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Background: Spermatogenesis is a complex process that affects the outcome of fertility. Different types of cellular metabolic
processes have both positive and negative effects on sperm production. Exploring new methods to promote spermatogenesis is the best
way to improve fertility. This study confirmed the effect of astaxanthin on promoting spermatogenesis through various experiments.
Objective: To explore new activities of astaxanthin and develop the new methods to promote spermatogenesis.

Methods: Network pharmacology, in vitro cell culture and in vivo experiments were used in this research. The targets and potential
signaling pathways of astaxanthin in the treatment of spermatogenesis, the effects on the proliferation and apoptosis of spermatogonial
stem cells, and the therapeutic effect on oligoasthenozoospermia in mice induced with cyclophosphamide of astaxanthin were all
observed. The ACSL3, VDAC, GPX4, FADS2, GLS2, Steap3, MDA, GSH-Px, and iron ions were detected and analyzed to reveal the
potential regulatory mechanisms.

Results: Astaxanthin has 52 key targets for treating spermatogenesis, among which the oxidative stress metabolic pathway is one of
the most important factors. The sperm concentration and forward motility of the oligoasthenozoospermia model mice fed with
astaxanthin were significantly greater than those of the control group. The proliferation rate of spermatogonial stem cells cultured with
astaxanthin was also significantly greater than that of quercetin group and the proportion of apoptotic cells was significantly lower.
Astaxanthin can reduce ACSL3, MDA, and iron ions in spermatogonial stem cells; increase the expression of Steap3, VDAC, GPX4,
GLS2, GSH-Px, and FADS2; and improve ester metabolism to promote spermatogenesis in oligoasthenozoospermia model mice.
Conclusion: Astaxanthin can regulate the metabolism of fatty acid through the ferroptosis pathway, and reduce the mitochondrial
oxidative stress damage, and further regulate FADS2, Steap3, and other factors to promote spermatogenesis.
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Introduction
The metabolism of cells affects the composition and function of local microenvironments. The local metabolic dysfunc-
tion of Sertoli cells, Leydig cells, and spermatogenic cells in the seminiferous tubules inevitably leads to an imbalance in

the spermatogenic microenvironment, and the excessive aggregation or insufficiency of certain metabolites inevitably
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interferes with the process of spermatogenesis. Excessive accumulation of trace elements such as lead, fluorine, selenium,
and cadmium can lead to a decrease in the antioxidant capacity of mouse, leading to a decrease in the vitality and
quantity of sperm."* Alcohol, formaldehyde, and other substances can also damage the metabolic function of testicular
tissue, causing an imbalance in the internal environment and affecting sperm development.®* Therefore, improving the
metabolic capacity and the internal environment of the testes, and promoting sperm production are effective measures to
enhance fertility.

Lipids are among the three important elements involved in the testicular synthesis of androgens, interference with cell
function, and regulation of spermatogenesis. They are involved in spermatogenesis and maturation, characteristic
enrichment and differentiation, and the expression of various functions. Studies have shown that sperm membranes
are composed of complex lipid mixtures, such as phospholipids, glycolipids, and sterols. These lipid substances have
good fluidity, and the metabolism of these unsaturated fatty acids plays an important role in spermatogenesis as sperm
fertilization ability changes.”’ Some studies have also shown that sulfogalactosylglycerides (SGGs) are selectively
synthesized in large quantities in mammalian testicular germ cells, and they directly participate in cell adhesion and are
degraded into lipid skeletons by lysosomal enzymes in testicular Sertoli cells. When this balance is disrupted, Sertoli
cells are prone to lysosomal storage and subdysfunction, which in turn affects their support for germ cell development
and leads to a decrease in fertility.>’

1'% reported that the intake of monounsaturated fatty acids was negatively correlated with the
1'' reported that a high-fat diet can affect the
expression of 102 important blood—testis barrier structural proteins, leading to spermatogenesis disorders. Setayesh et al'?

Minguez Alarc 6 n et a
serum levels of free testosterone, total testosterone, and inhibin b. Jarvis et a

reported that excessive fat can lead to DNA damage in multiple organs, including the brain, liver, colon, and testes. The
molecular mechanisms involved may include ROS formation, lipid peroxidation, indirect inflammation, and the forma-
tion of glycation end products during DNA repair. However, some scholars question this viewpoint. Currently, the results
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of 39 studies on humans are contradictory, and the significance of the impact of weight gain on genomic instability is
unclear. Although abnormal lipid metabolism can lead to a decrease in telomere length, hormonal imbalance, and
dysregulation of drug-metabolizing enzyme activity in genotoxic carcinogens, the evidence from these studies is not
sufficient, and more data are still needed to draw accurate conclusions.

Astaxanthin and quercetin are two common antioxidants in nature, but their sources, antioxidant effects, and
therapeutic effects on diseases differ. Astaxanthin is a ketone carotenoid that has the ability to scavenge free radicals
and enhance immunity."> Quercetin can also improve blood circulation and promote growth. Currently, many studies
suggest that quercetin can improve testicular function in animals and promote spermatogenesis.'*'> However, there is
relatively little research on astaxanthin. Most studies have shown that astaxanthin has a positive effect on sperm
cryopreservation,'®!” but there is not much research on whether taking astaxanthin can promote spermatogenesis.

To further explore the new method to promote spermatogenesis, we conducted experimental research using astax-
anthin and found that it is a potential new option with the value of promoting spermatogenesis, it is also the new activity
of astaxanthin. We conducted network pharmacology analysis, animal experiments and in vitro cell experiments, by using
qtPCR, WB, immunofluorescence, chemiluminescence, and other methods to detect the the new mechanism of astax-
anthin regulating spermatogenesis in mice. We discovered the new relationship between lipid metabolism and sperma-
togenesis, and explored a new reference for astaxanthin to promote spermatogenesis.

Materials and Reagents

Materials
(1) Four-week-old C57BL/6 male mice (SCXK2020 0051, NO.44822700006188, Baishitong Biotechnology, Zhuhai). (2)
Mouse Spermatogonial Stem Cells and culture medium (Procell Life Science & Tech, Wuhan). (3) 1 mL and 2 mL
syringes (K20210422, Kangdeli, Shanghai). (3) Anatomic forceps, Surgical knife, Anatomic scissors, and Anatomy table
(WA3070, J0B020, WA 1050, Medical Instruments Group, Shanghai). (4) Gastric gavage tube (TFEP-001, Zhongke Life,
Guangdong).

Medications

(1) Quercetin (Shengjing capsule, 220027672, Liaoyuan Hetang Pharmaceutical, Guizhou). (2) Astaxanthin (Monakang,
Q/SSH0226, Xingding Health Management, Guangdong). (3) Physiological saline (A22052402250, Kelun, Sichuan). (4)
Cyclophosphamide (H2160467, Bayer, Germany).

Reagents
Please refer to Supplementary Table 1 for details.

Instruments
Please refer to Supplementary Table 2 for details.

Antibodies

Please refer to Supplementary Table 3 for details.

Method

Network Pharmacology Analysis

Materials

(1) Commonly used gene public databases include gene databases and string databases. (2) Network display and analysis
software: Cytoscape 3.10.1 software (California, USA).

Target Screening for Spermatogenesis
The keywords “sperm” and “astaxanthin” were used to search for targets related to spermatogenesis in the GeneCards
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database, and the obtained targets were uploaded to the UniProt database to obtain the standard names of the targets, with
the protein species set to “Homo sapiens (Human)”.

Obtaining Key Targets and Building a PPl Network

The genes associated with both astaxanthin and spermatogenesis were uploaded to the STRING database, a drug-targeted
PPI network was constructed, and the PPI network was uploaded to Cytoscape 3.10.1 software. The network analyzer
function was used for topology analysis, the genes were sorted according to the edge count value, and the key targets of
drug action were obtained.

GO Function and KEGG Pathway Enrichment Analysis

The genes associated with both astaxanthin and spermatogenesis were uploaded to the STRING database for GO
functional enrichment analysis to obtain the molecular function (MF), cellular component (CC), and biological process
(BP) pathways. Cytoscape 3.10.1 software was used to perform KEGG pathway enrichment analysis on significant
signaling pathways of key target genes, and a network of astaxanthin target KEGG signaling pathways was constructed.

Animal Modeling

In accordance with the relevant literature, an equivalent drug concentration ratio of 1:9.1 was used to calculate the
administration concentration.'®'® A mouse model of severe oligoasthenozoospermia was established by intraperitoneal
injection of cyclophosphamide at an equivalent drug concentration of 320 mg/kg for 2 weeks.

Animal in Vivo Experiments

A total of 10 6-week-old normal mice and 20 model mice were used for vivo experiments. Normal mice (n=5) and
Models mice (n=5) were euthanized before the intervention to obtain samples as controls, while the remaining normal
mice (Group D, n=5) and remaining model mice (Group A, B, C) entered the intervention experiment for 4 weeks of
feeding. The remaining model mice were divided into three groups with 5 of each, which contained Group A (n=5) fed
with Astaxanthin, Group B (n=5) fed with quercetin, and Group C (n=5) fed with physiological saline. Each group of
mice was housed in separate cages and maintained continuously for 4 weeks. The drug concentration fed to the mice of
Group A, Group B, and Group C was calculated based on the equivalent concentration formula of human and mouse,
with the drug concentration of Smg/mL and a total daily dose of 0.5mL, administered by gavage at once. The mice of
Group D were used as blank controls and fed naturally. The daily mental and dietary status of all mice was observed and
recorded, and their weight was measured once a week. The sampling methods were as follows: (1) the mice fasted the
night before feeding and could not help but drink; (2) the mice were anesthetized via intraperitoneal injection of 2,2,2-
tribromoethanol (150 mg/kg); and (3) the anesthetized mouse was fixed in a supine position on the anatomical table, and
its limbs were fixed. (4) After using the eyeball extraction method to extract whole blood, the samples were allowed to
stand for approximately 30 minutes, centrifuged, and stored at —80°C for later use. (5) The peritoneum along the midline
was cut open, the peritoneum was exposed, the bilateral testicular tissue was located and removed, blood stains were
removed with physiological saline, and the tissue was fixed at room temperature with 4% paraformaldehyde for later use.
(6) The peritoneum was cut along the midline, the peritoneum was exposed, the epididymal tissue was located and
removed, blood was washed away with physiological saline, and the samples were soaked in 2 mL of 4°C physiological
saline. (7) The epididymis was cut directly, and the supernatant was semen, which was used for subsequent experiments.

Testing Methods

Semen Detection

After the epididymal fluid was collected, computer-aided sperm analysis (CASA) (Spain SCA) was immediately used to
detect the sperm concentration and activity.

Tissue Embedding Sectioning
The mouse testicular tissue was paraffin embedded and sliced via the following steps: (1) dehydration, (2) transparency,
(3) soaking wax, (4) embedding, and (5) paraffin sectioning.
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Tissue HE Staining
The testicular tissue sections of the mice were stained with HE via the following steps: (1) dewaxing, (2) rehydration, (3)
core staining, (4) cytoplasmic staining, (5) sealing, and (6) photography.

Western Blot

WB detection was performed on the testicular tissue samples via the following steps: (1) preparation of protein samples,
(2) determination of protein concentration, (3) polyacrylamide gel electrophoresis, (4) membrane transfer, (5) blocking,
(6) antibody incubation, (7) development, (8) data analysis, and (9) interpretation of the results.

MTT Detection

MTT assay for detecting the proliferation status of spermatogonial stem cells. The cells were divided into three groups
for in vitro culture: the astaxanthin group (Group AA, n=5), quercetin group (Group BB, n=5), and normal control group
(Group CC, n=5). Both Group AA and Group BB contained three concentrations of 5 nmol/l, 10 nmol/l, and 15 nmol/l.
The logarithmic growth stage cells were collected, resuspended in complete culture medium, the concentration was
adjusted to 1x10° cells/mL, and 0.2 mL of suspension was added to each well. Each group had 3 wells and was cultured
for 24, 48, or 72 hours before 10 pL of MTT solution was added. The cells were cultured in a cell culture chamber for 4
hours, 200 pL. of DMSO was added, and the mixture was placed on a shaking table at 26°C and shaken for 10 minutes to
fully dissolve the crystals. The OD490 was subsequently measured via an enzyme-linked immunosorbent assay.

Annexin V-FITC/PI Flow Detection

The apoptosis rate of cultured spermatogonial stem cells was detected via the Annexin V-FITC/PI flow detection method
via the following steps: logarithmic growth stage cells were collected, counted, resuspended in complete culture medium,
the cell concentration was adjusted to 1x10° cells/mL in a 6-well plate, and 2 mL of cell suspension was added to each
well. After the cells adhered to the wall, experimental grouping was carried out. Different concentrations of drug culture
media were added to each well, and the samples were cultured for 72 hours. Anexin V-FITC/PI dual-staining flow
cytometry was used to detect apoptosis, with a PE excitation wavelength of Ex=488 nm and an emission wavelength of
Em=578 nm and a PI excitation wavelength of Ex=536 nm and an emission wavelength of Em=617 nm.

Immunofluorescence

The immunofluorescence method is used to detect specific proteins in testicular tissue via the following steps: (1)
dewaxing the paraffin section in water, (2) antigen repair, (3) blocking the antigen with serum, (4) addition of the primary
antibody, (5) addition of the secondary antibody, (6) staining the cell nucleus with DAPI, (7) quenching spontaneous
fluorescence, (8) sealing, (9) image acquisition, and (10) interpretation of the results.

Determination of Iron lon, MDA, and GSH-Px

The iron ion, MDA, and GSH-Px concentrations were detected via ELISA via the following steps: (1) According to the
instructions of the iron ion colorimetric detection kit, MDA test kit, and GSH-Px test box, the testicular tissue sample
was accurately weighed, and 0.9% physiological saline was added as homogenization medium at a weight (mg) to
volume (pL) ratio of 1:9. Under ice-water bath conditions, the samples were mechanically homogenized with a tissue
grinder to prepare a 10% homogenization solution. (2) Then, the homogenate was placed in a centrifuge and centrifuged
at 2500-3000 rpm for 10 minutes. The supernatant was collected after centrifugation for measurement.

Statistical Methods

All the data were statistically analyzed via SPSS 79.0 statistical software (IBM, USA), and the measurement data are
expressed as the means + standard deviations (means + SD). Homogeneity analysis of variance was performed. Kruskal—
Wallis test was used for each categorical variable. When the variance was homogeneous, a ¢ test was used for intergroup
comparisons, and when the variance was uneven, Mann—Whitney U-test was used for intergroup comparisons. ANOVA
analysis is used for comparison between multiple groups. The count data are expressed in the form of n or percentage
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(%), chi-square test (y°) tests were applied for intergroup comparisons, and P<0.05 indicated a statistically significant
difference.

Ethics

This study was approved by the Animal Ethics Committee of Guangdong Medical Experimental Animal Center (No.
C202107-19), and the Ethics Committee of Guangdong Provincial Reproductive Science Institute (Guangdong Provincial
Fertility Hospital) [No. [2021](05)]. Animal experiments are strictly conducted in accordance with the Guidelines for
Ethical Review of Experimental Animal Welfare issued by the General Administration of Quality Supervision, Inspection
and Quarantine of the People’s Republic of China. The use of the databases in this research is exempt from ethical
approval under item 1 and 2 of Article 32 of the Measures for Ethical Review of Life Science and Medical Research
Involving Human Subjects dated February 18, 2023, China.

Results

Results of Network Pharmacology Analysis

There were 52 genes associated with both spermatogenesis and astaxanthin. GJA1, NFKBIA, SOD2-OT1, TMX2-
CTNNDI1, BDNF-AS, PTGS2, MIR7-3HG, LINC01672, EMSLR, and CERNA3 are the top 10 key targets according to
the edge count value (Figure 1A—C). GO functional annotation revealed that “cellular response to chemical stress”,
“response to hydrogen peroxide”, and “cellular response to oxidative stress” were the top 10 BP terms (Figure 1D), and
the top 10 CC terms included “nuclear memory”, “mitochondrial intermembrane space”, and “nuclear envelope”
(Figure 1E). The top 10 pathways in the MF category included ubiquitin protein ligase binding, ubiquitin-like protein
ligase binding, NADP binding (Figure 1F), and so on. The KEGG analysis revealed that chemical carcinogenesis-
reactive oxygen species, small cell lung cancer, Kaposi sarcoma-associated herpesvirus infection, the AGE-RAGE
signaling pathway in diabetic complications, human T-cell leukemia virus 1 infection, hepatitis B, toxoplasmosis, the
TNF signaling pathway, the NOD-like receptor signaling pathway, and Epstein—Barr virus infection were the top 10
pathways, with P values in ascending order (Figure 1G-I).

Changes in Mouse Body Weight

There was no significant difference in basic body weight among the model mice of Group A (n=5), Group B (n=5), and
Group C (n=5) (Group A VS Group B P=0.775, Group A VS Group C P=0.450, Group C VS Group B P=0.635), but the
body weight of the model mice was significantly lower than that of normal mice (Group D, n=5) of the same week of age
(Group A, Group B, Group C VS Group D P<0.001). After feeding, the weight gain of the mice in Group A and Group B
was significantly greater than that of those in Group C and Group D (Group A VS Group C p=0.032, Group A VS Group D
P=0.040), but there was no difference between Group A and Group B (Group A VS Group B P=0.915) (Figures 2A—F).

Changes in Sperm Parameters of Mice

After feeding, the sperm concentration of the mice in Group A and Group B were significantly greater than those in
Group C (P=0.012), and the forward motility sperm activity of the mice in Group B were significantly greater than those
in Group C (P=0.024), but the sperm concentration and forward motility sperm activity of Group A, Group B and Group
C were still significantly lower than those in Group D (Group A VS Group D P=0.001, 0.004, Group B VS Group D
P<0.001, 0.018, Group C VS Group D P<0.001, <0.001). However, the increase of the forward motility sperm activity of
the Group A and Group B was significantly greater than that of Group D (Group A VS Group B P=0.012, Group A VS
Group C P=0.002), while there was no difference between the sperm concentration (Figure 3A—C). The CASA and HE
results revealed that after feeding, spermatogenesis in Group A was not only significantly greater than that before feeding
but also greater than that of Groups B and C, which was similar to that of Group D (Figure 3D-K).
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Figure | Network pharmacology analysis diagram. (A) Wayne diagram of the number of common genes related to spermatogenesis and astaxanthin. (B and C) Key targets
of spermatogenesis and astaxanthin. (D) Top 10 pathways in the BP of KEGG analysis. (E) Top 10 pathways in the CC of KEGG analysis. (F) Top 10 pathways in the MF of
KEGG analysis. (G-1) top 10 pathways of KEGG analysis.

Differences in Oxidative Stress Products in Mouse Testes

Before feeding, the MDA and ferrous ion levels of model mice (n=5) were significantly greater than those of normal
mice (n=5) (MDA: P=0.044, Fe**: P=0.006), However, the activity of GSH-Px enzyme showed no difference compared
to normal mice (P=0.341). After feeding, the MDA, GSH-Px and ferrous ion concentrations in each group of model mice
(Group A, Group B and Group C, n=5) were significantly changed than before, while the normal mice (Group D, n=5)
had little change. After feeding, although the MDA of Group A, Group B and Group C showed no difference compared
to Group D, but the GSH-Px enzyme activity had significantly difference (Group A VS Group D P<0.001, Group B VS
Group D P<0.001, Group C VS Group D P<0.001). While the ferrous ion levels of Group A, Group B and Group C also
showed difference change compared to Group D (Group A VS Group D P=0.085, Group B VS Group D P=0.026, Group
C VS Group D P=0.010). The oxidative stress damage was effectively alleviated (Figure 4A—F).
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Differences in Testicular Regulatory Proteins

Although the GPX4 level of the model mice (n=5) before feeding was significantly lower than that of the normal mice
(n=5) (P<0.001), the GPX4 level of the model mice in Group A and Group B after feeding was significantly greater than
that before treatment (P<0.001), especially that of Group A, which was even significantly greater than that of Group B
(P<0.001). However, there was no significant difference between Group C and Group D (Figure 5A and B). WB revealed
that the expression of GPX4 and VADC in the testicular tissue of Group A mice was lower than that in Group D mice
after feeding, but the expression of GPX4 was significantly greater than that in Group B mice, while there was no
significant difference in the VADC between Groups A and B (Figure 5C). IF also revealed that the deposition of the iron-
promoting death protein glutaminase 2 (GLS2) in the seminiferous tubule epithelium of the model mice was significantly

lower than that in the normal group, whereas the level of STEAP3 was significantly greater than that in the normal group
(Figure 5D and E).
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Differences in the Proliferation of Spermatogonial Stem Cells
MTT assays revealed that the proliferation and inhibition rates of spermatogonial stem cells varied among the different
concentrations of drugs cultured. The proliferation rate (PR) of the astaxanthin group (Group AA, n=5) at concentrations
of 10 nmol/L and 15 nmol/L was significantly greater than that of the quercetin group (Group BB, n=5) and normal
control group (Group CC, n=5) (10 nmol/L: Group AA VS Group BB P=0.003, Group AA VS Group CC P=0.001. 15
nmol/L: Group AA VS Group BB P=0.001, Group AA VS Group CC P=0.005), and the inhibition rate (IR) of Group AA
was significantly lower than that of Group CC (10 nmol/L: P=0.025, 15 nmol/L: P=0.015), and the inhibition rate (IR) of
Group AA was significantly lower than that of Group BB in the 15 nmol/L group (P=0.003). However, there was no
significant difference in the proliferation rate or inhibition rate of the 5 nmol/L group. When the astaxanthin reached 10
nmol/l, it had the highest proliferation rate and the lowest inhibition rate on spermatogonial stem cells (Figure 6A—D).
Through microscopic observation at different times, it was found that the growth status of spermatogonial stem cells
was inconsistent after different concentrations of drugs were cultured for different durations, and there were significant
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(B) After intervention: Group A vs Group D, *, P<0.05, ***: P<0.01. (C) Comparison of Group A before and after intervention: * * * P<0.01, ns: p>0.05. (D) Comparison of
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Group D before and after intervention: * * * P<0.01, ns: p>0.05.

differences in the degree of differentiation into sperm. Among them, after 8 hours of cultivation, the Group AA with the
10 nmol/l presented the greatest degree of sperm formation, and after 12 h, it was relatively stable (Figure 6E-G).

Differences in the Metabolites of Spermatogonial Stem Cells

The culture medium of cells cultured in vitro was collected, and ELISA was used to detect cell metabolites. The results
showed that the metabolic products of spermatogonial stem cells varied with different concentrations of drug. The
secretion of the iron-promoting death protein ACSL3 by the spermatogonial stem cells cultured in vitro in Group AA was
significantly lower than that in the Group BB (5 nmol/L: P<0.001, 10 nmol/L: P<0.001, 15 nmol/L: P<0.001), but
without differences with Group CC (5 nmol/L: P=0.058, 10 nmol/L: P=0.532, 15 nmol/L: P=0.438). The level of the
antagonistic iron death protein FADS2 in Group AA was significantly greater than that other two groups (5 nmol/L:
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Group AA VS Group BB P=0.007, Group AA VS Group CC P=0.001, 10 nmol/L: Group AA VS Group BB P=0.004,
Group AA VS Group CC P<0.001, 15 nmol/L: Group AA VS Group BB P<0.001, Group AA VS Group CC P<0.001).
Among which the concentration of ACSL3 secreted by spermatogonial stem cells cultured with 10 nmol/L astaxanthin
was the lowest, while that of FADSL2 with 15 nmol/L was the highest (Figure 7A-D).

Differences in the Apoptosis of Spermatogonial Stem Cells

Cultured spermatogonial stem cells were collected, and their apoptosis rate was detected via the Annexin V-FITC/PI flow
detection method. The results indicate that the apoptosis rate of spermatogonial stem cells cultured with astaxanthin
(Group AA) was significantly lower than that of the quercetin group (Group BB) and the physiological saline control

group (Group CC) (Figure 8).

Discussion
Fat is crucial for maintaining physiological functions in the human body, but changes in lifestyle can easily lead to

excessive accumulation of fat. However, when there is excessive fat, a large amount of free radicals are produced, which
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can trigger oxidative stress reactions, leading to collective imbalance, cell damage, protein oxidation, DNA oxidation,
lipid peroxidation, and the occurrence of various diseases.

We analyzed the keywords astaxanthin and spermatogenesis through network pharmacology and revealed that
oxidative stress plays an important role in the process of spermatogenesis and that astaxanthin can act on multiple target
genes, including important targets such as SOD and NFKB, during this process. Among the complex regulatory pathways
associated with astaxanthin, we found that lipid metabolism is also one of the key pathways affecting spermatogenesis,
especially in obese individuals. Lipid metabolism may be more closely related to fat transition. Therefore, we validated
this hypothesis through in vivo and in vitro experiments.

The impact of lipid metabolism on spermatogenesis has become a hot topic of international research. Studies have
shown that sperm membranes are composed of complex lipid mixtures, such as phospholipids, glycolipids, and sterols.?
These lipid substances have good fluidity, and the metabolism of these unsaturated fatty acids plays an important role in
spermatogenesis as sperm fertilization ability changes. Some studies have also shown that mammalian testicular germ
cells selectively synthesize large amounts of sulfogalactosylglycerides (SGGs), which directly participate in cell adhesion
and are degraded into lipid skeletons by lysosomal enzymes in testicular Sertoli cells.?'** When this balance is disrupted,
Sertoli cells are prone to lysosomal storage and subdysfunction, thereby affecting their support for germ cell development
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Figure 6 Continued.
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different drug concentrations. (E) The proliferation changes of spermatogonial stem cells in group BB at different times. (F) The proliferation changes of spermatogonial
stem cells in group AA at different times. (G) The proliferation changes of spermatogonial stem cells in group CC at different times.
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and leading to a decrease in fertility.”> The toxic effect of malondialdehyde on germ cells, ultimately leading to
spermatogenesis disorders, has been confirmed. Hammami et al reported that long-term consumption of groundnut
grass in rats resulted in a significant increase in malondialdehyde (MDA) in testicular tissue; a decrease in catalase and
SOD activity; and inhibition of the entire antioxidant defense system, leading to changes in the sperm concentration,
activity, and morphology and disruption of normal spermatogenesis.”* Malondialdehyde (MDA), 4-hydroxynonenal
(HNE), and F215 (S)-8-isoprostaglandin F2 a (15 (S)-8-IsoPGF2 a) are products of lipid metabolism and the most
commonly measured biomarkers of lipid peroxidation. The degree of oxidative stress can be reliably evaluated by
measuring the levels of MDA, HNE, and 15(S)-8-isoPGF.>* In a mouse model of oligoasthenozoospermia induced by
cyclophosphamide, the seminiferous tubule skeleton of the testes was severely damaged, a large number of Sertoli cells
shed, and sperm development was severely inhibited. Through testing, we also found that the MDA content in the testes
of these model mice was significantly greater than that in the testes of normal mice and that their sperm parameters and
body weights were significantly lower than those of normal mice. Thus, the testicular lipid metabolism of these
oligoasthenozoospermia model mice is definitely abnormal. After intervention with different drugs, the MDA content
of the model mice changed. Therefore, our intervention experiment should be able to test the effects of drugs on lipid
metabolism.

The glutathione peroxidase (GPx) family is extremely sensitive to oxidative attacks related to lipid peroxidation,
DNA damage, and impaired sperm motility and can control the amount of hydrogen peroxide in male gametes. Among
them, GPx4 and GPx5 play important roles in determining the fertilization potential of mammalian sperm.?® Ursini et al
reported that Px4 plays an important role in inflammation, immunity, and differentiation during spermatogenesis, mainly
by acting on mitochondria and nuclei. It catalyzes the oxidation of protein thiols during the stabilization of the middle
stage of sperm maturation and chromatin densification.?” Research has shown that by consuming a combination of zinc
and folic acid, the antioxidant astaxanthin (Astacalox), or energy containing (acetyl)carnitine (Proxed) as a supplement,
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Figure 8 Apoptosis of spermatogonial stem cells. Group AA vs Group BB, Group AA vs Group CC: P<0.01.

the quality and function of sperm can be improved.”® The clinical observation results of Asian men also suggest that the
combination of multiple antioxidants (L-carnitine, zinc, astaxanthin, coenzyme Q10, vitamin C, vitamin B12, and
vitamin E) can significantly increase the total number of active sperm and promote an increasing trend in semen
concentration, semen vitality, and total number of active sperm while not affecting endocrine results.”” Our results
also confirmed this conclusion, but although the number of sperm in the model mice fed with astaxanthin and quercetin
did not reach the level of normal mice, their growth rate was significantly greater than that of normal mice, especially in
the astaxanthin group, which presented the greatest increase in sperm concentration, which may be related to the fact that
astaxanthin can promote spermatogenesis. Therefore, we detected and analyzed the relevant links in the process of
spermatogenesis to explore the mechanism of this phenomenon. We found that after different types of drug intervention,
the weight and sperm parameters of the oligoasthenozoospermia model mice showed varying concentrations, especially
in the mice treated with astaxanthin. Although some of these indicators did not reach the level of normal mice, there was
a significant increase in GSH-Px and GPX4 in their testicular tissue, which indicates that our astaxanthin can effectively
reduce the degree of oxidative stress damage, reduce the risk of lipid metabolism, promote the recovery of the entire
antioxidant defense system, maximize the inhibition of MDA damage in the testicular microenvironment, promote the
redox protection system, and thus play a role in improving spermatogenesis.

The metabolism of drugs in vivo is extremely complex, with many influencing factors and uncertainties. Therefore,
we conducted in vitro cell experiments. Spermatogenic stem cells are a group of reproductive cells with the ability to
proliferate and differentiate. After effective cultivation and division, they can progress into sperm. Research has shown
that astaxanthin, an effective antioxidant and powerful reactive oxygen species (ROS) scavenger, has a protective effect
on BU-induced toxicity in human spermatogonial stem cells. AST can significantly upregulate the expression of the
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NRF-2 gene and protein, significantly reduce the production of ROS induced by BU, activate the NRF-2/HO-1 pathway,
and inhibit BU-induced SSC apoptosis.*® Experiments have shown that quercetin can reduce the increase in superoxide
anions in spermatogonial stem cells induced by diethylstilbestrol in vitro and reduce DNA damage in spermatogonial
stem cells.>' In vitro, we also cultured spermatogonial stem cells and conducted drug-controlled observation experiments
using quercetin. The results showed that the proliferation and inhibition rates of spermatogonial stem cells in different
groups varied at different time points after drug cultivation at different concentrations. Among them, 10 nmol/L
astaxanthin had the highest proliferation rate and the lowest inhibition rate on spermatogonial stem cells. After 8 h of
cultivation, the 10 nmol/L astaxanthin group presented the greatest degree of sperm formation in the mice, and after 12 h,
the degree of sperm formation was relatively stable, with a significantly greater effect than that of quercetin. Therefore,
we determined that the promotion of the proliferation of spermatogonial stem cells by astaxanthin may be due not only to
the repair function of oxidative stress damage but also to the regulation of other metabolic substances and targets.

To further analyze the stronger promoting effect of astaxanthin than quercetin on the proliferation of spermatogonial
stem cells, we analyzed and tested the culture media of each drug after cultivation. We found that the secretion of the
iron-promoting death protein ACSL3 by the original stem cells of the astaxanthin group after in vitro cultivation was
significantly lower than that of the saline control group and quercetin group. The antagonistic iron death protein FADS2
was significantly higher than that of these two groups, among which the concentration of ACSL3 secreted by
spermatogonial stem cells cultured with 10 nmol/L astaxanthin was the lowest, and that of FADSL2 was the highest.
Previous studies have shown that reversing transcriptional UTP14 gene insertion or mutation in the intron of ACSL3 can
hinder spermatogenesis and that reducing the expression of ACSL3 may help promote spermatogenesis.’>** We also
observed this phenomenon via in vitro culture experiments. Interestingly, we found for the first time that after drug
intervention, FADSL2 in spermatogonial stem cells also changed, and FADSL2 expression increased in the group with
increased cell proliferation. A comparison of astaxanthin, quercetin, and physiological saline revealed that the prolifera-
tion rate of spermatogonial stem cells in the astaxanthin group was the highest. We believe that this may suggest that
astaxanthin has a better effect on regulating fat metabolism than does quercetin . By detecting the rate of cell apoptosis,
we also found that the rate of apoptosis in spermatogonial stem cells cultured with astaxanthin was significantly lower
than that in the quercetin group and the saline control group. This finding further confirms our hypothesis; therefore, we
believe that astaxanthin can alleviate the damage caused by iron death by regulating fat metabolism, promote the

proliferation and differentiation of spermatogonial stem cells, and thus promote spermatogenesis.

Conclusion

In summary, astaxanthin can not only increase the body weight and sperm parameters of cyclophosphamide-induced
oligoasthenozoospermia model mice but also regulate the concentrations of metabolic products such as iron ions, MDA,
and GSH-Px during iron death in testicular tissue; enhance the expression of GPX4, GLS2, Steap3, and VDAC; and
promote sperm development. Its effect is more ideal than that of quercetin, possibly by regulating the lipid metabolites
ACSL3 and FADS2.

Shortcomings

Although we discovered through animal experiments and in vitro cell experiments a potential new mechanism by which
astaxanthin regulates spermatogenesis by affecting lipid metabolism, our experiments still have several shortcomings,
such as (1) the observation cycle of animal experiments is short, and long-term effect analysis is lacking; (2) there is a
lack of human experiments to accurately determine the effect of astaxanthin on the human body; and (3) the mechanism
we analyzed is not yet fully understood, and the action sites regulating lipid metabolism are still not clear enough. Wait a
minute. However, through this preliminary exploration and analysis, we have revealed a new direction for the efficacy of
astaxanthin. Therefore, we believe that we will further improve and deepen future research to address the aforementioned

shortcomings and confirm the new efficacy of astaxanthin.
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