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showed that sperms treated with CFTRinh-172 or FSK reduced the levels of
cAMP, CFTR and PKA, but increased sperm autophagy rate, expression le-
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1. Introduction

Autophagy is a critical cellular biological phenomenon regulated through com-

plex signal networks, and participates in various physiological or pathological
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processes such as cell vitality, neurodegeneration, infectious diseases, cancer, etc.
[1]. Low sperm motility is one of the main causes of male infertility [2], and
higher levels of autophagy-related proteins (such as microtubule-associated pro-
teins 1A/1B light chain 3B, LC3B protein) have a protective effect on sperm ac-
tivity [3].

Cystic fibrosis transmembrane conductance regulator (CFTR) is an adenosine
triphosphate (ATP)-gated anion channel protein that depends on the second
messenger cyclic adenosine monophosphate (cAMP) in cells [4]. It can be de-
tected in various organelles such as cell membranes and mitochondria. It is
highly expressed at varied developmental stages of sperm, mostly at the site of
fertilization band [5]. CFTR may affect mitochondrial membrane potential
(MMP), oxidative stress and energy metabolism by regulating sperm ion bal-
ance. Abnormal MMP can promote the production of excessive reactive oxygen
species (ROS) by mitochondria, leading to free radical chain reactions, and fur-
ther damage mitochondrial structure and function. So, ATP synthesis is hin-
dered, and cell vitality and function get disrupted.

CFTR also interacts with other downstream effectors of cAMP such as protein
kinase A (PKA) and adenosine 5’-monophosphate (AMP)-activated protein ki-
nase (AMPK). PKA enhances the activity of CFTR by binding to its regulatory
domain and phosphorylating CFTR, while AMPK binds to the nuclear binding
domain of CFTR and reduces its activity [6]. Inhibition of CFTR reduces human
sperm PKA activity [7] and increases AMPK activity [8], thereby possibly af-
fecting acrosomal enzyme activity, tyrosine phosphorylation and acrosome reac-
tion. PKA and AMPK also interact with autophagy to regulate cell constructions
and functions [9].

Chemical reagents have been developed to regulate CFTR. CFTRinh-172 is a
gold standard for studying CFTR function because of its specificity, reversibility
and low toxicity on inhibiting the activity of CFTR [10]. Forskolin (FSK) is a
natural diterpenoid antioxidant with high safety. FSK directly activates adenylate
cyclase (AC) to catalyze ATP into cAMP, hence increasing the level of cellular
cAMP and phosphorylating CFTR [11].

The present study used CFTR disruptors to incubate human sperm and de-
tected CFTR upstream and downstream molecules, MMP and ATP levels, so as
to explore the biological process of CFTR affecting sperm motility through the
autophagy pathway. This study would provide novel scientific basis for the po-

tential intervention measures to improve human sperm motility.

2. Materials and Methods

The normal semen samples and clinical data of this study were collected from
men who underwent pre-marital health check-up at the Center of Reproductive
Medicine, Affiliated Hospital of Guilin Medical University from June 2021 to
December 2022. According to “WHO Laboratory Manual for the Examination

and Processing of Human Semen” (5" Edition), the normal semen quality stan-
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dards are: 1) semen volume > 1.5 mL; 2) semen pH value: 7.2 - 7.8; 3) sperm
concentration > 15 X 10°/mL; 4) total sperm motility [PR + non-progressive rate
(NP)] = 40% and progressive rate of sperm motility (PR) = 32%; 5) liquefaction
time < 30 min; 6) color: gray-white or light yellow.

Inclusion criteria: 1) males aged 18 - 45 years old; 2) no serious exposure to
important environmental factors (such as smoking, pesticides and other chemi-
cals); 3) no obvious abnormality in mental and psychological conditions. Exclu-
sion criteria: a) insufficient semen volume; b) with a history of severe reproduc-
tive system trauma; c) with diseases such as malignant tumors, hemophilia, and
severe mental illnesses; d) with severe necrospermia, azoospermia, or cryptos-
permia; e) long-term use of drugs that may affect sperm function.

This study was approved by the Medical Ethics Committee of the hospital.

Written informed consents were given by the research subjects.

2.1. On-Site Investigation and Semen Sample Analysis

Clinical data of the subjects were collected on site using a questionnaire, includ-
ing medical history, family history, body mass index, smoking and drinking ha-
bits, chemical exposure, mental and psychological conditions, etc.

Visitors collected the semen samples using masturbation. After complete li-
quefaction, the sample was analyzed by Computer-aided sperm analysis system
(CASA, ZJ-3000E, Xuzhou, China) on the semen quality including sperm vitality
(indicated by PR). The remaining semen after the analysis was washed and puri-
fied with human fallopian tube fluid (HTF) according to the SWIM-UP method.
The sperm concentration was adjusted to 5 x 10° cells/mL. The CFTRinh-172
(GlpBio, USA) group was divided into 5 dose groups, Ze., 0 uM (control), 100
uM, 500 uM, 1000 uM, and 5000 uM; similarly, the FSK (MCE, USA) group was
divided into 0 nM (control), 20 nM, 50 nM, 100 nM, and 500 nM. PR was de-
tected at the 20", 40™, 60™, and 80" minutes after the reagent administration in
each group. All samples were tested three times and the average of PR was ob-
tained according to the “WHO Laboratory Manual for the Examination and
Processing of Human Semen” (5™ Edition) for the quality control of the experi-
ments.

The optimal exposure dose and duration of the reagents for the following ex-

periments were determined based on the vitality of the sperms.

2.2. Assay of Sperm Autophagy Level with MDC Method

According to the instructions of the cell autophagy staining test kit (Monodan-
sylcadaverine, MDC method, Solarbio, China), the semen sample was washed
and re-suspended, and the cell concentration was adjusted to 1 x 10° cells/mL.
10 uL MDC Stain was added and gently mixed for staining at room temperature
in darkness for 15 - 45 minutes, then it was centrifuged at x800 g for 5 minutes.
The cells were collected and re-suspended, and the droplet was smeared on the

glass slide and covered. Then cell autophagy was observed with a fluorescence
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microscope (Leica, Germany) with excitation filter wavelength of 355 nm and
blocking filter wavelength of 512 nm within 1 hour after staining. The autophagy
rate (%) was calculated.

2.3. Detection of Sperm ATP Level by Spectrophotometry

Semen sample was washed with HTF preheated to 37°C, then incubated at 37°C
in 5% CO, incubator. After centrifugal purification, the sperm concentration
was adjusted to 1 x 10° cells/mL and lysed. According to the instructions of the
enhanced ATP detection test kit (Beyotime, China), ATP concentration
(nmol/pL) in the sample was detected using a full-wavelength scanning multi-
functional microplate reader (BioTek, USA) at the excitation wavelength of 535

nm and the emission wavelength of 587 nm.

2.4. Measurement of Sperm ROS Level with Fluorescent Method

ROS were detected using the fluorescent probe DCFH-DA of the Reactive Oxy-
gen Species Assay Kit (Yeasen, China). According to the instructions, the probe
was loaded, incubated and washed in turn. The fluorescence microscope was
separately set with excitation/emission at 485 nm and 535 nm for ROS detection
using the FITC channel. The ROS level (%) was then computed.

2.5. Analysis of Sperm MMP Level with JC-1 Method

According to the guide of the mitochondrial membrane potential detection test
kit (Byotime, China), the suspension of sperm sample was transferred into a test
tube and JC-1 staining working solution was added and mixed. The mixture was
incubated in a light-shielded constant temperature water bath at 37°C for 20
minutes and then centrifuged. The sediment was retained and washed with JC-1
staining buffer (1x). The sperm cells were re-suspended in JC-1 staining buffer
(1x) and centrifuged again. Then 1x JC-1 staining working solution was added
and placed in a fluorescence microplate reader. The excitation light and emis-
sion light were respectively set at 525 nm and 590 nm to detect JC-1 polymer
(%).

2.6. Detection of the Levels of Sperm cAMP, CFTR, AMPK, PKA and
LC3B

The cell concentration was adjusted to 1 x 10° cells/mL with PBS (pH 7.2 - 7.4).
After repeated freezing and thawing, the intracellular components were released
and centrifuged twice, and the supernatant was collected. According to the ma-
nual of the human cAMP monophosphate ELISA kit (Jiangsu Jingmei, China),
samples were incubated and dyed. The concentration of cAMP (nmol/L) was
detected using a full-wavelength scanning multifunctional microplate reader and
calculated.

Similar operations were performed on sperms for the assessment of the levels
of CFTR, AMPK, PKA and (microtubule-associated proteins 1A/1B light chain
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3B) LC3B with ELISA according to the operation instructions of the kits.

2.7. Statistical Analyses

All data were statistically analyzed using SPSS19.0 (SPSS Inc., Chicago, IL, USA).
The general clinical data were compared using t-test or chi-square test to check
the differences between the two groups. The effect of the reagents on sperm vi-
tality was analyzed by two-way repeated measures ANOVA to investigate both
main effects and interaction effects. The levels of sperm ROS, MMP, cAMP,
CFTR, PKA, AMPK and LC3B before and after treatment in each group were
compared and analyzed using paired sample t-test. Because the data of sperm
autophagy levels and ATP within the group were not normally distributed, they
were analyzed by Wilcoxon signed-rank test for paired samples. Multiple factor
linear regression analysis was applied on the association of PR and the chemicals

under the adjustment of the bias. p was set at <0.05, double sided.

3. Results

3.1. General Clinical Condition of the Subjects

A total of 202 subjects was qualified and included in this study. The subjects
were all mentally and neurologically health, without any major diseases or family
health history, or exposure of severely harmful chemicals. The semen samples
were randomly divided into two treatment categories, Ze, CFTRinh-172 treat-
ment or FSK treatment. There was no significant difference in age, abstinence
days, sperm concentration, total sperm motility, percentage of progressive sperm
(PR, %), body mass index, smoking rate, and drinking rate between the two

groups (Table 1).

3.2. Impact of Reagents on PR of Sperms

After incubation with CFTRinh-172 or FSK for 60 minutes, the PR of the expo-

sure groups was significantly lower than that of the control groups, and there

Table 1. General and clinical conditions of the subjects (SD + SEM or n, %).

CFTRinh-172 treated FSK treated semen

semen (n = 101) (n =101)
Age (years) 33.54 £ 4.41 33.32+5.0
Body mass index (kg/m?) 22.57 £ 1.61 22.38 £1.27
Smoking (n, %) 33 (32.67) 41 (40.59)
Drinking (n, %) 43 (42.57) 45(44.55)
Abstinence days (days) 4.30 +1.41 5.02 +3.84
Sperm concentration (x10°ells/mL) 98.93 + 16.54 106.74 + 18.19
Total sperm motility (%) 76.48 +9.84 75.97 £10.53
PR of sperm motility (%) 58.72 £ 12.44 57.02 £12.92
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were also differences among time points. The multiple factor linear regression
analysis found that the longer exposure time of CFTRinh-172, the lower PR (£ =
—0.053, P < 0.05); and the higher concentration of CFTRinh-172, the lower PR
(f=-0.002, P < 0.001) (Figure 1(a)). Similar results were observed on the re-
gressions of FSK, ie, the longer exposure time of FSK, the lower PR (8= -0.261,
P < 0.001); and the higher concentration of FSK, the lower PR (= -0.010, P <
0.05) (Figure 1(b)). The results suggest that CFTRinh-172 or FSK had a signifi-
cant dose- and time-dependent inhibitory effect on PR of sperm motility.

The optimal conditions for samples treatment were determined as 5000 pM
CFTRinh-172 or 50 nM FSK for 60 minutes, based on the moderate PR rates.

3.3. Effect of Reagents on Sperm Autophagy Levels

Observed and counted under a positive fluorescence microscope, the sperm au-
tophagy rate was found to be increased significantly after 60 minutes of treat-
ment with 5000 uM CFTRinh-172 (Figure 2(a)) or 50 nM FSK (Figure 2(b))

compared with the control groups.
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Figure 1. Incubation with CFTRinh-172 (a) or FSK (b) decreased the rates of progressive sperm in a way associated with exposure

concentrations and duration (n = 15).
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Figure 2. Incubation with CFTRinh-172 ((a), ***p < 0.001) or FSK ((b), n = 20, **p <
0.01) for 60 minutes increased autophagy rates of sperm.
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3.4. Influence of Reagents on Sperm ATP Levels

After incubation with 5000 uM CFTRinh-172 (Figure 3(a)) or 50 nM FSK
(Figure 3(b)) for 60 minutes respectively, the sperm ATP production was sig-
nificantly reduced compared with the control groups.

3.5. Impact of Reagents on Sperm ROS Levels

After treatment with 5000 uM CFTRinh-172 (Figure 4(a)) or 50 nM FSK
(Figure 4(b)) for 60 minutes respectively, there was no significant difference in

sperm ROS content compared with the control groups.

3.6. Effect of Reagents on Sperm MMP

After incubation with 5000 uM CFTRinh-172 (Figure 5(a)) or 50 nM FSK

(Figure 5(b)) for 60 minutes respectively, the sperm levels significantly de-
creased compared with the control groups.

3.7. Impact of Reagents on Sperm cAMP, CFTR, AMPK, PKA and
LC3B

The incubation of sperms with 5000 uM CFTRinh-172 or 50 nM FSK for 60 mi-
nutes respectively significantly reduced the levels of cAMP (Figure 6(a), Figure
6(b)), CFTR (Figure 6(c), Figure 6(d)) and PKA (Figure 6(e), Figure 6(f)) of
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Figure 3. Incubation with CFTRinh-172 ((a), n = 20, **p < 0.01) or FSK (b), n = 20, *p <
0.05) for 60 minutes decreased ATP concentrations of sperm.
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Figure 4. Incubation with CFTRinh-172 ((a), n = 15, p > 0.05) or FSK ((b), n = 15, p >
0.05) for 60 minutes showed no significant effect on ROS levels of sperm.
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Figure 5. Incubation with CFTRinh-172 ((a), n = 20, ***p < 0.01) or FSK ((b), n = 20,
***p < 0.001) for 60 minutes decreased MMP levels of sperm.

the sperms, but increased the levels of AMPK (Figure 6(g), Figure 6(h)) and
LC3B (Figure 6(i), Figure 6(j)), compared with their control groups.

4. Discussion

This study found that incubated with CFTR disruptor, CFTRinh-172 or FSK,
human sperm showed reduced ATP level, mitochondrial membrane potential,
cAMP content and CFTR and PKA protein expression levels, while increased the
degree of autophagy, AMPK and LC3B protein expression levels, and no signifi-
cant difference of ROS content. The results suggested that CFTR might work
with cAMP and its downstream effectors such as PKA and AMPK to regulate
MMP and energy metabolism, affecting sperm autophagy and vitality. This
study provided novel insight into the mechanism of CFTR affecting sperm vital-
ity through autophagy.

4.1. CFTR and Autophagy of Human Sperm

Studies found that CFTR level in sperm was positively correlated with sperm
forward motility [12] [13], the expression rate of CFTR in infertile patients (in-
cluding teratozospermia, asthenozoospermia, oligozoospermia) was significantly
lower than that in normal male fertility (35.89% and 88.13%, respectively) [14].
In patients with asthenozoospermia, low CFTR expression level is adverse to
progressive motility of sperm, sperm capacitation rate, and acrosome reaction
rate (OR values are 3.3, 2.7, 3.1 respectively, p values are all less than 0.01) [12].
This study set 5 concentration gradients for CFTR disruptors, CFTRinh-172 and
FSK, respectively, and detected sperm vitality at varied time points. It was found
that the inhibitory effect of CFTRinh-172 or FSK on sperm vitality showed sig-
nificant correlations with dose or duration of exposure.

Sperm eliminates unnecessary cytoplasmic components through autophagy to
promote flagellum formation and facilitate sperm movement [7]. The level of
CFTR in cells is closely related to autophagy and is crucial to keep normal func-
tion for cells [15] [16]. The results of this study suggested that the decreased
CFTR levels in normal human sperm might promote autophagy rate and dam-

age sperm vitality. However, some studies showed that natural antioxidant
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Figure 6. Impact of drugs on sperm cAMP, CFTR, AMPK, PKA and LC3B (n = 6, *p < 0.05).
Incubation with CFTRinh-172 for 60 minutes down-regulated levels of cAMP (a), CFTR (c),
PKA (e) of the sperms, while up-regulated that of AMPK (g) and LC3B (i). Likewise, incubation
with FSK for 60 minutes decreased the levels of cAMP (b), CFTR (d), PKA (f), while increased
that of AMPK (h) and LC3B (j) of sperm.
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epigallocatechin gallate (EGCG) restored CFTR function in type II CFTR muta-
tion patients [17] or mice [18], promoting cell autophagy. The varied effects of
CFTR on cells possible related to 1) type and health condition of cells and 2)
quantity and activity of CFTR.

This study found that, compared with the control groups, the sperm motility
decreased significantly after incubation with CFTRinh-172 or FSK for 60 mi-
nutes. The inhibitory effect of CFTRinh-172 on sperm motility showed correla-
tion with dose or exposure duration, which was in line with expectations. FSK
promoted sperm autophagy, which was consistent with similar research results
[17] [18]. However, the ROS level of the FSK group did not change significantly,
and the sperm motility decreased, which was unexpected. Even after we made
multiple and large adjustments on FSK concentration (10 nM - 50 uM) and ac-
tion time (5 - 150 minutes) during the pilot experiments, the trend of the results
remained unchanged. This was possibly related to its diverse mechanisms. FSK
promoted autophagy of various tumor cells through the PI3K/AKT/mTOR sig-
naling pathway [19], which plays a key role in sperm energy metabolism, cell
growth, proliferation and differentiation processes [20]. Similarly, antioxidants
such as molecular hydrogen regulate the balance between autophagy and oxida-
tive stress through PINK1 (PTEN-induced putative kinase 1)/Parkin, p53,
mTOR, PI3K/Akt/Gsk3p, Fork-head-box O1 (FoxO1) and other pathways to af-
fect cell vitality. This suggests that it is worthy of further exploring the effect of
antioxidant FSK on sperm autophagy and vitality [21].

4.2. CFTR and Mitochondrial Function of Sperms

CFTR induced changes in intracellular chloride anion (Cl-) concentration affect
diverse cellular functions such as gene and protein expression and activities,
post-translational modifications of proteins, cellular volume, cell cycle, cell pro-
liferation and differentiation, membrane potential, reactive oxygen species levels,
and intracellular/extracellular pH. Cl- also modulates functions in different or-
ganelles, including endosomes, phagosomes, lysosomes, endoplasmic reticulum,
and mitochondria. Mitochondria are the only organelles retained by mature
sperm, which continuously produce ROS to maintain normal physiological ac-
tivities of sperm such as acrosome reaction and sperm capacitation [22]. How-
ever, excessive ROS over the antioxidant capacity could impair the mitochondri-
al membrane of sperm and reduce the MMP [23]. In the present study, ROS lev-
el of sperm increased slightly after incubation with 5000 uM CFTRinh-172 or 50
nM FSK for 60 minutes, respectively, but there was no significant difference
compared with their control groups, and MMP decreased in both treatment
groups. The MMP was positively correlated with sperm motility. The decrease of
MMP inhibited ATP synthesis and sperm motility [24]. This study found that
ATP level of sperm after 60 minutes of treatment with 5000 pM CFTRinh-172 or
50 nM FSK, respectively, was significantly lower than that of their control
groups, indicating that CFTR may interfere with MMP and cause energy meta-
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bolism disorders.

4.3. Synergy of CFTR and cAMP Downstream Effectors on Sperm
Autophagy

Sperm motility is closely related to transmembrane signaling of cells, among
which the cAMP/PKA pathway is the critical one. CFTR and PKA and AMPK
are all downstream effectors of cAMP. PKA and AMPK are generally paired en-
zymes to regulate energy metabolism and maintain redox balance by sensing the
AMP/ATP ratio. Under the condition of sufficient ATP, PKA acts with pyruvate
synergistically to maintain normal cell structure and function; otherwise, PKA
inhibits the generation of cAMP from ATP de-phosphorylation, and releases
cytochrome C from mitochondria, and activates AMPK [25]. CFTR also inte-
racts with other downstream effectors of cAMP such as PKA and AMPK. The
combination of PKA and CFTR enhances CFTR activity, while the combination
of AMPK and CFTR reduces CFTR activity [6]. Inhibition of CFTR reduces
human sperm PKA activity [7] and increases AMPK activity [8]. The content of
LC3B is proportional to the degree of autophagy [3]. This study found that
treatment with 5000 pM CFTRinh-172 or 50 nM FSK for 60 minutes, respec-
tively, reduced the levels of cAMP, CFTR and PKA proteins in sperm compared
with their control groups, while the levels of AMPK and LC3B proteins in-
creased. The decrease of MMP inhibits ATP synthesis and directly causes the
decrease of cAMP level [24]. This consistency of the levels of CFTR, autophagy,
ATP and MMP suggested that CFTR interacts synergistically with cAMP, PKA
and AMPK in cells to regulate sperm autophagy.

4.4. Limitations

Firstly, because the subjects were only from men undergoing pre-marital health
check-ups instead of male adults of community, then some bias such as health
condition and semen quality possibly were introduced, which might affect the
generalizability of the results. Secondly, the sample volume was limited, pre-
venting the use of multiple intervention agents. Thirdly, CFTR plays broad func-
tions via complex mechanisms, but only few proteins were analyzed on the ex-
pression levels in the present study. Therefore, the roles and mechanisms of
CFTR in sperm autophagy and vitality were not fully revealed. We will further
explore these aspects including intracellular chloride anion (CI-) concentration,
post-translational modifications of proteins, cell cycle, and intracellular/extra-
cellular pH using transgenic and gene knockout techniques, various omics tech-

niques in a larger population sample in future research.

5. Conclusion

Low level of CFTR performed with cAMP and its downstream effectors such as
PKA and AMPK to regulate MMP and energy metabolism, leading to increased
autophagy rate and reduced motility of sperm. The findings would provide a
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novel theoretical basis for the diagnosis and treatment of low vitality of human

sperm.

Author Contributions

Yonghua He and Chaoyan Ou designed the experiments and wrote the manu-
script. Jie Hu, Han Liu, Liangzhao Liu and Linfeng Mo carried out the experi-
ments and analyzed the data. Xuming Liang supervised and corrected the ma-
nuscript. All authors contributed to the article and approved the submitted ver-

sion.

Acknowledgements

We thank Thames Armstrong for editing the English text of this manuscript.

Ethical Considerations & Disclosure(s)

This study obtained the approval of the Medical Ethics Committee of Guilin
Medical College Affiliated Hospital and the informed consent of the research
subjects. The study was conducted in accordance with the local legislation and

institutional requirements.

Funding Source

This study was supported by the Natural Science Foundation of Guangxi Auto-
nomous Region, Grant/Award Numbers: 2020JJD140016.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

[1] Wang, M., Zeng, L., Su, P., Ma, L., Zhang, M. and Zhang, Y.Z. (2022) Autophagy: A
Multifaceted Player in the Fate of Sperm. Human Reproduction Update, 28,
200-231. https://doi.org/10.1093/humupd/dmab043

[2] Pereira, R. and Sousa, M. (2023) Morphological and Molecular Bases of Male Infer-
tility: A Closer Look at Sperm Flagellum. Genes (Basel), 14, 383-407.
https://doi.org/10.3390/genes14020383

[3] Huang, Q, Liu, Y., Zhang, S., Yap, Y.T., Li, W., Zhang, D., et al. (2021) Autophagy
Core Protein ATG5 Is Required for Elongating Spermatid Development, Sperm In-
dividualization and Normal Fertility in Male Mice. Autophagy, 17, 1753-1767.
https://doi.org/10.1080/15548627.2020.1783822

[4] Rasmussen, L.W., Stanford, D., Patel, K. and Raju, S.V. (2020) Evaluation of Se-
condhand Smoke Effects on CFTR Function in Vivo. Respiratory Research, 21,
70-83. https://doi.org/10.1186/s12931-020-1324-3

[5] Carlile, GW., Yang, Q., Matthes, E., Liao, J., Birault, V., Sneddon, H.F., et al (2022)
The NSAID Glafenine Rescues Class 2 CFTR Mutants via Cyclooxygenase 2 Inhibi-
tion of the Arachidonic Acid Pathway. Scientific Reports, 12, 4595-4604.
https://doi.org/10.1038/s41598-022-08661-8

DOI: 10.4236/arsci.2024.121003

34 Advances in Reproductive Sciences


https://doi.org/10.4236/arsci.2024.121003
https://doi.org/10.1093/humupd/dmab043
https://doi.org/10.3390/genes14020383
https://doi.org/10.1080/15548627.2020.1783822
https://doi.org/10.1186/s12931-020-1324-3
https://doi.org/10.1038/s41598-022-08661-8

J.Huetal

(6]

(8]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

Siwiak, M., Edelman, A. and Zielenkiewicz, P. (2012) Structural Models of CFTR-
AMPK and CFTR-PKA Interactions: R-Domain Flexibility Is a Key Factor in CFTR
Regulation. Journal of Molecular Modeling, 18, 83-90.
https://doi.org/10.1007/s00894-011-1029-0

Puga Molina, L.C,, Pinto, N.A,, Torres, N.I., Gonzélez-Cota, A.L., Luque, G.M., Ba-
lestrini, P.A., et al (2018) CFTR/ENaC-Dependent Regulation of Membrane Poten-
tial during Human Sperm Capacitation Is Initiated by Bicarbonate Uptake through
NBC. Journal of Biological Chemistry, 293, 9924-9936.
https://doi.org/10.1074/jbc.RA118.003166

Calle-Guisado, V., Hurtado de Llera, A., Gonzalez-Fernandez, L., Bragado, M.]. and
Gar-cia-Marin, L.J. (2017) Human Sperm Motility Is Downregulated by the AMPK
Activator A769662. Andrology; 5, 1131-1140. https://doi.org/10.1111/andr.12423

Pérez-Diaz, A.J., Vazquez-Marin, B., Vicente-Soler, J., Prieto-Ruiz, F., Soto, T.,
Franco, A., et al. (2023) cAMP-Protein Kinase A and Stress-Activated MAP Kinase
Signaling Mediate Transcriptional Control of Autophagy in Fission Yeast during
Glucose Limitation or Starvation. Autophagy, 19, 1311-1331.
https://doi.org/10.3389/fpls.2023.1288386

Kopeikin, Z., Sohma, Y., Li, M. and Hwang, T.C. (2010) On the Mechanism of
CFTR Inhibition by a Thiazolidinone Derivative. Journal of General Physiology,
136, 659-671. https://doi.org/10.1085/jgp.201010518

Sapio, L., Gallo, M., Illiano, M., Chiosi, E., Naviglio, D., Spina, A., et al. (2017) The
Natural cAMP Elevating Compound Forskolin in Cancer Therapy: Is It Time?
Journal of Cellular Physiology, 232, 922-927. https://doi.org/10.1002/jcp.25650
Maiuri, L., Raia, V., Piacentini, M., Tosco, A., Villella, V.R. and Kroemer, G. (2019)
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) and Autophagy:

Hereditary Defects in Cystic Fibrosis versus Gluten-Mediated Inhibition in Celiac
Disease. Oncotarget, 10, 4492-4500. https://doi.org/10.18632/oncotarget.27037

Jiang, L.Y., Shan, J.J., Tong, X.M., Zhu, H.Y., Yang, L.Y., Zheng, Q., et al (2014)
Cystic Fibrosis Transmembrane Conductance Regulator Is Correlated Closely with

Sperm Progressive Motility and Normal Morphology in Healthy and Fertile Men
with Normal Sperm Parameters. Andrologia, 46, 824-830.
https://doi.org/10.1111/and.12155

Ooi, C.Y. and Durie, P.R. (2016) Cystic Fibrosis from the Gastroenterologist’s Pers-
pective. Nature Reviews Gastroenterology & Hepatology, 13, 175-185.
https://doi.org/10.1038/nrgastro.2015.226

Villella, V.R., Esposito, S., Ferrari, E., Monzani, R., Tosco, A., Rossin, F., et al
(2019) Autophagy Suppresses the Pathogenic Immune Response to Dietary Anti-
gens in Cystic Fibrosis. Cell Death & Disease, 10, 258-268.
https://doi.org/10.1038/s41419-019-1500-x

Flores-Vega, V.R., Vargas-Roldén, S.Y., Lezana-Fernandez, J.L., Lascurain, R., San-
tos-Preciado, J.I, et al (2021) Bacterial Subversion of Autophagy in Cystic Fibrosis.
Frontiers in Cellular and Infection Microbiology; 11, Article ID: 760922.
https://doi.org/10.3389/fcimb.2021.760922

Tosco, A., De Gregorio, F., Esposito, S., De Stefano, D., Sana, 1., Ferrari, E., et al
(2016) A Novel Treatment of Cystic Fibrosis Acting On-Target: Cysteamine plus
Epigallocatechin Gallate for the Autophagy-Dependent Rescue of Class II-Mutated
CFTR. Cell Death & Differentiation, 23, 1380-1393.
https://doi.org/10.1038/cdd.2016.43

Caution, K., Pan, A., Krause, K., Badr, A., Hamilton, K., Vaidya, A., et al (2019)

DOI: 10.4236/arsci.2024.121003

35 Advances in Reproductive Sciences


https://doi.org/10.4236/arsci.2024.121003
https://doi.org/10.1007/s00894-011-1029-0
https://doi.org/10.1074/jbc.RA118.003166
https://doi.org/10.1111/andr.12423
https://doi.org/10.3389/fpls.2023.1288386
https://doi.org/10.1085/jgp.201010518
https://doi.org/10.1002/jcp.25650
https://doi.org/10.18632/oncotarget.27037
https://doi.org/10.1111/and.12155
https://doi.org/10.1038/nrgastro.2015.226
https://doi.org/10.1038/s41419-019-1500-x
https://doi.org/10.3389/fcimb.2021.760922
https://doi.org/10.1038/cdd.2016.43

J.Huetal

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Methylomic Correlates of Autophagy Activity in Cystic Fibrosis. Journal of Cystic
Fibrosis, 18, 491-500. https://doi.org/10.1016/].jcf.2019.01.011

Zhang, Y., Li, Y. and Wang, Y. (2019) Forskolin Induces Autophagy and Apoptosis
in Human Liver Cancer Cells by Inhibiting the PI3K/AKT/mTOR Pathway. Oncol-
ogy Reports, 42, Article No. 12.

Deng, C., Lv, M., Luo, B., Zhao, S.Z., Mo, Z.C. and Xie, Y.J. (2021) The Role of the
PI3K/AKT/mTOR Signalling Pathway in Male Reproduction. Current Molecular
Medicine, 21, 539-548. https://doi.org/10.1038/s41598-022-06384-4

Wang, Y., Li, T., Cao, H. and Yang, W. (2019) Recent Advances in the Neuropro-
tective Effects of Medical Gases. Medical Gas Research, 9, 80-87.
https://doi.org/10.2174/1566524020666201203164910

Barati, E., Nikzad, H. and Karimian, M. (2020) Oxidative Stress and Male Infertility:
Current Knowledge of Pathophysiology and Role of Antioxidant Therapy in Disease
Management. Cellular and Molecular Life Sciences, 77, 93-113.
https://doi.org/10.1007/s00018-019-03253-8

Jannatifar, R., Parivar, K., Roodbari, N.H. and Nasr-Esfahani, M.H. (2019) Effects of
N-acetyl-cysteine Supplementation on Sperm Quality, Chromatin Integrity and

Level of Oxidative Stress in Infertile Men. Reproductive Biology and Endocrinology,
17, 24-32. https://doi.org/10.1186/512958-019-0468-9

Akbarinejad, V., Fathi, R. and Shahverdi, A. (2020) The Relationship of Mitochon-
drial Membrane Potential, Reactive Oxygen Species, Adenosine Triphosphate Con-

tent, Sperm Plasma Membrane Integrity, and Kinematic Properties in Warmblood
Stallions. Journal of Equine Veterinary Science, 94, Article ID: 103267.
https://doi.org/10.1016/j.jevs.2020.103267

Huang, C.Y., Kuo, W.T., Huang, C.Y., Lee, T.C, Chen, C.T., Peng, W.H., et al
(2017) Distinct Cytoprotective Roles of Pyruvate and ATP by Glucose Metabolism
on Epithelial Necroptosis and Crypt Proliferation in Ischaemic Gut. The Journal of
Physiology, 595, 505-521. https://doi.org/10.1113/JP272208

DOI: 10.4236/arsci.2024.121003

36 Advances in Reproductive Sciences


https://doi.org/10.4236/arsci.2024.121003
https://doi.org/10.1016/j.jcf.2019.01.011
https://doi.org/10.1038/s41598-022-06384-4
https://doi.org/10.2174/1566524020666201203164910
https://doi.org/10.1007/s00018-019-03253-8
https://doi.org/10.1186/s12958-019-0468-9
https://doi.org/10.1016/j.jevs.2020.103267
https://doi.org/10.1113/JP272208

	Low Level of Cystic Fibrosis Transmembrane Conductance Regulator Is Associated with Human Sperm Autophagy and Vitality
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. On-Site Investigation and Semen Sample Analysis
	2.2. Assay of Sperm Autophagy Level with MDC Method
	2.3. Detection of Sperm ATP Level by Spectrophotometry
	2.4. Measurement of Sperm ROS Level with Fluorescent Method
	2.5. Analysis of Sperm MMP Level with JC-1 Method
	2.6. Detection of the Levels of Sperm cAMP, CFTR, AMPK, PKA and LC3B
	2.7. Statistical Analyses

	3. Results
	3.1. General Clinical Condition of the Subjects
	3.2. Impact of Reagents on PR of Sperms
	3.3. Effect of Reagents on Sperm Autophagy Levels
	3.4. Influence of Reagents on Sperm ATP Levels
	3.5. Impact of Reagents on Sperm ROS Levels
	3.6. Effect of Reagents on Sperm MMP
	3.7. Impact of Reagents on Sperm cAMP, CFTR, AMPK, PKA and LC3B

	4. Discussion
	4.1. CFTR and Autophagy of Human Sperm
	4.2. CFTR and Mitochondrial Function of Sperms
	4.3. Synergy of CFTR and cAMP Downstream Effectors on Sperm Autophagy
	4.4. Limitations

	5. Conclusion
	Author Contributions
	Acknowledgements
	Ethical Considerations & Disclosure(s)
	Funding Source
	Conflicts of Interest
	References

