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Spermatozoa Develop
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Isidora M. Staroviah, Sava M. Radovic Pletikosic, Tamara M. Tomanic, Marija LJ. Medar,
Tatjana S. Kostic and Silvana A. Andric*

Laboratory for Reproductive Endocrinology and Signaling, Laboratory for Chronobiology and Aging, Center for Reproductive
Endocrinology and Signaling, Department of Biology and Ecology, Faculty of Sciences, University of Novi Sad, Novi Sad, Serbia

This study was designed to search for the possible mechanism(s) of male (in/sub)fertility
by following the molecular response of spermatozoa on acute psychological stress (the
most common stress in human society) and on a 20-h time-dependent recovery period.
To mimic in vivo acute stress, the rats were exposed to immobilization once every 3 h. The
recovery periods were as follows: O (immediately after stress and 3 h after the light is on—
Z13), 8 (ZT11), 14 (ZT17), and 20 (ZT23) h after stress. Results showed that acute stress
provoked effects evident 20 h after the end of the stress period. Numbers of spermatozoa
declined at ZT17 and ZT23, while functionality decreased at ZT3 and ZT11, but recovered
at ZT17 and ZT23. Transcriptional profiles of 91% (20/22) of tracked mitochondrial
dynamics and functionality markers and 91% (20/22) of signaling molecules regulating
both mitochondrial dynamics and spermatozoa number/functionality were disturbed after
acute stress and during the recovery period. Most of the changes presented as increased
transcription or protein expression at ZT23. The results of the principal component
analysis (PCA) showed the clear separation of acute stress recovery effects during
active/dark and inactive/light phases. The physiological relevance of these results is the
recovered positive-acrosome-reaction, suggesting that molecular events are an adaptive
mechanism, regulated by acute stress response signaling. The results of the PCA
confirmed the separation of the effects of acute stress recovery on gene expression
related to mitochondrial dynamics, cAMP, and MAPK signaling. The transcriptional
patterns were different during the active and inactive phases. Most of the transcripts
were highly expressed during the active phase, which is expected given that stress
occurred at the beginning of the inactive phase. To the best of our knowledge, our results
provide a completely new view and the first presentation of the markers of mitochondrial
dynamics network in spermatozoa and their correlation with signaling molecules
regulating both mitochondrial dynamics and spermatozoa number and functionality
during recovery from acute stress. Moreover, the interactions between the proteins
important for spermatozoa homeostasis and functionality (MFN2 and PRKA catalytic
subunit, MFN2 and p38MAPK) are shown for the first time. Since the existing literature
suggests the importance of semen quality and male fertility not only as the fundamental
marker of reproductive health but also as the fundamental biomarkers of overall health and
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harbingers for the development of comorbidity and mortality, we anticipate our result to be
a starting point for more investigations considering the mitochondrial dynamics markers or
their transcriptional profiles as possible predictors of (in/sub)fertility.

Keywords: acute psychological stress, stress recovery, mitochondrial dynamics and functionality markers, cAMP
signaling markers, MAPK signaling markers, spermatozoa number and functionality

INTRODUCTION

Stress is an important adaptive response of an organism that
enables survival and maintains homeostasis (1). However, if it is
repeated or persistent/chronic, it can cause diseases (2-6). Many
epidemiological studies showed that DNA damage during stress
response is regulated through adrenergic signaling (7). It is clear
that different types of stress and stressful life events have been
linked to reduced adult male reproductive function (8-11).
Numerous studies reported connection between male (sub/in)
fertility and stressful life (8, 12-14). However, mechanisms
causing the (sub/in)fertility are not described yet.

Mitochondria are a very important linking point between stress
response and spermatozoa functionality since these organelles are
able to produce enormous levels of energy required for both
processes (2, 3, 6, 13). Moreover, signaling pathways activated by
stress hormone receptors are important for homeostasis of
mitochondrial network and spermatozoa functionality (10, 11,
15). The mtDNA is required for male fertility (16) and could be a
diagnostic marker for sperm quality in men (17). The disturbed
mtDNA was observed in oligo-asthenozoospermic patients (18) and
in asthenoteratozoospermia-induced male infertility (19). Since the
mitochondrial morphology changes during spermatogenesis (20),
the disturbed ultrastructure of mitochondria can explain some of
the unexplained cases of asthenozoospermia (21). Moreover, the
mitochondrial membrane potential is also important for
spermatozoa functionality (22-25). The reduced mtDNA content
in human sperm (26) and the expression of TFAM gene correlate
with abnormal spermatozoa forms (27, 28). Furthermore, human
sperm motility and viability are regulated by mitophagy (29) as well
as UCP2 (30) and the MFN2 expression levels (31). Thus, the
mitochondria are a crucial organelle for spermatozoa wellbeing and
fertility (13).

The homeostasis of the mitochondrial network is regulated by
intriguing processes of mitochondrial dynamics including
mitochondrial biogenesis, mitofusion, mitofission, and
mitophagy (32-35). All processes involve a complex and
multistep molecular event required for renewal, adaptation, or
expansion of the mitochondrial network (26, 36-38). The main
molecular markers of mitochondrial dynamics are not only the
main markers of mitochondrial biogenesis (PGCla, PGC1p,
NRF1, NRF2, and TFAM), mitofusion (MFN1, MFN2, and
OPA1), mitofission (DRP1 and FIS1), and mitophagy (PINK1
and PARKIN), but also important markers of the respiratory
chain function (32-35, 37, 38). In addition, maintaining
homeostasis of the mitochondrial network requires intriguing
and complex network of signaling pathways (33, 36, 38), which
are able to convey a wide variety of different environmental

signals: stress (39, 40), temperature (41), energy deprivation (38),
availability of nutrients (38), and growth factors (42).

It is important to point out that all signaling pathways
regulating mitochondrial dynamics are required for
spermatozoa homeostasis (43). Similar signaling pathways are
involved in regulation of the function of sperm flagellum (44).
Additional complications related to understanding the
regulation of spermatozoa functionality are findings that show
that murine germ cells highly express genes involved in
steroidogenesis and other cell functions, such as genes involved
in fatty acid metabolism or synthesis. This supports the
possibility of an additional level of regulation of
spermatogenesis (45, 46).

In search for mechanisms activated by and during stress, we
explored molecular events in spermatozoa at four time points in
a 20-h time-dependent recovery period after acute stress (once
for the duration of 3 h, 7 a.m. to 10 a.m.). Acute stress was chosen
since it is the most common stress in human society. Recovery
was followed at a different time points during the day (light/
inactive and dark/active phase): immediately after acute stress
(Z713) as well as 8 (ZT11), 14 (ZT17), and 20 (ZT23) h after acute
stress. Number and functionality of spermatozoa, as well as the
transcriptional profiles of 22 mitochondrial dynamics and
function markers and 22 related signaling molecules were
followed (Figures 1-13). Two rationales were prevalent in the
decision to follow spermatozoal functionality by acrosome
reaction. First, acrosome reaction is the event in the timeline
that is closer to fertilization than motility or other parameters.
Second, working with human samples (640 samples were
collected over the last 18 months) from men attending the
national IVF program, we came to learn that there are
significant numbers of normozoospermic samples with good
motility and other parameters of spermiogram, but with
negative acrosome reaction, suggesting the possible reason for
entering the IVF program.

MATERIALS AND METHODS

All experiments were carried out in the Laboratory for
Reproductive Endocrinology and Signaling and Laboratory for
Chronobiology and Aging, Faculty of Sciences at University of
Novi Sad (wwwold.dbe.pmf.uns.ac.rs/en/nauka-eng/lares).
Methods used in this study were carried out following relevant
guidelines and regulations and were reported previously [for all
references, please see (10, 11, 47)]. Key resource tables and tables
containing primers and antibody data are provided in the
Supplementary Material.
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Statement of the Institutional Review Board
The manuscript is approved by the Committee of the Faculty of
Sciences, University of Novi Sad, Novi Sad, Serbia.

The authors complied with ARRIVE guidelines and all
experiments were in adherence to the ARRIVE guidelines. All
experimental protocols were approved (statement no. 01-201/3)
by the local Ethical Committee on Animal Care and Use of the
University of Novi Sad operating under the rules of the National
Council for Animal Welfare and the National Law for Animal
Welfare (copyright March 2009), following the NRC publication
Guide for the Care and Use of Laboratory Animals and the NIH
Guide for the Care and Use of Laboratory Animals.

Animals and Experimental Model of Acute
Stress With a Recovery Period

Adult, 3-month-old, male Wistar rats were used in all
experiments. Animals were bred and raised in the accredited
Animal Facility of the Faculty of Sciences, University of Novi
Sad, Serbia, in controlled environmental conditions [22 + 2°C; 14-
h light and 10-h dark cycle, lights on at 07:00 a.m. (ZT0)] with
food and water ad libitum. The experimental model of
psychophysical stress by immobilization (IMO) was performed
by the method previously described (10, 11, 47, 48). To analyze the
effects of acute stress with the recovery period (48), animals were
subjected to immobilization stress (IMO) for 3 h, once, from ZT0
to ZT3 (1x3hIMO), and allowed to recover (1x3hIMO+R) for 0, 8,

14, and 20 h after the IMO (ZT3, ZT11, ZT17, and ZT23; ZT0 is a
time when the light is turned on) (Figure 1). The experimental
model of psychophysical stress by immobilization was performed
by the method previously described (9-11). In short, rats were
bound in a supine position to a wooden board by fixing the rats’
limbs using thread, while the head motion was not limited.
Unstressed, freely moving rats were present as a control group
(Control) in each experiment. All activities during the dark phase
were performed under the red light. At the end of the experimental
period, control and stressed animals were quickly decapitated
without anesthesia and trunk blood was collected. In each
experiment, both control and stressed animals were randomly
divided into four time point groups, with a total of 4 animals in the
control group and 6 animals in the 1x3hIMO+R group per time
point. The sample size was checked by Power Analysis using the G
Power software (http://core.ecu.edu/psyc/wuenschk/Power.htm)
according to previously published results. The experiment was
repeated two times.

Spermatozoa Isolation and Their
Functionality Assessment (Capacitation
and Acrosome Reaction)

Isolation of caudal epididymides spermatozoa was carried out
following the WHO laboratory manual (https://www.who.int/
publications/i/item/9789240030787) with modifications for rat
spermatozoa isolation. In short, caudal epididymides were
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FIGURE 1 | Experimental design of immobilization stress with recovery period used to assess spermatozoa number and functionality (% acrosome reaction) as well
as mitochondrial dynamics markers and related signaling molecule expression profiles of transcripts and proteins.
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quickly isolated, the surrounding adipose tissue was removed,
and epididymides were placed in a petri dish containing medium
for isolation and preservation of spermatozoa (1% M199 in
HBSS with 20 mM HEPES buffer and 5% BSA) or Whitten’s
Media (100 mM NacCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.2 mM
MgSO,, 5.5 mM glucose, 1 mM pyruvic acid, and 4.8 mM lactic
acid), depending on the subsequent analysis. Isolated
epididymides were finely punctuated with a 25G needle to
enable spermatozoa to be released into the medium, and
incubated at 37°C for 10 min. Released spermatozoa were
collected and centrifuged for 5 min at 700xg at room
temperature. The supernatant was removed, and the pellet was
resuspended in the appropriate medium depending on the
subsequent analysis. Concentrations of isolated spermatozoa
were calculated using a Makler counting chamber (Sefi-
Medical Instruments, Ltd, Israel). Isolated spermatozoa were
used for the capacitation and acrosome reaction procedure and
the rest of the spermatozoa were stored at —70°C, before RNA
isolation and the subsequent gene transcription analysis. To
determine the spermatozoa functionality, approximately 1.5 x
10° spermatozoa in 50 pl of Whitten’s Media were mixed with
350 ul of WH+ media [Whitten’s Media supplemented with the
10 mg/ml BSA (bovine serum albumin) and 20 mM of NaHCO;,
to stimulate the capacitation] with a drop of mineral oil, at 37°C
(5% CO,) for 1 h. Fifty microliters of capacitated spermatozoa
was transferred into two new tubes, one without the
progesterone, present as the control of the acrosome reaction,
and one with 15 UM progesterone (PROG) to activate the
acrosome reaction, with a drop of mineral oil, and incubated at
37°C (5% CO,) for 30 min. For the fixation of spermatozoa after
the acrosome reaction, 20 pl of the spermatozoa suspension from
each tube was mixed with 100 pl of the fixation solution (20 mM
Na,HPO,, 150 mM NaCl, and 7.5% formaldehyde) and
incubated for 20 min at room temperature. Subsequently, fixed
spermatozoa were centrifuged for 1 min at 12,000xg, and washed
with 100 mM ammonium acetate, pH 9. Smears of fixed
spermatozoa were prepared on microscopic slides and air-
dried. Dried spermatozoa smears were stained using staining
solution (0.04% Coomassie Blue-G250, 50% methanol and 10%
acetic acid) for 5 min at room temperature. Staining solution was
rinsed with distilled water and spermatozoa smears were allowed
to air-dry. Stained smears were analyzed using the Leica DMLB
100T microscope with 1,000x magnification, and up to 100
spermatozoa per slide were counted to determine the
acrosomal status. Blue staining in the acrosomal region of the
head indicated intact acrosome, while spermatozoa without blue
staining in the acrosomal region were considered to be
acrosome-reacted. Data are presented as the percentage of
acrosome-reacted spermatozoa + SEM.

Isolation of RNA and cDNA Synthesis

Total RNA isolation was performed using the GenElute
Mammalian Total RNA Miniprep Kit according to the
protocol recommended by the manufacturer, followed by the
DNase I (RNase-free) treatment. The first-strand cDNA was
synthesized using the High-Capacity Kit for cDNA preparation.

Relative Quantification of Gene Expression
Rat spermatozoa samples isolated from caudal epididymides
were stored at —70°C until they were used for the isolation of
total RNA. Total RNA isolation was performed using the
GenElute Mammalian Total RNA Miniprep Kit according to
the protocol recommended by the manufacturer (Sigma Aldrich,
Germany, https://www.sigmaaldrich.com). To eliminate DNA
from the samples, DNase I (RNase-free) treatment was carried
out according to the manufacturer’s instructions (New England
Biolabs, Massachusetts, United States, https://www.neb.com).
The concentration and purity of isolated total RNA were
measured using the BioSpec-nano spectrophotometer
(Shimadzu, Japan, https://www.shimadzu.com). Furthermore,
the first-strand cDNA was synthesized using the High Capacity
Kit for cDNA preparation according to the manufacturer’s
protocol (Thermo Fisher Scientific, Massachusetts, United
States, https://www.thermofisher.com). In each set of reactions,
negative controls consisting of non-reverse-transcribed samples
were included. Quality of RNA and DNA integrity was checked
using control primers for Gapdh, as described previously by our
group [for references, please see (10, 11, 47)]. Relative expression
of genes was quantified by real-time PCR (RQ-PCR) using SYBR
Green-based chemistry from Applied Biosystems. Each reaction
contained 10 ng of cDNA (calculated from starting RNA) in a
volume of 2.5 ul and specific primers at a final concentration of
500 nM. Primer sequences used for RQ-PCR analysis, average Ct
values, as well as GenBank accession codes for full gene
sequences are given in Supplementary Tables S5-S11. Relative
gene expression quantification of Gapdh was measured in each
sample and used to correct variations in cDNA content between
samples. Relative quantification of each gene was performed in
duplicate, three times for each sample of two independent in vivo
experiments. The real-time PCR reactions were carried out in the
Eppendorf Mastercycler ep realplex 4 Real Time PCR and post-
run analyses were performed using Mastercycler ep realplex
Software. The heat map image was generated with relative fold
change values, using the online tool CIMminer (http://discover.
ncinih.gov/cimminer/home.do as of December 13, 2021) to
represent the gene expression profile of mitochondrial dynamic
and functionality markers and signaling molecules regulating
mitochondrial dynamics and functionality in different time
points after the acute immobilization stress.

Relative Quantification of Protein
Expression and Immunoprecipitation
Analysis

Rat spermatozoa samples isolated from caudal epididymides were
frozen and stored at —70°C until protein extraction. Cells were lysed
and Western blot analysis was performed as described previously
(9). Immune-reactive bands were detected using MyECL Imager
(Thermo Fisher Scientific Inc.; https://www.thermofisher.com) and
analyzed as two-dimensional images using Image J version 1.48
(http://rsbweb.nih.gov/ij/download.html). The optical density of
images is expressed as volume adjusted for the background,
which gives arbitrary units of adjusted volume. Normalization of
the data was done using GAPDH protein expression as the

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 896193


https://www.sigmaaldrich.com
https://www.neb.com
https://www.shimadzu.com
https://www.thermofisher.com
http://discover.nci.nih.gov/cimminer/home.do
http://discover.nci.nih.gov/cimminer/home.do
https://www.thermofisher.com
http://rsbweb.nih.gov/ij/download.html
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

endogenous control. Immune detection was performed with
different antibodies (all details are listed in Supplementary Table
§12). Antibodies against PGC1, NRF1, NRF2, and GAPDH were
purchased from Santa Cruz Biotechnology (https://www.scbt.com).

Spermatozoa samples for immunoprecipitation analysis were
lysed in 1 ml of buffer containing 20 mM HEPES, 10 mM EDTA, 2.5
mM MgCl,, 40 mM B-glycerophosphate, 1 mM DTT, 1% NP-40,
0.5 mM 4-(aminoethyl)-benzenesulfonyl fluoride hydrochloride, 1
UM aprotinin, 2 uM leupeptin, and phosphatase inhibitor cocktail
tablets [cont. (1R, 2S, 3R, 6S)-1.2-dimethyl-3.6-epoxycyclohexane-
1.2-dicarboxylic anhydride]. The concentration of proteins in each
sample was estimated by the Bradford method and set at a
concentration of 300 pug/ml. An equal amount of protein in each
sample (300 pg) was used for the immunoprecipitation. Pre-
clearing of the lysate was done using 5 pl of normal goat serum
[Santa Cruz Biotechnology, normal goat serum: sc-2043, (https://
www.scbt.com)] mixed with 1 ml of lysate and incubated on ice for
1 h. After the incubation, 100 pl of bead slurry was added to each
sample and incubated for 30 min at 4°C with gentle agitation. The
supernatant for the immunoprecipitation was collected after 10 min
and centrifuged at 14,000xg at 4°C. After the pre-clearing process,
lysates were mixed with MFN2 antibody (Santa Cruz
Biotechnology) and incubated at 4°C overnight with constant
rotation. During additional overnight incubation at 4°C with
constant rotation, immunoprecipitated complexes with MFN2
antibody were recovered by 80 pl of protein G agarose bead
slurry. Precipitated proteins were washed two times with 1 ml of
lysis buffer and the supernatant was used for further protein analysis
(please see Supplemental Material file). Final pellets were mixed
with protein loading dye, incubated at 100°C for 5 min, and
resuspended in the SDS-PAGE 12% gels. Gels were analyzed by
one-dimensional SDS-PAGE and proteins were transferred to a
polyvinylidene difluoride membrane using a wet transfer. The
immunodetection of the MFN2, PRKAc, and p38 MAPK was
done with the use of MFN2 antibody (Santa Cruz Biotechnology),
PRKAc antibody (BD Transductions Laboratories), and p38
MAPK antibody (Cell Signaling Technology) (all details are
listed in Supplementary Table S12). Immune-reactive bands
were detected using MyECL Imager (Thermo Fisher Scientific
Inc.; https://www.thermofisher.com) and analyzed as two-
dimensional images using Image ] version 1.48 (http://rsbweb.
nih.gov/ij/download.html). The optical density of images is
expressed as volume adjusted for the background, which gives
arbitrary units of adjusted volume. Normalization of the data was
done using MFN2 protein expression.

Statistical Analysis

Results of the experiments represent group means + SEM values of
the individual variation from two independent experiments. In each
experiment, both control and stressed animals were randomly
divided into four time point groups, with a total of 4 animals in
the control group and 6 animals in the 1x3hIMO+R group per time
point. In each of the two experiments, both control and stress
animals were randomly divided into four time-points groups. In the
first experiment, spermatozoa samples of each individual animal
were used for the RNA extraction, individual cDNA, individual
real-time PCR for the analysis of relative expression of transcripts,

individual for protein extraction. While in the second experiment
spermatozoa sample of each animal were pooled. Results from each
experiment were analyzed by Mann-Whitney’s unpaired
nonparametric two-tailed test (between the 1x3hIMO group and
the control group within the same time point), or by one-way
ANOVA followed by Dunnett’s test, for comparison with the ZT3-
Control group. All statistical analyses were performed using
GraphPad Prism 5 Software (GraphPad Software 287 Inc., La
Jolla, CA, USA). In all cases, p-value <0.05 was considered to be
statistically significant.

Principal Component Analysis

Principal component analysis (PCA) was done with the
dudi.PCA() function implemented in “ade4” package (49), on
scaled and centered data matrix, within the R environment. We
decided to retain the first two PCs based on eigenvalues and
cumulative variation. In support of such a decision, we
performed Horn’s parallel analysis for a PCA with the “paran”
package, to adjust for finite sample bias in retaining components
(50). Biplot visualization were performed with the “factoextra”
package (51).

RESULTS

In order to properly understand the connection between acute
stress, the most common stress in human society, and male (sub/
in)fertility, the immobilization (IMO) stress of 3 h once
(1x3hIMO) was applied to the adult male rats (11). The stress
period was followed by recovery periods. Immediately after acute
stress (ZT3) as well as 8 (ZT11), 14 (ZT17) and 20 (ZT23) h after
acute stress, the number and functionality of spermatozoa, as
well as the transcriptional profiles of 22 mitochondrial dynamics
and function markers and 22 signaling molecules regulating both
spermatozoa number/function and mitochondrial dynamics
were tracked (Figures 1-13).

Spermatozoa Number Is Lower 14 and 20 h
After Acute Stress, While Functionality
Declines Immediately After the Stress and
8 h Later, But Recovers 14 and 20 h After
the Stress
The number of spermatozoa (Figure 2A) declined in rats
having longer recovery periods, i.e., from the ZT17-1x3hIMO
+R group (1.5-fold compared to ZT17-Control and 1.6-fold vs.
ZT3-Control) and the ZT23-1x3hIMO+R group (2.9-fold
compared to ZT23-Control and 2.6-fold vs. ZT3-Control). In
contrast, the spermatozoa functionality (positive acrosome
reaction) (Figure 2B) declined in groups of rats having
shorter recovery periods, i.e., from the ZT3-1x3hIMO group
(3.6-fold compared to ZT3-Control) and the ZT11-1x3hIMO
+R group (1.4-fold compared to ZT11-Control and 1.5-fold vs.
ZT3-Control).

In search for the possible mechanism(s) beyond these
effects, the transcriptional profiles of mitochondrial dynamics
markers and signaling molecules regulating both mitochondrial
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FIGURE 2 | The acute psychophysical stress by immobilization (IMO) decreases functionality and number of spermatozoa in different time points after the IMO
stress. Number of spermatozoa (A) isolated from caudal epididymides of unstressed rats (control) and rats subjected to acute immobilization stress once for 3 h
(1x3hIMO) with recovery periods of 0, 8, 14 and 20 h. (B) The functionality of spermatozoa (% of acrosome reacted spermatozoa) isolated from control and acutely
(1x3hIMO) stressed rats. Capacitated spermatozoa were stimulated with progesterone (PROG 15 pM) in parallel with spermatozoa not treated with progesterone
(PROG 0 pM). Blue staining in the acrosome region of the head indicated intact acrosome, whereas spermatozoa without blue staining in the acrosome region were
considered to be acrosome reacted. Data are presented as green dots connected with a green line for the control group, and blue squares connected with a blue
line for the 1x3hIMO group, and are mean + SEM values of two independent in vivo experiments. Statistical significance was set at p < 0.05: * vs. the control group

dynamics and spermatozoa number and functionality
(important for fertilization) were tracked. Results showed that
stress dramatically disturbed expression of transcripts for
markers of mitochondrial dynamics and functionality as well
as associated signaling pathways in spermatozoa. Expression
levels of 40 out of 44 (91%) markers were changed either
using ZT3-Control as a calibrator (Figures 3-9) or using
the corresponding control at a particular ZT time point
(Supplementary Figures S1-S7).

Significant Changes in Transcriptional
Profiles of Mitochondrial Dynamics and
Functionality Markers in Spermatozoa
From Acutely Stressed Rats Are Evident
Up to 20 h After Stress

The transcriptional profiles of molecular markers of
mitochondrial dynamics and functionality in spermatozoa are
disturbed by acute stress since the transcriptional levels of 20 out
of 22 (91%) markers were changed (Figures 3-7 and
Supplementary Figures S1-S5).

Mitochondrial biogenesis markers changed 8 out of 8 (100%).
The level of transcripts for genes encoding PGC1 (Ppargcla and
Ppargclb), very well known as the master regulator involved in
the transcriptional control of all the processes related to
mitochondrial homeostasis and integrator of environmental
signals (32, 33), was disturbed (Figure 3). Interestingly, a
circadian-like profile was observed in the expression of the

Ppargcla transcript since it was differently changed in
spermatozoa taken from undisturbed rats at different time
points: increased in the ZT11-Control (2.6-fold) and ZT17-
Control (2.9-fold) groups compared to ZT3-Control, but
decreased in ZT23-Control (2.1-fold). Changes were also
detected in spermatozoa obtained from acutely stressed rats
with different recovery periods: decrease in ZT11-1x3hIMO+R
group (4.8-fold compared to ZT11-Control), but increase in
ZT17-1x3hIMO+R (2.4-fold compared to ZT3-Control) and
ZT23-1x3hIMO+R (3.6-fold compared to ZT23) groups. Less
prominent effects were observed on the transcription of
Ppargclb: increased in spermatozoa from the ZT17-Control
group (1.7-fold compared to ZT3-Control) and in the ZT23-
1x3hIMO+R group (1.4-fold compared to ZT23-Control).

Transcription profiles of PGC1 downstream targets (NrfI,
Nrf2a, Tfam, mtNd1, and Ppard) that regulate genes for subunits
of the oxidative phosphorylation (OXPHOS) also changed.

Tfam transcription was disturbed only at ZT23: decreased in
the ZT23-Control group (2.3-fold compared to ZT3-Control),
but increased in the ZT23-1x3hIMO+R group (3.7-fold
compared to ZT23-Control and 1.6-fold vs. ZT3-Control).

Nrfl transcript decreased in spermatozoa from ZT23-Control
(2.6-fold compared to ZT3-Control), but increased in all stressed
groups with recovery period: ZT11-1x3hIMO+R (1.5-fold vs.
ZT11-Control, 1.7-fold vs. ZT3-Control group), ZT17-
1x3hIMO+R (1.5-fold vs. ZT17-Control), and ZT23-1x3hIMO
+R (4.9-fold vs. ZT23-Control, 2.0-fold vs. ZT3-Control).
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FIGURE 3 | Transcription of mitochondrial biogenesis markers is significantly changed in spermatozoa of acutely stressed adult rats in a time-dependent manner.
Isolated RNA and proteins from spermatozoa of undisturbed and stressed rats were used for the analysis of the transcriptional profile and protein expression profile
of markers of mitochondrial biogenesis. The representative blots are shown as panels. Data from scanning densitometry were normalized on GAPDH (internal
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p < 0.05:

*vs. the control group of the same time point, #vs. the control group of ZT3 time point.

Nrf2a transcription was less disturbed than NrfI: increased in
ZT11-1x3hIMO+R (1.6-fold compared to ZT11-Control, 1.8-
fold vs. the ZT3-Control group) and ZT23-1x3hIMO+R (2.7-
fold vs. ZT23-Control, 1.9- fold vs. ZT3-Control) groups.

Ppara transcription profile increased in spermatozoa
obtained from rats of all control groups compared to ZT3-
Control (1.8-fold in ZT11-Control, 2.5-fold in ZT17-Control,
2.8-fold in ZT23-Control). In spermatozoa from stressed
animals, an increased level of Ppara transcript was observed in
ZT11-1x3hIMO+R (2.0-fold vs. ZT3-Control group) and ZT17-
1x3hIMO+R (2.5-fold vs. ZT3-Control) groups, but Ppara
transcript decreased in the ZT23-1x3hIMO+R group (5.5-fold
vs. ZT23-Control, 1.95-fold vs. ZT3-Control).

Ppard transcription was less disturbed than Ppara since
change/decrease was observed only in the spermatozoa from
ZT23-Control (2.1-fold) compared to ZT3-Control. Increased
Ppard levels were registered in spermatozoa of all stressed
groups: ZT3-1x3hIMO+R (1.8-fold vs. ZT3-Control); ZT11-

1x3hIMO+R (2.0-fold vs. ZT11, 1.6-fold vs. ZT3-Control),
ZT17-1x3hIMO+R (2.1-fold vs. ZT-17, 2.1-fold vs. ZT3-
Control), and ZT23-1x3hIMO+R (4.7-fold vs. ZT-23, 2.3-fold
vs. ZT3-Control).

mtNd1 transcription profile was similar to Ppargcla.
Increased mtNdI level was detected in spermatozoa from
ZT11-Control (1.6-fold) and ZT17-Control (1.9-fold) groups
compared to ZT3-Control, but mtNdIl decreased in ZT23-
Control (4.5-fold). Changes were also detected in spermatozoa
obtained from acutely stressed rats with different recovery
periods: decreased in the ZT11-1x3hIMO+R group (1.5-fold
compared to ZT11-Control), but increased in the ZT17-
1x3hIMO+R (1.5-fold compared to ZT3-Control) and ZT23-
1x3hIMO+R (5.0-fold compared to ZT23) groups.

Mitochondrial fusion markers changed 3 out of 3 (100%).
Changes in transcriptional profiles of all spermatozoal
mitofusion as well as mito-architecture markers (Mfnl, Mfn2
and Opal) were observed at the ZT23 time point (Figure 4A).
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Mfn1 transcription decreased in spermatozoa from the ZT23-
Control group (3.9-fold vs. ZT3-Control), but increased in the
Z7123-1x3hIMO+R group (8.1-fold compared to ZT23 control,
2.1-fold vs. ZT3-Control).

Mfn2 transcription profile was similar to Mfunl. The level of
Mfn2 transcript decreased in spermatozoa from the ZT23-
Control group (4.3-fold vs. ZT3-Control), but increased in the
ZT23-1x3hIMO+R group (6.4-fold compared to ZT23 control,
1.5-fold vs. ZT3-Control).

Opal transcript profile was similar to Mfn1 and Mfn2. The level
of Opal transcript significantly decreased in spermatozoa obtained
from the ZT23-Control group (2.7-fold vs. ZT3-Control), but
increased in the ZT23-1x3hIMO+R group (5.3-fold compared to
ZT23-Control, 1.9-fold vs. ZT3-Control).

Considering the importance of MFN2 expression for
spermatozoa motility and viability as well as mitochondrial
network homeostasis (31), interactions of MFN2 and proteins
regulating both mitochondrial dynamic and spermatozoa number
and functionality were followed. Results show that MEN2 protein
interacts with the PRKA catalytic subunit in spermatozoa, but there
is no significant difference in spermatozoa of the 1x3hIMO+R group
compared to the ZT3-Control group. Immunoprecipitation analysis
of MFN2 followed by Western blot analysis with p38 MAPK protein
shows that the interaction between these proteins exists in
spermatozoa, and that there is significant decrease in the control
group of ZT17 and ZT23, as well as in the 1x3hIMO+R group of the
ZT23 time point, compared to the ZT3-Control group (Figure 4B).

Mitochondrial fission markers changed 2 out of 2 (100%).
Levels of transcripts for Drpl and Fisl differently changed at
different the ZT time points (Figure 5).

Fisl transcription increased in spermatozoa from ZT17-
Control (1.9-fold compared to ZT3-Control). In spermatozoa
from stressed rats, a decrease was observed in the ZT17-
1x3hIMO+R group (1.5-fold vs. ZT17-Control) and the
opposite effect (increase) was detected in the ZT23-1x3hIMO
+R group (1.8-fold vs. ZT23-Control, 2.4-fold vs.
ZT3-Control).

Drpl transcript profile was different from Fis1, since changes/
decreases were evident only in stressed groups: ZT11-
1x3hIMO+R (2.8-fold vs. ZT11-Control) and ZT17-1x3hIMO
+R groups (1.8-fold vs. ZT17-Control).

Mitochondrial autophagy markers changed 1 out of 3 (33%).
Significant changes were evident only on the transcription profile
of Prkn: decrease in ZT17-Control (3.8-fold compared to ZT3-
Control) and ZT17-1x3hIMO+R (5.3-fold vs. ZT3-Control)
groups. The transcriptional profile of Pinkl and Tfeb remained
unchanged (Figure 6).

Mitochondrial functionality markers changed 6 out of 6
(100%). Transcriptional profiles of NRF1/NRF2 downstream
targets (CytC, COX4, and UCPs) serving as mitochondrial
functional markers as well as the mediators of regulated proton
leak and controllers of the production of superoxide and other
downstream reactive oxygen species (41) were significantly
changed at the ZT23 time point (Figure 7).
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control group of ZT3 time point.

Cox4il transcription significantly decreased in spermatozoa
from the ZT23-Control group (3.4-fold vs. ZT3-Control) but
increased in the ZT23-1x3hIMO+R group (6.1-fold compared to
ZT23-Control, 1.8-fold vs. ZT3-Control).

Cox4i2 transcript level significantly decreased in spermatozoa
from the ZT23-Control (2.4-fold vs. ZT3-Control) as well as the

stressed groups ZT17-1x3hIMO+R (1.6-fold compared to ZT17-
Control, 1.9-fold vs. ZT3-Control) and ZT23-1x3hIMO+R (2.4-
fold compared to ZT3-Control).

Cytc transcription significantly increased only in spermatozoa
obtained from the ZT23-1x3hIMO+R group (1.8-fold compared
to ZT23-Control).
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Ucpl transcript level was significantly lower only in
spermatozoa obtained from the ZT23-1x3hIMO+R group (8.9-
fold compared to ZT23-Control, 4.3-fold vs. ZT3-Control).

Ucp2 transcript in spermatozoa (the most abundantly
expressed UCP gene in spermatozoa; Ucp2-Ct=22.07>Ucp3-
Ct=29.81>Ucp1-Ct=29.96) was changed at ZT17 and ZT23
time points. Ucp2 transcript level increased in spermatozoa
isolated from ZT17-Control (1.8-fold compared to ZT3-
Control), but decreased in spermatozoa from ZT23-Control
(1.7-fold vs. ZT3-Control). In spermatozoa from stressed rats,
increase was detected in ZT17-1x3hIMO+R (1.8-fold vs. ZT3-
Control) and ZT23-1x3hIMO+R (3.4-fold compared to ZT23-
Control, 2.0-fold compared to ZT3-Control).

Ucp3 transcription increased in spermatozoa from ZT11-
Control (1.6-fold compared to ZT3-Control) as well as ZT23-
Control (2.7-fold vs. ZT3-Control), but decreased in ZT23-
1x3hIMO+R (20.8-fold compared to ZT23-Control, 7.7-fold
compared to ZT3-Control).

The results of the PCA confirmed that separation of the effects
of acute stress recovery on mitochondrial dynamics marker
elements depends on the day phase. It is clear that the
transcriptional patterns were different during the active and
inactive phases. Most of the transcripts were highly expressed
during the active phase, which is expected given that stress
occurred at the beginning of the inactive phase. Expression of
the transcripts for proteins involved in mitochondrial dynamics
tends to separate across the first two PCs for 74.2% of the total
dataset of mitochondria-related gene variability. Also, the results
offer different acute stress recovery effects on transcript
expression: a pronounced cluster of genes encoding the
elements essential for mitochondrial dynamics in the active
phase opposes Ucp3, Ppara, and Ucpl in the inactive phase
(Figure 12A, variable loadings are shown in Supplementary
Table S1).

Since the cAMP and MAPK signaling are crucial not only for
the regulation of spermatozoa number and functionality (43),
but also for the regulation of mitochondrial dynamics and
functionality (32, 33, 37), the transcriptional profiles of main
signaling molecules were tracked.

Significant Changes in Transcriptional
Profiles of Signaling Molecules Regulating
the Number and Functionality of
Spermatozoa, as Well as the Mitochondrial
Dynamics and Functionality in
Spermatozoa From Stressed Rats Are
Evident Up to 20 h After Stress

Markers of signaling pathways regulating the spermatozoa
number/functionality as well as mitochondrial dynamics/
functionality, both very important for male fertility,
significantly changed during the recovery time course.
Transcriptional levels of 20 out of 22 (91%) markers were
changed, and most of the changes were increases of the
expression (Figures 8, 9 and Supplementary Figures S6 and S7).

cAMP signaling markers changed 11 out of 12 (92%). Most of
the changes in transcriptional profile of cAMP signaling markers
during stress recovery time periods were increased expression of
most of the adenylyl cyclases (Adcy3, Adcy5, Adcy6, and Adcy?)
except for Adcy8 (decreased), Adcy7 (remained unchanged), and
Adcyl0 (decreased). In the same spermatozoa samples, the level
of the transcripts for all genes encoding the catalytic and the
regulatory protein kinase A subunits (Prkaca, Prkach, Prkarla,
Prkar2a, and Prkar2b) increased (Figure 8).

Adcy3 transcript levels increased in spermatozoa isolated
from ZT11-Control (2.4-fold compared to ZT3-Control) and
ZT17-Control (2.7-fold vs. ZT3-Control). In spermatozoa from
stressed rats, increases were detected in ZT11-1x3hIMO+R (2.8-
fold vs. ZT3-Control), ZT17-1x3hIMO+R (1.5-fold vs. ZT3-
Control), and ZT23-1x3hIMO+R (4.5-fold compared to ZT23-
Control, 4.5-fold compared to ZT3-Control).

Adcy5 transcriptional profile was changed/increased only in
spermatozoa from the stressed rats with recovery for 14 or 20 h:
ZT17-1x3hIMO+R (1.7-fold vs. ZT17-Control) and ZT23-
1x3hIMO+R (1.9-fold compared to ZT23-Control, 1.8-fold
compared to ZT3-Control).

Adcy6 transcription increased in spermatozoa isolated from
ZT11-Control (1.7-fold compared to ZT3-Control), as well as
from ZT23-1x3hIMO+R (2.5-fold compared to ZT23-Control,
1.6-fold compared to ZT3-Control). The opposite changes
(decreased expression) were detected in ZT3-1x3hIMO+R (1.9-
fold vs. ZT3-Control) and ZT11-1x3hIMO+R (1.4-fold vs.
ZT11-Control).

Adcy7 transcript levels decreased in spermatozoa from ZT23-
Control (1.6-fold compared to ZT3-Control). In contrast,
increased expressions were observed in the stressed group at all
recovery time points: ZT11-1x3hIMO+R (2.0-fold vs. ZT11-
Control), ZT17-1x3hIMO+R (2.1-fold vs. ZT17-Control), and
ZT123-1x3hIMO+R (4.3-fold compared to ZT23-Control, 2.7-
fold compared to ZT3-Control).

Adcy8 transcription increased in spermatozoa isolated from
ZT23-Control (1.7-fold compared to ZT3-Control). In
spermatozoa from the stressed rats, decreases were detected in
ZT3-1x3hIMO+R (2.3-fold vs. ZT3-Control), ZT17-1x3hIMO
+R (2.4-fold vs. ZT17-Control, 1.7-fold vs. ZT3-Control), and
ZT123-1x3hIMO+R (188.9-fold compared to ZT23-Control,
111.1-fold compared to ZT3-Control).

Adcyl0 transcriptional profile was changed/decreased only in
spermatozoa from the stressed rats at all recovery time points:
ZT11-1x3hIMO+R (1.5-fold vs. ZT11-Control), ZT17-
1x3hIMO+R (1.4-fold vs. ZT17-Control), and ZT23-1x3hIMO
+R (2.5-fold vs. ZT23-Control, 2.5-fold vs. ZT3-Control).

Prkaca transcription was changed only at the ZT23 time
point: decreased in spermatozoa from the ZT23-Control group
(2.8-fold compared to ZT3-Control), but increased in
spermatozoa from the ZT23-1x3hIMO+R group (4.1 fold
compared to ZT23-Control, 1.5 fold compared to ZT3-Control).

Prkacb transcription profile was similar to Prkaca. The level
of Prkacb transcripts decreased in spermatozoa from the ZT23-
Control group (2.6-fold compared to ZT3-Control), but
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transcriptional profile of markers of the cAMP signaling pathway. PCA of markers of the cCAMP signaling pathway on active/inactive phase; Dim1 and Dim2 represent the
first two PCs and % of the retained variation. Cos2 estimates the qualitative representation of variables (Supplementary Table S2). Data are presented as green dots
connected with a green line for the control group, and blue squares connected with a blue line for the 1x3hIMO group, and are mean + SEM values of two independent in
vivo experiments. Statistical significance was set at p < 0.05: * vs. the control group of the same time point, # vs. the control group of ZT3 time point.
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increased in the ZT23-1x3hIMO+R group (5.8-fold compared to
ZT23-Control, 2.2-fold vs. ZT3-Control).

Prkarla transcription decreased in spermatozoa isolated from
Z7T23-Control (3.8-fold compared to ZT3-Control). In contrast,
transcription increased in the ZT11-1x3hIMO+R (1.5-fold vs.
ZT11-Control) and the ZT23-1x3hIMO+R (4.6-fold compared
to ZT23-Control) groups.

Prkar2a transcriptional profile was similar to the profiles of
transcripts for catalytic subunits of PRKA: decreased in
spermatozoa from the ZT23-Control group (2.3-fold compared
to ZT3-Control) but increased in the ZT23-1x3hIMO+R group
(3.7-fold vs. ZT23-Control, 1.6-fold vs. ZT3-Control).

Prkar2b transcription profile was similar to Prkar2a. The level
of Prkar2b transcripts decreased in spermatozoa from the ZT23-
Control group (1.9-fold compared to ZT3-Control) but
increased in the ZT23-1x3hIMO+R group (3.3-fold compared
to ZT23-Control, 1.8-fold vs. ZT3-Control).

The results of the PCA confirmed the separation of the effects
of acute stress recovery on cAMP signaling pathway elements. It
is clear that the transcriptional patterns were different during the
active and inactive phases and that the transcripts were highly
expressed during the active phase. Most of the transcripts were
highly expressed during the active phase, which is expected given
that stress occurred at the beginning of the inactive phase.
Expression of the transcripts for proteins involved in cAMP
signaling accounts for 78.2% variability. Also, the results offer
different acute stress recovery effects on the transcripts’
expression: a pronounced cluster of Adcy8 and Adcyl10 in the
inactive phase opposes gene clusters encoding the other elements
of cAMP signaling in the active phase (Figures 8, 12B, variable
loadings are shown in Supplementary Table S2).

MAPK signaling markers changed 9 out 0of 10 (90%). The markers
of MAPK signaling (Mapk I, Mapk3, Mapk6, Mapk?7, Mapk8, MapkS9,
Mapkl11, Mapkl12, Mapkl3, and Mapkl4) were affected at all time
points and more than the above-mentioned markers in spermatozoa.
Transcripts of all markers significantly increase, except for the
decreased transcription of Mapkl1, in spermatozoa isolated from
the groups of rats exposed to acute stress for 3 h and recovered for 20
h, while most of the markers increased in spermatozoa from the
stressed rats at all recovery time points (Figure 9).

Mapkl transcription decreased in spermatozoa isolated from
Z7123-Control (2.7-fold compared to ZT3-Control). Increases were
observed in spermatozoa from the stressed rats at all recovery time
points: ZT3-1x3hIMO+R (1.9-fold vs. ZT3-Control), ZT11-
1x3hIMO+R (2.0-fold vs. ZT11-Control, 2.0-fold vs. ZT3-
Control), ZT17-1x3hIMO+R (1.4-fold vs. ZT17-Control, 1.8-fold
vs. ZT3-Control), and ZT23-1x3hIMO+R (7.2-fold compared to
Z7T23-Control, 2.6-fold compared to ZT3-Control).

Mapk3 transcript levels decreased in spermatozoa from the
ZT23-Control group (2.3-fold compared to ZT3-Control) but
increased in the ZT23-1x3hIMO+R group (4.1-fold compared to
ZT23-Control, 1.8-fold vs. ZT3-Control).

Mapk6 transcriptional profile was similar to Mapkl. The
decline in the Mapk6 transcription was observed in
spermatozoa from ZT23-Control (2.4-fold compared to ZT3-
Control). The significant increase was evident in spermatozoa

from the stressed rats at all recovery time points: ZT3-
1x3hIMO+R (1.6-fold vs. ZT3-Control), ZT11-1x3hIMO+R
(2.8-fold compared to ZT11-Control, 1.8-fold vs. ZT3-
Control), ZT17-1x3hIMO+R (2.1-fold vs. ZT17-Control; 1.7-
fold vs. ZT3-Control), and ZT23-1x3hIMO+R (5.6-fold
compared to ZT23-Control, 2.3-fold compared to ZT3-Control).

Mapk8 transcriptional profile was similar to Mapkl and
Mapké, but the effect was absent at the ZT17 time point. The
decreased Mapk8 transcript level was evident in spermatozoa from
ZT23-Control (2.5-fold compared to ZT3-Control). A significant
increase was evident in spermatozoa from ZT3-1x3hIMO+R (1.4-
fold compared to ZT3-Control), ZT11-1x3hIMO+R (1.5-fold
compared to ZT11-Control), and ZT23-1x3hIMO+R (4.9-fold
compared to ZT23-Control, 1.9-fold vs. ZT3-Control).

Mapk9 transcription increased only in spermatozoa from the
stressed rats recovered for 20 h, i.e., ZT23-1x3hIMO+R (3.0-fold
vs. ZT23-Control, 1.9-fold compared to ZT3-Control).

Mapk11 transcriptional profile was changed/increased only in
spermatozoa from the stressed rats recovered for 14 and 20 h:
ZT17-1x3hIMO+R (1.5-fold compared to ZT3-Control) and
7ZT23-1x3hIMO+R (2.1-fold compared to ZT23-Control).

Mapkl2 transcription significantly decreased in
spermatozoa from ZT23-Control (3.3-fold compared to ZT3-
Control). In spermatozoa from stressed rats, increases were
detected in ZT11-1x3hIMO+R (2.0-fold compared to ZT11-
Control, 1.8-fold compared to ZT3-Control) and ZT23-
1x3hIMO+R (7.7-fold compared to ZT23-Control, 2.5-fold
compared to ZT3-Control).

Mapkl3 transcript level significantly decreased in
spermatozoa from ZT23-Control (2.7-fold compared to ZT3-
Control). Significant increases were evident in spermatozoa from
the rats recovered at different time points: ZT'11-1x3hIMO+R
(1.7-fold vs. ZT11-Control, 1.6-fold vs. ZT3-Control), ZT17-
1x3hIMO+R (1.7-fold vs. ZT17-Control), and ZT23-1x3hIMO
+R (3.4-fold vs. to ZT23-Control).

Mapk14 transcription was changed only at the ZT23 time
point: decreased in spermatozoa from ZT23-Control (2.1-fold
compared to ZT3-Control), but increased in spermatozoa from
ZT123-1x3hIMO+R (4.3-fold compared to ZT23-Control, 2.1-
fold compared to ZT3-Control).

The results of the PCA show significant separation of the effects
of acute stress recovery on MAPK signaling pathway elements
depending on the day phase. It is clear that the transcriptional
patterns were different during the active and inactive phases and
that the transcripts were highly expressed during the active phase
(Figures 9, 12C as well as Supplementary Table S3).

The results of the PCA confirmed the separation of the effects
of acute stress recovery on MAPK signaling. The transcriptional
patterns were different during the active and inactive phases.
Most of the transcripts were highly expressed during the active
phase, which is expected given that stress occurred at the
beginning of the inactive phase. Expression of the transcript of
the proteins involved in MAPK signaling accounts for 82.1% of
data variability. The results offered different acute stress recovery
effects on the transcript expression: a pronounced MapkI1 in the
inactive phase opposes clusters of other transcripts for elements
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FIGURE 9 | Transcription of markers of MAPK signaling regulating mitochondrial dynamics and functionality as well as spermatozoa number and functionality is
changed in spermatozoa of acutely stressed adult rats in a time-dependent manner. Isolated RNA from spermatozoa of undisturbed and stressed rats was used
for the analysis of the transcriptional profile of markers of the MAPK pathway. PCA of markers of the MAPK signaling pathway on active/inactive phase; Dim1 and
Dim2 represent the first two PCs and % of the retained variation. Cos2 estimates the qualitative representation of variables (Supplementary Table S3). Data are
presented as green dots connected with a green line for the control group, and blue squares connected with a blue line for the 1x3hIMO group, and are mean +
SEM values of two independent in vivo experiments. Statistical significance was set at p < 0.05: * vs. the control group of the same time point, # vs. the control
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of MAPK signaling (Figures 9, 12C, variable loadings are shown
in Supplementary Table S3).

For a better understanding, results showing the
transcriptional profiles of mitochondrial dynamics and
functionality markers and signaling molecules regulating
mitochondrial dynamics and functionality as well as
spermatozoa number and functionality in spermatozoa of
stressed adult rats with different periods for recovery are
summarized in Table 1.

DISCUSSION

It is very well known that life starts with fertilization. This
process requires highly energizing and perfectly functioning
spermatozoa. Unfortunately, many recent publications pointed
to increased incidence of unexplained cases of (sub/in)fertility in
men as well as a decrease in the fertility rate in men younger than
age 30 (8, 12, 13). The semen quality and fertility are important
not only as fundamental markers of reproductive health, but also
as fundamental biomarkers of overall health (13, 52). Also, the
World Health Organization (WHO) stated that the overall
burden of infertility in men is high, unknown, and
underestimated, and has not shown any decrease over the last
20 years. The WHO called for urgent investigations of the
mechanisms of (sub/in)fertility (https://www.who.int/
reproductivehealth/topics/infertility/perspective/en/).

In search for possible mechanisms of (sub/in)fertility as well
as the connection between stress and male (sub/in)fertility, an in
vivo model of acute psychological stress, the most common stress
in human society, was applied on adult male rats and stress
period was tracked with different recovery periods. Four time
points were chosen (2 points during 12-h light/inactive phase
and 2 points during 12-h dark/active phase): immediately after
the 3-h acute stress (ZT3) as well as 8 (ZT11), 14 (ZT17), and 20
(Z2T123) h later. The number/functionality (positive acrosome
reaction) of spermatozoa and the transcriptional profiles of 22
mitochondrial dynamics/function markers and 22 related
signaling molecules were tracked.

Results showed for the first time, to the best of our knowledge,
that the acute stress-provoked effects appeared 20 h after the end of
the stress, and this is very clearly shown on heat maps (Figure 10
and Supplementary Figure S8). Lower number of spermatozoa
was observed at ZT'17 and ZT23, while decreased spermatozoa
functionality (positive acrosome reaction) was evident at ZT3 and
ZT11, but recovered at ZT'17 and ZT23. Transcriptional profiles of
91% (20/22) of mitochondrial dynamics and functionality markers
and 91% (20/22) of signaling molecules regulating both
mitochondrial dynamics and spermatozoa number and
functionality were disturbed after acute stress and during the
recovery period (Figures 10, 11 and Supplementary Figure S8).
The results of the PCA show the significant separation of effects of
acute stress recovery during the active and inactive phase of the
day. It is clear that the transcriptional patterns were different
during the active and inactive phases and that most of the
transcripts were highly expressed during the active/dark phase of

the day (Figure 12). The physiological relevance is the recovered
functionality (positive acrosome reaction), suggesting that
molecular events are adaptive mechanism regulated by
physiological stress response signaling. With this molecular
scenario, the spermatozoa may try to preserve the basic
mitochondrial network homeostasis and self-activity.

It is well known that stress signaling is involved in the
regulation of spermatogenesis and fertility in a very complex
and intriguing manner. Chronic intermittent stress irreversibly
decreases sperm number (53-55) as well as sperm motility (56)
and spermatozoa quality (57) in male rats. Our recently
published articles showed that repeated psychophysical stress
also lowered the number of spermatozoa (10, 11). The decline in
progressively motile sperm in humans is associated with stress
(58) and secondary infertility is significantly higher in patients
with post-traumatic stress disorder (59). However, there are no
published pieces of evidence related to the effects of stress
recovery on spermatozoa number and functionality as well as
signaling pathways associated with these processes. Here, we
show that the number of epididymal spermatozoa declines 14
and 20 h after stress. It is difficult to give a precise explanation,
but one of the reasons could be that mechanisms causing
reduction in the number of spermatozoa started at earlier
points, maybe as a consequence of stress hormone signaling
activation, but they are visible at ZT17 and ZT20. Also, the
reason could be, although not significantly, persistently higher
levels of cortisol (48).

Since mitochondria are very important for many highly energy-
driven processes including spermatozoa functionality and
fertilization as well as stress response, it was of interest to follow
the transcriptional profile of mitochondrial dynamics/functionality
markers as well as signaling molecules regulating mitochondrial
homeostasis and spermatozoa functionality. Results of
transcriptional analyses clearly showed that effects of acute stress
were visible up to 20 h later and most of the effects and prominent
effects were observed at ZT23 (Figures 10, 11). All those molecules
are very important for spermatozoa functionality. Our results
showed a circadian-like type of transcriptional profile of Ppargcla/
PGCl in spermatozoa from both unstressed and stressed rats. It was
published that PPARGCIA is changed in spermatozoa from patients
suffering from type 2 diabetes mellitus (60) and that increased
expression of Nrf2 diminished testicular inflammation (61). Also,
our preliminary results show protein interaction of PGCI and NRF1
proteins in spermatozoa (data not shown). Moreover, expression of
the TFAM gene correlates with sperm DNA fragmentation and
mtDNA copy number (27, 28). Heat map analysis of the
transcriptional profile of mitochondrial dynamics and functionality
markers (Figure 10A and Supplementary Figure 8A) clearly
showed that during recovery from acute stress, spermatozoa most
abundantly express the main markers of mitochondrial fusion
(Mfnl, Mfn2, and Opal). This is very important for keeping the
integrity of the mitochondrial network and energetic balance. These
results may explain the findings of others showing the relation of the
expression level of MFN2 to motility and cryoprotective potentials of
human sperm (31, 62). Also, our results show for the first time, to the
best of our knowledge, the interaction of MFN2 and the catalytic
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FIGURE 10 | Heat map analysis of the transcriptional profile of the mitochondrial dynamic and functionality markers (A) and the signaling molecules regulating
mitochondrial dynamics and functionality (B) in spermatozoa of acute stressed adult rats. Heat map analysis showing different patterns of transcription at different
time points in spermatozoa after the acute immobilization stress. The relative fold change in gene expression for the aforementioned genes was compared in different
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17

ZT23

subunit of protein kinase A (PRKAc) in spermatozoa. This
interaction was already confirmed in other cell types, with PRKA
phosphorylation site at Serine 442 (63, 64). Presented results of
immunoprecipitation analysis (MFN2/PRKAc) show no difference
between the 1x3hIMO+R and the control group of all time points.
On the other hand, results of immunoprecipitation analysis show an
interaction between MFN2 and p38 MAPK proteins, with a decrease
in ZT17-Control, ZT23-Control, and ZT23-1x3hIMO+R groups

compared to the ZT3-Control group, suggesting that prolonged
acute stress recovery influences the interaction between these two
proteins in spermatozoa. Our results show the increased expression
of transcript for Cox4il in spermatozoa from stressed rats, the gene
that encodes the terminal enzyme in the mitochondrial respiratory
chain. It has been shown that this gene is also significantly increased
in spermatozoa from obese males (65), and it is important for
infertility treatment in men (66). Our results clearly show increased

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 896193


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

A
6
() Mitochondrial biogenesis markers
=
o Mitochondrial fusion and architecture markers
[72}
2 Mitochondrial fission markers
—_
o . .
z 3 . Mitochondrial autophagy markers
g . Mitochondrial functionality markers
K
[}
o1
T T T | | T
B 0 4 8 12 16 20 24
6
(" cAMP signaling markers
| =
.2 ‘ () MAPK signaling markers
[72]
8 s 1X3WIMO+R
—_
[=%
53 ~
O -
2
-
S
()]
—— T T | T
0 4 8 12 16 20 24
ZT
FIGURE 11 | The transcription pattern in spermatozoa of acutely stressed adult rats with different recovery periods (ZT3, ZT11, ZT17, and ZT23). Data shown
represent the transcriptional pattern of the genes for mitochondrial dynamics/functionality markers (A) as well as cAMP and MAPK signaling pathway-related
molecules (B). Points represent a deviation in the transcription of a particular gene at different ZT time points.

expression of transcript for Ucp2 (most abundantly expressed UCP
protein in rat spermatozoa) probably as a consequence of the stress
hormone adrenaline (10). Our supplementary results show the trend
of the increased mitochondrial membrane potential of spermatozoa

treated with adrenaline (Supplementary Figure S10). These
molecular events can increase spermatozoa motility since it was
shown that UCP2 mitigates the loss of human spermatozoa motility
(30). The results of the PCA show that most of the transcripts for the
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TABLE 1 | The transcriptional profiles of mitochondrial dynamics and functionality markers and signaling molecules regulating mitochondrial dynamics and functionality
as well as spermatozoa number and functionality in spermatozoa of stressed adult rats.

Group Transcript Time points
zT3 ZT11 ZT17 ZT23

Control 1x3hIMO Control 1x3hIMO Control 1x3hIMO Control 1x3hIMO
Ppargc1a 1.0+ 0.1 1.0 +0.20 26"+ 054\ 05 =014\ 29"+ 082\ 24059\ 05°:018\ 1.7*+ 065\
Ppargc1b 1.0 + 0.1 0.6 = 0.11 0.8 = 0.01 0.8 = 0.05 17" 20324  12£007 0.8+0.13 1.4 £ 0.03A\
Tfam 1.0 + 0.10 1.2+0.13 1.0 + 0.05 1.3 +0.02 1.0 + 0.04 1.3 + 0.01 0.4* 005\ 1.6+ 001\
Nrf1 1.0 + 0.11 1.1 + 0.02 1.1 + 0.04 1.7%% & 0.18,1\ 0.8 + 0.07 1.3* + o,osA 0.4 + 0,01W 2.0 + 0,12\y
Nrf2a 1.0 + 0.11 1.2+ 0.07 1.1+ 0.05 1.8*% £ 0.10 1.2 +0.09 1.4 + 0.06 0.7 + 0.03 1.9% + 0.12\
Ppara 1.0+0.11 1.4+ 029 18" : 032  20":016 25*+ 017\ 25010 28":036A 0.5 =008\
Ppard 1.0+ 0.12 1.8 + 014\ 0.8 + 0.04 1.6 + 0.03A\ 1.0+ 0.02 21 £ 000/ 05%= o.o1\y 23" £ 0.04\
mtNd1 1.0+0.12 1.1+ 006 1.6" + 0.01 1172002\  1.9*+ 004N  15°:004 027001\ 1.1* 003\
Mfn1 1.0 + 0.11 1.0 + 0.11 0.9 + 0.06 1.2+ 0.15 1.0+ 0.15 1.3 +0.16 o_3”io_og\y 2_1*”10,12A
Mfn2 1.0+ 0.1 0.8 = 0.11 0.7 = 0.02 0.9 = 0.09 0.7 + 0.11 0.9 + 0.03 0.2 003\ 1.5 + 010
Opat 1.0 +0.11 1.3+ 0.01 0.8 = 0.05 1.2 + 0.05 1.1 +0.01 1.1+ 0.06 0.4* £ 002\ 1.9+ 001\
Fis1 1.0 £ 0.11 1.2+ 0.12 0.8 +0.10 0.7 + 0.06 1.9% + o,o@A 1.3* + o,oeA 1.3 £0.10 2.4* 4 0,39A
Drp1 1.0 £ 0.11 1.0+ 0.13 1.4 £ 0.04 0.5% + O.SZW 1.1 £ 0.01 0.6* + 0.0QW 1.3 £ 0.03 1.5+ 0.07
Prkn 1.0 + 0.05 0.5+ 0.22 0.65 + 0.15 0.6 + 0.10 0.3% + o_og\y 0.2% + 0_05\y 0.5 +0.12 0.7 + 0.16
Coxd4it 1.0 +0.12 1.3 +0.10 1.4 + 0.07 1.4 + 0.07 1.2 +0.10 1.0 £ 0.12 0.3* 001\ 1.8 £ 004\
Cox4i2 1.0 +0.12 0.6 + 0.27 1.8 + 0.45 1.2 + 0.31 0.8 + 0.01 05005\ 04003\  0.4*:002\
Cytc 1.0 + 0.12 1.3 + 0.05 1.2 + 0.04 1.4 + 0.05 1.2 +0.02 1.3 + 0.01 0.7 = 0.01 1.4* £ 001\
Ucpt 1.0 +0.12 1.4 + 0.47 2.1 +0.59 1.2 + 042 25"+ 048\ 23':088A 21*:071A 0.2 004\
Ucp2 1.0 £ 0.1 1.2+£0.03 1.1+£0.04 1.3 £0.09 182002 18"+ 004\ 06°£001\ 21007\
Ucp3 1.0 + 0.11 0.8 + 0.09 1.6% + O.21A 1.2 + 0.31 1.0 + 0.31 1.0 + 0.15 27" 4 0_19,1\ 0.1* + o_oz\y
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Prkaria 1.0 + 0.10 1.0 + 0.08 0.9 = 0.04 1.4* £ 016\ 1.0 + 0.06 1.2 + 0.09 03"+ 001\  1.2*+0.02\
Prkar2a 1.0+ 0.13 0.7 + 0.09 1.1+ 0.09 1.0 + 0.06 0.9 + 0.07 0.9 + 0.07 0.4" + 0_05\‘/ 1.6*" + 0,14A
Prkar2b 1.0 + 0.09 0.7 + 0.07 1.2+ 0.10 1.0 + 0.09 0.9 = 0.01 1.1+ 0.09 0.5% +0.06\/ 1.8+ 0.05\
Mapk1 1.0+£007  1.9% £ 0.11A 1.0 + 0.06 20%* 0154,  1.2£0.11 1.8% 004  04* 001\ 26%+016\
Mapk3 1.0 + 0.10 0.7 + 0.07 1.1 +0.03 1.2 + 0.04 1.1 +0.04 1.0+ 0.04 0.4* £ 006\ 1.8 + 0.04\
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Data are presented as means + SEM values of two independent experiments. Statistical significance at p < 0.05: * vs. the control group of each time point; * vs. the control group of ZT3 time point.
Green arrow indicates the increased level of the transcript, while red arrow indicates decreased level of the transcript.

main markers of mitochondrial dynamics were highly expressed New insights into the understanding of molecular events
during the active/dark phase of the day (Figure 12A), suggesting the ~ related to the effects of acute stress on spermatozoa include our
importance of molecular timing in regulation of the above-  finding that shows that 91% of markers of signaling pathways
mentioned markers. regulating both mitochondrial dynamics and spermatozoa
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functionality are changed during the recovery from acute stress.
Again, heat map analysis (Figure 10B, Supplementary Figure
$8) clearly showed that changes are most abundant at the ZT23,
and they are mostly increased expression. All increased
transcripts are, for the signaling molecules, very well known as
the essential regulators of spermatozoa number/functionality
(43), as well as regulators of PGCI, the biogenesis of OXPHOS,
mitofusion, mitofission, and mitophagy (32, 33, 37).
Furthermore, all affected molecules are part of the complex
signaling network in spermatozoa precisely regulated to provide
fertility homeostasis in health and diseases (67). The
consequences of the increased expression of transcripts are
restored spermatozoa functionality at the ZT17 and ZT23 since
it was shown that cAMP signaling improves sperm motility (68,
69) and it is important for the activation of CatSper channels (70).
Increased expressions of transcripts for all subunits of PRKA are
also a great adaptive and ameliorative mechanism since it was
reported that the PRKAR2A reduction in asthenozoospermic
patients decreases sperm quality (71), while Prkar2b is sensitive to
heat (72). The results of the PCA clearly showed that the
transcriptional patterns were different during the active and
inactive phases and that most of the transcripts were highly
expressed during the active/dark phase of the day. Interestingly,
the transcript for the most important spermatozoal ADCY,
ADCY10, was highly expressed during the inactive/light phase
of the day (Figure 12B). Last, but not least, increased transcripts
for Mapkl, Mapk3, and Mapkl4 in spermatozoa from rats
recovered for 20 h could be compared with findings that
testicular hyperthermia induces both MAPK1/3 and MAPK14
(73) and that MEK1/2 and ERK2 regulate the spermatozoa
capacitation (74). The results of the PCA clearly showed that
the transcriptional patterns of all analyzed MAPKs, except
Mapk11, were highly expressed during the active/dark phase of
the day (Figure 12C). Moreover, Mapk8 significantly increased at
ZT3 and ZT23, and it was shown that phosphorylation of MAPKS8
is associated with germ cell apoptosis and redistribution of the
Bcl2-modifying factor (75). All molecular events could be
possible adaptive responses, and this was proven by recovery of
functionality at ZT23.

We believe that results presented here have a significant
translational aspect related to the effect of acute stress on male
fertility. To prove that our results have translational significance,
we started our analysis using spermatozoa obtained from human
subjects, and preliminary results showed the correlation of
different transcriptional profiles of the mitochondrial dynamics
markers and different types of spermiograms. Moreover,
according to the questionnaire completed by 115 patients from
a governmental ART clinic providing the IVF service for free,
105/115 (91%) reported some degree of stress: 51/115 (44%)
reported a low degree of stress, 41/115 (36%) reported frequent
stressful situations, and 13/115 (11%) reported a high degree of
stress (Tomanic et al., unpublished results).

It is important to point out that our investigation did not
consider a possible contribution of epididymal cells to the RNA

isolated from spermatozoa. This is important since spermatozoa
RNA is subjected to epididymal RNA contamination that is
transferred to spermatozoa via extracellular vesicles such as
epididymosomes. Also, the aim of our study was not to assess
motility, but certainly it is well known that mitochondria
produce energy for sperm movement. Last, but not least, it is
shown that structural abnormalities and decreased spermatozoa
motility are associated with decrease in mitochondrial activity
and decrease in basal oxygen consumption (76). Since stress
stimulates reactive oxygen species and higher concentrations of
reactive oxygen species can have detrimental effects on quality of
spermatozoa (77), our results showing the increase in the
expression of NRF1 and NRF2 transcripts and proteins could
be the possible mechanism of adaptation for the restored
spermatozoa functionality 20 h after acute stress.

Maybe it is noteworthy that all molecules involved in the
regulation of spermatozoa homeostasis and functionality could
be possible candidates and eventually responsible for male (in/
sub)fertility. Recently, it was described that the sperm-specific
form of lactate dehydrogenase is required for fertility and is an
attractive target for male contraception (78). Since the existing
literature suggests the importance of semen quality and male
fertility not only as the fundamental marker of reproductive
health but also as fundamental biomarkers of overall health and
harbingers for the development of comorbidity and mortality, we
anticipate our results to be a starting point for more
investigations considering the mitochondrial dynamics
markers, or their transcriptional profiles as possible predictors
of (in/sub)fertility.

CONCLUSIONS

Acute stress, the most common stress in human society,
significantly changes 91% of followed mitochondrial dynamics
and functionality markers as well as 91% of signaling molecules
regulating spermatozoa homeostasis and mitochondrial
dynamics/functionality. This leads to the recovery of
spermatozoa number/functionality (positive acrosome reaction),
which is important for male (in/sub)fertility. Stress-triggered
changes represent adaptive mechanisms to keep spermatozoa
functionality, and they are essential for fertility. Besides the
effects of stress recovery, our results show the circadian-like
nature in the expression of some important regulators of
spermatozoa function.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Endocrinology | www.frontiersin.org

20

July 2022 | Volume 13 | Article 896193


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

ETHICS STATEMENT

All experimental protocols were approved (statement no. 01-
201/3) by the local Ethical Committee on Animal Care and Use
of the University of Novi Sad.

AUTHOR CONTRIBUTIONS

IS—acquisition of the data; analysis and interpretation of the
data; drafting of the manuscript; revising manuscript critically
for important intellectual content; final approval of the version to
be submitted. SR.—acquisition of the data; analysis and
interpretation of the data; revising manuscript critically for
important intellectual content; final approval of the version to
be submitted. TT—acquisition of the data; revising manuscript
critically for important intellectual content; final approval of the
version to be submitted. MM—acquisition of the data; revising
manuscript critically for important intellectual content; final
approval of the version to be submitted. TK—acquisition of
the data; analysis and interpretation of the data; revising
manuscript critically for important intellectual content; final
approval of the version to be submitted. SA—the conception
and design of the research; acquisition of the data; analysis and
interpretation of the data; drafting the manuscript; revising
manuscript critically for important intellectual content; final
approval of the version to be submitted. All authors—approved
the final version of the manuscript; agree to be accountable for all
aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately

REFERENCES

1. Selye H. A Syndrome Produced by Diverse Nocuous Agents. Nature (1936)
138:32-2. doi: 10.1038/138032a0

2. Chrousos GP. Stress and Disorders of the Stress System. Nat Rev Endocrinol
(2009) 5:374-81. doi: 10.1038/nrendo.2009.106

3. Manoli I, Alesci S, Blackman MR, Su YA, Rennert OM, Chrousos GP.
Mitochondria as Key Components of the Stress Response. Trends
Endocrinol Metab (2007) 18:190-8. doi: 10.1016/j.tem.2007.04.004

4. Pitman RK, Rasmusson AM, Koenen KC, Shin LM, Orr SP, Gilbertson MW,
et al. Biological Studies of Post-Traumatic Stress Disorder. Nat Rev Neurosci
(2012) 13:769-87. doi: 10.1038/nrn3339

5. Sapolsky RM. The Influence of Social Hierarchy on Primate Health. Science
(2005) 308:648-52. doi: 10.1126/science.1106477

6. Selye H. Stress and Disease. Science (1955) 122:625-31. doi: 10.1126/
science.122.3171.625

7. Hara MR, Kovacs JJ, Whalen EJ, Rajagopal S, Strachan RT, Grant W, et al.
A Stress Response Pathway Regulates DNA Damage Through p2-
Adrenoreceptors and B-Arrestin-1. Nature (2011) 477:349-53. doi: 10.1038/
naturel0368

8. Briuner EV, Nordkap L, Priskorn L, Hansen AM, Bang AK, Holmboe SA,
et al. Psychological Stress, Stressful Life Events, Male Factor Infertility, and
Testicular Function: A Cross-Sectional Study. Fertil Steril (2020) 113:865-75.
doi: 10.1016/j.fertnstert.2019.12.013

9. Gak IA, Radovic SM, Dukic AR, Janjic MM, Stojkov-Mimic NJ, Kostic TS,

et al. Stress Triggers Mitochondrial Biogenesis to Preserve Steroidogenesis in

Leydig Cells. Biochim Biophys Acta BBA - Mol Cell Res (2015) 1853:2217-27.

doi: 10.1016/j.bbamcr.2015.05.030

Starovlah IM, Radovic Pletikosic SM, Kostic TS, Andric SA. Reduced

Spermatozoa Functionality During Stress is the Consequence of

10.

investigated and resolved; qualify for authorship, and all those
who qualify for authorship are listed.

FUNDING

This research was funded by the Serbian Ministry of Education,
Science and Technological Development (CIV-CeRES-2021,
451-03-9/2021-14/200125) and the Autonomous Province of
Vojvodina (2708).

ACKNOWLEDGMENTS

This work was supported by grants from the Serbian Ministry of
Education, Science and Technological Development (CIV-
CeRES-2021; 451-03-9/2021-14/200125) and the Autonomous
Province of Vojvodina (2708). The authors are very grateful to
Dr. Milan Zupunski for help in PCA as well as to Strahinja Keselj
for help with English language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.896193/
full#supplementary-material

Adrenergic-Mediated Disturbance of Mitochondrial Dynamics Markers. Sci
Rep (2020) 10:16813. doi: 10.1038/s41598-020-73630-y

Starovlah IM, Radovic Pletikosic SM, Kostic TS, Andric SA. Mitochondrial
Dynamics Markers and Related Signaling Molecules Are Important
Regulators of Spermatozoa Number and Functionality. Int ] Mol Sci (2021)
22:5693. doi: 10.3390/ijms22115693

Agarwal A, Baskaran S, Parekh N, Cho C-L, Henkel R, Vij S, et al. Male
Infertility. Lancet (2021) 397:319-33. doi: 10.1016/50140-6736(20)32667-2
Barbagallo F, La Vignera S, Cannarella R, Aversa A, Calogero AE, Condorelli
RA. Evaluation of Sperm Mitochondrial Function: A Key Organelle for Sperm
Motility. J Clin Med (2020) 9:363. doi: 10.3390/jcm9020363

Nordkap L, Jensen TK, Hansen AM, Lassen TH, Bang AK, Joensen UN, et al.
Psychological Stress and Testicular Function: A Cross-Sectional Study of
1,215 Danish Men. Fertil Steril (2016) 105:174-187.e2. doi: 10.1016/
jfertnstert.2015.09.016

Mhaouty-Kodja S, Lozach A, Habert R, Tanneux M, Guigon C, Brailly-Tabard
S, et al. Fertility and Spermatogenesis are Altered in 1b-Adrenergic Receptor
Knockout Male Mice. ] Endocrinol (2007) 195:281-92. doi: 10.1677/JOE-07-
0071

Kao S-H, Chao H-T, Liu H-W, Liao T-L, Wei Y-H. Sperm Mitochondrial
DNA Depletion in Men With Asthenospermia. Fertil Steril (2004) 82:66-73.
doi: 10.1016/j.fertnstert.2003.11.056

Song GJ, Lewis V. Mitochondrial DNA Integrity and Copy Number in Sperm
From Infertile Men. Fertil Steril (2008) 90:2238-44. doi: 10.1016/
j.fertnstert.2007.10.059

Carra E, Sangiorgi D, Gattuccio F, Rinaldi AM. Male Infertility and
Mitochondrial DNA. Biochem Biophys Res Commun (2004) 322:333-9.
doi: 10.1016/j.bbrc.2004.07.112

Gholinezhad M, Yousefnia-Pasha Y, Hosseinzadeh Colagar A,
Mohammadoo-Khorasani M, Bidmeshkipour A. Comparison of Large-

11.

12.

13.

14.

15.

16.

17.

18.

19.

Frontiers in Endocrinology | www.frontiersin.org

21

July 2022 | Volume 13 | Article 896193


https://www.frontiersin.org/articles/10.3389/fendo.2022.896193/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.896193/full#supplementary-material
https://doi.org/10.1038/138032a0
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.1016/j.tem.2007.04.004
https://doi.org/10.1038/nrn3339
https://doi.org/10.1126/science.1106477
https://doi.org/10.1126/science.122.3171.625
https://doi.org/10.1126/science.122.3171.625
https://doi.org/10.1038/nature10368
https://doi.org/10.1038/nature10368
https://doi.org/10.1016/j.fertnstert.2019.12.013
https://doi.org/10.1016/j.bbamcr.2015.05.030
https://doi.org/10.1038/s41598-020-73630-y
https://doi.org/10.3390/ijms22115693
https://doi.org/10.1016/S0140-6736(20)32667-2
https://doi.org/10.3390/jcm9020363
https://doi.org/10.1016/j.fertnstert.2015.09.016
https://doi.org/10.1016/j.fertnstert.2015.09.016
https://doi.org/10.1677/JOE-07-0071
https://doi.org/10.1677/JOE-07-0071
https://doi.org/10.1016/j.fertnstert.2003.11.056
https://doi.org/10.1016/j.fertnstert.2007.10.059
https://doi.org/10.1016/j.fertnstert.2007.10.059
https://doi.org/10.1016/j.bbrc.2004.07.112
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Scale Deletions of the Sperm Mitochondrial DNA in Normozoospermic and
Asthenoteratozoospermic Men. ] Cell Biochem (2018) 120:1958-1968.
doi: 10.1002/jcb.27492

Okuda H, Tsujimura A, Yamamoto K, Fukuhara S, Nakayama J, Kiuchi H,
et al. Morphologic and Mitochondrial Characterization of Human
Spermatogenic Cells Dispersed in Wet Preparation for Testicular Sperm
Extraction: Establishment of a Microscopic Diagram of Developing Human
Spermatogenic Cells. Fertil Steril (2011) 95:2665-8. doi: 10.1016/
j.fertnstert.2011.04.026

Pelliccione F, Micillo A, Cordeschi G, D’Angeli A, Necozione S, Gandini L,
et al. Altered Ultrastructure of Mitochondrial Membranes is Strongly
Associated With Unexplained Asthenozoospermia. Fertil Steril (2011)
95:641-6. doi: 10.1016/j.fertnstert.2010.07.1086

Lu X, Zhang Y, Bai H, Liu J, Li J, Wu B. Mitochondria-Targeted Antioxidant
MitoTEMPO Improves the Post-Thaw Sperm Quality. Cryobiology (2018)
80:26-9. doi: 10.1016/j.cryobiol.2017.12.009

Paoli D, Gallo M, Rizzo F, Baldi E, Francavilla S, Lenzi A, et al. Mitochondrial
Membrane Potential Profile and its Correlation With Increasing Sperm
Motility. Fertil Steril (2011) 95:2315-9. doi: 10.1016/j.fertnstert.2011.03.059
Zhang G, Yang W, Zou P, Jiang F, Zeng Y, Chen Q, et al. Mitochondrial
Functionality Modifies Human Sperm Acrosin Activity, Acrosome Reaction
Capability and Chromatin Integrity. Hum Reprod (2019) 34:3-11.
doi: 10.1093/humrep/dey335

Mali¢ Voncina S, Golob B, Ihan A, Kopitar AN, Kolbezen M, Zorn B. Sperm
DNA Fragmentation and Mitochondrial Membrane Potential Combined are
Better for Predicting Natural Conception Than Standard Sperm Parameters.
Fertil Steril (2016) 105:637-644.e1. doi: 10.1016/j.fertnstert.2015.11.037
Amaral A, Ramalho-Santos J, St John JC. The Expression of Polymerase
Gamma and Mitochondrial Transcription Factor A and the Regulation of
Mitochondrial DNA Content in Mature Human Sperm. Hum Reprod (2007)
22:1585-96. doi: 10.1093/humrep/dem030

Borges E, Zanetti BF, Setti AS, Braga DP de AF, Provenza RR, Iaconelli A.
Sperm DNA Fragmentation is Correlated With Poor Embryo Development,
Lower Implantation Rate, and Higher Miscarriage Rate in Reproductive
Cycles of non-Male Factor Infertility. Fertil Steril (2019) 112:483-90.
doi: 10.1016/j.fertnstert.2019.04.029

Faja F, Carlini T, Coltrinari G, Finocchi F, Nespoli M, Pallotti F, et al. Human
Sperm Motility: A Molecular Study of Mitochondrial DNA, Mitochondrial
Transcription Factor A Gene and DNA Fragmentation. Mol Biol Rep (2019)
46:4113-21. doi: 10.1007/s11033-019-04861-0

Aparicio IM, Espino J, Bejarano I, Gallardo-Soler A, Campo ML, Salido GM,
et al. Autophagy-Related Proteins are Functionally Active in Human
Spermatozoa and may be Involved in the Regulation of Cell Survival and
Motility. Sci Rep (2016) 6:33647. doi: 10.1038/srep33647

Wang X, Qian H, Huang X, Li ], Zhang ], Zhu N, et al. UCP2 Mitigates the
Loss of Human Spermatozoa Motility by Promoting mROS Elimination. Cell
Physiol Biochem (2018) 50:952-62. doi: 10.1159/000494479

Fang F, Ni K, Shang J, Zhang X, Xiong C, Meng T. Expression of Mitofusin 2
in Human Sperm and its Relationship to Sperm Motility and Cryoprotective
Potentials. Exp Biol Med (2018) 243:963-9. doi: 10.1177/1535370218790919
Dominy JE, Puigserver P. Mitochondrial Biogenesis Through Activation of
Nuclear Signaling Proteins. Cold Spring Harb Perspect Biol (2013) 5:a015008.
doi: 10.1101/cshperspect.a015008

Markaki M, Tavernarakis N. Mitochondrial Turnover and Homeostasis in
Ageing and Neurodegeneration. FEBS Lett (2020) 594:2370-9. doi: 10.1002/
1873-3468.13802

Scarpulla RC. Transcriptional Paradigms in Mammalian Mitochondrial Biogenesis
and Function. Physiol Rev (2008) 88:611-38. doi: 10.1152/physrev.00025.2007
Scarpulla RC, Vega RB, Kelly DP. Transcriptional Integration of
Mitochondrial Biogenesis. Trends Endocrinol Metab TEM (2012) 23:459-
66. doi: 10.1016/j.tem.2012.06.006

Finkel T. A Clean Energy Programme. Nature (2006) 444:151-2. doi: 10.1038/
444151a

Pyakurel A, Savoia C, Hess D, Scorrano L. Extracellular Regulated Kinase
Phosphorylates Mitofusin 1 to Control Mitochondrial Morphology and
Apoptosis. Mol Cell (2015) 58:244-54. doi: 10.1016/j.molcel.2015.02.021
Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P.
Nutrient Control of Glucose Homeostasis Through a Complex of

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

PGC-1lalpha and SIRT1. Nature (2005) 434:113-8. doi: 10.1038/
nature03354

Garcia-Bueno B, Madrigal JLM, Pérez-Nievas BG, Leza JC. Stress Mediators
Regulate Brain Prostaglandin Synthesis and Peroxisome Proliferator-
Activated Receptor-Gamma Activation After Stress in Rats. Endocrinology
(2008) 149:1969-78. doi: 10.1210/en.2007-0482

Weber K, Briick P, Mikes Z, Kiipper J-H, Klingenspor M, Wiesner R].
Glucocorticoid Hormone Stimulates Mitochondrial Biogenesis Specifically
in Skeletal Muscle. Endocrinology (2002) 143:177-84. doi: 10.1210/
endo.143.1.8600

Krauss S, Zhang C-Y, Lowell BB. The Mitochondrial Uncoupling-Protein
Homologues. Nat Rev Mol Cell Biol (2005) 6:248-61. doi: 10.1038/nrm1592

Echave P, Machado-da-Silva G, Arkell RS, Duchen MR, Jacobson J, Mitter R,
et al. Extracellular Growth Factors and Mitogens Cooperate to Drive
Mitochondrial Biogenesis. J Cell Sci (2009) 122:4516-25. doi: 10.1242/
jcs.049734

Silva JV, Freitas M]J, Correia BR, Korrodi-Gregorio L, Patricio A, Pelech S,
et al. Profiling Signaling Proteins in Human Spermatozoa: Biomarker
Identification for Sperm Quality Evaluation. Fertil Steril (2015) 104:845-
856.e8. doi: 10.1016/j.fertnstert.2015.06.039

Vyklicka L, Lishko PV. Dissecting the Signaling Pathways Involved in the
Function of Sperm Flagellum. Curr Opin Cell Biol (2020) 63:154-61.
doi: 10.1016/j.ceb.2020.01.015

Liu Y, Dettin LE, Folmer ], Zirkin BR, Papadopoulos V. Abnormal
Morphology of Spermatozoa in Cytochrome P450 17alpha-Hydroxylase/17,
20-Lyase (CYP17) Deficient Mice. ] Androl (2007) 28:453-60. doi: 10.2164/
jandrol.106.002006

Culty M, Liu Y, Manku G, Chan W-Y, Papadopoulos V. Expression of
Steroidogenesis-Related Genes in Murine Male Germ Cells. Steroids (2015)
103:105-14. doi: 10.1016/j.steroids.2015.08.011

Starovlah IM, Sava RM, Marinovic MA, Kostic TS, Andric SA. Psychophysical
Stress Disturbs Expression of Mitochondrial Biogenesis Markers in
Hypothalamus and Adenohypophysis. Biol Serbica (2017) 39:43-51.
doi: 10.5281/zenodo.827157

Medar ML, Andric SA, Kostic TS. Stress-Induced Glucocorticoids Alter the
Leydig Cells’ Timing and Steroidogenesis-Related Systems. Mol Cell
Endocrinol (2021) 538:111469. doi: 10.1016/j.mce.2021.111469

Dray S, Dufour A-B. The Ade4 Package: Implementing the Duality Diagram
for Ecologists. J Stat Softw (2007) 22:1-20. doi: 10.18637/jss.v022.i04

Dinno A. Cosinor: Tools for Estimating and Predicting the Cosinor Model. In:
R Package Version 1.1 (2018). Available at: https://CRAN.R-project.org/
package=paran.

Kassambara A. Factoextra: Extract and Visualize the Results of Multivariate
Data Analyses. In: R Package Version 1.0.7 (2020). Available at: https://CRAN.
R-project.org/package=factoextr.

Choy JT, Eisenberg ML. Male Infertility as a Window to Health. Fertil Steril
(2018) 110:810-4. doi: 10.1016/j.fertnstert.2018.08.015

Nirupama M, Devaki M, Nirupama R, Yajurvedi HN. Chronic Intermittent
Stress-Induced Alterations in the Spermatogenesis and Antioxidant Status of
the Testis are Irreversible in Albino Rat. J Physiol Biochem (2013) 69:59-68.
doi: 10.1007/s13105-012-0187-6

Hou G, Xiong W, Wang M, Chen X, Yuan T. Chronic Stress Influences Sexual
Motivation and Causes Damage to Testicular Cells in Male Rats. ] Sex Med
(2014) 11:653-63. doi: 10.1111/jsm.12416

Zou P, Wang X, Yang W, Liu C, Chen Q, Yang H, et al. Mechanisms of Stress-
Induced Spermatogenesis Impairment in Male Rats Following Unpredictable
Chronic Mild Stress (uCMS). Int ] Mol Sci (2019) 20:4470. doi: 10.3390/
ijms20184470

. Mehfooz A, Wei Q, Zheng K, Fadlalla MB, Maltasic G, Shi F. Protective Roles

of Rutin Against Restraint Stress on Spermatogenesis in Testes of Adult Mice.
Tissue Cell (2018) 50:133-43. doi: 10.1016/j.tice.2018.01.003

Demirci T, Sahin E. The Effect of Chronic Stress and Obesity on Sperm
Quality and Testis Histology in Male Rats; a Morphometric and
Immunohistochemical Study. Histol Histopathol (2019) 34:287-302.
doi: 10.14670/HH-18-077

Fenster L, Katz DF, Wyrobek AJ, Pieper C, Rempel DM, Oman D, et al. Effects
of Psychological Stress on Human Semen Quality. | Androl (1997) 18:194—
202. doi: 10.1097/00005392-199811000-00100

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 896193


https://doi.org/10.1002/jcb.27492
https://doi.org/10.1016/j.fertnstert.2011.04.026
https://doi.org/10.1016/j.fertnstert.2011.04.026
https://doi.org/10.1016/j.fertnstert.2010.07.1086
https://doi.org/10.1016/j.cryobiol.2017.12.009
https://doi.org/10.1016/j.fertnstert.2011.03.059
https://doi.org/10.1093/humrep/dey335
https://doi.org/10.1016/j.fertnstert.2015.11.037
https://doi.org/10.1093/humrep/dem030
https://doi.org/10.1016/j.fertnstert.2019.04.029
https://doi.org/10.1007/s11033-019-04861-0
https://doi.org/10.1038/srep33647
https://doi.org/10.1159/000494479
https://doi.org/10.1177/1535370218790919
https://doi.org/10.1101/cshperspect.a015008
https://doi.org/10.1002/1873-3468.13802
https://doi.org/10.1002/1873-3468.13802
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1016/j.tem.2012.06.006
https://doi.org/10.1038/444151a
https://doi.org/10.1038/444151a
https://doi.org/10.1016/j.molcel.2015.02.021
https://doi.org/10.1038/nature03354
https://doi.org/10.1038/nature03354
https://doi.org/10.1210/en.2007-0482
https://doi.org/10.1210/endo.143.1.8600
https://doi.org/10.1210/endo.143.1.8600
https://doi.org/10.1038/nrm1592
https://doi.org/10.1242/jcs.049734
https://doi.org/10.1242/jcs.049734
https://doi.org/10.1016/j.fertnstert.2015.06.039
https://doi.org/10.1016/j.ceb.2020.01.015
https://doi.org/10.2164/jandrol.106.002006
https://doi.org/10.2164/jandrol.106.002006
https://doi.org/10.1016/j.steroids.2015.08.011
https://doi.org/10.5281/zenodo.827157
https://doi.org/10.1016/j.mce.2021.111469
https://doi.org/10.18637/jss.v022.i04
https://CRAN.R-project.org/package=paran
https://CRAN.R-project.org/package=paran
https://CRAN.R-project.org/package=factoextr
https://CRAN.R-project.org/package=factoextr
https://doi.org/10.1016/j.fertnstert.2018.08.015
https://doi.org/10.1007/s13105-012-0187-6
https://doi.org/10.1111/jsm.12416
https://doi.org/10.3390/ijms20184470
https://doi.org/10.3390/ijms20184470
https://doi.org/10.1016/j.tice.2018.01.003
https://doi.org/10.14670/HH-18-077
https://doi.org/10.1097/00005392-199811000-00100
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Elezaj S, Gashi Z, Zeqiraj A, Grabanica D, Shllaku A, Gruda B, et al. Treatment
of Infertility in Men With Post-Traumatic Stress Disorder (PTSD) With the
Method of Intrauterine Insemination. Med Arch (2015) 69:327-30.
doi: 10.5455/medarh.2015.69.327-330

Chen X, Lin Q, Wen J, Lin W, Liang J, Huang H, et al. Whole Genome
Bisulfite Sequencing of Human Spermatozoa Reveals Differentially
Methylated Patterns From Type 2 Diabetic Patients. J Diabetes Investig
(2020) 11:856-64. doi: 10.1111/jdi.13201

Gawish RA, Fahmy HA, Abd El Fattah AI, Nada AS. The Potential Effect of
Methylseleninic Acid (MSA) Against y-Irradiation Induced Testicular
Damage in Rats: Impact on JAK/STAT Pathway. Arch Biochem Biophys
(2020) 679:108205. doi: 10.1016/j.abb.2019.108205

Varuzhanyan G, Rojansky R, Sweredoski MJ, Graham RL, Hess S, Ladinsky
MS, et al. Mitochondrial Fusion is Required for Spermatogonial
Differentiation and Meiosis. eLife (2019) 8:e51601. doi: 10.7554/eLife.51601
Zhou W, Chen K-H, Cao W, Zeng ], Liao H, Zhao L, et al. Mutation of the
Protein Kinase A Phosphorylation Site Influences the Anti-Proliferative
Activity of Mitofusin 2. Atherosclerosis (2010) 211:216-23. doi: 10.1016/
j.atherosclerosis.2010.02.012

LiY, Dong W, Shan X, Hong H, Liu Y, Liu Y, et al. The Anti-Tumor Effects of
Mfn2 in Breast Cancer are Dependent on Promoter DNA Methylation, the
P21Ras Motif and PKA Phosphorylation Site. Oncol Lett (2018) 15:8011-8.
doi: 10.3892/01.2018.8314

Binder NK, Sheedy JR, Hannan NJ, Gardner DK. Male Obesity is Associated
With Changed Spermatozoa Cox4il mRNA Level and Altered Seminal
Vesicle Fluid Composition in a Mouse Model. Mol Hum Reprod (2015)
21:424-34. doi: 10.1093/molehr/gav010

AnT, Wang Y-F, Liu J-X, Pan Y-Y, Liu Y-F, He Z-C, et al. Comparative Analysis of
Proteomes Between Diabetic and Normal Human Sperm: Insights Into the Effects
of Diabetes on Male Reproduction Based on the Regulation of Mitochondria-
Related Proteins. Mol Reprod Dev (2018) 85:7-16. doi: 10.1002/mrd.22930
Finkelstein M, Etkovitz N, Breitbart H. Ca2+ Signaling in Mammalian
Spermatozoa. Mol Cell Endocrinol (2020) 516:110953. doi: 10.1016/
j.mce.2020.110953

Schuh SM, Carlson AE, McKnight GS, Conti M, Hille B, Babcock DF.
Signaling Pathways for Modulation of Mouse Sperm Motility by Adenosine
and Catecholamine Agonists. Biol Reprod (2006) 74:492-500. doi: 10.1095/
biolreprod.105.047837

Wertheimer E, Krapf D, de la Vega-Beltran JL, Sanchez-Cardenas C,
Navarrete F, Haddad D, et al. Compartmentalization of Distinct cAMP
Signaling Pathways in Mammalian Sperm. J Biol Chem (2013) 288:35307-
20. doi: 10.1074/jbc.M113.489476

Orta G, de la Vega-Beltran JL, Martin-Hidalgo D, Santi CM, Visconti PE,
Darszon A. CatSper Channels are Regulated by Protein Kinase a. ] Biol Chem
(2018) 293:16830-41. doi: 10.1074/jbc.RA117.001566

71. Capkova J, Kubatova A, Ded L, Tepla O, Peknicova J. Evaluation of the
Expression of Sperm Proteins in Normozoospermic and Asthenozoospermic
Men Using Monoclonal Antibodies. Asian ] Androl (2016) 18:108-13.
doi: 10.4103/1008-682X.151400

Yadav SK, Pandey A, Kumar L, Devi A, Kushwaha B, Vishvkarma R, et al. The
Thermo-Sensitive Gene Expression Signatures of Spermatogenesis. Reprod
Biol Endocrinol RBE (2018) 16:56. doi: 10.1186/s12958-018-0372-8

Jia Y, Castellanos J, Wang C, Sinha-Hikim I, Lue Y, Swerdloff RS, et al.
Mitogen-Activated Protein Kinase Signaling in Male Germ Cell Apoptosis in
the Ratl. Biol Reprod (2009) 80:771-80. doi: 10.1095/biolreprod.108.072843
Salgado-Lucio ML, Ramirez-Ramirez D, Jorge-Cruz CY, Roa-Espitia AL,
Hernandez-Gonzalez EO. FAK Regulates Actin Polymerization During
Sperm Capacitation via the ERK2/GEF-H1/RhoA Signaling Pathway. J Cell
Sci (2020) 133(8):jcs239186. doi: 10.1242/jcs.239186

Show MD, Hill CM, Anway MD, Wright WW, Zirkin BR. Phosphorylation of
Mitogen-Activated Protein Kinase 8 (MAPKS) is Associated With Germ Cell
Apoptosis and Redistribution of the Bcl2-Modifying Factor (BMF). ] Androl
(2008) 29:338-44. doi: 10.2164/jandrol.107.003558

Tartarin P, Guibert E, Touré A, Ouiste C, Leclerc J, Sanz N, et al. Inactivation
of Ampkol Induces Asthenozoospermia and Alters Spermatozoa
Morphology. Endocrinology (2012) 153:3468-81. doi: 10.1210/en.2011-1911
Dutta S, Majzoub A, Agarwal A. Oxidative Stress and Sperm Function: A
Systematic Review on Evaluation and Management. Arab J Urol (2019) 17:87-
97. doi: 10.1080/2090598X.2019.1599624

Goldberg E. The Sperm-Specific Form of Lactate Dehydrogenase is Required
for Fertility and is an Attractive Target for Male Contraception (a Review).
Biol Reprod (2021) 104:521-6. doi: 10.1093/biolre/ioaa217

72.

73.

74.

75.

76.

77.

78.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Starovlah, Radovic Pletikosic, Tomanic, Medar, Kostic and Andric.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

23

July 2022 | Volume 13 | Article 896193


https://doi.org/10.5455/medarh.2015.69.327-330
https://doi.org/10.1111/jdi.13201
https://doi.org/10.1016/j.abb.2019.108205
https://doi.org/10.7554/eLife.51601
https://doi.org/10.1016/j.atherosclerosis.2010.02.012
https://doi.org/10.1016/j.atherosclerosis.2010.02.012
https://doi.org/10.3892/ol.2018.8314
https://doi.org/10.1093/molehr/gav010
https://doi.org/10.1002/mrd.22930
https://doi.org/10.1016/j.mce.2020.110953
https://doi.org/10.1016/j.mce.2020.110953
https://doi.org/10.1095/biolreprod.105.047837
https://doi.org/10.1095/biolreprod.105.047837
https://doi.org/10.1074/jbc.M113.489476
https://doi.org/10.1074/jbc.RA117.001566
https://doi.org/10.4103/1008-682X.151400
https://doi.org/10.1186/s12958-018-0372-8
https://doi.org/10.1095/biolreprod.108.072843
https://doi.org/10.1242/jcs.239186
https://doi.org/10.2164/jandrol.107.003558
https://doi.org/10.1210/en.2011-1911
https://doi.org/10.1080/2090598X.2019.1599624
https://doi.org/10.1093/biolre/ioaa217
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Starovlah et al.

Spermatozoal Machinery for Stress Recovery

GLOSSARY

1x3hIMO
Adcy3
Adcy5
Adcy6
Adcy7
Adcy8
Adcy10
COX4
Cox4il
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Cytc
DRP1
Drp1
FIS1
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MAPK
Mapk1
Mapk3
Mapk6
Mapk8
Mapk9
Mapk11
Mapk12
Mapk13
Mapk14
MFN1
Mfn1
MFN2
Mfn2
mtNd1
NADH
dehydrogenase
1

NRF1

one time immobilization stress with a duration of 3 h
gene encoding adenylate cyclase 3

gene encoding adenylate cyclase5

gene encoding adenylate cyclase 6

gene encoding adenylatecyclase 7

gene encoding adenylate cyclase 8

gene encodingadenylate cyclase 10

cytochrome ¢ oxidase subunit 4

geneencoding cytochrome ¢ oxidase subunit 4i1
gene encoding cytochromec oxidase subunit 4i2
gene encoding cytochrome ¢

dynamin 1-like;

gene encoding dynamin 1-like

fission mitochondrial 1

geneencoding fission mitochondrial 1
immobilization

mitogenactivatedprotein kinase

gene encoding mitogen-activated protein kinase 1
gene encoding mitogen-activated protein kinase 3
gene encoding mitogen-activated protein kinase 6
gene encoding mitogen-activated protein kinase 8
gene encoding mitogen-activated protein kinase 9
gene encoding mitogen-activated protein kinase 11;
gene encoding mitogen-activated protein kinase 12
gene encoding mitogen-activated protein kinase 13
gene encoding mitogenactivated protein kinase 14
mitofusin 1

gene encoding mitofusin 1;

mitofusin 2

gene encoding mitofusin 2

gene encoding

mitochondrial

nuclear respiratory factor 1

(Continued)

Continued

Nrf1 gene encoding nuclear respiratory factor 1

NRF2 nuclear respiratory factor 2;

Nrf2a gene encoding nuclear respiratory factor 2

OPA1 mitochondrial dynamin like GTPase

Opat gene encoding mitochondrial dynamin like GTPase;

OXPHOS oxidative phosphorylation

PGC1a peroxisome proliferator-activated receptor gamma coactivator
1-alpha

PGC1b peroxisome proliferator-activated receptor gamma coactivator
1-beta

PINK1 PTEN induced kinase 1

Ppara gene encoding peroxisome proliferator-activated receptor
alpha

Ppard gene encoding peroxisome proliferator-activated receptor delta

Ppargcia gene encoding peroxisome proliferator-activated receptor
gamma coactivator 1-alpha;

Ppargc1b transcripts for gene encoding peroxisome proliferator-activated
receptor gamma coactivator 1-beta

PRKA protein kinase AMP-activated;

PRKAC protein kinase AMP-activated catalytic subunit

Prkaca gene encoding protein kinase cAMP-activated catalytic subunit
alpha

Prkacb gene encoding protein kinase cAMP-activated catalytic subunit
beta

Prkar1a gene encoding protein kinase cAMP-dependent type |
regulatory subunit alpha

PRKAR2A protein kinase cCAMP-dependent type I regulatory subunit
alpha

Prkar2a gene encoding protein kinase cCAMP-dependent type I
regulatory subunit alpha;

Prkar2b gene encoding protein kinase cAMP-dependent type
regulatory subunit beta

T+DHT testosterone + dihydrotestosterone

TFAM transcription factor A mitochondrial

Tfam gene encoding transcription factor A mitochondrial

UCPs uncoupling proteins

Ucp1 gene encoding uncoupling protein 1

Ucp2 gene encoding uncoupling protein 2

Ucp3 gene encoding uncoupling protein 3
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