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Review Article

Abstract | Goats are considered the poor man’s cow and are widely raised by poor and marginalized farmers in 
Asian and African countries to improve food security and generate income. However, reproductive management in 
these systems is often inadequate, limiting genetic improvement and productivity. Artificial insemination and semen 
cryopreservation are essential for improving reproductive efficiency, but their success is often challenged by sperm 
cryoinjury due to the production of excessive reactive oxygen species. Oxidative stress is a major constraint to sperm 
viability and fertility, especially in goat sperm membranes, which contain high levels of polyunsaturated fatty acids and 
are redox-sensitive. While antioxidants have been widely explored to mitigate oxidative damage, the evidence base for 
macroalgae-derived bioactives specifically remains scattered across human, large-ruminant, and non-reproductive cell 
studies, with no prior synthesis addressing goat sperm directly. Macroalgae are rich sources of polyphenols, carotenoids, 
sulfated polysaccharides, trace minerals, and vitamins, and are used as antioxidants, anti-inflammatories, and 
antimicrobials, yet direct evidence of their bioactivity in goat reproductive tissue remains extremely limited. This review 
synthesizes this cross-species evidence into a mechanistic framework linking macroalgal-derived bioactive compounds 
to the Nrf2/ARE signaling pathway, mitochondrial homeostasis, apoptosis regulation, and ferroptosis in goat sperm 
during spermatogenesis and semen cryopreservation. In doing so, this article shows that current support for these 
pathways is drawn almost entirely from non-reproductive tissues. Evidence for ferroptosis in goat sperm cryodamage 
remains limited, with evidence from frozen–thawed sperm currently restricted to a small number of studies. Moreover, 
direct in vivo evidence in goats is largely confined to non-macroalgal antioxidants, while the proposed suppressive 
effects of macroalgae on sperm ferroptosis remain untested. Rather than presenting an established evidence base, we 
therefore propose an integrated, testable redox model to guide future hypothesis-driven research, and outline future 
directions and translational prospects for harnessing the unexplored potential of macroalgae to modulate redox balance 
and improve reproductive efficiency in goats.
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INTRODUCTION

Goats are increasingly recognized as a climate-resilient 
livestock species that contributes substantially 

to meat, milk, and skin production and supports rural 
livelihoods across Asian and African production systems 
(Nair et al., 2021; Parsad et al., 2025; Sejian et al., 2021; 
Wodajo et al., 2020). However, reproductive efficiency in 
these systems remains constrained by continued reliance 
on natural mating over reproductive biotechnologies such 
as artificial insemination (Chenyambuga and Lekule, 2014; 
Getaneh et al., 2022; Meena et al., 2025; Tilahun, 2023), 
whose success is in turn limited by poor semen quality 
arising from oxidative stress and excessive reactive oxygen 
species (ROS) production during spermatogenesis and 
cryopreservation (Agarwal et al., 2022; Suwor et al., 2025).
Oxidative stress is increasingly recognized as an important 
contributor to impaired sperm function and fertility in goat 
bucks, with altered redox status associated with reduced 
semen quality and increased sperm damage (Dhillon et 
al., 2020; Khan et al., 2025). However, the proportion of 
AI or fertility failures attributable specifically to oxidative 
stress has not been quantified in goats. Environmental 
and physiological stressors, particularly heat stress and 
inadequate nutrition, can increase oxidative stress and 
disrupt redox homeostasis, potentially compromising 
reproductive function (Bansal and Bilaspuri, 2011; Danso 
et al., 2024). Goat spermatozoa are particularly susceptible 
due to their high content of polyunsaturated fatty acids in 
the plasma membrane, making them highly susceptible to 
lipid peroxidation (Darin-Bennett and White, 1977). This 
can result in DNA fragmentation, protein damage, reduced 
motility, and impaired fertilizing capacity (Abdel-Khalek 
et al., 2023; Bodu et al., 2025; Pintus and Ros-Santaella, 
2021). In addition, oxidative stress can disrupt endocrine 
regulation by reducing testosterone and altering luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH) 
secretion, thereby impairing spermatogenesis and 
reproductive performance (Kaltsas, 2023; Naseer et al., 
2024).

At the cellular level, ROS-mediated damage interferes with 
redox-sensitive signaling pathways, induces mitochondrial 
dysfunction, and activates apoptotic cascades in germ 
and sperm cells (Agarwal et al., 2022; Asadi et al., 2021). 
These effects are further escalated during cryopreservation, 
where freeze–thaw cycles intensify ROS generation, 
impair mitochondrial respiration, and reduce the activity 
of key antioxidant enzymes such as superoxide dismutase 
(SOD), glutathione peroxidase (GSH-Px), and catalase 
(CAT). The cumulative effect is a marked decline in 
sperm concentration, motility, viability, and overall fertility 
outcomes.

To mitigate oxidative stress-induced reproductive 

dysfunction, various strategies have been explored, including 
dietary supplementation with trace minerals (e.g., zinc 
and copper) and the incorporation of antioxidants into 
semen extenders (An et al., 2025; Arangasamy et al., 2018; 
Backialakshmi et al., 2021; Martín-San Juan et al., 2025; 
Singh et al., 2025; Suwor et al., 2025). While synthetic 
antioxidants such as butylated hydroxytoluene (BHT) 
and butylated hydroxyanisole (BHA) have demonstrated 
efficacy in scavenging ROS and stabilizing cellular 
structures, there has been recent concern regarding their 
toxicity, bioaccumulation, and long-term safety, which has 
driven the search for safer and more sustainable alternatives 
(Hashem et al., 2025).

Recently, macroalgae have emerged as promising 
alternative feed resources and natural sources of bioactive 
compounds with potent antioxidant properties. These 
include polyphenols, flavonoids, carotenoids (such as 
fucoxanthin and astaxanthin), sulfated polysaccharides, and 
essential minerals. They play critical roles in reproductive 
physiology and cellular defense mechanisms (González-
Meza et al., 2023; Michalak et al., 2022). Macroalgae are 
relatively abundant in coastal environments, and excessive 
biomass accumulation in the form of nuisance blooms can 
create environmental and socioeconomic challenges that 
require management ( Joniver et al., 2021; Rodríguez-
Martínez et al., 2023). While raw seaweed biomass may be 
inexpensive and abundant, processing it into standardized 
bioactive extracts suitable for semen extenders or feed 
supplementation may involve substantial costs, and the 
economic viability of macroalgae-derived extracts relative 
to synthetic antioxidants remains insufficiently established. 
Despite increasing interest in macroalgae, the literature 
has largely focused on their general antioxidant capacity, 
with limited integration of these bioactivities with specific 
cryoinjury mechanisms and redox-regulated pathways in 
goat reproduction.

Importantly, there is a lack of comprehensive synthesis 
linking macroalgae-derived bioactives to specific redox 
signaling pathways during spermatogenesis and semen 
cryopreservation in goats. Furthermore, emerging 
mechanisms such as mitochondrial dysfunction, apoptosis, 
and ferroptosis in sperm cells have not been systematically 
explored in the context of macroalgae supplementation. 
Therefore, this review addresses these gaps by critically 
examining ROS-induced damage during spermatogenesis 
and cryopreservation in goats, elucidating the mechanistic 
roles of macroalgae-derived bioactives in key redox-
regulatory pathways, and proposing an integrated 
framework to guide future research and application of 
macroalgae supplementation in goat production systems.

The remainder of this review is structured as follows. Section 
2 outlines goat-specific reproductive challenges relevant to 
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cryopreservation. Sections 3 and 4 examine ROS-induced 
sperm damage and the molecular pathways underlying 
oxidative cryoinjury. Section 5 critically appraises existing in 
vitro and in vivo antioxidant strategies. Sections 6 through 
8 introduce macroalgae as a feed resource, their bioactive 
components, and the molecular mechanisms through 
which these compounds are proposed to act in reproductive 
cells. Section 9 evaluates the in vivo evidence base in goats, 
Section 10 considers macroalgae-derived extracts in semen 
extenders, and Section 11 outlines priority directions for 
future research. Section 12 integrates this evidence into a 
proposed redox model and a set of testable hypotheses.

Goat reproduction and challenges
Goat spermatozoa possess membrane characteristics 
that may contribute to their susceptibility to cryoinjury. 
Their plasma membranes contain substantial amounts 
of unsaturated lipids and have a comparatively low 
cholesterol-to-phospholipid ratio relative to some other 
domestic ruminants; this influences membrane fluidity and 
sensitivity to temperature-induced phase transitions during 
cryopreservation (Behera et al., 2015; Labbe et al., 2001). The 
abundance of unsaturated lipids also provides substrates for 
ROS-mediated lipid peroxidation, potentially amplifying 
membrane damage during freezing and thawing. However, 
comparative data on sperm cholesterol-to-phospholipid 
ratios across goat, bovine, ovine, and human spermatozoa 
are derived from disparate studies and methodologies, 
and a unified modern lipidomic comparison across these 
species remains lacking (Darin-Bennett and White, 1977). 
These membrane characteristics are particularly relevant 
because cryopreservation can increase ROS generation 
and disrupt the balance between oxidative and antioxidant 
processes in spermatozoa. Excessive ROS can initiate 
lipid peroxidation and oxidative modification of proteins 
and DNA, contributing to impaired membrane integrity, 
mitochondrial dysfunction, reduced motility, and loss of 
post-thaw sperm viability (Agarwal et al., 2022; Ozimic et 
al., 2023; Saadeldin et al., 2020; Wang et al., 2025).

More recently, iron-dependent lipid peroxidation and 
ferroptosis-related mechanisms have been proposed as 
additional contributors to sperm preservation injury. 
In goat sperm, however, evidence remains recent and 
limited (Hai et al., 2025a, b) provided initial evidence 
and subsequent mechanistic investigation of ferroptosis-
related changes during goat sperm cryopreservation. Bi 
et al. (2025) reported ferroptosis-related changes during 
chilled rather than frozen-thawed goat sperm preservation. 
More recently, ( Jiang et al., 2026) provided independent 
evidence implicating the Nrf2–SLC7A11–GPX4 pathway 
in cryo-induced ferroptosis in dairy goat sperm. Although 
these findings support ferroptosis as a potentially 
important mechanism linking oxidative lipid damage to 

sperm dysfunction, its specific contribution to goat sperm 
cryoinjury remains to be independently validated across 
breeds, preservation conditions, and research groups.

Hence, the lipid composition of goat spermatozoa and 
their susceptibility to ROS-mediated membrane damage 
provide a biological rationale for investigating antioxidant 
strategies during cryopreservation. The following sections 
therefore evaluate whether macroalgae-derived bioactives 
can protect sperm through direct ROS scavenging, 
enhancement of endogenous antioxidant defenses, 
suppression of lipid peroxidation, and modulation of 
emerging ferroptosis-related mechanisms.

ROS-induced damage during spermatogenesis 
and cryopreservation
Excessive production of reactive oxygen species (ROS) is 
a major factor contributing to impaired sperm function in 
breeding bucks. During spermatogenesis, excessive ROS 
can disrupt redox-sensitive signaling, damage developing 
germ-cell DNA and mitochondria, and interfere with the 
progression and survival of germ cells. These effects may 
compromise the development and quality of spermatozoa 
before they subsequently encounter additional oxidative 
challenges during storage and cryopreservation. While 
physiological levels of ROS are essential for processes such 
as capacitation and the acrosome reaction, excessive ROS 
production disrupts redox homeostasis, initiating molecular 
and structural damage that can compromise sperm function 
and fertilizing potential (Agarwal et al., 2022; Asadi et 
al., 2021). This cascade of damage affects sperm lipids, 
mitochondria, proteins, and DNA, particularly during 
cryopreservation, when ROS generation and oxidative 
damage can be exacerbated. The mechanisms underlying 
these forms of oxidative damage are discussed in the 
following paragraph. However, much of the mechanistic 
evidence is derived from human and other mammalian 
sperm rather than goat sperm; these pathways are broadly 
conserved across mammalian spermatozoa, but their 
specific involvement in goat sperm remains incompletely 
validated.

Oxidative stress primarily targets the sperm plasma 
membrane, which is enriched in polyunsaturated fatty 
acids (PUFAs), making it particularly susceptible to lipid 
peroxidation. ROS initiate the peroxidation of these 
unsaturated lipids, generating reactive aldehydes such 
as malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE), which can further compromise membrane integrity 
and sperm function (Pintus and Ros-Santaella, 2021; 
Wang et al., 2025). This process reduces membrane fluidity, 
disrupts ion transport, and compromises membrane 
integrity, thus impairing sperm motility and fertilization 
capacity (Sangeeta et al., 2015; Wang et al., 2025). Beyond 
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structural damage, lipid peroxidation products act as 
secondary reactive species, amplifying oxidative injury and 
propagating cellular dysfunction.

As membrane damage progresses, its effects extend to the 
mitochondria, the primary site of ATP production and 
a major regulator of sperm motility. Oxidative damage 
to mitochondrial membranes impairs mitochondrial 
membrane potential and oxidative phosphorylation, 
resulting in reduced ATP generation. This energy deficit 
directly limits sperm motility. Moreover, dysfunctional 
mitochondria become a significant source of additional 
ROS, establishing a self-amplifying cycle of oxidative stress 
that exacerbates cellular damage (Agarwal et al., 2022).

Beyond lipid and mitochondrial damage, oxidative stress 
may alter protein structure and function through redox-
dependent modifications, including thiol oxidation 
and S-glutathionylation. Such modifications can affect 
proteins involved in essential sperm functions, including 
motility, capacitation, oocyte recognition, and the 
acrosome reaction, thereby compromising sperm functional 
competence (O’Flaherty and Matsushita-Fournier, 2017). 
Concurrently, excessive ROS can also induce oxidative 
damage to nuclear and mitochondrial DNA, causing 
strand breaks and oxidative base modifications such as 
8-hydroxy-2′-deoxyguanosine (8-OHdG). Given the 
limited DNA repair capacity of mature spermatozoa, 
such lesions may accumulate and contribute to increased 
sperm DNA fragmentation, with potential consequences 
for fertilization and subsequent embryo development 
(Robinson et al., 2012).

At a more advanced stage, persistent oxidative stress can 
activate regulated cell-death pathways. Mitochondrial 
dysfunction can contribute to intrinsic apoptotic signaling, 
promoting sperm dysfunction and cell death (Aitken 
and Baker, 2006). More recently, emerging experimental 
evidence has implicated ferroptosis as a potential 

mechanism linking oxidative lipid damage to sperm 
dysfunction during low-temperature preservation of goat 
sperm (Hai et al., 2025b; Jiang et al., 2026). Ferroptosis 
is characterized by iron-dependent accumulation of lipid 
peroxides and represents a mechanistic convergence 
of iron metabolism, lipid peroxidation, and regulated 
cell death (Table 1). Subsequent work from one of 
these authors further suggested that superoxide anion-
induced ferritinophagy contributes to ferroptosis during 
cryopreservation of cashmere goat sperm (Hai et al., 
2025a). However, evidence for ferroptosis in goat sperm 
cryoinjury remains limited to a small number of studies 
and requires further independent validation across goat 
breeds and cryopreservation systems before its role can be 
considered established.

Furthermore, oxidative stress exacerbates during 
cryopreservation, when spermatozoa are exposed to multiple 
physical and chemical stressors, including rapid temperature 
fluctuations, osmotic stress, and extender-induced 
alterations (Figure 1). Cooling induces a phase transition 
in sperm membrane lipids from a fluid (liquid-crystalline) 
to a more ordered gel state, altering membrane fluidity 
and increasing susceptibility to structural destabilization 
and cold-shock injury; these membrane disturbances can 
occur alongside enhanced oxidative damage and lipid 
peroxidation during cryopreservation (Ozimic et al., 2023). 
Concurrently, mitochondrial dysfunction can exacerbate 
ATP depletion and ROS generation, further amplifying 
oxidative damage during cryopreservation. The cumulative 
effects of these processes can damage lipids, proteins, and 
DNA, thereby compromising sperm viability, motility, and 
fertilizing capacity (Wang et al., 2025; Zhang et al., 2022, 
2025).

Under normal physiological conditions, endogenous 
antioxidant systems, including enzymatic defenses 
such as superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GPx), together with

Table 1: Ferroptosis molecular alterations during goat sperm cryopreservation.
Marker/Component Role in ferroptosis Cryopreservation evidence in goat sperm References
Lysophospholipid 
alterations

Associated with membrane lipid 
remodeling and lipid peroxidation

Increased in thawed sperm (Hai et al., 2025)

TFR1 Mediates cellular iron uptake and can 
contribute to iron accumulation

Increased from 47.8% in fresh to 71.5% in 
thawed sperm

(Hai et al., 2025)

GPX4 Reduces lipid hydroperoxides and 
protects against ferroptosis

Altered following cryopreservation; GPX4-relat-
ed protection implicated in ferroptosis regulation

(Hai et al., 2025; 
Jiang et al., 2026)

Iron homeostasis Disrupted iron metabolism can 
increase iron availability and promote 
oxidative lipid damage

Evidence of altered iron-related markers during 
cryopreservation

(Hai et al., 2025)

NRF2-SLC7A11-
GPX4 axis

Regulates antioxidant capacity, glu-
tathione availability, and lipid-perox-
ide detoxification

Modulation of this pathway was associated with 
reduced ferroptosis and improved post-thaw 
sperm quality

( Jiang et al., 
2026)
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Figure 1: Mechanism of Cryoinjury. This figure illustrates the cascade of oxidative damage during semen cryopreservation. 
Cryostress induces excessive ROS generation, leading to membrane damage, mitochondrial dysfunction, and lipid 
peroxidation. These events result in oxidative damage and impaired sperm functional outcomes.

non-enzymatic antioxidants, maintain ROS at 
controlled levels and preserve redox homeostasis. 
During cryopreservation, this antioxidant capacity 
can be compromised through several mechanisms, 
including dilution and partial removal of seminal-plasma 
antioxidants during semen processing, altered enzymatic 
activity under low-temperature conditions, and increased 
consumption of antioxidant substrates under sustained 
oxidative stress. These changes can collectively exceed 
the spermatozoon’s capacity to neutralize ROS. Beyond 
structural and biochemical damage, oxidative stress can 
activate redox-sensitive signaling pathways involved in 
sperm survival, apoptosis, and metabolic adaptation. At 
the molecular level, oxidative stress, lipid peroxidation, 
and mitochondrial dysfunction may converge on signaling 
networks and regulatory proteins involved in antioxidant 
defense and regulated cell-death pathways, including 
apoptosis and, more recently, ferroptosis.

Molecular pathways underlying oxidative 
cryoinjury in spermatozoa
Figure 2 illustrates the proteins, genes, and molecular 

pathways involved in maintaining sperm structure and 
function and their potential responses to oxidative stress 
during cryopreservation. At the molecular level, cellular 
antioxidant defenses play a critical role in maintaining 
redox homeostasis. Key enzymatic antioxidants, including 
SOD (SOD1 and mitochondrial SOD2), CAT, and GPX 
(particularly GPX4), neutralize reactive oxygen species 
and limit oxidative damage and lipid peroxidation (Berean 
et al., 2024; Hossen et al., 2022) (Table 2). However, 
cryopreservation can disrupt this protective capacity, 
resulting in an imbalance between ROS generation and 
antioxidant defense. Consequently, excessive ROS may 
accumulate and amplify lipid, protein, mitochondrial, and 
DNA damage, creating a self-reinforcing cycle of oxidative 
injury. Although antioxidant defenses may respond to 
oxidative stress, their capacity can become insufficient 
under freeze–thaw conditions, resulting in redox 
imbalance and cellular damage (Yu et al., 2025; Zhang et 
al., 2023). Among these antioxidant components, GPX4 
currently has the strongest direct mechanistic evidence in 
cryopreserved goat sperm because of its established role 
in limiting lipid peroxidation and suppressing ferroptosis 
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(Hai et al., 2025b; Jiang et al., 2026), whereas evidence for 
SOD and CAT is broader but provides less goat-specific 
mechanistic resolution. Head-to-head studies establishing 
which antioxidant enzyme is rate-limiting for post-thaw 
sperm survival are currently lacking.

In addition to classical antioxidant enzymes, stress-
responsive and metabolic regulatory proteins may 
contribute to sperm resilience under cryogenic conditions. 
Recent proteomic evidence has identified changes 
in proteins such as glutathione S-transferase mu 3 
(GSTM3), sirtuin 2 (SIRT2), and LDL receptor-related 
protein 8 (LRP8) in cryopreserved sperm, with these 
changes associated with reduced oxidative damage and 
improved energy metabolism (Yu et al., 2025). However, 
the functional relationships among these proteins and 
cryotolerance remain to be experimentally established. 
Similarly, heat shock proteins (HSPs), including members 
of the HSP70 and HSP90 families, function as molecular 

chaperones involved in protein folding, refolding of 
damaged proteins, and cellular responses to thermal and 
other forms of stress (Lavanya et al., 2021; Suárez-Vega et 
al., 2016). Collectively, these findings suggest that stress-
responsive proteins may contribute to sperm adaptation 
to environmental and cryogenic stress; however, their 
specific roles and regulatory interactions during sperm 
cryopreservation require further investigation.

Following oxidative stress-induced mitochondrial dysfunction 
during cryopreservation, mitochondrial integrity may be 
compromised through activation of the intrinsic apoptotic 
pathway. Pro- and anti-apoptotic BCL-2 family proteins, 
particularly BAX and BCL-2, regulate mitochondrial 
outer membrane permeabilization and the subsequent 
release of cytochrome c. Released cytochrome c promotes 
activation of caspase-9 and the downstream executioner 
caspase-3, ultimately contributing to apoptotic cell death 
(Asadi et al., 2021; Fouret et al., 2015; Zhang et al., 2025).

Table 2: Key proteins and genes in antioxidant defense.
Genes Function Cryopreservation response References
SOD Converts O₂⁻ → H₂O₂ Upregulated in response to 

oxidative stress, but exceeded by the 
magnitude of oxidative damage

(Yu et al., 2025)

CAT Converts H₂O₂ → H₂O Enhanced with antioxidant supple-
mentation

(Yu et al., 2025)

GSH-Px Reduces H₂O₂ & lipid peroxides Maintains membrane integrity (Zhang et al., 2022)
GSTM3 Detoxifies lipid peroxidation products Upregulated in treated sperm (Yu et al., 2025)
HO-1, NQO1, GSTM1 NRF2-dependent antioxidant genes Protect against oxidative stress (Vomund et al., 2017)

Figure 2: Genes and molecular pathways governing sperm functions and structure. Overview of key genes, proteins, 
and molecular pathways linking oxidative stress, antioxidant defense, mitochondrial function, and apoptosis to sperm 
structure and function.
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This process is typically associated with a shift toward 
greater pro-apoptotic BAX relative to anti-apoptotic 
BCL-2 activity and increased caspase activation (Kumar 
et al., 2025; Liu et al., 2019; Shitikova et al., 2025). Hence, 
apoptotic signaling in spermatozoa can be viewed as 
a continuum of sublethal cellular injury, with sperm 
exhibiting varying degrees of apoptotic and functional 
damage before loss of viability.

As discussed earlier, emerging evidence implicates 
ferroptosis as a potential mechanism of cryoinjury in 
goat sperm. Ferroptosis is driven by iron-dependent 
lipid peroxidation and is closely linked to disruptions 
in membrane integrity and redox balance. In goat 
sperm, changes in lipid metabolites, dysregulated iron 
homeostasis, and altered ferroptosis-related markers 
during cryopreservation support a potential role for this 
pathway in cryo-induced cell death (Hai et al., 2025b; 
Jiang et al., 2026). Ferroptosis may therefore provide a 
mechanistic link between oxidative lipid damage and cell 
death, highlighting a potential target for improving sperm 
preservation outcomes.

At the signaling level, several intracellular pathways 
participate in the regulation of sperm survival, oxidative 
stress responses, and apoptosis. The PI3K/AKT pathway, 
for example, has been implicated in maintaining sperm 
motility, mitochondrial function, and cell survival, while 
its inhibition has been associated with increased oxidative 
damage and apoptotic signaling (Ghasemian Nafchi et 
al., 2022). In parallel, the Nrf2 (NFE2L2) pathway acts 
as a major regulator of cellular antioxidant defense by 
controlling the expression of cytoprotective and antioxidant 
genes, including NAD(P)H quinone oxidoreductase 1 
(NQO1), heme oxygenase-1 (HO-1), and glutathione-
related enzymes (Vomund et al., 2017). Other stress-
responsive pathways, including MAPK, NF-κB, and p53, 
may also participate in the cellular response to oxidative 
and metabolic stress, although their specific roles during 
sperm cryopreservation remain less clearly defined.

Given that oxidative stress, lipid peroxidation, 
mitochondrial dysfunction, and ferroptosis are increasingly 
recognized as interconnected components of sperm 
cryodamage, exogenous antioxidant interventions have 
been widely investigated as a means of restoring redox 
balance and preserving sperm functional integrity.

In vitro and in vivo antioxidant strategies 
against oxidative stress in male fertility
To mitigate oxidative stress-induced impairment of male 
fertility, a wide range of antioxidant-based interventions 
have been investigated in both in vivo and in vitro systems 
(Berean et al., 2024; Bollwein and Bittner, 2018; Cartes 
et al., 2024; Sa’ayinzat et al., 2021; Hashem et al., 2025; 

Mannucci et al., 2022; Sikiru et al., 2019; Singh et al., 
2025; Song et al., 2025; Wang et al., 2025). These strategies 
primarily target redox imbalance, lipid peroxidation, 
mitochondrial dysfunction, and apoptosis, which are 
important contributors to sperm damage during heat 
stress and cryopreservation.

Dietary inclusion of trace elements and antioxidant 
compounds has repeatedly shown beneficial effects on 
reproductive performance in goats. For example, selenium, 
zinc, vitamin C, and E supplementation have been reported 
to enhance antioxidant defense systems through the 
activity of enzymes such as superoxide dismutase, catalase, 
and glutathione peroxidase, while simultaneously reducing 
lipid peroxidation markers such as malondialdehyde 
(Nasreldeen et al., 2025; Qenawy et al., 2025). These 
changes in the antioxidant defense system are associated 
with improved sperm motility, concentration, and viability, 
as well as reduced sperm abnormalities.

Bioactive antioxidants such as lycopene and 
N-acetylcysteine have been investigated for their potential 
to improve sperm functional parameters by reducing 
oxidative damage and modulating cellular stress and 
apoptotic pathways (Umaru and Sidi, 2025; Wang et 
al., 2025). These compounds may help preserve sperm 
membrane integrity and mitochondrial function, thereby 
contributing to improved sperm quality. It should be 
emphasized that the trace-mineral, vitamin, lycopene, 
and N-acetylcysteine studies discussed above involve 
compounds unrelated to macroalgae and are cited here 
only to illustrate the general principle that antioxidant 
supplementation can improve goat reproductive outcomes; 
they do not constitute evidence for macroalgae-derived 
bioactives specifically, which are addressed separately 
below:

Beyond synthetic antioxidants, natural bioactive 
compounds derived from plants and algae have been 
increasingly studied for their multifunctional properties, 
though a quantified publication trend supporting this 
claim is not available. These compounds not only scavenge 
reactive oxygen species but also modulate redox-sensitive 
signaling pathways, including those involved in antioxidant 
defense and apoptosis regulation (Angulo et al., 2020; 
Ismail et al., 2020; Kayode et al., 2023; Liu et al., 2025; 
Michalak et al., 2022; Mohajer et al., 2024).

For example, supplementation with algae-derived products 
has been associated with improved reproductive and 
semen-related outcomes in goats and other animal models, 
including rams, rabbits, and rats, potentially reflecting the 
diverse bioactive composition and antioxidant properties 
of algae (Abdel-Khalek et al., 2023; Assar et al., 2023; 
Makipour et al., 2024; Masudul Hoque et al., 2024; Sikiru 
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et al., 2019). In Zaraibi goat bucks, dietary Chlorella 
vulgaris, particularly in combination with vitamin C, 
improved sperm motility, concentration, livability, and total 
sperm output while reducing sperm abnormalities and 
MDA levels (Abdel-Khalek et al., 2023). More broadly, 
antioxidant interventions may protect sperm through 
coordinated effects on endogenous antioxidant defenses, 
oxidative lipid damage, mitochondrial function, and cell-
survival pathways. 

Therefore, these findings suggest that antioxidant 
supplementation represents a promising strategy for 
improving male reproductive performance under 
conditions of oxidative stress. A detailed summary of in 
vivo and in vitro studies, including experimental models, 
dosages, and observed effects, is presented in Table 3. Table 
3 shows each study by species category (goat in vivo, goat 
semen in vitro/extender-based, or non-goat translational), 
which highlights that only a minority of the cited evidence 
derives from goat-specific models; most studies report 
low sample sizes, which appear underpowered for the 

effect sizes claimed, limiting confidence in the magnitude 
of reported benefits. For example, the isoglycyrrhizin 
extender trial involved eight goats and forty ejaculates 
(forty ejaculates) (Liu et al., 2025), while the human 
Sargassum trial discussed in Section 10 enrolled eleven 
men (Sobhani et al., 2015); neither study reports a power 
calculation, and both are too small to exclude a meaningful 
risk of false-positive or overestimated effects. In vitro 
and in vivo evidence should not be weighted equally: in 
vitro assays establish plausible mechanisms and effective 
concentrations under controlled conditions, but it remains 
uncertain whether these concentrations are achievable in 
seminal plasma following oral or dietary administration, 
given the additional barriers of digestion, absorption, 
and tissue distribution. Data directly addressing the oral 
bioavailability of macroalgae bioactives, and the fraction 
that ultimately reaches the reproductive tract, are not 
currently available, representing an important gap for 
translating in vitro findings into practical feeding or 
extender protocols. 

Figure 3: Redox Model of Macroalgae Action in Spermatogenesis and Cryopreservation. This figure presents a proposed 
conceptual framework illustrating how macroalgae-derived bioactive compounds modulate antioxidant and anti-
inflammatory pathways in goats. These compounds activate NRF2-mediated antioxidant responses, suppress NF-κB-
driven inflammation, and support energy metabolism, while also regulating apoptosis and ferroptosis. 
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Table 3: In vivo and in vitro evidence from
 livestock and translational reproductive m

odels.
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Macroalgae as antioxidant-rich alternative 
feed resource
Beach-accumulated seaweed (BAS) is increasingly 
recognized as both an environmental waste-management 
challenge and a potentially valuable source of bioactive 
compounds. Although beach stranding and subsequent 
degradation may alter its composition and introduce 
contamination risks, BAS can retain polysaccharides, 
polyphenols, pigments, proteins, lipids, minerals, and other 
biologically active constituents. This has stimulated interest 
in recycling and biorefinery approaches that recover high-
value compounds rather than treating stranded biomass 
solely as waste (Dissanayake et al., 2026). However, 
important challenges remain regarding biomass variability, 
contamination, collection, processing, safety validation, 
regulatory requirements, and economic feasibility. In 
particular, comprehensive data on the quantity and 
consistency of beach-accumulated seaweed that could 
be safely utilized as livestock feed, relative to regional 
livestock feed requirements, remain limited. The logistics of 
collecting, drying, stabilizing, transporting, and processing 
beach-cast seaweed also require further development, 
particularly because rapid decomposition, high moisture 
content, contamination, and heterogeneous biomass can 
increase processing costs and affect material quality. At the 
same time, livestock production faces increasing challenges 
from heat stress and associated productivity losses, 
creating interest in nutritional and antioxidant strategies 
that may improve animal resilience. These challenges 
provide a rationale for exploring appropriately processed 
seaweed biomass as a potential feed and bioactive resource. 
Nevertheless, economic assessments comparing the cost 
of seaweed supplementation with established antioxidant 
strategies, together with evidence on farmer acceptance 
and willingness to adopt such interventions, remain 
important areas for future research.

Marine macroalgae, commonly referred to as seaweeds, 
are macroscopic, multicellular photosynthetic organisms 
predominantly inhabiting marine and coastal environments 
(Monroy-García et al., 2025). They comprise diverse algal 
groups that can attain considerable size and produce a wide 
range of primary and secondary metabolites with biological 
activities (Pereira, 2022). Macroalgae are traditionally 
grouped into three major classes: Chlorophyceae (green 
algae), Phaeophyceae (brown algae), and Rhodophyceae 
(red algae), which differ in their characteristic pigments, 
biochemical composition, and structural polysaccharides 
(Costa et al., 2021; Sahoo, 2010; González-Meza et 
al., 2023; Makkar et al., 2016). Representative green 
algae include Ulva lactuca, Chaetomorpha crassa, Ulva 
reticulata, and Caulerpa racemosa; brown algae include 
Padina pavonica, Turbinaria ornata, and Sargassum 
ilifolium; while red algae include Kappaphycus alvarezii, 

Gelidiella acerosa, Gracilaria corticata, and Palmaria 
palmata. Of these taxa, only a limited subset has been 
investigated for reproductive or sperm-related effects, 
with evidence currently concentrated on genera such as 
Sargassum, Ulva, Kappaphycus, and Gracilaria (Table 3). 
The remaining species are therefore included primarily to 
provide taxonomic and compositional context rather than 
as species with established reproductive effects. Green 
macroalgae (Chlorophyta) represent a residual fraction 
(<1%) of global seaweed biomass production landings, 
whereas red (Rhodophyta) and brown (Ochrophyta) 
macroalgae collectively account for more than 32 million 
tonnes of production annually (Moreira et al., 2022). 

Rhodophyta (red algae) and Phaeophyceae (brown algae) 
differ in their characteristic storage products: Red algae 
primarily store floridean starch, whereas brown algae 
accumulate laminarin as a major storage β-glucan (Qin 
et al., 2010). Red algae are not uniformly red and may 
exhibit purple, reddish-brown, or other colourations 
depending on their pigment composition (Qin et al., 
2010). Marine macroalgae are also important sources of 
bioactive compounds, including polysaccharides, pigments, 
polyphenols, proteins, and other metabolites. Red algae 
are particularly important sources of phycocolloids such as 
agar and carrageenan, while brown algae contain alginate 
and other characteristic polysaccharides such as fucoidans 
(González Fernández et al., 2023). Several macroalgal 
genera have established industrial or food applications; 
Eucheuma spp. and Kappaphycus alvarezii are important 
sources of carrageenan, Gracilaria spp. are used for agar 
production, while Saccharina japonica, Undaria pinnatifida, 
Pyropia spp., and Sargassum fusiforme are important food 
seaweeds (Buschmann et al., 2017). Alginate derived 
from brown algae has applications in dental impression 
materials, emulsifying formulations, paints, and wine and 
beer processing (González Fernández et al., 2023). 

Bioactive components of macroalgae and their 
role in male reproduction
Macroalgae are rich sources of diverse bioactive 
compounds with antioxidant, anti-inflammatory, 
and immunomodulatory properties. Their chemical 
composition includes primary metabolites, such as 
carbohydrates, proteins, lipids, and minerals, as well as 
secondary metabolites, including phenolic compounds, 
flavonoids, and other bioactive constituents that can 
contribute to their biological and antioxidant activities 
(Monroy-García et al., 2025; Morais et al., 2020; Pardilhó 
et al., 2022; Pereira, 2022). Importantly, the biological 
activity of macroalgae is unlikely to be attributable to a 
single compound and may instead reflect interactions 
among multiple constituents present within the biomass or 
extract. However, evidence for such synergistic interactions 
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is derived largely from general phytochemical and whole-
extract studies, and their occurrence and functional 
significance in male reproductive systems remain to be 
established. Among these compounds, phlorotannins, 
a distinctive class of polyphenolic compounds found in 
brown algae, have attracted considerable attention because 
of their strong antioxidant and other biological activities 
(Pradhan et al., 2022). Their antioxidant effects have been 
attributed to their ability to scavenge reactive species 
and interact with cellular redox processes, although the 
magnitude and mechanisms of these effects vary among 
phlorotannin structures and algal sources (Pradhan et al., 
2022).

Similarly, phenolic compounds, including gallic acid and 
flavonoids, have been reported to modulate NADPH 
oxidase activity in various biological systems, thereby 
influencing the generation of reactive oxygen species and 
cellular redox homeostasis (Fraga et al., 2023; Liu et al., 
2025). Such mechanisms are relevant to sperm cells because 
excessive ROS generation can promote lipid peroxidation, 
membrane destabilization, mitochondrial dysfunction, and 
other forms of oxidative damage. In addition to phenolic 
compounds, marine macroalgae contain structurally 
diverse polysaccharides, including carrageenan, agar, 
alginate, and ulvan, which have attracted interest because of 
their potential antioxidant and biological activities. Some 
seaweed-derived polysaccharides can scavenge reactive 
species, chelate metal ions, and enhance endogenous 
antioxidant defenses, although these activities vary 
according to their chemical structure, molecular weight, 
degree of sulfation, and algal source (Bakky et al., 2022; 
Monroy-García et al., 2025; Morais et al., 2020). Evidence 
for activation of specific pathways such as Nrf2/HO-1 is 
emerging but remains compound- and model-dependent.

In addition to their antioxidant properties, macroalgae 
are valuable sources of essential minerals, including zinc, 
selenium, iron, and magnesium, which contribute to 
various physiological processes, including reproductive 
function (Premarathna et al., 2022; Makkar et al., 2016). 
Zinc, for example, serves as a cofactor for numerous 
enzymes involved in DNA synthesis, protein metabolism, 
and antioxidant defense and is important for normal 
spermatogenesis and sperm function (Cai et al., 2025). 
Mineral concentrations can vary considerably among 
macroalgal species and according to environmental and 
harvesting conditions (Premarathna et al., 2022; Makkar 
et al., 2016). However, this review does not quantitatively 
compare macroalgal mineral concentrations with 
established mineral requirements for goats, and such 
comparisons, together with assessment of potentially 
excessive minerals or contaminants, remain important 
before specific feeding recommendations can be made 

(Makkar et al., 2016).

Macroalgae also contain bioactive lipids, including 
omega-3 and omega-6 polyunsaturated fatty acids, as 
well as vitamins such as A, C, E, and K, although their 
concentrations vary considerably among species and 
environmental conditions (González Fernández et 
al., 2023; Makkar et al., 2016). These nutrients have 
established roles in membrane structure, antioxidant 
protection, and cellular function. Their relevance to sperm 
biology is particularly important because spermatozoa 
contain high levels of polyunsaturated fatty acids, making 
their membranes susceptible to oxidative lipid damage. 
Through complementary biological activities, algal-derived 
nutrients and bioactive compounds may contribute to 
the preservation of membrane integrity, redox balance, 
mitochondrial function, and cellular survival under 
oxidative stress. However, direct evidence demonstrating 
these combined effects of macroalgal compounds in 
spermatozoa remains limited. Among the compound 
classes discussed above, phlorotannins and sulfated 
polysaccharides have demonstrated substantial antioxidant 
activity in experimental models, although comparative 
data on their bioavailability, bioactivity, and reproductive 
effects remain insufficient to establish a definitive ranking 
of their translational potential.

Molecular mechanisms of macroalgal 
antioxidants in reproductive cells
Nrf2 pathway
Much of the mechanistic evidence discussed in this 
section derives from non-reproductive cellular systems 
or from studies of isolated macroalgal compounds, while 
direct mechanistic evidence in sperm and testicular tissue 
remains comparatively limited. Building on the bioactive 
composition described above, several algae-derived 
compounds have been reported to modulate the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/antioxidant 
response element (ARE) pathway in cellular models 
(Table 4). Under basal conditions, Nrf2 is retained in the 
cytoplasm through interaction with Kelch-like ECH-
associated protein 1 (Keap1); following oxidative or 
electrophilic stress, disruption of this interaction facilitates 
Nrf2 stabilization and nuclear translocation, where Nrf2 
promotes transcription of cytoprotective and antioxidant 
genes. According to Matin et al. (2024), reviewed evidence 
that algae-derived constituents can activate the Nrf2 
pathway in cellular models, supporting their potential 
antioxidant and cytoprotective effects. Fucoidan isolated 
from Hizikia fusiforme increased total Nrf2 levels and 
enhanced the expression of antioxidant enzymes, including 
SOD-1 and catalase, in H₂O₂-treated Vero cells (Wang et 
al., 2020). Importantly, this study was conducted in a non-
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Table 4: Algae bioactives and reproductive relevance.
Bioactive 
compound

Algae type Key mechanism Reproductive relevance References

Phlorotannins Brown algae Antioxidant, Nrf2 activation, an-
ti-inflammatory

Protect sperm from oxidative 
stress

(Pereira, 2022; Pradhan et 
al., 2022)

Phenolic acids Various mac-
roalgae

ROS scavenging, redox modulation Reduce oxidative stress in the 
testes

(Fraga et al., 2023)

Fucoidan Brown algae Antioxidant, immunomodulatory Improve sperm viability (Morais et al., 2020; Wang 
et al., 2020)

Sulfated poly-
saccharides

Red/green algae Metal chelation, ROS scavenging Protect sperm membranes (Pappou et al., 2022)

Carotenoids Brown algae Singlet oxygen quenching Protect the sperm membrane (Pereira, 2022)
Minerals All groups Enzyme cofactors Spermatogenesis (Premarathna et al., 2022)

reproductive cell model and measured total Nrf2 rather 
than directly demonstrating Nrf2 nuclear translocation. 
Thus, although Nrf2-related mechanisms provide a 
biologically plausible pathway through which macroalgal 
bioactives may influence oxidative stress in reproductive 
tissues, direct mechanistic evidence in sperm or testicular 
tissue remains limited.

Nrf2 activation regulates the transcription of antioxidant 
and cytoprotective genes, including glutathione 
S-transferases (GSTs), NAD(P)H: quinone oxidoreductase 
1 (NQO1), heme oxygenase-1 (HO-1), and genes 
involved in glutathione metabolism. This transcriptional 
response can provide sustained cytoprotective capacity 
by enhancing endogenous antioxidant and detoxification 
systems, complementing the direct scavenging of ROS. 
(Begum et al., 2021) reviewed evidence that brown 
seaweed-derived compounds can modulate stress-
responsive signaling pathways, including the Nrf2/ARE 
antioxidant defense pathway. Because Sertoli cells provide 
metabolic and structural support to developing germ cells, 
Nrf2 activation in these cells could theoretically contribute 
to maintaining the antioxidant environment required for 
spermatogenesis under oxidative stress; however, this 
proposed mechanism has not been directly demonstrated 
following macroalgal treatment. Similarly, Nrf2 activation 
in epididymal epithelial cells could theoretically enhance 
local antioxidant defenses and contribute to protection of 
spermatozoa during epididymal maturation and storage, 
although direct evidence linking macroalgal treatment to 
this mechanism is currently lacking. 

These mechanisms may be particularly relevant to 
sperm cryostress, in which oxidative imbalance and 
mitochondrial dysfunction contribute to loss of sperm 
quality. Nrf2 signaling therefore represents a plausible 
pathway through which macroalgal bioactives could 
enhance endogenous antioxidant defenses and support 
mitochondrial homeostasis, but this hypothesis remains to 
be directly tested in goat sperm.

ROS scavenging and radical neutralization
While Nrf2-mediated transcriptional activation can 
enhance endogenous antioxidant defenses, macroalgal 
bioactives may also contribute to antioxidant protection 
through direct chemical scavenging of reactive species. 
Seaweed polyphenols, particularly phlorotannins, possess 
multiple hydroxyl groups that can donate hydrogen atoms 
or electrons to reactive radicals, thereby contributing 
to radical neutralization (Catarino et al., 2017). 
Phlorotannins identified in brown seaweeds include 
fucophloroethol, fucodiphloroethol, fucotriphloroethol, 
7-phloroeckol, phlorofucofuroeckol and bieckol/dieckol 
(Ferreres et al., 2012). Purified phlorotannin extracts from 
Cystoseira spp. and Fucus spiralis demonstrated antioxidant 
activities, including superoxide-radical-scavenging and 
lipid-peroxidation-inhibitory effects, with activity varying 
according to seaweed species and phlorotannin composition 
(Ferreres et al., 2012). Structural characteristics, including 
molecular size and degree of polymerization, may 
influence antioxidant activity, although the relationship 
is not uniform across phlorotannin preparations and 
assay systems. Electrochemical studies have provided 
kinetic parameters describing electron-transfer processes 
for individual phlorotannins such as dieckol and 
phlorofucofuroeckol-A; however, these parameters are not 
equivalent to standardized second-order rate constants for 
reactions with physiologically relevant ROS. Thus, direct 
quantitative comparisons of individual phlorotannins 
with classical antioxidants such as vitamins C and E for 
the scavenging of superoxide (O₂•⁻), hydroxyl radical 
(•OH), and peroxynitrite (ONOO⁻) remain limited under 
physiologically comparable conditions. Consequently, 
the relative kinetic efficiency of individual phlorotannins 
versus vitamins C and E for these specific ROS remains 
unresolved and warrants direct comparative kinetic 
investigation. 

Similarly, macroalgal bioactives may provide direct 
antioxidant protection by chemically neutralizing reactive 
species. Fucoxanthin, a xanthophyll carotenoid abundant 
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in brown macroalgae, possesses an unusual chemical 
structure containing an allenic bond, an epoxide group, and 
conjugated double bonds, structural features that have been 
proposed to contribute to its antioxidant activity. In vitro 
studies have demonstrated its ability to scavenge hydroxyl 
and superoxide radicals and quench singlet oxygen, while 
direct reactivity with peroxynitrite has also been reported 
(Sachindra et al., 2007; Tsuboi et al., 2011). Although direct 
studies of fucoxanthin supplementation in goat sperm are 
lacking, reproductive studies in animal models provide 
supportive evidence. Fucoxanthin derived from brown 
algae improved sperm quality, reduced lipid peroxidation, 
and attenuated reproductive disturbances in diabetic rats, 
while fucoxanthin extract from Sargassum glaucescens 
alleviated cisplatin-associated testicular oxidative damage 
and reproductive dysfunction (Kong et al., 2019; Wang et 
al., 2020). These findings suggest that fucoxanthin may 
have potential for mitigating oxidative damage in sperm, 
although its specific protective effects during goat semen 
cryopreservation remain to be established.

This possibility is particularly relevant to cryopreservation, 
during which excessive ROS generation can promote 
lipid peroxidation and impair sperm membrane integrity, 
mitochondrial function, and post-thaw sperm quality. Thus, 
the direct radical-scavenging properties of fucoxanthin 
may complement endogenous antioxidant defenses in 
limiting oxidative damage to spermatozoa.

Sulfated polysaccharides such as carrageenan from red 
algae, fucoidan from brown algae, and ulvan from green 
algae exhibit antioxidant properties through several 
mechanisms, including free-radical scavenging, reducing 
activity, and metal-ion chelation ( Jiao et al., 2011; Liu and 
Sun, 2020; Zhong et al., 2019). Redox-active transition 
metals, particularly iron and copper, can promote oxidative 
reactions and, in the case of iron, participate in Fenton 
chemistry that generates highly reactive hydroxyl radicals. 
By chelating or sequestering redox-active metal ions, 
marine polysaccharides may reduce metal-catalyzed 
ROS generation and thereby limit oxidative cascades. 
Their antioxidant activity is influenced by structural 
characteristics such as molecular weight, sulfate content, 
sulfate distribution, and polysaccharide conformation ( Jiao 
et al., 2011; Liu and Sun, 2020; Zhong et al., 2019). These 
properties may be relevant to sperm protection because 
limiting hydroxyl-radical formation and other ROS can 
reduce oxidative damage to membrane lipids, proteins, 
and other cellular components. Thus, the combination of 
radical scavenging, metal chelation, and singlet-oxygen 
quenching provides a plausible multilevel antioxidant 
mechanism for sulfated macroalgal polysaccharides, 
although direct evidence for these mechanisms in goat 
sperm remains limited.

NF-κB, MAPK, and inflammatory pathway 
modulation
In addition, Nrf2 signaling and seaweed-derived bioactive 
compounds may modulate transcriptional and signaling 
pathways involved in the interplay between oxidative stress 
and inflammation. Inflammation of the reproductive tract, 
arising from infection, immune dysregulation, or metabolic 
stress, can promote ROS production through activation 
of immune cells and induction of pro-inflammatory 
enzymes, thereby creating a pro-oxidant environment 
that may adversely affect spermatogenesis and sperm 
quality. Algae-derived compounds have been reported 
to modulate inflammatory signaling pathways, including 
NF-κB and MAPK, which regulate the expression of pro-
inflammatory mediators and contribute to oxidative stress 
responses (Matin et al., 2024; Nabil-Adam et al., 2023). 
In particular, (Nabil-Adam et al., 2023) demonstrated 
anti-inflammatory and antioxidant effects of secondary 
metabolites from the red macroalga Galaxaura oblongata, 
with evidence of modulation of NF-κB/MAPK-associated 
signaling. NF-κB regulates the expression of inflammatory 
mediators, including cytokines, inducible nitric oxide 
synthase (iNOS), and cyclooxygenase-2 (COX-2), whose 
sustained activation can contribute to inflammatory 
and oxidative tissue damage (Matin et al., 2024). These 
mechanisms provide a plausible link between the anti-
inflammatory activities of macroalgal bioactives and 
protection against oxidative stress in the male reproductive 
system, although direct evidence in goat reproductive cells 
remains limited.

Seaweed-derived bioactive compounds may suppress NF-
κB activity through mechanisms such as inhibition of NF-
κB nuclear translocation, prevention of IκB degradation, 
and interference with DNA binding. Talero et al. (2015) 
reviewed evidence that bioactive compounds derived 
from microalgae can inhibit cell proliferation and induce 
apoptosis through modulation of NF-κB and MAPK-
associated signaling in cancer models. It should be noted 
that (Matin et al., 2024; Talero et al., 2015) is derived 
primarily from non-reproductive cellular and cancer 
models rather than sperm or testicular tissue; therefore, 
their relevance to reproductive physiology remains 
inferential. In testicular tissue, excessive inflammatory 
signaling may potentially contribute to disruption of the 
blood–testis barrier, germ-cell apoptosis, and impaired 
somatic-cell function; however, these effects should not 
be directly attributed to macroalgal compounds without 
reproductive evidence. In goat spermatozoa, MAPK 
signaling has been directly implicated in oxidative-stress-
associated cellular damage. During liquid storage of goat 
sperm, ROS-activated MAPK signaling was associated 
with mitochondrial apoptotic pathways, including 
involvement of JNK, suggesting a link between oxidative 
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stress, MAPK activation, mitochondrial dysfunction, and 
sperm apoptosis (Liu et al., 2019). Moreover, transcriptomic 
studies in goat sperm have identified MAPK signaling 
among pathways associated with sperm motility and 
capacitation (Sahoo and Gupta, 2023). Thus, MAPK 
signaling should not be considered inherently detrimental, 
as appropriate MAPK activity contributes to physiological 
sperm functions, whereas dysregulated signaling under 
oxidative stress may contribute to sperm dysfunction. In 
goat spermatozoa, oxidative stress-associated activation 
of MAPK signaling has been linked with mitochondrial 
dysfunction and apoptotic processes, while MAPK-related 
signaling has also been implicated in molecular changes 
associated with sperm capacitation (Sahoo et al., 2023). 
However, no direct evidence currently demonstrates that 
macroalgae-derived compounds modulate or normalize 
MAPK signaling in goat sperm. Therefore, the possibility 
that macroalgal metabolites influence dysregulated MAPK 
signaling while maintaining physiological sperm signaling 
remains a proposed mechanism requiring experimental 
validation. The potential integration of anti-inflammatory 
signaling modulation with direct antioxidant activity may 
consequently provide complementary protection against 
oxidative damage in goat spermatozoa.

Optimization of mitochondrial function and sperm 
bioenergetics
Mitochondria are important sites of ATP production in 
spermatozoa, with oxidative phosphorylation contributing 
substantially to the energy required for sperm motility. 
In goat sperm, both glycolysis and mitochondrial 
respiration contribute to ATP production and sperm 
movement, highlighting the importance of maintaining 
mitochondrial energy metabolism (Setiawan et al., 
2024). The sperm midpiece contains a helically arranged 
mitochondrial sheath that supports energy production but 
may also represent a site vulnerable to oxidative damage. 
Mitochondrial dysfunction following cryopreservation has 
been associated with reduced mitochondrial membrane 
potential and ATP content, together with increased ROS 
production in goat spermatozoa. Thus, maintenance of 
mitochondrial integrity is important for preserving sperm 
motility and viability during cryostress. Fucoxanthin has 
been reported to induce UCP1 expression in white adipose 
tissue following dietary administration in mice (Maeda 
et al., 2005); however, whether UCP1 is functionally 
expressed in goat spermatozoa or whether fucoxanthin 
induces mitochondrial uncoupling in sperm remains 
unknown. Therefore, UCP1-mediated uncoupling should 
be regarded as a hypothetical mechanism rather than a 
demonstrated pathway in sperm. Indeed, experimental 
mitochondrial uncoupling with FCCP reduces ATP 
production and motility in dairy goat sperm, indicating 
that excessive dissipation of the mitochondrial proton 

gradient can impair sperm energy metabolism (Li et 
al., 2023). Fucoidan isolated from Hizikia fusiforme has 
demonstrated antioxidant activity in non-reproductive 
models, including increased total Nrf2, SOD-1 and CAT 
expression and reduced intracellular ROS in H₂O₂-treated 
Vero cells, together with reductions in ROS and lipid 
peroxidation in zebrafish (Wang et al., 2020). However, 
these findings cannot be interpreted as direct evidence of 
mitochondrial protection by fucoidan in goat sperm. These 
findings nevertheless provide mechanistic support for 
investigating whether macroalgal bioactives can preserve 
mitochondrial function and redox balance during goat 
sperm cryopreservation.

Evidence from in vivo studies in goats
In vivo investigations provide important translational 
validation of findings obtained from in vitro studies, 
which primarily provide mechanistic insights. In goat 
reproduction, antioxidant interventions have been 
investigated using different experimental approaches. 
For example, (Mokhtari et al., 2024) demonstrated 
that addition of 1 mM cysteamine to a semen freezing 
extender improved post-thaw sperm quality and fertility 
potential while reducing lipid peroxidation, reactive 
oxygen species, DNA fragmentation, and apoptotic-
like changes. However, this study involved direct 
supplementation of the semen cryopreservation medium 
rather than dietary administration, and cysteamine is not a 
macroalgae-derived compound. Thus, it provides evidence 
for the importance of antioxidant protection during 
semen cryopreservation but does not provide evidence 
for the effects of dietary macroalgae supplementation 
in vivo. In contrast, available in vivo studies involving 
macroalgae in goats have primarily examined nutritional, 
antioxidant, immune, or stress-related responses rather 
than reproductive outcomes.(Angulo et al., 2020) reported 
that Sargassum spp. supplementation at 2.5–5% improved 
antioxidant status and enhanced immune parameters 
in goat kids; however, reproductive endpoints were not 
evaluated. Similarly, (Casas-Valdez et al., 2006) evaluated 
Sargassum spp. as a feedstuff at 25% of the diet and found 
no significant differences in body weight, feed intake, or 
feed conversion, but antioxidant and reproductive effects 
were not assessed. (Kannan et al., 2007). Investigated 
Ascophyllum nodosum extract supplementation, providing 
approximately 2% of the diet, in goats subjected to 
simulated preslaughter stress. Although this study 
addressed the response to stress, semen quality, fertility, 
and reproductive biomarkers were not assessed. These 
findings indicate that, although seaweed-derived 
materials have been investigated in goats, the existing in 
vivo evidence has not directly established their effects on 
male reproductive function.
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Table 5: In vivo studies on antioxidant supplementation in goats and implications for macroalgae.
Authors and 
Year

Reported Effect Product Used Gap for Macroalgae

(Angulo et al., 
2020)

Improved antioxidant status and enhanced im-
mune parameters in goats

Sargassum spp supplementa-
tion at 2.5-5% in goat kids

No studies with macroalgae on 
goat fertility

(Casas-Valdez 
et al., 2006)

Sargassum supplementation was evaluated as a 
feedstuff; no significant differences in body weight, 
feed intake, or feed conversion were observed

Sargassum spp. at 25% of 
the diet

Nutritional study; antioxidant 
and reproductive effects were not 
evaluated 

(Kannan et 
al., 2007)

Seaweed extract supplementation was investigated 
in goats subjected to simulated preslaughter stress

Ascophyllum nodosum extract 
providing approximately 2% 
of the diet

Focus was stress response rather 
than reproductive function; 
semen, fertility and reproductive 
biomarkers were not assessed

Given the scarcity of direct macroalgae-goat reproductive evidence, the integrated redox model presented in Section 12 is proposed 
as a hypothesis-generating framework based on extrapolation across species, experimental systems, and compound classes, rather 
than as a model derived from demonstrated in vivo macroalgae-specific reproductive findings.

Consequently, direct in vivo evidence linking dietary 
macroalgae supplementation with goat reproductive 
outcomes remains limited. In particular, it remains unclear 
whether dietary macroalgae supplementation can improve 
semen quality, reproductive performance, oxidative-stress 
biomarkers, or embryo development in goats. The absence of 
studies specifically evaluating macroalgae supplementation 
in relation to goat fertility and reproductive biomarkers 
represents an important research gap. Table 5 summarizes 
the available in vivo evidence and highlights these gaps.

Macroalgae-derived extract in semen extender: 
Potential and limitations
Macroalgae-derived extracts and their bioactive 
components have attracted increasing interest as potential 
antioxidant additives for semen cryopreservation because 
of their ability to modulate oxidative stress. In a human 
semen study, supplementation with Sargassum extract was 
associated with reduced reactive oxygen species (ROS) 
and lipid peroxidation, together with improved post-thaw 
sperm characteristics (Sobhani et al., 2015). More recently, 
evidence from livestock semen has provided additional 
support for this potential. Sargassum ilicifolium extract 
incorporated into the freezing extender improved post-
thaw progressive motility, viability and plasma membrane 
integrity and was associated with reductions in ROS, lipid 
peroxidation and DNA fragmentation in cryopreserved 
Simmental bull semen (Damaris et al., 2025). These 
findings suggest that macroalgal extracts may provide 
antioxidant protection during sperm cryopreservation 
across different mammalian species. However, the available 
evidence remains limited, and the effects may depend 
on the macroalgal species, extraction method, bioactive 
composition and concentration used.

The potential application of macroalgal extracts should 
also be considered in relation to established antioxidant 
strategies used in semen extenders. Antioxidant enzymes 
such as catalase (CAT) and glutathione peroxidase (GPx) 

have been investigated for their ability to reduce oxidative 
damage during sperm cryopreservation (Bodu et al., 2025). 
However, direct comparative studies between macroalgal 
extracts and enzymatic antioxidants remain insufficient to 
determine whether macroalgal antioxidants are equivalent 
or superior to these established approaches. Furthermore, 
the effectiveness of macroalgal extracts may be influenced 
by their interaction with the semen-extender matrix and by 
the concentration at which individual bioactive compounds 
exert antioxidant versus potentially pro-oxidant effects. 
Thus, although macroalgae-derived extracts represent a 
promising biologically derived antioxidant strategy, their 
efficacy, optimal concentration, extender compatibility, and 
reproductive safety require further validation, particularly 
in goat semen cryopreservation.

In goats, the effectiveness of antioxidant and cryoprotectant 
supplementation during semen cryopreservation can 
vary according to breed, extender composition, and 
the antioxidant compound used. Longobardi et al. 
(2020) demonstrated breed-related responses to crocin 
supplementation in cryopreserved goat semen from 
five breeds, with crocin reducing intracellular ROS and 
improving sperm motility in most breeds, although the 
magnitude of response differed among breeds. These 
findings demonstrate that antioxidant supplementation 
can modify cryostress responses in goat sperm and that 
the magnitude of protection may vary among breeds 
(Longobardi et al., 2020). Similarly, (Singh et al., 2025) 
reported that supplementation with vitamin E, IGF-1 or 
crocin influenced post-thaw sperm quality, antioxidant 
enzyme activity, lipid peroxidation, and fertility-related 
gene expression in cryopreserved goat semen (Singh et 
al., 2025). Suwor et al. (2025) further demonstrated that 
cryoprotectant composition can influence post-thaw 
sperm quality and biomolecular characteristics, including 
DNA methylation, in Boer goat semen. Together, these 
findings indicate that antioxidant efficacy during goat 
semen cryopreservation is influenced by the interaction 
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between the bioactive compound, extender composition, 
and biological characteristics of the sperm source. However, 
these studies evaluated plant-derived antioxidants or 
conventional cryoprotectant formulations rather than 
macroalgae-derived compounds. Therefore, whether 
macroalgal extracts exhibit breed- or extender-dependent 
effects in goat semen remains to be established.

Although macroalgae-derived extracts have shown 
promising antioxidant and cryoprotective activity in 
cryopreserved sperm models, several limitations constrain 
their current application. Their effectiveness is likely 
to be concentration-dependent, and inappropriate 
concentrations may adversely affect sperm function. 
For example, Sargassum ilicifolium extract incorporated 
into the freezing extender improved several post-
thaw quality parameters and reduced oxidative-stress-
associated markers in Simmental bull semen, with the 
most favorable overall responses reported at 500–1000 
ppm (Damaris et al., 2025). Similarly, (Sobhani et al., 
2015) provide controlled but non-goat evidence for the 
potential cryoprotective effects of macroalgal extracts. In 
this randomized controlled in-vitro study, semen samples 
from 11 healthy men were divided within each donor 
into a cryopreservation control and groups supplemented 
with 250 or 500 μg/mL ethanol extract of Sargassum, 
with the extract treatments showing reduced ROS levels 
and improved post-thaw total and progressive sperm 
motility. Although these findings support the potential 
of Sargassum extract to attenuate oxidative damage 
during sperm cryopreservation, the study was conducted 
exclusively in human sperm and therefore provides 
only indirect translational evidence for goat semen 
cryopreservation; its findings should not be interpreted 
as evidence of efficacy in goats. In addition, variation in 
macroalgal species, harvesting conditions, processing, 
and extraction procedures can alter the composition 
and concentration of bioactive compounds, creating 
challenges for reproducibility and standardization. The 
compatibility of macroalgal extracts with individual 
extender components, including glycerol and egg-yolk- 
or milk-based constituents, also requires systematic 
evaluation because interactions within the extender 
matrix may influence antioxidant activity and sperm 
responses. Furthermore, much of the available evidence 
focuses on post-thaw sperm quality parameters, whereas 
direct evidence linking macroalgal supplementation with 
fertilization, conception, pregnancy, or offspring outcomes 
remains limited. Therefore, controlled studies are needed 
to establish optimal concentrations, characterize extract 
composition, determine extender compatibility, evaluate 
molecular mechanisms, and assess whether improvements 
in post-thaw sperm quality translate into enhanced 
reproductive performance.

Future research directions
Macroalgae and their therapeutic use in reducing the 
damage caused by oxidative stress in the cryopreservation 
of goat semen are a promising but understudied area 
of research. Rather than representing a limitation, the 
scarcity of in vivo goat studies underscores the strategic 
importance of mechanistic synthesis to guide hypothesis-
driven experimentation. In order to achieve full commercial 
and clinical utilization of these marine-derived bioactives, 
there are several key research areas that need systematic 
research and development.

Macroalgae extract preparation standardization
Standardization of macroalgal extraction procedures 
is essential for obtaining reproducible extracts with 
consistent chemical composition and bioactivity. Variations 
in extraction conditions can substantially influence 
extraction yield, the composition of recovered bioactive 
compounds, and consequently the biological activity of the 
resulting extracts. Therefore, systematic optimization and 
standardization of extraction procedures are important for 
improving reproducibility and facilitating the development 
of macroalgae-derived products.

Emerging extraction technologies such as ultrasound-
assisted extraction (UAE) and microwave-assisted 
extraction (MAE) offer potential advantages over 
conventional extraction approaches by improving mass 
transfer and extraction efficiency for selected bioactive 
compounds. Their performance, however, depends 
strongly on the target compounds and processing 
conditions, including temperature, extraction time, 
solvent composition, solvent-to-solid ratio, and applied 
ultrasound or microwave energy (Hamamouche et al., 
2024; Quitério et al., 2022). In Kappaphycus alvarezii, for 
example, ultrasonication pretreatment combined with 
solvent extraction produced a higher extraction yield 
and greater antioxidant and anti-inflammatory activity 
than the corresponding Bligh–Dyer-based approach 
( James et al., 2025). Nevertheless, extraction parameters 
must be carefully optimized to maximize recovery of 
desired bioactives while minimizing thermal, oxidative, or 
chemical degradation.

Macroalgae possess a complex, polysaccharide-rich 
matrix that can hinder the extraction, separation, and 
characterization of phenolic compounds, particularly 
phlorotannins. Cell-wall polysaccharides, gelling 
components, and interactions between phlorotannins and 
proteins can interfere with the recovery and characterization 
of these compounds (Santos et al., 2019). Advanced 
approaches, including supercritical fluid extraction 
(SFE), may provide advantages in selectivity and reduced 
solvent use, but their effectiveness remains dependent 
on careful optimization of parameters such as pressure, 
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temperature, solvent characteristics, and extraction time 
(Quitério et al., 2022). In addition to extraction-related 
variability, the chemical composition of macroalgae can 
vary according to species, geographic origin, season, 
environmental conditions, and harvesting practices. Such 
natural variability can contribute to inconsistencies in the 
concentration and composition of bioactive compounds. 
Consequently, standardized cultivation or harvesting 
practices, controlled processing, chemical fingerprinting, 
and appropriate quality-control measures are important 
for achieving reproducible macroalgal preparations. 
Biotechnological approaches, including controlled 
cultivation and, where appropriate, synthetic biology or 
controlled biosynthesis, may provide additional strategies 
for improving the consistency and scalability of selected 
high-value metabolites (Cherigo et al., 2015; Fernández 
et al., 2024).

The bioactive profile of macroalgal extracts is strongly 
influenced by solvent selection because solvent polarity 
affects the recovery of different classes of compounds. 
(Moreira et al., 2022) demonstrated that aqueous extraction 
of Ascophyllum nodosum polyphenols produced extracts with 
measurable antioxidant activity, with extraction conditions 
influencing both polyphenol recovery and antioxidant 
capacity. Hydroethanolic systems can also facilitate the 
recovery of diverse polar and moderately polar bioactive 
constituents, although the optimal solvent composition 
depends on the target compounds and macroalgal species. 
In addition to extract-specific characteristics such as 
organoleptic properties and solubility, standardized 
quality-control parameters, including moisture and ash 
content, microbial and contaminant levels, and chemical 
markers of key bioactive constituents, should be considered 
to ensure extract quality, stability, and reproducibility. 
Further research should focus on developing standardized 
extraction procedures that balance extraction efficiency 
with sustainability, cost, reproducibility, and scalability. 
Ultrasound-assisted extraction combined with solvent 
extraction may represent a promising approach because 
ultrasonication can enhance mass transfer and improve 
recovery of selected macroalgal constituents. However, 
evidence from Kappaphycus alvarezii cannot be directly 
extrapolated to phlorotannin-rich brown macroalgae or 
reproductive applications. Therefore, the suitability of 
UAE + SE for producing standardized phlorotannin-
enriched extracts for semen-extender applications requires 
direct experimental validation.

Comparison with other natural antioxidants
The relative efficacy of macroalgae-derived antioxidants 
in comparison with established natural and synthetic 
antioxidants warrants systematic investigation to place 
these marine bioactives within the broader antioxidant 
context. Certain macroalgae have demonstrated antioxidant 

activities comparable to those of established antioxidant 
standards. For example, Gracilaria domingensis exhibited 
its highest antioxidant capacity in the hexane extract 
based on FRAP, metal-chelating and lipid-peroxidation-
inhibition assays. In addition, a fraction containing the 
mycosporine-like amino acids (MAAs) porphyra-334 
and shinorine showed Folin–Ciocalteu responses 
comparable to those of BHT and Trolox (Torres et al., 
2022). Similarly, an ethyl-acetate extract of Eucheuma sp. 
exhibited DPPH radical-scavenging activity with an IC50 
of 27.96 µg/mL and contained measurable phenolic and 
triterpenoid constituents (Arsianti, 2023). Comparative 
evaluation of several macroalgal species also showed 
relatively high antioxidant activity in the red macroalgae 
Hydropuntia cornea and Porphyra umbilicalis, whereas the 
green macroalga Ulva rotundata showed lower activity 
under the tested conditions (Álvarez-Gomez et al., 2016). 
These findings suggest that antioxidant capacity varies 
substantially among macroalgal species and extraction 
conditions and should not be generalized solely according 
to algal colour group.

The combined presence of multiple bioactive constituents 
in macroalgal extracts may contribute to their overall 
antioxidant activity and could partly explain differences 
in activity compared with isolated compounds (Álvarez-
Gomez et al., 2016). Specifically, comparative studies could 
evaluate standardized extracts of Gracilaria domingensis and 
Eucheuma sp. alongside established antioxidant standards 
such as BHT, Trolox, and vitamin E using concentration-
response approaches across DPPH, ABTS, and ORAC 
assays. These chemical assays could be complemented 
by functional endpoints in goat spermatozoa, including 
post-thaw viability and motility following controlled 
cryopreservation, to distinguish chemical antioxidant 
capacity from biological protective efficacy.

To facilitate the translational application of macroalgae-
derived antioxidants, further investigation of their 
bioavailability, stability, toxicity, and chemical consistency 
is also required. Such comparative studies could provide 
an evidence-based framework for identifying antioxidant 
systems with the greatest potential for incorporation into 
semen cryopreservation protocols.

Incorporation into commercial semen extenders
Translation of macroalgae-derived antioxidants into 
practical semen-extender formulations represents an 
important step toward their application in reproductive 
biotechnology. Evidence from other algal sources provides 
preliminary support for the feasibility of incorporating 
algal-derived bioactives into semen-extender systems. For 
example, Spirulina platensis is a cyanobacterium rather 
than a macroalga and has a bioactive profile distinct from 
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that of red macroalgae; nevertheless, its use illustrates 
the potential feasibility of algal extract supplementation 
in semen extenders. Spirulina platensis extract at an 
optimized concentration of 10 µg/mL improved post-thaw 
sperm motility and reduced acrosomal damage and lipid 
peroxidation in buffalo bull spermatozoa (Badr et al., 2021). 
This finding supports the feasibility of algal antioxidant 
supplementation during sperm cryopreservation, although 
the effects of macroalgal extracts must be established 
independently in species- and extract-specific studies.

Several antioxidant compounds from algal and non-
algal sources have also demonstrated protective effects on 
sperm quality during storage or cryopreservation. Natural 
astaxanthin has been reported to improve sperm antioxidant 
capacity and quality through mechanisms involving 
oxidative-stress regulation and Nrf2/MAPK-associated 
signaling, whereas C-phycocyanin has demonstrated 
protective effects on sperm motility and viability during 
storage (Rahim et al., 2024; Sohail et al., 2024). In addition, 
gallic acid and carnosic acid improved specific quality 
parameters of frozen-thawed ram spermatozoa, with gallic 
acid increasing post-thaw sperm motility and carnosic acid 
improving mitochondrial function and, at an appropriate 
concentration, plasma membrane and acrosomal integrity 
(Gungor et al., 2019).

However, these compounds differ substantially in their 
biological sources, and astaxanthin and C-phycocyanin 
are primarily associated with microalgae or cyanobacteria, 
while carnosic acid is predominantly associated with 
terrestrial plants. Therefore, these studies should be 
regarded as supporting evidence for antioxidant-based 
sperm cryoprotection rather than direct evidence for 
macroalgal extracts. Furthermore, the protective effects 
of individual compounds should not be interpreted as 
evidence of synergistic interactions within macroalgal 
extracts unless such interactions are experimentally 
demonstrated.

Future research should prioritize dose-response 
optimization to identify species- and extract-specific 
concentrations that maximize cryoprotective effects while 
minimizing potential cytotoxicity. Standardized protocols 
are also required for incorporating red macroalgal extracts 
into existing semen-extender formulations, including 
evaluation of their compatibility with conventional 
cryoprotectants, buffering systems, osmolarity, pH, and 
other extender components. Functional validation should 
include post-thaw sperm motility, viability, plasma-
membrane and acrosomal integrity, mitochondrial 
function, and oxidative-stress biomarkers. Importantly, 
the stability and chemical consistency of the extract 
during extender preparation and cryopreservation should 

also be assessed. Subsequent validation across different 
livestock species, breeds, semen-storage conditions, and 
cryopreservation protocols will be necessary to establish 
reproducibility, scalability, and commercial feasibility.

Pathway-exploration molecular and omics-based 
studies
Although omics studies have primarily examined 
macroalgal responses to environmental stress, they provide 
valuable insights into stress-responsive genes, metabolic 
pathways, and bioactive-compound biosynthesis. In 
the red macroalga Neoporphyra haitanensis, integrated 
transcriptomic and metabolomic analyses showed that 
recovery from UV-B stress involved activation of glycolysis 
and the tricarboxylic acid (TCA) cycle, accompanied by 
changes in related genes and metabolites and increased 
ATP accumulation (Wang et al., 2024).

Genomic measurements can offer a basic understanding 
of the genetic foundations of the stress resistance 
mechanism in macroalgae, showing the presence of genes 
related to photosynthetic efficiency, energy metabolism, 
and oxidative stress reactions (Wang et al., 2024). These 
genetic underpinnings are essential in the discovery of 
the optimum production of certain bioactive compounds 
that cause antioxidant activity. However, these findings 
do not establish a direct relationship between macroalgal 
stress responses and antioxidant protection in mammalian 
sperm.

Metabolomics can complement transcriptomics by 
identifying metabolites whose abundance changes under 
environmental stress, while proteomics can determine 
whether transcript-level changes are reflected at the 
protein level. Integrating transcriptomic, metabolomic, 
and proteomic data could therefore help identify candidate 
biosynthetic pathways and biomarkers associated with 
macroalgal antioxidant capacity.

A particularly relevant research direction is to determine 
whether stress conditions that alter macroalgal gene 
expression and metabolite profiles also enhance the 
antioxidant activity of extracts from the corresponding 
biomass when tested in goat sperm cryopreservation. 
Comparative multi-omics across red macroalgal species, 
combined with chemical profiling and functional sperm 
assays, could help link specific bioactive constituents 
with protective outcomes. Systems-biology approaches 
may further assist in predicting compound–pathway 
interactions and identifying candidate combinations for 
optimized semen-extender formulations. Thus, integrating 
macroalgal multi-omics with chemical and sperm-
level validation could move research beyond descriptive 
antioxidant screening toward mechanism-informed 
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biomarker discovery and formulation development.

Integrated redox model of macroalgae action 
in spermatogenesis and cryopreservation
Based on the evidence synthesized in this review, an 
integrated redox model is proposed in which macroalgae-
derived bioactives may enhance antioxidant protection 
during spermatogenesis and semen cryopreservation 
(Figure 3). In vivo, dietary supplementation may enhance 
antioxidant defenses through redox-sensitive pathways 
such as Nrf2/ARE, supporting SOD, CAT, and GPx 
activity, mitochondrial function, and protection against 
oxidative damage. However, direct evidence for Nrf2/
ARE-mediated effects of macroalgae in goat reproductive 
tissues remains limited.

During cryopreservation, macroalgal bioactives may 
mitigate ROS generation, lipid peroxidation, and 
cell damage through direct radical scavenging, metal 
chelation, and potentially redox-signaling modulation. 
Thus, dietary and extender supplementation may provide 
complementary antioxidant protection and improve sperm 
resilience to cryostress. This model is not the only possible 
mechanism. Protection may also arise primarily from 
the direct antioxidant and metal-chelating activities of 
phlorotannins, carotenoids, and sulfated polysaccharides, 
without requiring Nrf2/ARE activation. Current evidence, 
largely derived from non-reproductive models, cannot 
establish the relative contribution of these mechanisms; 
both may contribute to the effects of macroalgal bioactives.

Proposed research hypotheses
Based on the integrated redox framework proposed in 
this review, the following hypotheses are proposed to 
guide future research on macroalgae application in goat 
reproduction:
•	 Dietary supplementation: Goat bucks receiving a 

standardized macroalgae extract will exhibit enhanced 
antioxidant defenses, reflected by increased Nrf2-target 
gene expression (e.g., HO-1, NQO1) and SOD, CAT, 
and GPx activity, together with reduced sperm DNA 
fragmentation and improved morphology compared 
with controls. 

•	 Cryoprotective effects: Incorporation of standardized 
macroalgae extract into goat semen extenders will 
improve post-thaw progressive motility, membrane 
and acrosome integrity, and mitochondrial function 
while reducing oxidative stress and apoptotic markers 
compared with unsupplemented extenders. 

•	 Comparative antioxidant efficacy: Macroalgae extracts 
will provide cryoprotective effects comparable to or 
greater than established antioxidant treatments when 
evaluated at appropriately standardized concentrations 
and antioxidant-equivalent doses. 

•	 Combined dietary and extender supplementation: 
Concurrent dietary and extender supplementation 
will produce greater improvements in post-thaw 
sperm quality than either approach alone, indicating 
potential additive or synergistic effects. 

•	 Omics-based biomarkers: Integrated seminal-plasma 
metabolomic and sperm transcriptomic profiling will 
identify reproducible molecular signatures associated 
with macroalgae supplementation and post-thaw 
sperm freezability, providing candidate biomarkers of 
treatment responsiveness.

CONCLUSION

Oxidative stress negatively affects livestock fertility and 
its outcomes. It impairs male reproductive parameters 
such as sperm motility, viability, and DNA, and also 
causes apoptosis of sperm cells. Oxidative stress reduces 
the expression of genes related to antioxidants, lipid 
peroxidation, stress transcription factors, stress proteins 
(HSP), mitochondria, DNA, apoptosis, motility, and 
the structure of sperm cells. Macroalgae may neutralize 
or scavenge excessive ROS in sperm cells before and 
after cryopreservation. Seaweeds, through the actions of 
bioactive compounds, activate key molecular axes such 
as the Nrf2 antioxidant defense, apoptosis regulation, 
ferroptosis suppression, and improve expression of related 
genes to modulate sperm cell redox balance. Hence, 
seaweeds can counteract the effects of excessive reactive 
oxygen species from various stressors, thereby protecting 
the sperm membrane from lipid peroxidation and protein 
oxidation. Brown and red macroalgae extracts have shown 
promise for semen cryopreservation due to phlorotannins, 
fucoidans, and polysaccharides. These reviews also position 
macroalgae not only as alternative antioxidant sources 
but as a functional regulator of cryobiology with broad 
implications for sustainable reproductive management in 
small ruminants. This finding establishes a foundation for 
precision nutrition, next-generation semen extenders, and 
sustainable reproductive management in small ruminants. 
Hence, we propose a redox cryobiological framework in 
which macroalgae-derived compounds can modulate 
pathways involved in sperm resilience rather than 
nonspecific antioxidant agents.
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