaccio, E.; Pelicci, P.G. Hydrogen peroxide: A metabolic by-product or a common mediator of ageing
signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722–728. [CrossRef] [PubMed]

33. Tsai, S.; Lu, C.; Lin, C.; Wang, P.S. Antisteroidogenic actions of hydrogen peroxide on rat leydig cells. J. Cell. Biochem. 2003, 90,
1276–1286. [CrossRef] [PubMed]

34. Diemer, T.; Allen, J.A.; Hales, K.H.; Hales, D.B. Reactive Oxygen Disrupts Mitochondria in MA-10 Tumor Leydig Cells and
Inhibits Steroidogenic Acute Regulatory (StAR) Protein and Steroidogenesis. Endocrinology 2003, 144, 2882–2891. [CrossRef]
[PubMed]

35. Dale, B.H.; John, A.A.; Tristan, S.; Paul, J.; Steve, B.; Thorsten, D.; Hales, K.H. Mitochondrial Function in Leydig Cell Steroidogen-
esis. Testic. Cell Dyn. Endocr. Signal. 2005, 1061, 120–134.

36. Wang, J.; Lee, Y.; Chou, M.; Chang, R.; Chiu, C.; Liang, Y.; Wu, L. Astaxanthin Protects Steroidogenesis from Hydrogen
Peroxide-Induced Oxidative Stress in Mouse Leydig Cells. Mar. Drugs 2015, 13, 1375–1388. [CrossRef] [PubMed]

37. Seifried, H.E.; Anderson, D.E.; Fisher, E.I.; Milner, J.A. A review of the interaction among dietary antioxidants and reactive
oxygen species. J. Nutr. Biochem. 2007, 18, 567–579. [CrossRef]

38. Heng, N.; Gao, S.; Chen, Y.; Wang, L.; Li, Z.; Guo, Y.; Sheng, X.; Wang, X.; Xing, K.; Xiao, L.; et al. Dietary supplementation
with natural astaxanthin from Haematococcus pluvialis improves antioxidant enzyme activity, free radical scavenging ability,
and gene expression of antioxidant enzymes in laying hens. Poult. Sci. 2021, 100, 101045. [CrossRef]

39. Hama, S.; Uenishi, S.; Yamada, A.; Ohgita, T.; Tsuchiya, H.; Yamashita, E.; Kogure, K.; Department, O.B.C.; Kyoto, P.U.; Fuji,
C.I.C.; et al. Scavenging of Hydroxyl Radicals in Aqueous Solution by Astaxanthin Encapsulated in Liposomes. Biol. Pharm. Bull.
2012, 35, 2238–2242. [CrossRef]

40. Ferrusola, C.O.; Fernández, L.G.; Sandoval, C.S.; García, B.M.; Martínez, H.R.; Tapia, J.A.; Peña, F.J. Inhibition of the mitochondrial
permeability transition pore reduces “apoptosis like” changes during cryopreservation of stallion spermatozoa. Theriogenology
2010, 74, 458–465. [CrossRef]

41. Frey, T.G.; Mannella, C.A. The internal structure of mitochondria. Trends Biochem. Sci. 2000, 25, 319–324. [CrossRef]
42. Werner, K. Structure and function of mitochondrial membrane protein complexes. BMC Biol. 2015, 13, 89.
43. Lenaz, G.; Genova, M.L. Structure and organization of mitochondrial respiratory complexes: A new understanding of an old

subject. Antioxid. Redox Signal. 2010, 12, 961–1008. [CrossRef]
44. Boyer, P.D. Toward an Adequate Scheme for the ATP Synthase Catalysis. Biochemistry 2001, 66, 1058–1066. [PubMed]
45. Klingenberg, M. The ADP and ATP transport in mitochondria and its carrier. Biochim. Biophys. Acta 2008, 1778, 1978–2021.

[CrossRef]
46. Krämer, R. Structural and functional aspects of the phosphate carrier from mitochondria. Kidney Int. 1996, 49, 947–952.
47. Kamali Sangani, A.; Masoudi, A.A.; Vaez Torshizi, R. Association of mitochondrial function and sperm progressivity in slow- and

fast-growing roosters. Poult. Sci. 2017, 96, 211–219. [CrossRef]

http://doi.org/10.1080/13813455.2018.1493609
http://www.ncbi.nlm.nih.gov/pubmed/30081678
http://doi.org/10.3390/md13074310
http://www.ncbi.nlm.nih.gov/pubmed/26184238
http://doi.org/10.1186/s40104-021-00633-8
http://www.ncbi.nlm.nih.gov/pubmed/34732261
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1111/jcmm.16029
http://doi.org/10.1210/endrev/bnz013
http://doi.org/10.1016/j.anireprosci.2016.12.012
http://doi.org/10.3382/ps/pez201
http://doi.org/10.1016/j.theriogenology.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30925360
http://doi.org/10.1038/nrm2240
http://www.ncbi.nlm.nih.gov/pubmed/17700625
http://doi.org/10.1002/jcb.10738
http://www.ncbi.nlm.nih.gov/pubmed/14635199
http://doi.org/10.1210/en.2002-0090
http://www.ncbi.nlm.nih.gov/pubmed/12810543
http://doi.org/10.3390/md13031375
http://www.ncbi.nlm.nih.gov/pubmed/25786065
http://doi.org/10.1016/j.jnutbio.2006.10.007
http://doi.org/10.1016/j.psj.2021.101045
http://doi.org/10.1248/bpb.b12-00715
http://doi.org/10.1016/j.theriogenology.2010.02.029
http://doi.org/10.1016/S0968-0004(00)01609-1
http://doi.org/10.1089/ars.2009.2704
http://www.ncbi.nlm.nih.gov/pubmed/11736627
http://doi.org/10.1016/j.bbamem.2008.04.011
http://doi.org/10.3382/ps/pew273


Antioxidants 2022, 11, 1684 16 of 16

48. Ruiz-Pesini, E.; Lapeña, A.; Díez-Sánchez, C.; Pérez-Martos, A.; Montoya, J.; Alvarez, E.; Díaz, M.; Urriés, A.; Montoro, L.;
López-Pérez, M.J.; et al. Human mtDNA Haplogroups Associated with High or Reduced Spermatozoa Motility. Am. J. Hum.
Genet. 2000, 67, 682–696. [CrossRef]

49. Quinlan, C.L.; Perevoshchikova, I.V.; Hey-Mogensen, M.; Orr, A.L.; Brand, M.D. Sites of reactive oxygen species generation by
mitochondria oxidizing different substrates. Redox Biol. 2013, 1, 304–312. [CrossRef]

50. Kuroki, T.; Ikeda, S.; Okada, T.; Maoka, T.; Kitamura, A.; Sugimoto, M.; Kume, S. Astaxanthin ameliorates heat stress-induced
impairment of blastocyst development In Vitro: –astaxanthin colocalization with and action on mitochondria. J. Assist. Reprod.
Gen. 2013, 30, 623–631. [CrossRef]

51. Aitken, R.J.; Drevet, J.R. The Importance of Oxidative Stress in Determining the Functionality of Mammalian Spermatozoa: A
Two-Edged Sword. Antioxidants 2020, 9, 111. [CrossRef] [PubMed]

52. Chai, R.R.; Chen, G.W.; Shi, H.J.; Wai-Sum, O.; Martin- De Leon, P.A.; Chen, H. Prohibitin involvement in the generation of
mitochondrial superoxide at complex I in human sperm. J. Cell. Mol. Med. 2017, 21, 121–129. [CrossRef] [PubMed]

53. Wolf, A.M.; Asoh, S.; Hiranuma, H.; Ohsawa, I.; Iio, K.; Satou, A.; Ishikura, M.; Ohta, S. Astaxanthin protects mitochondrial redox
state and functional integrity against oxidative stress. J. Nutr. Biochem. 2010, 21, 381–389. [CrossRef] [PubMed]

54. Brasacchio, D.; Noori, T.; House, C.; Brennan, A.J.; Simpson, K.J.; Susanto, O.; Bird, P.I.; Johnstone, R.W.; Trapani, J.A. A functional
genomics screen identifies PCAF and ADA3 as regulators of human granzyme B-mediated apoptosis and Bid cleavage. Cell Death
Differ. 2014, 21, 748–760. [CrossRef] [PubMed]

55. Xiong, Y.; Wang, Y.; Xiong, Y.; Gao, W.; Teng, L. Salidroside alleviated hypoxia-induced liver injury by inhibiting endoplasmic
reticulum stress-mediated apoptosis via IRE1α/JNK pathway. Biochem. Biophys. Res. Commun. 2020, 529, 335–340. [CrossRef]

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

57. Singh, V.; Singh, K.K.; Rajender, S. Mitochondria, spermatogenesis, and male infertility—An update. Mitochondrion 2020, 54,
26–40.
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