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 The present study showed riociguat supplementation modulates in a Tris–egg yolk extender 
on post-thaw ram semen quality. Semen samples were collected from eight healthy, sexually 
mature Tuj rams (n = 48 ejaculates) during the breeding season and cryopreserved after 
supplementation with riociguat at concentrations of 0.00 (control), 0.50, 5.00, 50.00, and 250 µM. 
Post-thaw sperm quality was evaluated using computer-assisted sperm analysis for motility and 
kinematic parameters, alongside assessments of plasma and acrosomal membrane integrity, 
mitochondrial membrane potential, DNA integrity and oxidative stress markers including 
malondialdehyde and glutathione. Riociguat supplementation (5.00 - 250 µM) significantly 
modulated mitochondrial membrane potential and intracellular antioxidant capacity as 
evidenced by reduced malondialdehyde and increased glutathione levels. Moreover, all riociguat-
treated groups exhibited significantly improved DNA integrity compared with the control. 
Moreover, acrosomal damage was declined at the highest concentrations (5.00, 50.00 and 250 
µM). These findings suggest that riociguat exerted a protective effect on acrosomal membranes 
during cryopreservation. In conclusion, riociguat modulated post-thaw ram sperm function in a 
dose-dependent manner, exerting both beneficial and detrimental effects depending on 
concentration. Although fertility outcomes were not assessed in the present study, the observed 
biochemical and functional changes provided preliminary evidence that riociguat might influence 
key pathways associated with sperm resilience to cryoinjury, thereby, justifying further 
investigations incorporating in vivo fertility and reproductive performance assessments. 
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Introduction 
 

Artificial insemination is widely used in sheep breeding 
due to its capacity to disseminate superior genetics 
efficiently, reduce disease transmission and enable mating 
of large numbers of females within a short period. 
Although laparoscopic artificial insemination using 
frozen–thawed semen has achieved satisfactory fertility 
outcomes in sheep, field application remains limited and 
inconsistent compared with fresh semen techniques. 
Therefore, improving cryopreservation protocols remains 
a primary challenge in ovine reproductive biotechnology. 
The outcomes of other sperm deposition techniques have 
 

 been less encouraging, despite the fact that successful 
conception rates have been achieved in ovine species 
employing frozen sperm using laparoscopic approach.1,2 
Optimizing sperm cryopreservation is a crucial 
consideration in these alternative artificial insemination 
techniques.3 Ram spermatozoa are particularly susceptible 
to cryodamage due to their distinctive membrane lipid 
composition, characterized by a high content of 
polyunsaturated fatty acids and a low cholesterol/ 
phospholipid ratio. This structure increases vulnerability 
to cold shock, membrane destabilization and lipid 
peroxidation during freezing and thawing processes. 
Consequently, cryopreservation induces irreversible 
 

 *Correspondence:  

Serkan Ali Akarsu. PhD 
Department of Reproduction and Artificial Insemination, Veterinary Faculty, Ataturk University, Erzurum, Türkiye 
E-mail: serkan.akarsu@atauni.edu.tr 

Veterinary 
Research 

Forum 

 

This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) 
which allows users to read, copy, distribute and make derivative works for non-commercial purposes from the material, as long as 
the author of the original work is cited properly. 



632 RH. Koca et al. Veterinary Research Forum. 2026; 17 (9): 631 - 637 

 
structural and functional alterations in sperm, including 
impaired motility, acrosomal dysfunction, mitochondrial 
disruption and DNA fragmentation. Oxidative stress, 
largely driven by excessive generation of reactive oxygen 
species during freeze-thaw cycles, represents a major 
contributing mechanism to cryoinjury.4-6 Various 
antioxidants and cytoprotective substances have been 
explored to mitigate cryodamage, ranging from natural 
bioactive molecules (polyphenols, flavonoids, vitamins) to 
synthetic compounds targeting specific cellular pathways. 
These agents aim to stabilize sperm membranes, preserve 
mitochondrial function and maintain DNA integrity by 
counteracting oxidative imbalance.7-9  

Riociguat is a clinically approved soluble guanylate 
cyclase (sGC) stimulator primarily used to treat pulmonary 
arterial hypertension. The compound enhances the nitric 
oxide (NO)-sGC-cyclic guanosine monophosphate (cGMP) 
signaling pathway, promoting vasodilation, cytoprotection 
and improved tissue perfusion. Recent studies have 
demonstrated that riociguat exerts antioxidant and 
antiapoptotic effects in reproductive and neural tissues by 
decreasing ROS production and supporting mitochondrial 
function.10-12 Comparable protective effects have been 
reported in experimental models evaluating oxidative 
stress–induced sperm damage such as the ameliorative 
effects of Allium sativum extract on busulfan-induced 
oxidative stress in mouse spermatozoa, providing relevant 
mechanistic context for redox-modulating interventions in 
male reproduction.13 

Nevertheless, activation of the NO–sGC–cGMP signaling 
axis also plays a critical role in sperm physiology, 
regulating motility, capacitation, mitochondrial activity 
and acrosomal exocytosis.14,15 Dysregulated or excessive 
stimulation of this pathway may alter calcium signaling, 
energy metabolism and flagellar dynamics, potentially 
resulting in adverse effects on sperm functional 
parameters. Therefore, while sGC stimulation may confer 
cytoprotection during cryopreservation, its dose-
dependent effects and potential off-target reproductive 
impacts warrant careful evaluation. 

Despite the emerging evidence supporting the 
cytoprotective potential of riociguat, its application in ram 
semen cryopreservation has not previously been 
investigated, and comparative data distinguishing 
pathway-targeted sGC stimulation from traditional 
antioxidant strategies in ovine species are lacking. 
Moreover, prior cryopreservation studies have often 
focused on individual endpoints without systematically 
assessing the balance between oxidative protection and 
functional sperm parameters. 

Accordingly, the present study aimed to evaluate the 
dose-dependent effects of riociguat supplementation in a 
Tris–egg yolk extender on post-thaw ram sperm quality. 
Quantifiable endpoints included computer-assisted sperm 
analysis -derived motility and kinematic parameters, 
 

 plasma and acrosomal membrane integrity, mitochondrial 
membrane potential, DNA integrity and oxidative stress 
markers including malondialdehyde (MDA) and 
glutathione (GSH). We hypothesized that riociguat would 
enhance sperm resistance to cryo-induced oxidative stress 
and mitochondrial dysfunction in a concentration-
dependent manner, while acknowledging that excessive 
activation of the NO–sGC–cGMP pathway could negatively 
influence selected functional parameters. 
 
Materials and Methods 
 

Animals. All experimental procedures were approved 
by the Atatürk University Local Animal Ethics Committee 
(Approval No. 2025/04, approved May 2025) and 
performed in accordance with institutional and inter-
national guidelines for animal care and use. Eight healthy, 
sexually mature Tuj rams (~2 years old) were used during 
the breeding season (August–September 2025). Animals 
were housed under uniform management and nutrition 
conditions. Semen was collected twice weekly for three 
consecutive weeks using an artificial vagina, yielding a 
total of 48 ejaculates (six ejaculates per ram).  

Extender preparation and experimental groups. A 
Tris–egg yolk extender was prepared consisting of: 0.30 M 
Tris (hydroxymethyl) aminomethane (Sigma-Aldrich, St. 
Louis, USA), 0.027 M glucose (Sigma-Aldrich), 0.10 M citric 
acid (Sigma-Aldrich), 15.00% egg yolk and distilled water 
to 100 mL. Riociguat (Sigma-Aldrich) was initially 
dissolved in dimethyl sulfoxide to prepare a concentrated 
stock solution which was subsequently diluted with 
extender to achieve final concentrations of 0.00 (control), 
0.50, 5.00, 50.00, and 250 µM. The final concentration of 
dimethyl sulfoxide did not exceed 0.10% (v/v) in any 
treatment group. Solutions were prepared immediately 
prior to semen dilution to minimize potential degradation, 
based on reported stability profiles of riociguat in semen 
extender. Semen was initially diluted 1:1 with extender, 
cooled to 5.00 ˚C, then mixed with extender containing 
10.00% glycerol (Sigma-Aldrich) to a final concentration of 
5.00% glycerol. After adding glycerol, ram semen 
cryopreservation was performed. Diluted semen was 
equilibrated at 5.00 ˚C, then draw the semen into 0.25 mL 
French straws and held 4.00 cm above liquid nitrogen 
vapor for 10 min. Straws were then immersed in liquid 
nitrogen for storage until analysis.16  

Sperm analysis. Computer-assisted sperm analysis 
was used to determine motility and kinematic parameters 
(ISASv1; Arquimea Agrotech, Paterna, Spain). A phase 
contrast microscope (Eclipse Ci; Nikon, Tokyo, Japan) 
attached to the computer-assisted sperm analysis system 
was used to examine 3.50 µL of the samples that had been 
further diluted with Tris buffer on a specific slide 
(Spermtrack 20.00 μm depth; Arquimea Agrotechi, 
Paterna, Spain) made for the instrument. Spermatozoon 
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speed was used to analyze at least five microscopic areas: 
Static < 15.00 µm per sec < slow < 50.00 µm per sec < 
medium < 80.00 µm per sec < rapid.17,18 Plasma membrane 
integrity was assessed by hypoosmotic swelling test. 
Sperm were incubated with hypoosmotic solution (1:10 
dilution) for 60 min at 37.00 ˚C and 200 spermatozoa were 
evaluated microscopically. Swollen/coiled tails indicated 
intact membrane integrity.19 The mitochondrial membrane 
potential of frozen-thawed semen was measured using 
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl 
carbocyanine iodide in combination with propidium 
iodide (Invitrogen, Eugene, USA). Nine hundred eighty-five 
µL of phosphate-buffered saline was added to the 
Eppendorf tube for the staining process which was carried 
out at 38.00 ˚C in a dark atmosphere. 2.50 µL of PI and 2.50 
µL of JC-1 dye were added to 10.00 µL of sperm resulting 
in a final volume of 1.00 × 106 spermatozoon per mL. A 
drop of the material (2.50 μL) was put on a microscope 
slide and covered with a coverslip for microscopic 
examination. Two hundred spermatozoa were viewed at 
400 × magnification using a fluorescent microscope 
(excitation at 450 - 490 nm, emission at 520 nm; Zeiss 
axioscope A1, Carl Zeiss Microscopy GmbH, Jena, 
Germany) in order to evaluate the integrity of the sperm 
membrane. High mitochondrial activity was indicated by 
the midpiece which houses the mitochondria, emitting 
yellow or orange fluorescence. Low mitochondrial activity 
was shown by the midpiece green staining (Fig. 1A).20 

Frozen-thawed semen was analyzed using a commercial 
kit called lectin-peanut agglutinin (Invitrogen) for 
acrosomal damage. A temperature of 38.00˚C was required 
for acrosomal integrity study. Every technique was 
performed in a dark incubator. The Eppendorf tube was 
filled with 10.00 µL of sperm (1.00 × 106 per mL 
spermatozoa in the final volume) and 982 µL of 
phosphate-buffered saline. Next, 5.00 µL of lectin-peanut 
agglutinin dye and 3.00 µL of PI were added. They 
vortexed the tube. It was then incubated at 38.00 ˚C for 60 
min.21 A drop of the material (2.50 μL) was put on a 
microscope slide and covered with a coverslip for 
microscopic examination. Two hundred spermatozoa 
were viewed at 400 × magnification using the fluorescent 
microscope in order to evaluate the integrity of the sperm 
acrosomal membrane. Red sperm cells in the acrosome 
cover that were not stained green fluorescence were 
regarded as intact, whereas, sperm cells that showed 
intense green fluorescence were regarded as injured (Fig. 
1B). Acridine Orange, fluorescence staining was used to 
determine the percentage of sperm DNA damage. In short, 
10.00 μL samples of diluted sperm were placed on a slide 
and allowed to air dry. Carnoy's solution (1:3 glacial acetic 
acid and methanol; Sigma-Aldrich) was used to fix the dry 
slides for 2 hr. Following a distilled water wash, the slides 
were stained for 5 to 10 min at room temperature using a 
freshly made Acridine Orange solution (10.00 mL 0.10% 
 

 

 Acridine Orange, 40.00 mL 0.10 mol L-1 citric acid and 2.50 
mL 0.30 mol L-1 Na2HPO4 (Sigma-Aldrich) in distilled 
water). Distilled water was used to wash the stained slides. 
Two hundred spermatozoa were chosen at random from 
each sample and examined using the fluorescent 
microscope. The results were expressed as a percentage 
with red fluorescent spermatozoa being regarded as DNA 
damaged spermatozoa (Fig. 1C).22 

Oxidative stress analysis. Malondialdehyde 
determination in semen was performed using the 
thiopropionic acid reaction according to the method of 
Esterbauer and Cheeseman.23 Trichloroacetic acid (Sigma-
Aldrich) was used to precipitate the protein in semen. The 
precipitate was centrifuged at 960 g for 15 min. The 
supernatant was then incubated with 0.67% 
thiodipropionic acid (Sigma-Aldrich). The absorbance of 
the resulting colour was measured at 532 nm and 
calculated according to the standard curve created with 1, 
1, 3, 3-tetramethoxypropane (Sigma-Aldrich). Using the 
method of GSH Akerboom and Sies,24 it was measured 
spectrophotometrically in deproteinised seminal plasma 
samples with 5,5'-dithiobis (2-nitrobenzoic acid; Sigma-
Aldrich). The absorbance values obtained were calculated 
using the GSH standard curve. For protein analyses, 1.00 
mL of alkaline copper reagent (Sigma-Aldrich) was placed 
in three tubes, the sample was added to one, the standard 
solution to one and 1.00 mL of distilled water was added 
to the other. All tubes were mixed and incubated for 10 
min at room temperature. Then, 4.00 mL of phenol reagent 
(Sigma-Aldrich) was added and the tubes were 
immediately mixed thoroughly in the vortex and kept at 
55.00 ˚C for 5 min. After incubation, it was immediately 
cooled under tap water. Then, the absorbance of the 
sample tubes was read against the blank tube at 650 nm.25 

 
 

 
 
 
 

Fig. 1. Representative fluorescence microscopy images showing 
A) mitochondrial membrane potential (JC-1/PI); Red/orange 
fluorescence indicates high mitochondrial potential in midpiece 
of the spermatozoon. B) acrosomal integrity (peanut agglutinin -
Alexa Fluor 488/PI); Green fluorescence indicates acrosomal 
damage in head of spermatozoon and C) DNA integrity and 
fragmentation. Green indicates intact DNA (Acridine Orange 
staining; Scale bars = 20.00 µm).  
 

Statistical analysis. For spermatological analyzes, 
SPSS Software (version 27.0; IBM Corp., Armonk, USA) 
was used to analyze data. The findings are given as mean ± 
SEM. The study used the nonparametric Mann-Whitney-U 
test for pairwise comparisons and the nonparametric 
Kruskal-Wallis analysis of variance to evaluate differences 
between the experimental groups. For MDA and GSH 
levels, the Shapiro-Wilk test was used to determine 
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whether the data followed a normal distribution. 
Subsequently, one-way ANOVA and Tukey's post hoc test 
were used to determine whether there were any 
differences between the groups. A p-value of less than 0.05 
was accepted statistically significant. 
 
Results  
 

Post-thaw sperm motility and kinematic parameters 
across treatment groups are presented in Table 1. 
Progressive motility was significantly decreased in the 
0.50 µM riociguat group compared to the control (p < 
0.05). Velocity curvilinear line and velocity average path 
values were significantly reduced in all riociguat-treated 
groups (p < 0.05), whereas, velocity straight line and 
amplitude of lateral head displacement were lower at 0.50, 
5.00 and 50.00 µM (p < 0.05). No significant differences 
were observed among groups in total motility, medium 
and slow motility categories, linearity, straightness, 
wobble or beat-cross frequency (p > 0.05).  

Mitochondrial membrane integrity, acrosomal damage, 
DNA integrity and plasma membrane integrity ratios of the 
control group and riociguat containing study groups are 
presented in Table 2. Low mitochondrial membrane 
potential was significant lower in all riociguat groups 
versus control (p < 0.01), with the lowest value observed 
 

 at 250 µM (p < 0.001). Conversely, high mitochondrial 
membrane potential was increased dose dependently, 
peaking at 250 µM (p < 0.001). Acrosomal damage was 
decreased significantly at 5.00, 50.00 and 250 µM (p < 
0.01), indicating increased acrosomal integrity at higher 
doses. DNA integrity was significantly improved in all 
riociguat-treated groups (p < 0.01). 

The MDA was significantly decreased at 5.00, 50.00 
and 250 µM (p < 0.05), with the lowest value at 250 µM. 
The GSH was significantly increased in these same groups 
(p < 0.05) with the highest value at 250 µM (Fig. 2). 
 
Discussion 
 

The present study evaluated the effects of riociguat 
supplementation at different concentrations on post-thaw 
ram sperm function. The findings demonstrated that 
riociguat exerted dose-dependent effects on sperm quality 
with notable modulation of motility, mitochondrial activity, 
acrosomal stability, oxidative balance and DNA integrity.  

A prominent observation was the reduction in 
progressive motility and kinetic parameters (velocity 
curvilinear line, velocity straight line, velocity average path 
and amplitude of lateral head displacement), particularly 
at lower riociguat concentrations. Previous studies 
indicated that NO–sGC–cGMP signaling played a critical 
 

Table 1. Post-thaw computer-assisted sperm analysis motility and kinematic parameters of ram sperm supplemented with different 
concentrations of riociguat (n = 6). Values are presented as mean ± standard error. 

Parameters Control 0.50 µM 5.00 µM 50.00 µM 250 µM 
TM (%) 38.95 ± 8.58a 13.45 ± 5.01a 21.28 ± 8.64a 34.90 ± 6.92a 12.97 ± 6.16a 
PM (%) 14.42 ± 3.19a 4.18 ± 1.47b 6.15 ± 2.64ab 10.07 ± 1.43ab 9.43 ± 1.42ab 
Rapid (%) 31.55 ± 6.96a 8.83 ± 3.33b 15.73 ± 7.02ab 23.65 ± 4.39ab 18.30 ± 4.07ab 
Medium (%) 2.53 ± 1.13a 1.85 ± 0.94a 2.12 ± 0.90a 4.67 ± 1.24a 2.13 ± 0.27a 
Slow (%) 4.85 ± 0.85a 2.75 ± 1.06a 3.45 ± 1.09a 6.62 ± 1.65a 5.50 ± 0.95a 
VCL µmper sec 132.37 ± 4.44a 106.43 ± 14.36b 97.07 ± 16.22b 106.33 ± 4.66b 110.53 ± 9.73b 
VSL (µm per sec) 61.63 ± 2.39a 49.13 ± 7.27b 43.13 ± 6.50b 50.40 ± 1.76b 52.13 ± 2.54ab 
VAP (µm per sec) 90.50 ± 2.77a 72.05 ± 9.43b 66.85 ± 10.87b 74.80 ± 2.50b 74.87 ± 6.06b 
LIN (%) 46.63 ± 1.62a 45.85 ± 1.57a 48.22 ± 4.82a 47.68 ± 1.87a 47.50 ± 1.76a 
STR (%) 68.07 ± 1.34a 67.58 ± 2.40a 68.05 ± 4.81a 67.42 ± 1.03a 70.00 ± 2.15a 
WOB (%) 68.48 ± 1.19a 67.88 ± 0.56a 70.23 ± 1.95a 70.77 ± 2.65a 67.83 ± 0.84a 
ALH (µm) 4.53 ± 0.31a 3.20 ± 0.29b 2.80 ± 0.51b 3.67 ± 0.22b 3.73 ± 0.09ab 
BCF (Hz) 13.53 ± 0.56a 12.22 ± 0.85a 10.08 ± 1.90a 11.88 ± 0.56a 12.87 ± 0.43a 
TM: total motility; PM: progressive motility; VCL: velocity curvilinear line; VSL: velocity straight line; VAP: velocity average path; LIN: 
linearity; STR: straightness; WOB: wobble; ALH: amplitude of lateral head displacement; BCF: beat-cross frequency.  
ab Different superscripts letters within rows indicate significant differences between treatments (p < 0.05).  
 
Table 2. Mitochondrial membrane potential, acrosomal damage, DNA integrity and plasma membrane integrity of post-thaw ram sperm 
supplemented with riociguat (n = 6). Values are presented as mean ± standard error. 
Parameters Control 0.50 µM 5.00 µM 50.00 µM 250 µM 
LMMP (%) 95.41 ± 0.74a 90.17 ± 0.67b 86.08 ± 1.22c 89.17 ± 0.33bc 60.42 ± 0.89d 
HMMP (%) 4.58 ± 0.75a 9.83 ± 0.67b 13.00 ± 1.18c 10.83 ± 0.33bc 39.58 ± 0.89d 
AD (%) 82.17 ± 0.57a 85.00 ± 0.56a 73.83 ± 3.43b 60.33 ± 0.73c 60.33 ± 0.65c 
DNAI (%) 74.25 ± 0.96a 87.00 ± 0.74b 87.75 ± 1.97b 87.75 ± 2.84b 89.83 ± 1.20b 
PMI (%) 17.17 ± 4.48a 17.00 ± 3.42a 13.83 ± 7.36a 26.00 ± 6.99b 16.67 ± 3.21a 
LMMP: low mitochondrial membrane potential; HMMP: high mitochondrial membrane potential; AD: acrosomal damage; DNAI: DNA 
integrity; PMI: plasma membrane integrity. 
a-d Different superscripts letters within rows indicate significant differences (p < 0.05).  
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Fig. 2. A) Malondialdehyde (MDA; µmol L-1) levels in post-thaw 
ram semen supplemented with riociguat. B) Glutathione (GSH; 
µmol L-1) levels in post-thaw ram semen supplemented with 
riociguat. Data are presented as mean ± standard error. 
abc Different superscripts letters indicate significant differences 
between groups (p < 0.05). 
 

role in regulating sperm motility, capacitation and energy 
metabolism.14,15 But overattribution of motility 
impairment exclusively to excessive cGMP activation 
would be speculative in the absence of direct 
measurements of intracellular cGMP or downstream 
kinase activity. Riociguat stimulation of sGC might disrupt 
this finely tuned pathway when administered at 
suboptimal doses, potentially altering cGMP homeostasis 
and impairing flagellar movement. Although higher doses 
showed a partial improvement in motility, values did not 
return to control levels, suggesting a narrow optimal 
window for motility-supporting effects. 

Riociguat significantly enhanced mitochondrial 
membrane potential, particularly at higher doses. sGC 
stimulation is known to improve mitochondrial function 
and reduce oxidative damage by enhancing cGMP 
signaling and activating cytoprotective downstream 
pathways.26,27 In our study, the simultaneous decrease in 
low mitochondrial membrane potential, particularly at 
250 µM, might indicate an increase in mitochondrial 
function, which plays a significant role in spermatozoon 
motility. Because in this case, high mitochondrial 
membrane potential, which is an indicator of motor 
activity, increases. Thus, while riociguat promoted 
mitochondrial activity, supraphysiological concentrations 
might compromise mitochondrial homeostasis. 

 

 In line with this interpretation, previous studies in 
rams have reported inconsistent effects of antioxidant 
supplementation on sperm motility. Several 
antioxidants including polyphenols and thiol-based 
compounds have been shown to reduce lipid 
peroxidation and improve DNA integrity without 
producing significant gains in post-thaw motility.2,5,7 
These conflicting findings underscore the complexity of 
redox regulation in spermatozoa and highlight that 
improvements in oxidative markers alone are 
insufficient to predict functional motility outcomes, as 
excessive redox modulation may disrupt physiological 
signaling pathways required for normal sperm 
kinetics.27 The present findings, therefore, were aligned 
with the broader literature indicating that antioxidant-
mediated cytoprotection did not necessarily equate to 
enhanced sperm kinematics in ovine species. 

Acrosomal damage ratio was declined markedly at 
5.00, 50.00 and 250 µM, indicating increased susceptibility 
to membrane stabilization at higher doses. cGMP 
stimulation or secondary oxidative balance could avoid 
premature acrosomal exocytosis, consistent with prior 
observations that regulated NO signaling leads to 
acrosomal function.28 This finding underscored the 
importance of dose control in modulating sperm 
membrane structures during cryopreservation. 

Importantly, DNA integrity was improved across all 
riociguat doses. Enhanced DNA stability was aligned with 
the observed antioxidant effects, supported by reduced 
MDA and increased GSH levels. These results indicated 
that riociguat enhanced cellular redox defenses during 
cryopreservation, supporting previous evidence linking 
cGMP pathway activation to antioxidant responses.29 The 
cryoprotective antioxidant response may explain the 
improved chromatin stability despite motility compromise 
at certain doses. Nevertheless, the absence of in vivo 
fertility or capacitation assessments precluded definitive 
conclusions regarding the reproductive relevance of these 
molecular improvements. 

Collectively, these results highlighted a biphasic effect 
of riociguat, protective at moderate-to-high doses, 
improved mitochondrial function, decreased oxidative 
stress and enhanced DNA integrity. Increased NO 
production in spermatozoa activates the sGC → cGMP 
signalling pathway, which plays roles in sperm 
capacitation, motility, and the acrosome reaction.14,15,28 
The NO–sGC–cGMP axis triggers intracellular Ca²⁺ rise, 
protein kinase G activity and downstream 
phosphorylation events.14,15,26,28,29 In this context, sperm 
cells acquire normal function by operating within a fragile 
redox balance via the NO–sGC–cGMP pathway; however, 
when reactive oxygen species production becomes 
excessive, NO-mediated signaling pathways may be 
disrupted, compromising sperm DNA integrity.27 Our 
findings indicated that riociguat, which is sGC simulator,  
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prevented DNA damage and is thought to protect NO and 
sGC mechanisms, it may be worth investigating in terms of 
its fertilisation potential. 

 However, lower doses of riociguat exerted detrimental 
effects, impairing sperm motility and disrupting acrosomal 
integrity. Such dual behavior is consistent with the 
hormetic pattern frequently described for ROS-modulating 
agents and NO-cGMP modulators in sperm research.27,30 
However, the reason why no hormetic effect was observed 
in our study might be that the study design did not include 
an optimal dose study.31 Additionally, only 50 µM of our 
doses had the highest plasma membrane integrity, so this 
dose stood out. 

The observed reduction in MDA levels was in line with 
riociguat function as a sGC stimulator, which strengthened 
antioxidant defense systems and increased cGMP 
signaling. According to earlier research, cGMP activates 
protein kinase G pathways, which modifies mitochondrial 
activity and lowers oxidative stress.26,32  

Supplementing with riociguat resulted in a 
considerable rise in GSH levels, with the greatest effect 
being produced at the highest concentration (250 µM). 
According to this research, riociguat enhanced 
intracellular antioxidant capacity, possibly through 
controlling redox sensitive transcription factors that were 
involved in the production of GSH. In other cell types, sGC 
agonists have been shown to have similar dose-dependent 
effects on antioxidant defense mechanisms.29 

In conclusion, riociguat supplementation modulated 
multiple aspects of post-thaw ram sperm physiology 
through redox- and mitochondria-associated 
mechanisms. While activation of the sGC pathway likely 
contributed to the observed antioxidant and 
cytoprotective effects. The concomitant impairment of 
motility parameters indicated that functional outcomes 
reflected a balance between protective and disruptive 
processes. These findings emphasized the necessity of 
careful dose optimization and support the need for 
future studies integrating capacitation assays and 
fertility-based endpoints to fully elucidate the 
reproductive potential of sGC stimulators in semen 
cryopreservation. 

 
Acknowledgments 

 
The authors gratefully acknowledge the staff of the 

Atatürk University Food and Livestock Application and 
Research Center, Sheep Breeding Unit, Erzurum, 
Türkiye, for their assistance with animal management, 
semen collection, and technical support throughout the 
present study. 

 
Conflicts of interest 

 
The authors declare no conflicts of interest. 

 

 

 References 
 
1. Ollero M, Perez-Pe R, Muiño-Blanco T, et al. 

Improvement of ram sperm cryopreservation 
protocols assessed by sperm quality parameters and 
heterogeneity analysis. Cryobiology 1998; 37(1): 1-12.  

2. Riesco MF, Alvarez M, Anel-Lopez L, et al. 
Multiparametric study of antioxidant effect on ram 
sperm cryopreservation - from field trials to research 
bench. Animals (Basel) 2021; 11(2): 283. doi: 10.3390/ 
ani11020283. 

3. Li Y, He M, Ran H, et al. ZnO NPs protect boar sperm in 
liquid storage through increasing the phosphorylation 
of PKAs. Anim Reprod 2025; 22(2): e20240025. doi: 
10.1590/1984-3143-AR2024-0025. 

4. Saha A, Asaduzzaman M, Bari FY. Cryopreservation 
techniques for ram sperm. Vet Med Int 2022; 2022, 
7378379. doi: 10.1155/2022/7378379. 

5. Türk G, Koca RH, Güngör İH, et al. Effect of hydrated 
C60 fullerene on lipid peroxidation, vitamins, and 
amino acid composition in frozen–thawed ram semen. 
Anim Reprod Sci 2022; 238: 106939. doi: 
10.1016/j.anireprosci.2022.106939. 

6. Sheikholeslami SA, Soleimanzadeh A, Rakhshanpour A, 
et al. The evaluation of lycopene and cysteamine 
supplementation effects on sperm and oxidative stress 
parameters during chilled storage of canine semen. 
Reprod Domest Anim 2020; 55(9): 1229-1239.  

7. Banday MN, Lone FA, Rasool F, et al. Use of 
antioxidants reduces lipid peroxidation and improves 
quality of crossbred ram sperm during its 
cryopreservation. Cryobiology 2017; 74: 25-30.  

8. Akarsu SA, Güngör İH, Cihangiroğlu AÇ, et al. Effect of 
sulforaphane on long-term storage of rabbit semen. 
Anim Reprod 2023; 20(2): e20230001. doi: 
10.1590/1984-3143-AR2023-0001.  

9. Ros-Santaella JL, Pintus E. Plant extracts as alternative 
additives for sperm preservation. Antioxidants (Basel) 
2021; 10(5): 772. doi: 10.3390/antiox10050772.  

10. Makowski CT, Rissmiller RW, Bullington WM. 
Riociguat: a novel drug for the treatment of 
pulmonary hypertension. Pharmacotherapy 2015; 
35(5): 502-519.  

11. Seker U, Kavak DE, Guzel BC, et al. Targeting soluble 
guanylate cyclase with Riociguat has potency to 
alleviate testicular ischaemia reperfusion injury via 
regulating various cellular pathways. Andrologia 2022; 
54(11): e14616. doi: 10.1111/and.14616. 

12. Aslanoglu B, Kaya S, Gunara SO, et al. Neuroprotective 
potential of a novel soluble guanylate cyclase 
stimulator the Riociguat alone or in a combination 
manner with resveratrol in experimental stroke model 
in rats. Int J Morphol 2024; 42(4): 984-990.  

13. Soleimanzadeh A, Mohammadnejad L, Ahmadi A. 
Ameliorative effect of Allium sativum extract on 
 



637 RH. Koca et al. Veterinary Research Forum. 2026; 17 (9): 631 - 637 

 

busulfan-induced oxidative stress in mice sperm. Vet 
Res Forum 2018; 9(3): 265-271.  

14. Baldi E, Luconi M, Bonaccorsi L, et al. Signal 
transduction pathways in human spermatozoa. J 
Reprod Immunol 2002; 53(1-2): 121-131. 

15. Miraglia E, De Angelis F, Gazzano E, et al. Nitric oxide 
stimulates human sperm motility via activation of the 
cyclic GMP/protein kinase G signaling pathway. 
Reproduction 2011; 141(1): 47-54.  

16. Özmen MF, Cirit Ü, Arıcı R, et al. Evaluation of 
synergistic effects of iodixanol and trehalose on 
cryosurvival of electroejaculated ram semen. 
Andrologia 2020; 52(9): e13656. doi: 10.1111/ 
and.13656.  

17. Özer Kaya Ş, Güngör İH, Dayan Cinkara S, et al. Effect of 
different doses of hydrated C60 fullerene nanoparticles 
on ram semen during cool storage. Turk J Vet Anim Sci 
2021; 45(1): 139-147.  

18. Izanloo H, Soleimanzadeh A, Bucak MN, et al. The 
effects of glutathione supplementation on post-thawed 
turkey semen quality and oxidative stress parameters 
and fertilization, and hatching potential. 
Theriogenology 2022; 179: 32-38.  

19. Söderquist L, Madrid-Bury N, Rodriguez-Martinez H. 
Assessment of ram sperm membrane integrity 
following different thawing procedures. 
Theriogenology 1997; 48(7): 1115-1125.  

20. Öztürk AE, Bodu M, Bucak MN, et al. Synergistic effects 
of trehalose and low concentrations of cryoprotectants 
on post-thaw ram sperm quality. Cryobiology 2020; 
95: 157-163.  

21. Koca RH, Güngör İH, Cihangiroğlu AÇ, et al. Optimizing 
cryopreservation: the effect of MitoTEMPO and 
glycerol ratios on ram semen quality after freezing and 
thawing. Vet Med Sci 2025; 11(4): e70406. doi: 
10.1002/vms3.70406.  

22. Akarsu SA, Gür C, Küçükler S, et al. Protective effects of 
syringic acid against oxidative damage, apoptosis, 
autophagy, inflammation, testicular histopathologic 
disorders, and impaired sperm quality in the testicular 
tissue of rats induced by mercuric chloride. Environ 
Toxicol 2024; 39(10): 4803-4814.  

 

 23. Esterbauer H, Cheeseman KH. Determination of 
aldehydic lipid peroxidation products: malonaldehyde 
and 4-hydroxynonenal. Methods Enzymol 1990; 186: 
407-421. 

24. Akerboom TP, Sies H. Assay of glutathione, glutathione 
disulfide and glutathione mixed disulfides in biological 
samples. Methods Enzymol 1981; 77: 373-382.  

25. Lowry OH, Rosebrough NJ, Farr AL, et al. Protein 
measurement with the folin phenol reagent. J Biol 
Chem 1951; 193(1): 265-275.  

26. Stasch JP, Pacher P, Evgenov OV. Soluble guanylate 
cyclase as an emerging therapeutic target in 
cardiopulmonary disease. Circulation 2011; 123(20): 
2263-2273.  

27. Aitken RJ, Curry BJ. Redox regulation of human sperm 
function: from the physiological control of sperm 
capacitation to the etiology of infertility and DNA 
damage in the germ line. Antioxid Redox Signal 2011; 
14(3): 367-381.  

28. Herrero M, Lamirande E, Gagnon C. Nitric oxide is a 
signaling molecule in spermatozoa. Curr Pharm Des 
2003; 9(5): 419-425.  

29. Evgenov OV, Pacher P, Schmidt PM, et al. NO-
independent stimulators and activators of soluble 
guanylate cyclase: discovery and therapeutic potential. 
Nat Rev Drug Discov 2006; 5(9): 755-768.  

30. Domínguez-Rebolledo AE, Fernández-Santos MR, 
Bisbal A, et al. Improving the effect of incubation and 
oxidative stress on thawed spermatozoa from red deer 
by using different antioxidant treatments. Reprod 
Fertil Dev 2010; 22(5): 856-870.  

31. Mostahsan Z, Azizi S, Soleimanzadeh A, et al. The 
protective roles of Mito-TEMPO on testicular 
ischemia‑reperfusion injury based on biochemical and 
histopathological evidences in mice. Iran J Vet Surg 
2024; 19(2), 97-105.  

32. Shakouri N, Soleimanzadeh A, Rakhshanpour A, et al. 
Antioxidant effects of supplementation of 3, 
4‐dihydroxyphenyl glycol on sperm parameters and 
oxidative markers following cryopreservation in 
canine semen. Reprod Domest Anim 2021; 56(7): 
1004-1014.  

 




