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Environmental influences on seminal plasma: Molecular and functional
insights
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Abstract. Seminal plasma is a pivotal regulator of reproductive success that contributes to fertility and fecundity
beyond its traditionally recognized function as a vehicle for spermatozoa. Rich in soluble and extracellular vesicle-
encased signaling molecules, seminal plasma influences sperm integrity and function, whilst simultaneously driving
profound physiological changes in the female reproductive tract. These functions are broadly conserved across
vertebrate and invertebrate species and help to optimize fertilization and create an immunological environment that
supports implantation and fetal development. Perturbation of seminal plasma composition or ablation of its effects
can affect fertility, the progression of pregnancy and even the long-term health of offspring. Given these far-reaching
effects, the responsiveness of seminal plasma composition to environmental exposures and influences has become
an important focus of research. Studies across species using a variety of different physiological perturbations or
environmental exposures have shown modification to the abundance and activities of soluble and extracellular
vesicle-derived seminal plasma signaling molecules. Exposures to toxins, nutritional deficiency, metabolic
disturbance, and infection-associated inflammation have each been shown to affect seminal plasma components
with consequences for sperm function, female reproductive tract responses, embryo development, and offspring
health. Collectively, these findings position seminal plasma, in addition to spermatozoa, as an important mediator
of paternal environmental influences, offering a biological means through which males convey information on their
physiological state to their mates and influence reproductive success across generations.
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Introduction

Seminal plasma is now recognized as a key regulator of reproductive
success, through biological effects extending beyond its role as a carrier
for spermatozoa. This complex mixture delivers not only gametes, but
a diverse array of bioactive agents that interact with sperm cells and
the female reproductive tract after intromission to induce molecular
and cellular changes that influence the likelihood of conception and
pregnancy, and have developmental programming effects on offspring
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[1, 2]. In the female, seminal plasma acts to promote reproductive
success through complex interactions with the reproductive and
immune systems [1]. Broadly speaking, the functions of seminal
plasma are conserved across species, with comparable biological
effects identified across invertebrate and vertebrate species; despite
significant differences in reproductive strategies and reproductive
tissue anatomy [1, 3, 4]. This evolutionarily conserved function
raises an important question as to whether information conveyed
in seminal plasma could transmit effects of paternal physiological
state or environmental exposures to the female reproductive tract,
and ultimately, affect the phenotype of the next generation. In this
review, we summarize current understanding of how the paternal
environment influences seminal plasma composition and the potential
consequences of these changes for pregnancy and offspring across
species.
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Fig. 1. Seminal plasma’s role in reproduction: from ejaculation to offspring outcomes. Across species, there is compelling evidence that seminal plasma
plays important functional roles at conception to support reproductive success. Following ejaculation, in humans the coagulation of seminal plasma
limits sperm loss [8], while the presence of a copulatory plug in the mouse restricts sequential matings [2]. In the female reproductive tract, the
seminal plasma of humans, cattle, dogs, and horses has been shown to support sperm survival through reducing the acidity of the microenvironment
[1, 2, 7] and affording protection against oxidative stress [5, 9—11]. The seminal plasma of cattle, pigs, and humans has also been implicated in
regulating functional changes in sperm motility, capacitation, and the acrosome reaction following semen deposition into the female reproductive
tract [2, 5, 6, 12, 13]. Beyond actions on spermatozoa, seminal plasma exerts significant impact on female reproductive tract cells, driving
inflammatory changes resulting in the recruitment of leukocytes, which are thought to aid in the clearance of microorganisms and superfluous sperm
across multiple species [1, 3, 14, 36, 37]. Seminal plasma also influences ovarian function, promoting ovulation and development of the corpus
luteum in alpacas, camel, horse, llamas, mouse, pig, and rabbit [2, 7, 31-34, 85]. Together, these changes aid in establishing a receptive uterine
environment to support optimal embryo implantation and fetal development during pregnancy [1, 14, 36, 37], and even beyond, with documented
impacts on offspring health. These include effects on offspring phenotype on flies [39] and improved swimming performance in fish [38], and
regulation of offspring growth trajectory and metabolic function in mice [36].

Physiological roles of seminal plasma in
reproduction

When seminal fluid intromission at mating occurs, seminal
plasma not only interacts with sperm cells to support their transit
through the female reproductive tract to the site of fertilization,
but also acts to shape the post-copulatory environment to promote
reproductive success and maximize progeny fitness at an individual
and population level [1]. These effects have important consequences
and are especially pivotal in mating events that result in conception.
The best characterized, and most conserved functions of seminal
plasma concern its established role in modulating sperm viability
and function during transit of spermatozoa to the site of fertilization
[5]. In addition, signaling mediators within seminal plasma establish
a post-copulatory immunological environment that, under usual
circumstances, facilitates optimal embryonic and fetal development
(Fig. 1) [1]. These responses are driven by soluble and extracellular
vesicle-encased proteins, lipids, carbohydrates, and microRNAs that
modulate sperm cell biology and provoke transcriptional responses
and other physiological changes in female reproductive tract cells
and tissues (Table 1) [5, 6].

One of the best characterized functions of seminal plasma is to
promote the survival and function of spermatozoa as they navigate to
the site of fertilization (Fig. 1) [5]. In insects, primates and rodents,
these roles are initially supported by seminal plasma molecules that
drive coagulation of the fluid at ejaculation (Table 1) [1, 2, 7]. In

humans, the coagulum plays a dual role, firstly preventing sperm
loss from the female reproductive tract and secondly, preventing
premature acquisition of motility, capacitation and acrosome reaction
in spermatozoa [8]. In mice, the coagulum is also thought to restrict
sequential matings to increase the likelihood of siring offspring [2].
Beyond the coagulum, seminal plasma molecules support sperm
survival, initially in humans through reducing the acidity of the
female reproductive tract, but also in cattle, dog, horse, and human
through delivering a rich array of antioxidants that protect spermatozoa
against oxidative stress (Fig. 1) [5, 9-11].

In addition to these functions, seminal plasma from all studied
mammalian species provides spermatozoa with signaling molecules
that allow them to reach the oocyte and undergo fertilization. The
molecules that contribute have varied actions, with some constrain-
ing motility, capacitation and the acrosome reaction, whilst others
promote these functional changes (Fig. 1, Table 1) [2, 5, 6, 12, 13].
These findings highlight the complexity of spermatozoa and seminal
plasma communication where seminal plasma is required to exert
tight control over the activation of functional changes to spermatozoa
to increase the likelihood of fertilization.

The second key conserved function of seminal plasma is to prepare
the female reproductive tract for pregnancy (Fig. 1) [1, 3, 14]. This
has primarily been characterized in mice, wherein seminal plasma
drives inflammation in epithelial cells at the site of semen deposi-
tion and the recruitment of leukocytes including neutrophils [15,
16], which assist in clearing the uterine cavity of microorganisms
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Table 1. The functional roles of major seminal plasma signaling factors in the reproductive physiology of representative species

Seminal plasma influence on sperm function

Biological functions Signaling factors Species
Promotion of sperm capacitation * CD38 Human [83, 84]
* BSPs Alpaca, cattle, goat, horse, pig and sheep [64-66]
* SEVs Human, cattle, dog and horse [84, 93, 105-107]
Inhibition of sperm capacitation *« SEMG1/SVS2 Human, mouse [53-56]
* SERPINE2 Mouse [58]

» SPINK family members

Mouse [59, 60]

Sperm motility « CD38 Human [83, 84]
* PGE Human [74]
* BSPs Alpaca, cattle, goat, horse, pig and sheep [64—66]
*SEVs Human, cattle, dog and horse [84, 93, 105-107]
Coagulation *«SVS2 Mouse [54, 55]
*« SEMG2 Human [53, 56]
Seminal plasma influence on the female reproductive tract
Biological functions Signaling factors Species
Ovulation * BNGF Camel, llama and rabbit [34, 85, 86]
Post-mating immune alterations * TGFB Human, mouse, cattle and pig [67-70]
* PGE Human [72, 73]

* Unidentified TLR ligands

Mouse and cattle [15, 16, 76]

* SEVs Human and cattle [6, 103, 104]
Maternal-fetal immune tolerance * TGFB Mouse [1, 71]
+ CD38 Mouse [83, 84]

* Unidentified TLR ligands

Mouse [77]

and superfluous sperm cells introduced at mating. Similar female
reproductive tract inflammatory responses to seminal plasma have
been observed in cattle, dog, horse, human, pig, and rabbit [17-23].
In addition to neutrophils, recruitment of macrophages and dendritic
cells into the mucosal surface of the cervix and uterus occurs, and
these cells ultimately drive the expansion of the uterine population
of tolerogenic regulatory T (Treg) cells [1, 3]. Gamma/delta™ T
cell recruitment into the uterus is another major element of the
female immune response to seminal plasma in mice, although its
significance in reproductive success remains to be fully investigated
[24]. Notably, seminal plasma may interact directly with immune
cells in the female reproductive tract to promote tolerance, with in
vitro studies in humans showing effects of components of seminal
plasma on the differentiation of tolerogenic dendritic cells, natural
killer cells, and T cells (Fig. 1) [25-29]. Together, these immune
mechanisms condition the female reproductive tract to support
embryo implantation and fetal development [1, 14, 30]. Beyond these
functions, it is of interest that in camel, cattle, horse, mouse, pig,
and rabbit, seminal plasma compounds access the ovary to promote
ovulation and/or corpus luteum development (Fig. 1) [2, 7, 31-35].

The beneficial effects of seminal plasma exposure extend beyond
embryo implantation, with studies in model species demonstrating
that seminal plasma contributes to shaping offspring health (Fig.
1). In rodent models, pregnancies sired in the absence of seminal
plasma demonstrate that this fluid not only influences fertility, but
offspring exhibit altered growth trajectories, disturbed metabolic
function and altered behavior (Fig. 1) [36, 37]. Similarly, in European
whitefish, neriid flies and Drosophila, seminal plasma appears to have
consequences for offspring phenotype (Fig. 1) [38—40]. In humans,
seminal plasma exposure around the time of embryo transfer improves
clinical pregnancy rates in assisted reproductive technologies [41,
42]. Comparable benefits are also observed in livestock species,

where seminal plasma exposure is associated with increased litter
size in pigs [18, 43] and larger calf size in cattle [44].

Bioactive factors in seminal plasma

In most mammals the primary source of seminal plasma is the
seminal vesicles — poorly understood, androgen-dependent, male
accessory glands [45] that provide critical signaling agents for
fertility and fecundity [36, 46-51]. However, seminal vesicles are
rudimentary or absent in canine and feline species [4], whilst in
pigs, the bulbourethral glands are the most prominent accessory sex
gland [4]. Due to this variation, the composition of seminal plasma
substantially differs across species, reflecting unique reproductive
physiology from one species to another [3]. The bioactive agents that
bind to and exert influence on spermatozoa and female reproductive
tract cells are present as soluble factors in seminal plasma as well
as extracellular vesicle-encased bioactive molecules [5, 6]. Several
of these signaling mediators are evolutionarily conserved, while
others are unique to certain species.

Soluble seminal plasma signaling molecules

In this section, we focus on the best-characterized seminal plasma
signaling mediators that are relatively well conserved across spe-
cies (Table 1). However, we acknowledge that there are additional
mediators that influence both spermatozoa and female reproductive
tract signaling and draw the reader’s attention to extensive reviews
of seminal plasma signaling mediators [1-3, 5, 52].

Focusing initially on the seminal plasma signaling mediators that
influence the function of spermatozoa, components of the semen
coagulum in humans and mice have been shown to regulate sperm
motility and ensure the precise timing of capacitation and the acrosome
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reaction (Table 1) [2, 5]. These include semenogelin 1 (or seminal
vesicle secretory protein 2 in mouse) which is required to control
sperm capacitation and protect spermatozoa from damage caused by
uterine-derived cytotoxic factors [53—56]. Additional decapacitation
factors include serine protease inhibitor 2 (SERPINE2), which is
detected in donkey, horse, and mouse seminal plasma [57, 58], and
members of the serine protease inhibitor kazal (SPINK) protein
family in the mouse [59, 60]. In mice, SERPINE2 blocks protein
tyrosine phosphorylation and inhibits sperm capacitation and while
it is present on the surface of oviductal sperm cells, is lost prior to
the onset of capacitation [58], while SPINK proteins that are bound
to sperm cells in the uterus, but no longer present in oviductal sperm
cells, prevent premature capacitation and the acrosome reaction
through attenuation of SRC tyrosine kinase activity [59, 60]. In
addition, seminal plasma motility inhibitor present in seminal plasma
of cattle and human has been shown to transiently restrict sperm
motility [61, 62], while an equivalent role in the mouse is undertaken
by seminal vesicle autoantigen [63]. Among livestock species the
best characterized seminal plasma sperm modulators are the binder
of sperm (BSP) proteins. These are present in the seminal plasma of
alpaca, cattle, goat, horse, pig, and sheep [64, 65] and bind to sperm
cells, support sperm motility and viability, assist in forming sperm
storage reservoirs and facilitate sperm capacitation [66].

In addition to seminal plasma molecules that influence sperm
function, studies have also identified signaling mediators that influ-
ence the female reproductive tract response to mating (Table 1). A
principal immune signaling mediator in seminal plasma is identified
as transforming growth factor beta (TGF[), which is detected across
cattle, human, mouse, pig, and sheep [3]. In comprehensive studies
in cattle, human, mice and pigs, TGFp is activated from the latent
form after intromission and binds to receptors on uterine and cervical
epithelial cells to drive pro-inflammatory cytokine synthesis and
secretion [67—70]. TGFP has profound effects on immune cells, most
notably promoting the development of tolerogenic dendritic cells
and Treg cells [1], such that vaginal administration of TGF at the
time of mating to abortion-prone mice increases Treg cell numbers
and reduces spontaneous fetal loss [71]. Another highly conserved
family of seminal plasma signaling agents are E-series prostaglandins,
which are present in the seminal plasma of cattle, horse, human, and
rhesus monkey, as well as fish, birds and invertebrates [1]. In humans,
E-series prostaglandins have been shown to activate inflammatory
cytokine and angiogenesis associated pathways in female reproductive
tract cells [72, 73] and also have a dual role in regulating sperm
motility (Table 1) [74]. Interestingly, in invertebrates prostaglandins
simulate mating induced egg release [75]. Finally, there is extensive
evidence that unidentified toll-like receptor (TLR) ligands are present
in the seminal plasma of species and are key mediators of the female
reproductive tract inflammatory response to seminal fluid. This is
best characterized in cattle and mice, where sperm and seminal
plasma TLR ligands increase inflammatory cytokine production by
binding TLR2 and TLR4 respectively [15, 16, 76]. Studies using
TLR4-deficient mice demonstrate the importance of these signals,
showing that in their absence there is reduced induction of cytokines
and expansion of regulatory T cells, with increased fetal loss and
fetal growth restriction (Table 1) [77].

Beyond these well-characterized signaling molecules, numerous
studies identify other potential seminal plasma signaling molecules
in a variety of species. A range of cytokines have been documented
in cattle, human, pig and rodent seminal plasma [78—81]. These
are presumed to exert effects on the female immune environment
[1] and may also directly influence sperm function - for example,

cattle interleukin (IL)-10 and human ILS8 levels in seminal plasma
correlate with sperm motility [78, 82]. Similarly, ADP-ribosyl cyclase
1 (CD38) is present in both human and mouse seminal plasma where
they have dual roles influencing both sperm function and the female
immune response. CD38, for example, influences sperm capacitation
and motility and drives the expansion of Treg cells (Table 1) [83,
84]. Interestingly, in induced ovulator species such as camel, llama
and rabbit, seminal plasma nerve growth factor beta subunit (BNGF)
induces ovulation following mating (Table 1) [34, 85, 86]. In cattle,
which are spontaneous ovulators, seminal plasma BNGF influences
corpus luteum size and progesterone release and may also play a
role in conceptus development and reduce early pregnancy loss [87].
Strikingly, the effects of BNGF extend beyond this, with studies
demonstrating that human and cattle BNGF affects semen quality
following cryopreservation [88, 89].

Seminal extracellular vesicle derived signaling
molecules

An emerging mechanism by which seminal plasma delivers
bioactive factors to the female reproductive tract and spermatozoa
is via seminal extracellular vesicles (SEVs) (Table 1). SEVs are
highly heterogeneous, nanosized, membrane-bound particles released
by tissues across the male reproductive tract [6] in a variety of
mammalian species including buffalo [90], cat [91], cattle [92], dog
[93], donkey [94], horse [95], human [96], mice [97], pig [98], and
sheep [99]. SEVs have also been detected in the seminal plasma of
chickens [100], Drosophila [101], and fish [102], demonstrating the
evolutionary conservation of these EVs and their potential importance
in influencing conception. Specific functions attributed to SEVs
include supporting spermatozoa as they transit through the female
reproductive tract, and modulating the immune environment within
the female reproductive tract through effects on cytokine secretion
and immune cell function (Fig. 2) [6, 103, 104].

By encapsulating their cargo within a protective lipid bilayer,
EV-encased molecules such as nucleic acids, proteins, lipids, and
metabolites are shielded from degradation or modification during
intercellular transit. Of the different types of cargo carried by EVs,
the most well characterized are proteins. Candidate SEV molecules
shown to influence sperm function include calcium signaling mol-
ecules such as CD38, which in humans is transferred from SEVs
to spermatozoa and supports progesterone-induced sperm motility
and capacitation [84, 105]. Beyond humans, SEV proteins including
clusterin, T-complex protein 1, and members of the peroxiredoxin,
ATPase and glycolysis-associated protein families are conserved
across cattle, dog, horse and human SEVs, and are associated with
a range of sperm functions including motility, capacitation and the
acrosome reaction [93, 106, 107]. These likely do not represent
the sole SEV proteins that influence sperm function as proteomics
analyses in human have identified a broad range of SEV proteins with
links to signaling pathways and functions that contribute to sperm
fertilization capacity. These include SEV proteins associated with
transforming protein RHOA, protein kinase A, protein ubiquitination,
and various cytoskeletal signaling pathways [108].

SEVs also have potent immune regulatory roles. In humans,
proteomic studies have identified that SEVs carry important immune-
regulatory molecules such as CD38, semenogelin, TLR4 ligands
(including beta defensin, high mobility group box, and heat shock
proteins), TGFB, and vacuolar-type H"-ATPase family members
[108-110], all of which have been implicated as signaling agents
within seminal plasma [1]. Notably, vacuolar-type H*-ATPase is
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Fig. 2. Impact of seminal extracellular vesicles on spermatozoa and the female reproductive tract at conception. A mechanism by which seminal plasma
delivers bioactive factors to the female reproductive tract and spermatozoa is via seminal extracellular vesicles (SEVs). Studies in human, cattle,
dog, and horse have shown that SEVs carry cargo with the capacity to influence functional changes to sperm that promote motility, capacitation,
and acrosome reaction [6, 93, 105-107]. In the female reproductive tract, SEVs aid in the induction and modulation of the immune environment.
Early in vitro studies in humans demonstrated the capacity of SEVs to inhibit macrophage (M®) phagocytosis, while T-cells were shown to be
directly modified by SEVs by promoting their differentiation into T-reg cells or indirectly by dendritic cells inhibiting T-cells. Simultaneously, SEVs
have been shown to inhibit lymphocyte proliferation, and modify natural killer cells (NK) function [6]. Additionally, in cattle and humans, SEVs
have been shown to induce the production of cytokines and other inflammatory mediators in female reproductive tract cells [6, 103, 104].

carried by both human [108] and horse [93] SEVs and is linked to the
establishment of an inflammatory response prior to implantation in
pregnancy [111], while human SEVs contain CD38, that as discussed
above promotes the differentiation of CD4+ T cells into Treg cells
[83]. Other potential SEV signaling agents that are conserved across
species are galectin-3 and its ligand galectin-3 binding protein, that
are detected in horse, dog, cattle, and human SEVs [93, 108] and have
capacity to modulate the female immune response [112]. Given the
range of proteins present in SEVs with known immune regulatory
functions [93, 108] and the likelihood that other as yet unidentified
signaling molecules exist, there is a need for comprehensive studies
that explore the function of specific SEV cargo in modulation of the
female reproductive tract immune environment.

Environmental effects on seminal plasma
composition and function

A growing body of evidence supports the paradigm that parental
life history and experience can influence biological traits in subsequent
generations. In males, acquired traits and environmental exposures
can impair fertility and influence offspring health [113]. While
sperm-borne genetic and epigenetic alterations are widely regarded as
the primary mechanism for transmitting paternal information, seminal
plasma also plays a pivotal role [1, 113, 114]. As the physiological
influence of seminal plasma on the female reproductive tract becomes
increasingly clear [1], research is now focused on how paternal
physiological status and environmental exposures modulate seminal
plasma composition and signaling activity.

An altered composition of seminal plasma in response to en-
vironmental exposures would reasonably act to transmit informa-
tion about male partner physiological status and environmental
experience to the female reproductive tract [1, 45, 52, 115-119].

These modifications would then allow fine-tuning of the female
reproductive environment through a two-way communication system
where males provide signals to boost paternity success and females
interpret these cues. When seminal plasma composition reflects a
favourable physiological state, these signals can provide beneficial
effects and ultimately promote offspring with traits better suited for
the prevailing environmental conditions. Conversely, when seminal
plasma composition is perturbed, these signals may be maladaptive,
constraining fertility, impairing embryo development, and even
diminishing long-term offspring health. Importantly, seminal plasma
signals enable females to preferentially select sperm cells and adjust
female investment in pregnancy, in a form of cryptic female choice
that ensures maternal investment provides the highest likelihood of
producing viable, healthy progeny [1, 120, 121].

Sensitivity of the male reproductive tract to
environmental exposures

There is emerging information demonstrating that the male
reproductive tract organs contributing to seminal plasma are sensi-
tive to environmental influences [1, 45, 52, 115-119]. In particular,
the seminal vesicle has been shown to be responsive to several
forms of environmental perturbations by rapidly modulating protein
production [114]. Following bacterial or viral infection, seminal
vesicle epithelial cells mount innate immune responses [122], while
chronic stress [123], diabetes [124], diet [125], endocrine disrupting
compounds [126—128], and reproductive toxicants [129, 130] can all
cause disruption in seminal vesicle tissue structure and/or function.
For example, chronic stress in rats driven by cage restraint and
forced swimming for a period of 60 days increases the expression
of heat-shock protein 70, and caspase 3 and 9 proteins in seminal
vesicle tissue as well as a reduction in seminal vesicle epithelial cell
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height and secretory capacity [123].

Similarly, prostate function is influenced by a variety of envi-
ronmental perturbations including air pollution [131], microbial
dysbiosis [132], smoking status [133], stress [134], and diet [135,
136], with the majority of studies focused on understanding how these
exposures may be associated with prostate cancer risk. For example,
smoking status in men was associated with smaller prostate size,
and an increased risk of acute prostate inflammation compared to
both former smokers and individuals who had never smoked [133].
Changes to the prostate are not just limited to humans—studies
across species show that inflammation of the prostate is a common
response to a variety of different etiologies [137]. Less is known
about the bulbourethral gland, but studies in diverse species including
African straw-colored fruit bat and white-tailed deer show seasonal
variations in bulbourethral gland size [138, 139] and histological
appearance [139]. Similarly, in pigs, diets including hydrolysable
tannins thought to improve meat odor, reduce bulbourethral gland
size [140], while in koalas, the bulbourethral gland is susceptible to
chlamydia infection with inflammation severity increasing alongside
infection burden [141].

In addition to effects on accessory glands, accumulating evidence
shows that paternal exposures influence the epididymis and testes and
thereby impact embryo development and offspring health [142, 143].
Such effects may arise from direct actions on sperm development and
function, but also could be influenced through factors secreted by
these organs into seminal plasma [2]. Studies from numerous species
have shown that diet, obesity, stress, smoking, and environmental
toxin exposure during germ cell development can reprogram the
sperm epigenome through mechanisms including DNA methylation
changes, histone modifications, and altered small RNA profiles
[126, 144-146]. These changes affect sperm quality and fertilization
potential, influence early embryo development, and can lead to
long-term health consequences in offspring. Whether these changes
are specifically due to impacts on the testes, or downstream effects
on the epididymis and its secretome, is challenging to unravel.

While numerous studies demonstrate that environmental perturba-
tions can directly affect both testicular [147—150] and epididymal
[149, 151-153] function, comparison between these tissues indicate
that offspring health is influenced predominantly by epididymal
exposures [ 153, 154]. Supporting this, studies specifically designed
to explore the impacts of environmental exposures on spermatozoa
during epididymal transit show that elevated ambient temperature,
dietary perturbations, and reproductive toxicant exposure all alter
sperm small non-coding RNA (sncRNA) profiles and exert profound
influences over embryo development, fetal outcomes, and offspring
health [152—-158]. For example, in mice sub-chronic elevation in
ambient temperature leads to altered sperm sncRNA profile, which
contributed to pronounced changes in embryo gene expression, ac-
celerated early embryo development, and disrupted fetal development
[155]. Changes include dysregulation of embryonic genes associated
with “abnormal placental morphology”, linked to elevated sperm
sncRNAs, such as miR-127-3p [155], a regulator of fetal capillary
development within the labyrinth zone during placentation [159].
Taken together, these studies clearly demonstrate that environmental
exposures affect male reproductive tract organs, but they have not
assessed whether the consequences may in part be mediated by
modifications to the secretome that culminate in altered seminal
plasma composition and function.

Environmental effects on soluble seminal plasma
signaling mediators

Compelling studies in many species indicate that changes to
the composition and function of seminal plasma act to influence
fertilization, implantation, and pregnancy outcomes [36, 49, 113,
114]. These findings point clearly to seminal plasma being a mediator,
along with spermatozoa, of effects of paternal perturbations on
reproduction and development. A series of studies by Watkins and
colleagues has demonstrated that low-protein diet programs offspring
health through both sperm-mediated and seminal plasma-mediated
pathways. Using mouse models, low-protein diet was shown to alter
the sperm epigenome and blunt the capacity of seminal plasma to drive
uterine immunological and vascular signaling activation, with both
sperm cells and seminal plasma shown to independently influence
offspring health [47]. More recently, studies have revealed that
these effects extend to offspring bone health [160], lipid metabolism
[161], and vascular function [162] (Fig. 3). Additionally, paternal
circadian rhythm disruption induced by night-restricted feeding in
mice has been shown to program offspring metabolic health. It was
proposed that the effects of circadian disruption were driven by loss
of rhythmicity in seminal plasma corticosterone secretion leading to
dysregulated female reproductive tract corticosterone signaling at
conception [163] (Fig. 3). Other markers of stress in humans may
similarly influence reproductive outcomes, as elevated seminal
plasma IL18 in male partners has been linked to a higher likelihood
of pregnancy failure during IVF cycles [164] (Fig. 3).

Amongst the most compelling evidence for environmental
modulation of seminal plasma composition and function are studies
investigating the impact of dietary perturbations. In mice, paternal
high-fat diet has been shown to accelerate embryo development
and negatively impact metabolic health in offspring through sperm-
mediated pathways [165, 166], but these exposure regimens also
dysregulate seminal vesicle fluid composition through changes in
metabolites and proteins associated with immune system and endocrine
function [166—-168]. This includes reduced abundance of TGFf
and other seminal vesicle cytokines, resulting in impaired Treg cell
expansion [167] (Fig. 3). Interestingly, changes in seminal vesicle
fluid composition are also seen in low-protein diet interventions in
mice, with increased expression of SPINK1 linked to modification
of sperm function, and decreased expression of cystatin-C, a protein
with well-established immune regulatory roles observed in seminal
vesicle fluid [166, 169] (Fig. 3).

In humans, body mass index (BMI) is associated with elevated
IL6 and tumor necrosis factor (TNF) levels in seminal plasma [170],
while in cattle, nutritional stress and adiposity alter the seminal plasma
cytokines interferon-gamma (IFNy), macrophage inflammatory
protein 1 alpha (MIP1a), and TNF [171]. Other forms of paternal
dietary modification can dysregulate seminal plasma composition
and function. For example, dietary supplementation of fatty acids, or
essential amino acids in rams has been shown to alter seminal plasma
composition, including increased abundance of the immune mediators,
galectin and complement factor H, as well as increased abundance
of sperm protein 17 and acrosin, which have established roles in
capacitation and interactions with the zona pellucida [172—-174].

Beyond dietary challenges, inflammation has emerged as a key
factor driving seminal plasma composition and function. In men,
seminal plasma cytokine expression appears to be highly sensitive
to environmental exposures and lifestyle factors [175, 176], likely
resulting from pro-inflammatory effects. For example, COVID-19
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Fig. 3. Environmental perturbations reshape seminal plasma composition and influence reproductive and offspring health outcomes. Across species,

diverse paternal environmental exposures elicit changes in soluble

seminal plasma (SP) signaling mediators. In this figure, those studies that have

explored not only alterations to SP, but also the consequences of those alterations are presented. These include low-protein diet [160-162, 166,
169], circadian rhythm disruption [163], high-fat diet [167], and chronic stress [164], which all elicit changes in SP which are correlated to impacts
on fertility, the female reproductive tract environment, and offspring health. Together, these studies illustrate that SP responds dynamically to the
paternal environment and acts as a mediator of environmentally induced effects on fertility and offspring development.

infection, chronic pelvic pain syndrome, prostatic hyperplasia, and
urinary tract infections all cause changes to the composition of
human seminal plasma [177-180]. Dysregulated proteins including
cytokines TNF, IL1a, and IL8, TLR4 ligands such as proteins S100AS,
S100A9, and heat-shock proteins, as well as CD38, all have potential
to influence the female reproductive tract immune response and/
or sperm viability and function [1, 177-180]. In rats, induction of
inflammation via an experimental autoimmune orchitis model lead to
significant upregulation of the immune modulatory protein calprotectin
in seminal plasma [181]. In livestock, infectious and inflammatory
diseases trigger changes in seminal plasma composition. In cattle,
mycoplasma infection alters the amino acid content of seminal plasma
[182], while in goats, viral infection alters the composition of seminal
plasma, with increased immune-related proteins, including cathepsins
[183]. Importantly, infection-induced changes to seminal plasma have
been shown to have functional consequences, with HIV-infection
altering the endometrial epithelial and stromal fibroblast response
to seminal plasma [104]. Elevated IFNy in men with reproductive
tract infection appears to be a mediator of this effect, by impairing
TGFpB-induced granulocyte-macrophage colony-stimulating factor
(GM-CSF) synthesis in mouse and human female reproductive tract
epithelial cells [176, 184].

In addition to these comprehensively assessed environmental
conditions, there are other perturbations that disrupt homeostasis
in the male reproductive tract leading to altered seminal plasma
composition and function. Consistent with their androgen-dependent
status, testosterone promotes glucose uptake in seminal vesicle
epithelial cells, resulting in increased synthesis of fatty acids, including
oleic acid whose presence in seminal plasma supports ejaculated
spermatozoa in carrying out active metabolism [185]. Notably,
heat stress in cattle, chicken, and sheep, has been shown to modify
seminal plasma composition, including BSP homologs, which are
associated with optimal sperm function [186—188]. In humans, heat
stress causes dysregulation of seminal plasma antioxidant levels [189],

while in the giant panda, heat stress induced by cryptorchidism alters
seminal plasma proteins associated with cellular metabolism [190].

Social and behavioral factors can also affect seminal plasma
composition. In mice, the seminal vesicles have the capacity to
rapidly modulate protein production as an adaptive response to
sperm competition [114], leading to alterations to seminal vesicle
fluid protein profile [191, 192]. Consistent with this, studies of
sperm competition in chinook salmon, an externally fertilizing fish,
show that seminal plasma exerts different effects on sperm velocity
depending on the dominance status of the male, such that increases
in sperm velocity increase the proportion of offspring sired [193].

Taken together, these studies highlight the exquisite sensitivity
of male accessory gland secretion to regulatory control and reveal
robust effects of a range of different environmental stressors on
seminal plasma composition and function through altered protein,
metabolite, and signaling profiles. This plasticity in seminal plasma
affects sperm quality, the female reproductive tract immune environ-
ment, and fertilization potential, and likely also programs offspring
phenotype with consequences for life-long health, acting alongside
sperm epigenetic changes. Such findings position seminal plasma
molecules as functional modulators and potential biomarkers of
environmental stress — and also supports the interpretation that,
because of its differential effect on female reproductive investment,
seminal plasma can be considered a ‘pheromone’ in the classical
meaning of this term [194].

Environmental effects on seminal extracellular
vesicles

Studies assessing SEV response to environmental exposures
are limited, and to our knowledge, none have examined effects on
offspring. However, there is extensive evidence that SEV cargo is
altered in infertile men which highlights the dynamic and responsive
nature of SEVs to changes in the male reproductive tract [6]. SEV
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Fig. 4. Environmental perturbations alter seminal extracellular vesicle composition with implications for reproductive and offspring outcomes. A range of
paternal environmental exposures elicit changes in the composition of seminal extracellular vesicles (SEVs) released from the male reproductive
tract. In this figure, we highlight the small number of studies that have examined how SEV or other male reproductive tract EV cargo is altered in
response to exposures such as heat stress (SEVs [198]), ethanol (Epididymosomes [218, 223]) or psychological stress (Epididymosomes [220]),
and combined cocaine use and HIV infection (SEVs [199]), and the downstream consequences of these alterations if studied. Together, these
studies demonstrate that EVs, like seminal plasma, respond dynamically to the paternal environment and may act as key vectors through which
environmentally induced signals influence fertility, immune function, and offspring development.

composition is altered in cattle [195] and chickens [100] with contrast-
ing fertility, while supplementation of SEVs from fertile cattle with
spermatozoa from infertile cattle improves IVF outcomes [196].
Further supporting the beneficial functions of SEVs are studies in
humans, which show that SEVs isolated from normozoospermic,
but not from asthenozoospermic donors can improve sperm motility,
potentially through the delivery of cysteine-rich secretory protein 1
from SEVs to spermatozoa [197]. In Egyptian buffalo, the size and
composition of SEVs varies seasonally, with winter associated with
higher quality spermatozoa. Changes in SEV cargo observed are
associated with reduced apoptotic signaling, enhanced antioxidant
capacity, and an increased ability to control epigenetic modifications
to spermatozoa [90].

Further evidence for environmental influences on SEV composition
has been documented in mice, where age modifies SEV cargo and
function. In this study, SEVs from aged (12-18-month-old) males
were shown to be larger and capable of enhancing the matura-
tion of dendritic cells compared to equivalent SEVs from young
(12—-14-week-old) males [97]. Since dendritic cell maturation is a
key step in shaping immune tolerance in the female reproductive
tract [1], this finding suggests that age-related changes in SEVs
may influence immune adaptation to sperm antigens and subsequent
reproductive outcomes. Interestingly, supplementation of ‘young’
SEVs to seminal plasma from old mice acted to improve implantation
rate [97], highlighting the importance of SEVs in pregnancy success.
In cattle, transient scrotal heat stress led to alterations in the SEV
miRNA profile, with differentially regulated miRNA associated with
cell proliferation, differentiation, and regeneration, including reduced
expression of miR-23b-5p, miR-489, and miR-1248 [198] (Fig. 4). In
humans, cocaine use concomitant with HIV infection alters the SEV
proteome and sncRNAome, leading to a rapid and more directional
haptotactic migration pattern in monocytes and peripheral blood
mononuclear cells (PBMCs) [199] (Fig. 4). Importantly, studies in

rats have shown that paternal cocaine use confers sex-dependent
effects on offspring health [200, 201]. How SEVs convey these
changes to the female reproductive tract to exert consequences for
fertility, is poorly understood.

As EVs reflect the physiological or pathological state of the
parent cell of origin, further insight into the impact of the paternal
environment on SEV composition and function can be acquired
through studies of male reproductive tract EVs. It is well-established
that environmental stressors that impact EV-secreting cells also can
influence the local EV population [202]. Such influences extend
beyond alterations to the contents of EVs, with a strong body of
evidence showing that EVs produced by ‘stressed’ cells can confer
phenotypic and functional changes in recipient ‘stress naive’ cells
[202-204]. Thus, EVs secreted by the male reproductive tract may
transfer ‘stress’ signals from the parent cell to spermatozoa that
influence fertility and fecundity prior to fertilization [106]. ‘Stressed’
EVs may also influence fertility through their accumulation within
seminal plasma, to in turn exert effects on spermatozoa and potentially
female reproductive tract cells [6, 108].

As described above, SEVs are highly heterogeneous and likely
arise from diverse male cellular origins, reflecting the male reproduc-
tive tract organs that contribute to seminal plasma [108, 205-207].
However, little is known about the sensitivity of seminal vesicle
EVs to the environment [208-210], and to our knowledge no studies
have examined bulbourethral gland EVs. In contrast, prostatic EVs
are far better characterized. In studies of prostate cancer, they have
been shown to be responsible for the transfer of metastatic traits and
chemoresistance, and regulate cell phenotypic plasticity through the
induction of stem-like state, epithelial-to-mesenchymal transition,
and neuroendocrine differentiation [211]. Additionally, recent studies
have shown that distinct EV protein signatures correspond to known
prostate cancer molecular subtypes [212] highlighting that changes
in the cargo of prostatic EVs are associated with pathology.



REVIEW: ENVIRONMENTAL IMPACT ON SEMINAL PLASMA 233

Similarly, testicular EV's are responsive to environmental stress with
studies in sheep showing viral infection alters the abundance of EV
microRNAs associated with immune system regulation [213]. Sertoli
cells, which are essential for normal testis and germ cell development
produce EVs sensitive to environmental conditions. Sertoli cell EV's
carry cargo including Inhibin A and B, that have altered abundance
in porcine prepuberal Sertoli cells following testosterone and follicle
stimulating hormone treatment [214]. Additionally, hypoxia stimulates
EV release in Sertoli cells and alters microRNA (miRNA) abundance
[215]. Amongst the altered miRNA, increased miR-210-3p plays a
protective role under hypoxic stress where it regulates cell survival,
proliferation, inflammation, and metabolism [215].

The interaction between spermatozoa and EVs encountered during
their passage through the epididymis has been more comprehensively
studied than testicular EVs [216]. Akin to other EV populations,
epididymosomes have been shown to be sensitive to the paternal
environment. This adaptability allows EVs to help align spermatozoa
epigenetically with the father’s environment, which may subsequently
influence offspring health [217]. Several studies in mice using chal-
lenges such as alcohol [218], dietary perturbation [157], endocrine
disrupting compounds [219], reproductive toxicants [152], and stress
[220-222], have consistently shown alterations to epididymosome
composition, most notably to small non-coding RNAs, occur in
response to environmental stressors. To demonstrate that changes
in epididymosome content have functional effects, a few studies
have incubated epididymosomes from stressed cells with naive
spermatozoa. Remarkably, offspring conceived from these sperm
cells show altered neurodevelopment and stress responses [220,
223] (Fig. 4).

Collectively, these studies provide evidence that SEVs have the
capacity to respond dynamically to the paternal environment with
implications for fertility and offspring health, both directly through
effects on spermatozoa and indirectly through effects on the female
reproductive tract. However, there remains an imperative for studies
to systematically assess how specific environmental exposures shape
SEV composition and the range of consequences these changes may
have for offspring.

Conclusions

Although reproductive strategies and physiology vary between
species, there is now compelling evidence for consistent effects of
seminal plasma on the reproductive process — both through modulating
sperm survival and developmental potential, and by mediating com-
munication with the female reproductive tract. Substantial evidence
shows that these effects of seminal plasma influence the capacity
of the female reproductive tract to support pregnancy and influence
offspring health, depending on the quality and strength of seminal
plasma signals. Emerging research indicates that the composition
of seminal plasma is highly dynamic and responsive to the paternal
environment. Factors such as diet, infection, heat stress, chemical
exposures, and stress can all modify seminal plasma composition
through effects on the relative abundance of a range of secreted
factors, particularly those contained within SEVs produced by the
seminal vesicle, prostate, and other male reproductive tract organs.
Through impacts on spermatozoa and on immune responses and
other biological consequences in the female reproductive tract,
these alterations affect events at conception and ultimately influence
implantation, placental development, fetal growth, and offspring
health. The plasticity of seminal plasma and its consequences are
best understood in rodent models, but effects on fertility due to

disruptions to seminal plasma likely occur across species, with
similar functional impacts.

Future research should comprehensively explore the impact of
relevant environmental exposures on seminal plasma composition
and function in a range of species. Advances in ‘omics technologies
enable comprehensive profiling of seminal plasma and the extracel-
lular vesicles carried within, offering powerful tools to identify
conserved signaling mediators and to understand the consequences
of their dysregulation. Leveraging these approaches could reveal
common molecular signatures of environmental perturbations and
is expected uncover conserved signaling pathways across species, as
has been demonstrated in spermatozoa [224]. Such efforts will not
only advance our understanding of how the paternal environment
shapes conception and development but also inform interventions to
improve fertility and the health of future generations across human,
livestock and endangered species.

Acknowledgement

The publication fee of this article was covered by JSPS KAK-
ENHI Grant Number 22HP2009.

References

1. Schjenken JE, Robertson SA. The female response to seminal fluid. Physiol Rev 2020,
100: 1077-1117. [Medline] [CrossRef]

2. Noda T, Ikawa M. Physiological function of seminal vesicle secretions on male fecun-
dity. Reprod Med Biol 2019; 18: 241-246. [Medline] [CrossRef]

3. Schjenken JE, Robertson SA. Seminal fluid and immune adaptation for pregnancy-
-comparative biology in mammalian species. Reprod Domest Anim 2014; 49(Suppl 3):
27-36. [Medline] [CrossRef]

4. McGraw LA, Suarez SS, Wolfner MF. On a matter of seminal importance. BioEssays
2015; 37: 142-147. [Medline] [CrossRef]

5. Samanta L, Parida R, Dias TR, Agarwal A. The enigmatic seminal plasma: a pro-
teomics insight from ejaculation to fertilization. Reprod Biol Endocrinol 2018; 16: 41.
[Medline] [CrossRef]

6. Torres-Arce E, Tamessar CT, Robertson SA, Nixon B, Sharkey DJ, Schjenken JE.
Exploring the contributions of human seminal extracellular vesicles to reproduction and
fertility. Reproduction 2026; 171: xaaf006. [Medline] [CrossRef]

7. Wolfner MF. The gifts that keep on giving: physiological functions and evolutionary
dynamics of male seminal proteins in Drosophila. Heredity (Edinb) 2002; 88: 85-93.
[Medline] [CrossRef]

8. de Lamirande E. Semenogelin, the main protein of the human semen coagulum, regu-
lates sperm function. Semin Thromb Hemost 2007; 33: 60—68. [Medline] [CrossRef]

9. Aitken RJ, Wilkins A, Harrison N, Bahrami M, Gibb Z, McIntosh K, Vuong Q, Lam-
bourne S. A comparative analysis of the antioxidant profiles generated by the RoXsta™
system for diverse biological fluids highlights the powerful protective role of human
seminal plasma. Antioxidants 2025; 14: 90. [Medline] [CrossRef]

10. Carlsson L, Pihlson C, Bergquist M, Ronquist G, Stridsberg M. Antibacterial activity
of human prostasomes. Prostate 2000; 44: 279-286. [Medline] [CrossRef]

11. Saez F, Motta C, Boucher D, Grizard G. Antioxidant capacity of prostasomes in human
semen. Mol Hum Reprod 1998; 4: 667-672. [Medline] [CrossRef]

12. Rodriguez-Martinez H, Martinez EA, Calvete JJ, Peiia Vega FJ, Roca J. Seminal
plasma: relevant for fertility? Int J Mol Sci 2021; 22: 4368. [Medline] [CrossRef]

13. Moura AA, Memili E, Portela AMR, Viana AG, Velho ALC, Bezerra MJB, Vascon-
selos FR. Seminal plasma proteins and metabolites: effects on sperm function and poten-
tial as fertility markers. Anim Reprod 2018; 15(Suppl 1): 691-702. [Medline] [CrossRef]

14. Robertson SA, Sharkey DJ. Seminal fluid and fertility in women. Fertil Steril 2016; 106:
511-519. [Medline] [CrossRef]

15. Schjenken JE, Glynn DJ, Sharkey DJ, Robertson SA. TLR4 signaling is a major
mediator of the female tract response to seminal fluid in mice. Biol Reprod 2015; 93: 68.
[Medline] [CrossRef]

16. Schjenken JE, Sharkey DJ, Green ES, Chan HY, Matias RA, Moldenhauer LM,
Robertson SA. Sperm modulate uterine immune parameters relevant to embryo implanta-
tion and reproductive success in mice. Commun Biol 2021; 4: 572. [Medline] [CrossRef]

17. Sharkey DJ, Tremellen KP, Jasper MJ, Gemzell-Danielsson K, Robertson SA. Semi-
nal fluid induces leukocyte recruitment and cytokine and chemokine mRNA expression in
the human cervix after coitus. J Immunol 2012; 188: 2445-2454. [Medline] [CrossRef]

18. O’Leary S, Jasper MJ, Warnes GM, Armstrong DT, Robertson SA. Seminal plasma
regulates endometrial cytokine expression, leukocyte recruitment and embryo develop-
ment in the pig. Reproduction 2004; 128: 237-247. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/31999507?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00013.2018
http://www.ncbi.nlm.nih.gov/pubmed/31312102?dopt=Abstract
http://dx.doi.org/10.1002/rmb2.12282
http://www.ncbi.nlm.nih.gov/pubmed/25220746?dopt=Abstract
http://dx.doi.org/10.1111/rda.12383
http://www.ncbi.nlm.nih.gov/pubmed/25379987?dopt=Abstract
http://dx.doi.org/10.1002/bies.201400117
http://www.ncbi.nlm.nih.gov/pubmed/29704899?dopt=Abstract
http://dx.doi.org/10.1186/s12958-018-0358-6
http://www.ncbi.nlm.nih.gov/pubmed/41582538?dopt=Abstract
http://dx.doi.org/10.1093/reprod/xaaf006
http://www.ncbi.nlm.nih.gov/pubmed/11932766?dopt=Abstract
http://dx.doi.org/10.1038/sj.hdy.6800017
http://www.ncbi.nlm.nih.gov/pubmed/17253191?dopt=Abstract
http://dx.doi.org/10.1055/s-2006-958463
http://www.ncbi.nlm.nih.gov/pubmed/39857424?dopt=Abstract
http://dx.doi.org/10.3390/antiox14010090
http://www.ncbi.nlm.nih.gov/pubmed/10951492?dopt=Abstract
http://dx.doi.org/10.1002/1097-0045(20000901)44:4<279::AID-PROS4>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/9701789?dopt=Abstract
http://dx.doi.org/10.1093/molehr/4.7.667
http://www.ncbi.nlm.nih.gov/pubmed/33922047?dopt=Abstract
http://dx.doi.org/10.3390/ijms22094368
http://www.ncbi.nlm.nih.gov/pubmed/36249850?dopt=Abstract
http://dx.doi.org/10.21451/1984-3143-AR2018-0029
http://www.ncbi.nlm.nih.gov/pubmed/27485480?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2016.07.1101
http://www.ncbi.nlm.nih.gov/pubmed/26157066?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.114.125740
http://www.ncbi.nlm.nih.gov/pubmed/33990675?dopt=Abstract
http://dx.doi.org/10.1038/s42003-021-02038-9
http://www.ncbi.nlm.nih.gov/pubmed/22271649?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1102736
http://www.ncbi.nlm.nih.gov/pubmed/15280563?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00160

234

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

TORRES-ARCE et al.

Ibrahim LA, Rizo JA, Fontes PLP, Lamb GC, Bromfield JJ. Seminal plasma modu-
lates expression of endometrial inflammatory meditators in the bovine. Biol Reprod 2019;
100: 660-671. [Medline] [CrossRef]

England GC, Russo M, Freeman SL. The bitch uterine response to semen deposition
and its modification by male accessory gland secretions. Vet J2013; 195: 179-184. [Med-
line] [CrossRef]

Fedorka CE, El-Sheikh-Ali H, Scoggin KE, Coleman S, Humphrey EA, Troutt L,
Troedsson MHT. The effect of seminal plasma on the equine endometrial transcriptome.
Reprod Domest Anim 2024; 59: ¢14711. [Medline] [CrossRef]

Rickard JP, Warr S, de Graaf SP, Pini T. Ram sperm and seminal plasma alter immune
transcriptome and cytokine secretion in ovine cervical explants ex vivo. Reproduction
2025; 170: €250240. [Medline] [CrossRef]

Phillips DM, Mabhler S. Leukocyte emigration and migration in the vagina following
mating in the rabbit. Anat Rec 1977; 189: 45-59. [Medline] [CrossRef]

Foyle KL, Chan HY, Tran HM, Breen J, Schjenken JE, Robertson SA. Seminal fluid
expands the uterine gamma/delta T cell pool during early pregnancy in mice. Mucosal
Immunol 2026; 19: 1650—-1665. [Medline]

Zhang X, Greve PF, Minh TTN, Wubbolts R, Demir AY, Zaal EA, Berkers CR, Boes
M, Stoorvogel W. Extracellular vesicles from seminal plasma interact with T cells in
vitro and drive their differentiation into regulatory T-cells. J Extracell Vesicles 2024; 13:
€12457. [Medline] [CrossRef]

Remes Lenicov F, Rodriguez Rodrigues C, Sabatté J, Cabrini M, Jancic C, Ostrowski
M, Merlotti A, Gonzalez H, Alonso A, Pasqualini RA, Davio C, Geffner J, Ceballos A.
Semen promotes the differentiation of tolerogenic dendritic cells. J Immunol 2012; 189:
4777-4786. [Medline] [CrossRef]

Tarazona R, Delgado E, Guarnizo MC, Roncero RG, Morgado S, Sinchez-Correa B,
Gordillo JJ, Dejulian J, Casado JG. Human prostasomes express CD48 and interfere
with NK cell function. Immunobiology 2011; 216: 41-46. [Medline] [CrossRef]

Vojtech L, Zhang M, Davé V, Levy C, Hughes SM, Wang R, Calienes F, Prlic M,
Nance E, Hladik F. Extracellular vesicles in human semen modulate antigen-presenting
cell function and decrease downstream antiviral T cell responses. PLoS One 2019; 14:
€0223901. [Medline] [CrossRef]

Meuleman T, Snaterse G, van Beelen E, Anholts JD, Pilgram GS, van der Wester-
laken LA, Eikmans M, Claas FH. The immunomodulating effect of seminal plasma on T
cells. J Reprod Immunol 2015; 110: 109-116. [Medline] [CrossRef]

Chan HY, Robertson SA. Seminal fluid effects on uterine receptivity to embryo implan-
tation: transcriptomic strategies to define molecular mechanisms. Reprod Fertil Dev 2025;
37: RD24162. [Medline] [CrossRef]

Gangnuss S, Sutton-McDowall ML, Robertson SA, Armstrong DT. Seminal plasma
regulates corpora lutea macrophage populations during early pregnancy in mice. Biol
Reprod 2004; 71: 1135-1141. [Medline] [CrossRef]

Bogle OA, Ratto MH, Adams GP. Evidence for the conservation of biological activ-
ity of ovulation-inducing factor in seminal plasma. Reproduction 2011; 142: 277-283.
[Medline] [CrossRef]

O’Leary S, Jasper MJ, Robertson SA, Armstrong DT. Seminal plasma regulates ovar-
ian progesterone production, leukocyte recruitment and follicular cell responses in the pig.
Reproduction 2006; 132: 147-158. [Medline] [CrossRef]

Paiva L, Silva M, Carrasco R, Ratto V, Goicochea J, Ratto M. Seminal plasma nerve
growth factor signaling on the reproductive physiology of female llamas. Anim Reprod
2023; 19: €20220116. [Medline] [CrossRef]

Ratto MH, Huanca W, Singh J, Adams GP. Comparison of the effect of ovulation-
inducing factor (OIF) in the seminal plasma of llamas, alpacas, and bulls. Theriogenology
2006; 66: 1102-1106. [Medline] [CrossRef]

Bromfield JJ, Schjenken JE, Chin PY, Care AS, Jasper MJ, Robertson SA. Maternal
tract factors contribute to paternal seminal fluid impact on metabolic phenotype in off-
spring. Proc Natl Acad Sci USA 2014; 111: 2200-2205. [Medline] [CrossRef]

Poon HK, Lee KH, Wong CL, O WS, Chow PH. Absence of paternal accessory sex
gland secretions disturbs epigenetic reprogramming and expression of Igf2 and DIkl in
golden hamster embryos. Theriogenology 2009; 71: 1367-1380. [Medline] [CrossRef]
Kekildinen J, Jokiniemi A, Janhunen M, Huuskonen H. Offspring phenotype is
shaped by the nonsperm fraction of semen. J Evol Biol 2020; 33: 584-594. [Medline]
[CrossRef]

Crean AJ, Kopps AM, Bonduriansky R. Revisiting telegony: offspring inherit an
acquired characteristic of their mother’s previous mate. Ecol Lett 2014; 17: 1545-1552.
[Medline] [CrossRef]

Garcia-Gonzalez F, Dowling DK. Transgenerational effects of sexual interactions and
sexual conflict: non-sires boost the fecundity of females in the following generation. Biol
Lett 2015; 11: 20150067. [Medline] [CrossRef]

Crawford G, Ray A, Gudi A, Shah A, Homburg R. The role of seminal plasma for
improved outcomes during in vitro fertilization treatment: review of the literature and
meta-analysis. Hum Reprod Update 2015; 21: 275-284. [Medline] [CrossRef]

Saccone G, Di Spiezio Sardo A, Ciardulli A, Caissutti C, Spinelli M, Surbek D, von
Wolff M. Effectiveness of seminal plasma in in vitro fertilisation treatment: a systematic
review and meta-analysis. BJOG 2019; 126: 220-225. [Medline] [CrossRef]

Murray FA, Grifo AP Jr, Parker CF. Increased litter size in gilts by intrauterine infusion
of seminal and sperm antigens before breeding. J Anim Sci 1983; 56: 895-900. [Medline]
[CrossRef]

Ortiz WG, Rizo JA, Carvalheira LR, Ahmed BMS, Estrada-Cortes E, Harstine BR,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bromfield JJ, Hansen PJ. Effects of intrauterine infusion of seminal plasma at artificial
insemination on fertility of lactating Holstein cows. J Dairy Sci 2019; 102: 6587-6594.
[Medline] [CrossRef]

Schjenken JE, Chan HY, Sharkey DJ, Robertson SA. Seminal Vesicle—Secretions.
In: Skinner MK (ed.), Encyclopedia of Reproduction (Third Edition). Oxford: Academic
Press; 2026: 471-479.

Wilkinson LRB, Try H, Robertson SA, Brooks RC, Garratt M. Prior mating without
fertilization increases subsequent litter size in mice. Biol Lett 2025; 21: 20240659. [Med-
line] [CrossRef]

‘Watkins AJ, Dias I, Tsuro H, Allen D, Emes RD, Moreton J, Wilson R, Ingram RJM,
Sinclair KD. Paternal diet programs offspring health through sperm- and seminal plasma-
specific pathways in mice. Proc Natl Acad Sci USA 2018; 115: 10064—10069. [Medline]
[CrossRef]

O WS, Chen HQ, Chow PH. Effects of male accessory sex gland secretions on early em-
bryonic development in the golden hamster. J Reprod Fertil 1988; 84: 341-344. [Medline]
[CrossRef]

Pang SF, Chow PH, Wong TM. The role of the seminal vesicles, coagulating glands and
prostate glands on the fertility and fecundity of mice. J Reprod Fertil 1979; 56: 129-132.
[Medline] [CrossRef]

Peitz B, Olds-Clarke P. Effects of seminal vesicle removal on fertility and uterine sperm
motility in the house mouse. Biol Reprod 1986; 35: 608—617. [Medline] [CrossRef]
Queen K, Dhabuwala CB, Pierrepoint CG. The effect of the removal of the various
accessory sex glands on the fertility of male rats. J Reprod Fertil 1981; 62: 423-426.
[Medline] [CrossRef]

Taira A, Noda T. Physiological functions of seminal vesicle secretions in male fertility.
Histol Histopathol 2025; 25028. [Medline]

de Lamirande E, Yoshida K, Yoshiike TM, Iwamoto T, Gagnon C. Semenogelin,
the main protein of semen coagulum, inhibits human sperm capacitation by interfering
with the superoxide anion generated during this process. J Androl 2001; 22: 672-679.
[Medline] [CrossRef]

Kawano N, Araki N, Yoshida K, Hibino T, Ohnami N, Makino M, Kanai S, Hasuwa
H, Yoshida M, Miyado K, Umezawa A. Seminal vesicle protein SVS2 is required for
sperm survival in the uterus. Proc Natl Acad Sci USA 2014; 111: 4145-4150. [Medline]
[CrossRef]

Kawano N, Yoshida M. Semen-coagulating protein, SVS2, in mouse seminal plasma
controls sperm fertility. Biol Reprod 2007, 76: 353-361. [Medline] [CrossRef]
Sakaguchi D, Miyado K, Iwamoto T, Okada H, Yoshida K, Kang W, Suzuki M,
Yoshida M, Kawano N. Human semenogelin 1 promotes sperm survival in the mouse
female reproductive tract. Int J Mol Sci 2020; 21: 3961. [Medline] [CrossRef]

Wen X, Ren H, He Q, Yi M, Ulaangerel T, Bou G. Comparative analysis of proteomic
characteristics in seminal plasma between horses and donkeys. Animals (Basel) 2025; 15:
1532. [Medline] [CrossRef]

Lu CH, Lee RK, Hwu YM, Chu SL, Chen YJ, Chang WC, Lin SP, Li SH. SERPINE2,
a serine protease inhibitor extensively expressed in adult male mouse reproductive tis-
sues, may serve as a murine sperm decapacitation factor. Biol Reprod 2011; 84: 514-525.
[Medline] [CrossRef]

Zalazar L, Stival C, Nicolli AR, De Blas GA, Krapf D, Cesari A. Male decapacitation
factor SPINK3 blocks membrane hyperpolarization and calcium entry in mouse sperm.
Front Cell Dev Biol 2020; 8: 575126. [Medline] [CrossRef]

Tseng HC, Lee RK, Hwu YM, Lu CH, Lin MH, Li SH. Mechanisms underlying the
inhibition of murine sperm capacitation by the seminal protein, SPINKL. J Cell Biochem
2013; 114: 888-898. [Medline] [CrossRef]

Iwamoto T, Hiroaki H, Furuichi Y, Wada K, Satoh M, Satoh M, Osada T, Gagnon
C. Cloning of boar SPMI gene which is expressed specifically in seminal vesicle and
codes for a sperm motility inhibitor protein. FEBS Lett 1995; 368: 420-424. [Medline]
[CrossRef]

Iwamoto T, Gagnon C. A human seminal plasma protein blocks the motility of human
spermatozoa. J Urol 1988; 140: 1045-1048. [Medline] [CrossRef]

Huang YH, Chu ST, Chen YH. Seminal vesicle autoantigen, a novel phospholipid-
binding protein secreted from luminal epithelium of mouse seminal vesicle, exhibits
the ability to suppress mouse sperm motility. Biochem J 1999; 343: 241-248. [Medline]
[CrossRef]

Druart X, Rickard JP, Mactier S, Kohnke PL, Kershaw-Young CM, Bathgate R,
Gibb Z, Crossett B, Tsikis G, Labas V, Harichaux G, Grupen CG, de Graaf SP.
Proteomic characterization and cross species comparison of mammalian seminal plasma.
J Proteomics 2013; 91: 13-22. [Medline] [CrossRef]

Leahy T, Rickard JP, Pini T, Gadella BM, de Graaf SP. Quantitative proteomic
analysis of seminal plasma, sperm membrane proteins, and seminal extracellular vesicles
suggests vesicular mechanisms aid in the removal and addition of proteins to the ram
sperm membrane. Proteomics 2020; 20: 1900289. [Medline] [CrossRef]

Plante G, Prud’homme B, Fan J, Lafleur M, Manjunath P. Evolution and function
of mammalian binder of sperm proteins. Cell Tissue Res 2016; 363: 105-127. [Medline]
[CrossRef]

Tremellen KP, Seamark RF, Robertson SA. Seminal transforming growth factor betal
stimulates granulocyte-macrophage colony-stimulating factor production and inflamma-
tory cell recruitment in the murine uterus. Biol Reprod 1998; 58: 1217-1225. [Medline]
[CrossRef]

Sharkey DJ, Macpherson AM, Tremellen KP, Mottershead DG, Gilchrist RB, Rob-


http://www.ncbi.nlm.nih.gov/pubmed/30329018?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioy226
http://www.ncbi.nlm.nih.gov/pubmed/22652115?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22652115?dopt=Abstract
http://dx.doi.org/10.1016/j.tvjl.2012.04.027
http://www.ncbi.nlm.nih.gov/pubmed/39246124?dopt=Abstract
http://dx.doi.org/10.1111/rda.14711
http://www.ncbi.nlm.nih.gov/pubmed/41051205?dopt=Abstract
http://dx.doi.org/10.1530/REP-25-0240
http://www.ncbi.nlm.nih.gov/pubmed/562080?dopt=Abstract
http://dx.doi.org/10.1002/ar.1091890104
http://www.ncbi.nlm.nih.gov/pubmed/41274515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/39007430?dopt=Abstract
http://dx.doi.org/10.1002/jev2.12457
http://www.ncbi.nlm.nih.gov/pubmed/23066152?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1202089
http://www.ncbi.nlm.nih.gov/pubmed/20382443?dopt=Abstract
http://dx.doi.org/10.1016/j.imbio.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/31622420?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0223901
http://www.ncbi.nlm.nih.gov/pubmed/25799173?dopt=Abstract
http://dx.doi.org/10.1016/j.jri.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/40100824?dopt=Abstract
http://dx.doi.org/10.1071/RD24162
http://www.ncbi.nlm.nih.gov/pubmed/15175232?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.104.027425
http://www.ncbi.nlm.nih.gov/pubmed/21652637?dopt=Abstract
http://dx.doi.org/10.1530/REP-11-0042
http://www.ncbi.nlm.nih.gov/pubmed/16816340?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.01119
http://www.ncbi.nlm.nih.gov/pubmed/36819481?dopt=Abstract
http://dx.doi.org/10.1590/1984-3143-ar2022-0116
http://www.ncbi.nlm.nih.gov/pubmed/16630652?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2006.02.050
http://www.ncbi.nlm.nih.gov/pubmed/24469827?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1305609111
http://www.ncbi.nlm.nih.gov/pubmed/19201017?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2008.12.016
http://www.ncbi.nlm.nih.gov/pubmed/31984576?dopt=Abstract
http://dx.doi.org/10.1111/jeb.13592
http://www.ncbi.nlm.nih.gov/pubmed/25270393?dopt=Abstract
http://dx.doi.org/10.1111/ele.12373
http://www.ncbi.nlm.nih.gov/pubmed/25788486?dopt=Abstract
http://dx.doi.org/10.1098/rsbl.2015.0067
http://www.ncbi.nlm.nih.gov/pubmed/25281684?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmu052
http://www.ncbi.nlm.nih.gov/pubmed/29078039?dopt=Abstract
http://dx.doi.org/10.1111/1471-0528.15004
http://www.ncbi.nlm.nih.gov/pubmed/6682857?dopt=Abstract
http://dx.doi.org/10.2527/jas1983.564895x
http://www.ncbi.nlm.nih.gov/pubmed/31103294?dopt=Abstract
http://dx.doi.org/10.3168/jds.2019-16251
http://www.ncbi.nlm.nih.gov/pubmed/40199343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/40199343?dopt=Abstract
http://dx.doi.org/10.1098/rsbl.2024.0659
http://www.ncbi.nlm.nih.gov/pubmed/30150380?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1806333115
http://www.ncbi.nlm.nih.gov/pubmed/3184052?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0840341
http://www.ncbi.nlm.nih.gov/pubmed/469833?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0560129
http://www.ncbi.nlm.nih.gov/pubmed/3790662?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod35.3.608
http://www.ncbi.nlm.nih.gov/pubmed/7252923?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0620423
http://www.ncbi.nlm.nih.gov/pubmed/41450194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11451365?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2001.tb02228.x
http://www.ncbi.nlm.nih.gov/pubmed/24591616?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1320715111
http://www.ncbi.nlm.nih.gov/pubmed/17123940?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.106.056887
http://www.ncbi.nlm.nih.gov/pubmed/32486486?dopt=Abstract
http://dx.doi.org/10.3390/ijms21113961
http://www.ncbi.nlm.nih.gov/pubmed/40508997?dopt=Abstract
http://dx.doi.org/10.3390/ani15111532
http://www.ncbi.nlm.nih.gov/pubmed/21084713?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.110.085100
http://www.ncbi.nlm.nih.gov/pubmed/33102481?dopt=Abstract
http://dx.doi.org/10.3389/fcell.2020.575126
http://www.ncbi.nlm.nih.gov/pubmed/23097296?dopt=Abstract
http://dx.doi.org/10.1002/jcb.24428
http://www.ncbi.nlm.nih.gov/pubmed/7635190?dopt=Abstract
http://dx.doi.org/10.1016/0014-5793(95)00701-A
http://www.ncbi.nlm.nih.gov/pubmed/3172357?dopt=Abstract
http://dx.doi.org/10.1016/S0022-5347(17)41923-9
http://www.ncbi.nlm.nih.gov/pubmed/10493935?dopt=Abstract
http://dx.doi.org/10.1042/bj3430241
http://www.ncbi.nlm.nih.gov/pubmed/23748023?dopt=Abstract
http://dx.doi.org/10.1016/j.jprot.2013.05.029
http://www.ncbi.nlm.nih.gov/pubmed/32383290?dopt=Abstract
http://dx.doi.org/10.1002/pmic.201900289
http://www.ncbi.nlm.nih.gov/pubmed/26386584?dopt=Abstract
http://dx.doi.org/10.1007/s00441-015-2289-2
http://www.ncbi.nlm.nih.gov/pubmed/9603256?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod58.5.1217

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

REVIEW: ENVIRONMENTAL IMPACT ON SEMINAL PLASMA

ertson SA. TGF-B mediates proinflammatory seminal fluid signaling in human cervical
epithelial cells. J Immunol 2012; 189: 1024—1035. [Medline] [CrossRef]

Rizo JA, Ibrahim LA, Molinari PCC, Harstine BR, Piersanti RL, Bromfield JJ.
Effect of seminal plasma or transforming growth factor on bovine endometrial cells.
Reproduction 2019; 158: 529-541. [Medline] [CrossRef]

Martinez CA, Cambra JM, Lucas X, Ferreira-Dias G, Rodriguez-Martinez H,
Gil MA, Martinez EA, Cuello C, Parrilla I. Intrauterine infusion of TGF-B1 prior to
insemination, alike seminal plasma, influences endometrial cytokine responses but does
not impact the timing of the progression of pre-implantation pig embryo development.
Biology (Basel) 2021; 10: 159. [Medline]

Clark DA, Fernandes J, Banwatt D. Prevention of spontaneous abortion in the CBA
x DBA/2 mouse model by intravaginal TGF-beta and local recruitment of CD4+8+
FOXP3+ cells. Am J Reprod Immunol 2008; 59: 525-534. [Medline] [CrossRef]
Battersby S, Sales KJ, Williams AR, Anderson RA, Gardner S, Jabbour HN. Seminal
plasma and prostaglandin E2 up-regulate fibroblast growth factor 2 expression in endome-
trial adenocarcinoma cells via E-series prostanoid-2 receptor-mediated transactivation of
the epidermal growth factor receptor and extracellular signal-regulated kinase pathway.
Hum Reprod 2007, 22: 36-44. [Medline] [CrossRef]

Denison FC, Grant VE, Calder AA, Kelly RW. Seminal plasma components stimulate
interleukin-8 and interleukin-10 release. Mol Hum Reprod 1999; 5: 220-226. [Medline]
[CrossRef]

Colon JM, Ginsburg F, Lessing JB, Schoenfeld C, Goldsmith LT, Amelar RD, Dubin
L, Weiss G. The effect of relaxin and prostaglandin E2 on the motility of human sperma-
tozoa. Fertil Steril 1986; 46: 1133—1139. [Medline] [CrossRef]

Loher W, Ganjian I, Kubo I, Stanley-Samuelson D, Tobe SS. Prostaglandins: Their role
in egg-laying of the cricket Teleogryllus commodus. Proc Natl Acad Sci USA 1981; 78:
7835-7838. [Medline] [CrossRef]

Ezz MA, Marey MA, Elweza AE, Kawai T, Heppelmann M, Pfarrer C, Balboula AZ,
Montaser A, Imakawa K, Zaabel SM, Shimada M, Miyamoto A. TLR2/4 signaling
pathway mediates sperm-induced inflammation in bovine endometrial epithelial cells in
vitro. PLoS One 2019; 14: €0214516. [Medline] [CrossRef]

Chan HY, Moldenhauer LM, Groome HM, Schjenken JE, Robertson SA. Toll-like
receptor-4 null mutation causes fetal loss and fetal growth restriction associated with
impaired maternal immune tolerance in mice. Sci Rep 2021; 11: 16569. [Medline] [Cross-
Ref]

Vera O, Vasqucz LA, Muiioz MG. Semen quality and presence of cytokines in seminal
fluid of bull ejaculates. Theriogenology 2003; 60: 553-558. [Medline] [CrossRef]
Gopichandran N, Ekbote UV, Walker JJ, Brooke D, Orsi NM. Multiplex determination
of murine seminal fluid cytokine profiles. Reproduction 2006; 131: 613-621. [Medline]
[CrossRef]

Lyons HE, Arman BM, Robertson SA, Sharkey DJ. Immune regulatory cytokines in
seminal plasma of healthy men: A scoping review and analysis of variance. Andrology
2023; 11: 1245-1266. [Medline] [CrossRef]

Barranco I, Rubér M, Perez-Patiiio C, Atikuzzaman M, Martinez EA, Roca J,
Rodriguez-Martinez H. The seminal plasma of the boar is rich in cytokines, with signifi-
cant individual and intra-ejaculate variation. Am J Reprod Immunol 2015; 74: 523-532.
[Medline] [CrossRef]

Eggert-Kruse W, Boit R, Rohr G, Aufenanger J, Hund M, Strowitzki T. Relationship
of seminal plasma interleukin (IL) -8 and IL-6 with semen quality. Hum Reprod 2001; 16:
517-528. [Medline] [CrossRef]

Kim BJ, Choi YM, Rah SY, Park DR, Park SA, Chung YJ, Park SM, Park JK, Jang
KY, Kim UH. Seminal CD38 is a pivotal regulator for fetomaternal tolerance. Proc Natl
Acad Sci USA 2015; 112: 1559-1564. [Medline] [CrossRef]

Kim BJ, Park DR, Nam TS, Lee SH, Kim UH. Seminal CD38 enhances human sperm
capacitation through its interaction with CD31. PLoS One 2015; 10: €0139110. [Medline]
[CrossRef]

Ratto MH, Leduc YA, Valderrama XP, van Straaten KE, Delbaere LT, Pierson RA,
Adams GP. The nerve of ovulation-inducing factor in semen. Proc Natl Acad Sci USA
2012; 109: 15042-15047. [Medline] [CrossRef]

Maranesi M, Petrucci L, Leonardi L, Piro F, Rebollar PG, Millan P, Cocci P, Vullo C,
Parillo F, Moura A, Mariscal GG, Boiti C, Zerani M. New insights on a NGF-mediated
pathway to induce ovulation in rabbits (Oryctolagus cuniculus). Biol Reprod 2018; 98:
634-643. [Medline] [CrossRef]

Lima FS, Stewart JL, Canisso IF. Insights into nerve growth factor-p role in bovine
reproduction - Review. Theriogenology 2020; 150: 288-293. [Medline] [CrossRef]
Parthipan S, Selvaraju S, Somashekar L, Arangasamy A, Sivaram M, Ravindra JP.
Spermatozoal transcripts expression levels are predictive of semen quality and conception
rate in bulls (Bos taurus). Theriogenology 2017; 98: 41-49. [Medline] [CrossRef]
Saeednia S, Bahadoran H, Amidi F, Asadi MH, Naji M, Fallahi P, Nejad NA. Nerve
growth factor in human semen: Effect of nerve growth factor on the normozoospermic
men during cryopreservation process. Iran J Basic Med Sci 2015; 18: 292-299. [Medline]
Shahat AM, Taqi MO, Hozyen HF, Galal SM, Sakr AAM, Shedeed SM, Mahmoud
KGM, El Hameed ARA, Hashem MF, Kastelic JP, Ibrahim S. Season affects sperm
quality, seminal extracellular vesicles, and antioxidant-related genes in Egyptian Buffalo
bulls. Sci Rep 2025; 15: 33866. [Medline] [CrossRef]

Polisca A, Troisi A, Minelli A, Bellezza I, Fontbonne A, Zelli R. Presence of mem-
branous vesicles in cat seminal plasma: ultrastructural characteristics, protein profile and
enzymatic activity. Reprod Domest Anim 2015; 50: 91-96. [Medline] [CrossRef]

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

—_

112.

113.

114.

115.

235

Agrawal Y, Vanha-Perttula T. Effect of secretory particles in bovine seminal vesicle
secretion on sperm motility and acrosome reaction. J Reprod Fertil 1987; 79: 409-419.
[Medline] [CrossRef]

Ronquist KG, Ek B, Morrell J, Stavreus-Evers A, Strom Holst B, Humblot P,
Ronquist G, Larsson A. Prostasomes from four different species are able to produce ex-
tracellular adenosine triphosphate (ATP). Biochim Biophys Acta 2013; 1830: 4604-4610.
[Medline] [CrossRef]

Catalan J, Martinez-Diaz P, Parra A, Bonet S, Yeste M, Roca J, Barranco I, Miro J.
Isolation and characterization of extracellular vesicle subsets in donkey seminal plasma.
Theriogenology 2025; 244: 117501. [Medline] [CrossRef]

Arienti G, Carlini E, De Cosmo AM, Di Profio P, Palmerini CA. Prostasome-like
particles in stallion semen. Biol Reprod 1998; 59: 309-313. [Medline] [CrossRef]
Ronquist G, Brody I, Gottfries A, Stegmayr B. An Mg2+ and Ca2+-stimulated ad-
enosine triphosphatase in human prostatic fluid: part 1. Andrologia 1978; 10: 261-272.
[Medline] [CrossRef]

‘Wang D, Jueraitetibaike K, Tang T, Wang Y, Jing J, Xue T, Ma J, Cao S, Lin Y, Li
X, Ma R, Chen X, Yao B. Seminal plasma and seminal plasma exosomes of aged male
mice affect early embryo implantation via immunomodulation. Front Immunol 2021; 12:
723409. [Medline] [CrossRef]

Ghaoui R-H, Thomson PC, Evans G, Maxwell WM. Characterization and localiza-
tion of membrane vesicles in ejaculate fractions from the ram, boar and stallion. Reprod
Domest Anim 2004; 39: 173—180. [Medline] [CrossRef]

Breitbart H, Rubinstein S. Characterization of Mg2+- and Ca2+-ATPase activity in
membrane vesicles from ejaculated ram seminal plasma. Arch Androl 1982; 9: 147-157.
[Medline] [CrossRef]

Cordeiro L, Lin HH, Vitorino Carvalho A, Grasseau I, Uzbekov R, Blesbois E. First
insights on seminal extracellular vesicles in chickens of contrasted fertility. Reproduction
2021; 161: 489-498. [Medline] [CrossRef]

. Corrigan L, Redhai S, Leiblich A, Fan S-J, Perera SMW, Patel R, Gandy C,

Wainwright SM, Morris JF, Hamdy F, Goberdhan DCI, Wilson C. BMP-regulated
exosomes from Drosophila male reproductive glands reprogram female behavior. J Cell
Biol 2014; 206: 671-688. [Medline] [CrossRef]

Zhang B, Zhao N, Jia L, Peng K, Che J, Li K, He X, Sun J, Bao B. Seminal plasma
exosomes: promising biomarkers for identification of male and pseudo-males in Cyno-
glossus semilaevis. Mar Biotechnol (NY) 2019; 21: 310-319. [Medline] [CrossRef]

Bai R, Latifi Z, Kusama K, Nakamura K, Shimada M, Imakawa K. Induction of
immune-related gene expression by seminal exosomes in the porcine endometrium.
Biochem Biophys Res Commun 2018; 495: 1094-1101. [Medline] [CrossRef]

Marques de Menezes EG, Jang K, George AF, Nyegaard M, Neidleman J, Inglis HC,
Danesh A, Deng X, Afshari A, Kim YH, Billaud JN, Marson K, Pilcher CD, Pillai
SK, Norris PJ, Roan NR. Seminal plasma-derived extracellular-vesicle fractions from
HIV-infected men exhibit unique MicroRNA signatures and induce a proinflammatory
response in cells isolated from the female reproductive tract. J Virol 2020; 94: €00525-20.
[Medline] [CrossRef]

Park K-H, Kim B-J, Kang J, Nam T-S, Lim JM, Kim HT, Park JK, Kim YG, Chae
S-W, Kim U-H. Ca2+ signaling tools acquired from prostasomes are required for proges-
terone-induced sperm motility. Sci Signal 2011; 4: ra31-ra31. [Medline] [CrossRef]
Tamessar CT, Trigg NA, Nixon B, Skerrett-Byrne DA, Sharkey DJ, Robertson SA,
Bromfield EG, Schjenken JE. Roles of male reproductive tract extracellular vesicles in
reproduction. Am J Reprod Immunol 2021; 85: ¢13338. [Medline] [CrossRef]

Sullivan R, Saez F. Epididymosomes, prostasomes, and liposomes: their roles in mam-
malian male reproductive physiology. Reproduction 2013; 146: R21-R35. [Medline]
[CrossRef]

Tamessar CT, Parameswaran S, Torres-Arce E, Weidenhofer J, Zhang HM, Mul-
hall JE, Robertson SA, Bromfield EG, Nixon B, Sharkey DJ, Skerrett-Byrne DA,
Schjenken JE. Advancing understanding of the protein composition of human seminal
extracellular vesicles. Proteomics 2026; 26: 178—188. [Medline]

Lin Y, Liang A, He Y, Li Z, Li Z, Wang G, Sun F. Proteomic analysis of seminal ex-
tracellular vesicle proteins involved in asthenozoospermia by iTRAQ. Mol Reprod Dev
2019; 86: 1094-1105. [Medline] [CrossRef]

Manouchehri Doulabi E, Fredolini C, Gallini R, Lof L, Shen Q, Ikebuchi R, Dubois
L, Azimi A, Loudig O, Gabrielsson S, Landegren U, Larsson A, Bergquist J, Kamali-
Moghaddam M. Surface protein profiling of prostate-derived extracellular vesicles by
mass spectrometry and proximity assays. Commun Biol 2022; 5: 1402. [Medline] [Cross-
Ref]

. Jaiswal MK, Mallers TM, Larsen B, Kwak-Kim J, Chaouat G, Gilman-Sachs A, Bea-

man KD. V-ATPase upregulation during early pregnancy: a possible link to establishment
of an inflammatory response during preimplantation period of pregnancy. Reproduction
2012; 143: 713-725. [Medline] [CrossRef]

Olejnik B, Ferens-Sieczkowska M. Seminal plasma glycoproteins as potential ligands of
lectins engaged in immunity regulation. /nt J Environ Res Public Health 2022; 19: 10489.
[Medline] [CrossRef]

Lane M, Robker RL, Robertson SA. Parenting from before conception. Science 2014;
345: 756-760. [Medline] [CrossRef]

Claydon AJ, Ramm SA, Pennington A, Hurst JL, Stockley P, Beynon R. Heterog-
enous turnover of sperm and seminal vesicle proteins in the mouse revealed by dynamic
metabolic labeling. Mol Cell Proteomics 2012; 11: M111 014993.

Bao B, Wen H, Wang F, Han D, Liu B. Inflammation of the male reproductive system:


http://www.ncbi.nlm.nih.gov/pubmed/22706080?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1200005
http://www.ncbi.nlm.nih.gov/pubmed/31645014?dopt=Abstract
http://dx.doi.org/10.1530/REP-19-0421
http://www.ncbi.nlm.nih.gov/pubmed/33671276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18410469?dopt=Abstract
http://dx.doi.org/10.1111/j.1600-0897.2008.00582.x
http://www.ncbi.nlm.nih.gov/pubmed/16905765?dopt=Abstract
http://dx.doi.org/10.1093/humrep/del328
http://www.ncbi.nlm.nih.gov/pubmed/10333355?dopt=Abstract
http://dx.doi.org/10.1093/molehr/5.3.220
http://www.ncbi.nlm.nih.gov/pubmed/3536606?dopt=Abstract
http://dx.doi.org/10.1016/S0015-0282(16)49894-8
http://www.ncbi.nlm.nih.gov/pubmed/16593135?dopt=Abstract
http://dx.doi.org/10.1073/pnas.78.12.7835
http://www.ncbi.nlm.nih.gov/pubmed/30995239?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0214516
http://www.ncbi.nlm.nih.gov/pubmed/34400677?dopt=Abstract
http://dx.doi.org/10.1038/s41598-021-95213-1
http://dx.doi.org/10.1038/s41598-021-95213-1
http://www.ncbi.nlm.nih.gov/pubmed/12763168?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(03)00031-1
http://www.ncbi.nlm.nih.gov/pubmed/16514204?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00959
http://www.ncbi.nlm.nih.gov/pubmed/36891953?dopt=Abstract
http://dx.doi.org/10.1111/andr.13424
http://www.ncbi.nlm.nih.gov/pubmed/26412440?dopt=Abstract
http://dx.doi.org/10.1111/aji.12432
http://www.ncbi.nlm.nih.gov/pubmed/11228223?dopt=Abstract
http://dx.doi.org/10.1093/humrep/16.3.517
http://www.ncbi.nlm.nih.gov/pubmed/25591581?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1413493112
http://www.ncbi.nlm.nih.gov/pubmed/26407101?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0139110
http://www.ncbi.nlm.nih.gov/pubmed/22908303?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1206273109
http://www.ncbi.nlm.nih.gov/pubmed/29438491?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioy041
http://www.ncbi.nlm.nih.gov/pubmed/32088043?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2020.01.076
http://www.ncbi.nlm.nih.gov/pubmed/28601154?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2017.04.042
http://www.ncbi.nlm.nih.gov/pubmed/25945243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/41028059?dopt=Abstract
http://dx.doi.org/10.1038/s41598-025-07171-7
http://www.ncbi.nlm.nih.gov/pubmed/25414137?dopt=Abstract
http://dx.doi.org/10.1111/rda.12453
http://www.ncbi.nlm.nih.gov/pubmed/3572875?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0790409
http://www.ncbi.nlm.nih.gov/pubmed/23707955?dopt=Abstract
http://dx.doi.org/10.1016/j.bbagen.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/40412157?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2025.117501
http://www.ncbi.nlm.nih.gov/pubmed/9687300?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/152589?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0272.1978.tb03030.x
http://www.ncbi.nlm.nih.gov/pubmed/34712227?dopt=Abstract
http://dx.doi.org/10.3389/fimmu.2021.723409
http://www.ncbi.nlm.nih.gov/pubmed/15182294?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2004.00499.x
http://www.ncbi.nlm.nih.gov/pubmed/6128963?dopt=Abstract
http://dx.doi.org/10.3109/01485018208990233
http://www.ncbi.nlm.nih.gov/pubmed/33635824?dopt=Abstract
http://dx.doi.org/10.1530/REP-20-0462
http://www.ncbi.nlm.nih.gov/pubmed/25154396?dopt=Abstract
http://dx.doi.org/10.1083/jcb.201401072
http://www.ncbi.nlm.nih.gov/pubmed/30863906?dopt=Abstract
http://dx.doi.org/10.1007/s10126-019-09881-2
http://www.ncbi.nlm.nih.gov/pubmed/29155178?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2017.11.100
http://www.ncbi.nlm.nih.gov/pubmed/32434889?dopt=Abstract
http://dx.doi.org/10.1128/JVI.00525-20
http://www.ncbi.nlm.nih.gov/pubmed/21586728?dopt=Abstract
http://dx.doi.org/10.1126/scisignal.2001595
http://www.ncbi.nlm.nih.gov/pubmed/32885533?dopt=Abstract
http://dx.doi.org/10.1111/aji.13338
http://www.ncbi.nlm.nih.gov/pubmed/23613619?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0058
http://www.ncbi.nlm.nih.gov/pubmed/41386752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/31215738?dopt=Abstract
http://dx.doi.org/10.1002/mrd.23224
http://www.ncbi.nlm.nih.gov/pubmed/36550367?dopt=Abstract
http://dx.doi.org/10.1038/s42003-022-04349-x
http://dx.doi.org/10.1038/s42003-022-04349-x
http://www.ncbi.nlm.nih.gov/pubmed/22454532?dopt=Abstract
http://dx.doi.org/10.1530/REP-12-0036
http://www.ncbi.nlm.nih.gov/pubmed/36078205?dopt=Abstract
http://dx.doi.org/10.3390/ijerph191710489
http://www.ncbi.nlm.nih.gov/pubmed/25124428?dopt=Abstract
http://dx.doi.org/10.1126/science.1254400

236

116.

117.

118.

119.

120.

12

—_

122.

12

%

124.

12

[9Y

126.

127.

128.

12

Rel

130.

13

132.

133.

134.

13

[y

136.

137.

138.

139.

TORRES-ARCE et al.

clinical aspects and mechanisms. Front Endocrinol (Lausanne) 2025; 16: 1547020. [Med-
line] [CrossRef]

Kong X, Wang X, Xia Q, Hu Q, Yu W, Huang Q, Li J, Wang C, Lin Z, Liu Y, Qi Y,
Tan X, Zheng B, Yu J. Unveiling the nexus between environmental exposures and tes-
ticular damages: revelations from autophagy and oxidative stress imbalance. Cell Death
Discov 2025; 11: 258. [Medline] [CrossRef]

De Toni L, Finocchi F, Jawich K, Ferlin A. Global warming and testis function: A chal-
lenging crosstalk in an equally challenging environmental scenario. Front Cell Dev Biol
2023; 10: 1104326. [Medline] [CrossRef]

Jiang B, Yang D, Peng H. Environmental toxins and reproductive health: unraveling the
effects on Sertoli cells and the blood-testis barrier in animals. Biol Reprod 2024; 111:
977-986. [Medline] [CrossRef]

Chen H, Alves MBR, Belleannée C. Contribution of epididymal epithelial cell functions
to sperm epigenetic changes and the health of progeny. Hum Reprod Update 2021; 28:
51-66. [Medline] [CrossRef]

Eberhard WG. Postcopulatory sexual selection: Darwin’s omission and its consequences.
Proc Natl Acad Sci USA 2009; 106(Suppl 1): 10025-10032. [Medline] [CrossRef]

. Firman RC. Postmating sexual conflict and female control over fertilization during

gamete interaction. Ann N Y Acad Sci 2018; 1422: 48-64. [Medline] [CrossRef]

Gong M, Wang F, Liu W, Chen R, Wu H, Zhang W, Yu X, Han R, Liu A, Chen Y,
Han D. Pattern recognition receptor-mediated innate immune responses in seminal vesicle
epithelial cell and their impacts on cellular function. Biol Reprod 2019; 101: 733-747.
[Medline] [CrossRef]

. ITamsaard S, Tongpan S, Yannasithinon S, Arun S, Wu ATH, Sukhorum W. Effect

of chronic stress on expression and secretion of seminal vesicle proteins in adult rats.
Andrologia 2021; 53: €13800. [Medline] [CrossRef]

Tsounapi P, Honda M, Dimitriadis F, Kawamoto B, Hikita K, Muraoka K, Saito M,
Sofikitis N, Takenaka A. Impact of antioxidants on seminal vesicles function and fertil-
izing potential in diabetic rats. Asian J Androl 2017; 19: 639-646. [Medline] [CrossRef]

. Crean AJ, Afrin S, Niranjan H, Pulpitel TJ, Ahmad G, Senior AM, Freire T, Mackay

F, Nobrega MA, Barrés R, Simpson SJ, Pini T. Male reproductive traits are differen-
tially affected by dietary macronutrient balance but unrelated to adiposity. Nat Commun
2023; 14: 2566. [Medline] [CrossRef]

Gillespie L, Martin JH, Anderson AL, Bernstein IR, Stanger SJ, Trigg NA, Schjen-
ken JE, Gannon AL, Parameswaran S, Smyth SP, Conine CC, Desai R, Handelsman
DJ, De Tuliis GN, Eamens AL, Dun MD, Turner BD, Roman SD, Green MP, Nixon B.
Exposure of mice to environmentally relevant per- and polyfluoroalkyl substances (PFAS)
alters the sperm epigenome. Commun Biol 2025; 8: 1487. [Medline] [CrossRef]

Ben Rhouma K, Tébourbi O, Krichah R, Sakly M. Reproductive toxicity of DDT in
adult male rats. Hum Exp Toxicol 2001; 20: 393-397. [Medline] [CrossRef]

Li Y, Hamilton KJ, Wang T, Coons LA, Jefferson WN, Li R, Wang Y, Grimm SA,
Ramsey JT, Liu L, Gerrish KE, Williams CJ, Wade PA, Korach KS. DNA methylation
and transcriptome aberrations mediated by ERa in mouse seminal vesicles following de-
velopmental DES exposure. Proc Natl Acad Sci US4 2018; 115: E4189-E4198. [Medline]

. Skerrett-Byrne DA, Nixon B, Bromfield EG, Breen J, Trigg NA, Stanger SJ, Bern-

stein IR, Anderson AL, Lord T, Aitken RJ, Roman SD, Robertson SA, Schjenken
JE. Transcriptomic analysis of the seminal vesicle response to the reproductive toxicant
acrylamide. BMC Genomics 2021; 22: 728. [Medline] [CrossRef]

Skerrett-Byrne DA, Trigg NA, Bromfield EG, Dun MD, Bernstein IR, Anderson AL,
Stanger SJ, MacDougall LA, Lord T, Aitken RJ, Roman SD, Robertson SA, Nixon B,
Schjenken JE. Proteomic dissection of the impact of environmental exposures on mouse
seminal vesicle function. Mol Cell Proteomics 2021; 20: 100107. [Medline] [CrossRef]

. Chen Y, Yang S, Lin J, Gu S, Wu L, Huang W, Yang J, Li M. Long-term exposure to

ambient air pollutants and risk of prostate cancer: A prospective cohort study. Environ Res
2025;270: 121020. [Medline] [CrossRef]

Fu F, Yu Y, Wang B, Zhao X, Wang N, Yin J, Wu K, Zhou Q. Prostate and urinary
microbioims in prostate cancer development: focus on Cutibacterium acnes. Frontiers in
Cellular and Infection Microbiology 2025; 15.

Moreira DM, Nickel JC, Gerber L, Muller RL, Andriole GL, Castro-Santamaria
R, Freedland SJ. Smoking is associated with acute and chronic prostatic inflammation:
results from the REDUCE study. Cancer Prev Res (Phila) 2015; 8: 312-317. [Medline]
[CrossRef]

Ullrich PM, Lutgendorf SK, Leserman J, Turesky DG, Kreder KJ. Stress, hostil-
ity, and disease parameters of benign prostatic hyperplasia. Psychosom Med 2005; 67:
476-482. [Medline] [CrossRef]

. Thomas JA. Diet, micronutrients, and the prostate gland. Nutr Rev 1999; 57: 95-103.

[Medline] [CrossRef]

Li J, Gu Z, Pan Y, Wang S, Chen H, Zhang H, Chen W, Chen YQ. Dietary supple-
mentation of o-linolenic acid induced conversion of n-3 LCPUFAs and reduced prostate
cancer growth in a mouse model. Lipids Health Dis 2017; 16: 136. [Medline] [CrossRef]
Bleeker J, Wang ZA. Applications of vertebrate models in studying prostatitis and
inflammation - Associated prostatic diseases. Frontiers in Molecular Bioscience 2022; 9.
Stewart JL, Shipley CF, Ellerbrock RE, Schmidt L, Lima FS, Canisso IF. Physiologi-
cal variations in reproductive and metabolic features of white-tailed deer (Odocoileus
virginianus) bucks throughout the rutting season. Theriogenology 2018; 114: 308-316.
[Medline] [CrossRef]

Abiaezute CN, Nwaogu IC, Igwebuike UM. Histology, ultrastructure, and seasonal
variations in the bulbourethral gland of the African straw-colored fruit bat Eidolon hel-

140.

14

—_

142.

14

@

144.

145.

146.

147.

148.

149.

150.

152.

153.

154.

155.

156.

157.

158.

159.

vum. J Morphol 2020; 281: 1446-1455. [Medline] [CrossRef]

Bee G, Silacci P, Ampuero-Kragten S, Candek-Potokar M, Wealleans AL, Litten-
Brown J, Salminen JP, Mueller-Harvey 1. Hydrolysable tannin-based diet rich in gal-
lotannins has a minimal impact on pig performance but significantly reduces salivary and
bulbourethral gland size. Animal 2017; 11: 1617-1625. [Medline] [CrossRef]

. Palmieri C, Hulse L, Pagliarani S, Larkin R, Higgins DP, Beagley K, Johnston S.

Chlamydia pecorum infection in the male reproductive system of Koalas (Phascolarctos
cinereus). Vet Pathol 2019; 56: 300-306. [Medline] [CrossRef]

Pepin AS, Jazwiec PA, Dumeaux V, Sloboda DM, Kimmins S. Determining the effects
of paternal obesity on sperm chromatin at histone H3 lysine 4 tri-methylation in relation to
the placental transcriptome and cellular composition. eLife 2024; 13: ¢83288. [Medline]
[CrossRef]

. Skerrett-Byrne DA, Pepin AS, Laurent K, Beckers J, Schneider R, Hrabé de Angelis

M, Teperino R. Dad’s diet shapes the future: how paternal nutrition impacts placental
development and childhood metabolic health. Mol Nutr Food Res 2025; 69: ¢70261.
[Medline] [CrossRef]

Liao H, Lu D, Reisinger SN, Mehrabadi MR, Gubert C, Hannan AJ. Epigenetic
effects of paternal environmental exposures and experiences on offspring phenotypes.
Trends Genet 2025; 41: 735-761. [Medline] [CrossRef]

Akhatova A, Jones C, Coward K, Yeste M. How do lifestyle and environmental factors
influence the sperm epigenome? Effects on sperm fertilising ability, embryo development,
and offspring health. Clin Epigenetics 2025; 17: 7. [Medline] [CrossRef]

Jensen TK, Bonde JP, Joffe M. The influence of occupational exposure on male repro-
ductive function. Occup Med (Lond) 2006; 56: 544-553. [Medline] [CrossRef]

Bryan ER, Redgrove KA, Mooney AR, Mihalas BP, Sutherland JM, Carey AJ,
Armitage CW, Trim LK, Kollipara A, Mulvey PBM, Palframan E, Trollope G, Bo-
goevski K, McLachlan R, McLaughlin EA, Beagley KW. Chronic testicular Chlamydia
muridarum infection impairs mouse fertility and offspring developmentf. Biol Reprod
2020; 102: 888-901. [Medline] [CrossRef]

Houston BJ, Nixon B, Martin JH, De Iuliis GN, Trigg NA, Bromfield EG, McEwan
KE, Aitken RJ. Heat exposure induces oxidative stress and DNA damage in the male
germ line. Biol Reprod 2018; 98: 593-606. [Medline] [CrossRef]

Hedger MP. Immunophysiology and pathology of inflammation in the testis and epididy-
mis. J Androl 2011; 32: 625-640. [Medline] [CrossRef]

Kilcoyne KR, Mitchell RT. Effect of environmental and pharmaceutical exposures on
fetal testis development and function: a systematic review of human experimental data.
Hum Reprod Update 2019; 25: 397-421. [Medline] [CrossRef]

. Falvo S, Latino D, Santillo A, Chieffi Baccari G, Senese R, Nuzzolillo F, Di Fiore MM.

Effects of a high-fat diet on rat epididymis. J Exp Zool A Ecol Integr Physiol 2023; 339:
535-544. [Medline] [CrossRef]

Trigg NA, Skerrett-Byrne DA, Xavier MJ, Zhou W, Anderson AL, Stanger SJ, Katen
AL, De Iuliis GN, Dun MD, Roman SD, Eamens AL, Nixon B. Acrylamide modulates
the mouse epididymal proteome to drive alterations in the sperm small non-coding RNA
profile and dysregulate embryo development. Cell Rep 2021; 37: 109787. [Medline]
[CrossRef]

Katen AL, Sipild P, Mitchell LA, Stanger SJ, Nixon B, Roman SD. Epididymal
CYP2EI1 plays a critical role in acrylamide-induced DNA damage in spermatozoa and
paternally mediated embryonic resorptions. Biol Reprod 2017; 96: 921-935. [Medline]
[CrossRef]

Tomar A, Gomez-Velazquez M, Gerlini R, Comas-Armangué G, Makharadze
L, Kolbe T, Boersma A, Dahlhoff M, Burgstaller JP, Lassi M, Darr J, Toppari J,
Virtanen H, Kiihnapfel A, Scholz M, Landgraf K, Kiess W, Vogel M, Gailus-Durner
V, Fuchs H, Marschall S, Hrabé de Angelis M, Kotaja N, Korner A, Teperino R.
Epigenetic inheritance of diet-induced and sperm-borne mitochondrial RNAs. Nature
2024; 630: 720-727. [Medline] [CrossRef]

Trigg N, Schjenken JE, Martin JH, Skerrett-Byrne DA, Smyth SP, Bernstein IR,
Anderson AL, Stanger SJ, Simpson ENA, Tomar A, Teperino R, Conine CC, De
Tuliis GN, Roman SD, Bromfield EG, Dun MD, Eamens AL, Nixon B. Subchronic el-
evation in ambient temperature drives alterations to the sperm epigenome and accelerates
early embryonic development in mice. Proc Natl Acad Sci USA 2024; 121: €2409790121.
[Medline] [CrossRef]

Carone BR, Fauquier L, Habib N, Shea JM, Hart CE, Li R, Bock C, Li C, Gu H,
Zamore PD, Meissner A, Weng Z, Hofmann HA, Friedman N, Rando OJ. Paternally
induced transgenerational environmental reprogramming of metabolic gene expression in
mammals. Cel/ 2010; 143: 1084-1096. [Medline] [CrossRef]

Sharma U, Conine CC, Shea JM, Boskovic A, Derr AG, Bing XY, Belleannee C,
Kucukural A, Serra RW, Sun F, Song L, Carone BR, Ricci EP, Li XZ, Fauquier L,
Moore MJ, Sullivan R, Mello CC, Garber M, Rando OJ. Biogenesis and function of
tRNA fragments during sperm maturation and fertilization in mammals. Science 2016;
351: 391-396. [Medline] [CrossRef]

Nitt D, Kugelberg U, Casas E, Nedstrand E, Zalavary S, Henriksson P, Nijm C,
Jiderquist J, Sandborg J, Flinke E, Ramesh R, Orkenby L, Appelkvist F, Lingg T,
Guzzi N, Bellodi C, Lof M, Vavouri T, Ost A. Human sperm displays rapid responses to
diet. PLoS Biol 2019; 17: €3000559. [Medline] [CrossRef]

Ito M, Sferruzzi-Perri AN, Edwards CA, Adalsteinsson BT, Allen SE, Loo TH,
Kitazawa M, Kaneko-Ishino T, Ishino F, Stewart CL, Ferguson-Smith AC. A
trans-homologue interaction between reciprocally imprinted miR-127 and Rtll regulates
placenta development. Development 2015; 142: 2425-2430. [Medline]


http://www.ncbi.nlm.nih.gov/pubmed/40607213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/40607213?dopt=Abstract
http://dx.doi.org/10.3389/fendo.2025.1547020
http://www.ncbi.nlm.nih.gov/pubmed/40442097?dopt=Abstract
http://dx.doi.org/10.1038/s41420-025-02543-4
http://www.ncbi.nlm.nih.gov/pubmed/36726592?dopt=Abstract
http://dx.doi.org/10.3389/fcell.2022.1104326
http://www.ncbi.nlm.nih.gov/pubmed/39180724?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioae126
http://www.ncbi.nlm.nih.gov/pubmed/34618012?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmab029
http://www.ncbi.nlm.nih.gov/pubmed/19528642?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0901217106
http://www.ncbi.nlm.nih.gov/pubmed/29524360?dopt=Abstract
http://dx.doi.org/10.1111/nyas.13635
http://www.ncbi.nlm.nih.gov/pubmed/31350848?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioz136
http://www.ncbi.nlm.nih.gov/pubmed/32816406?dopt=Abstract
http://dx.doi.org/10.1111/and.13800
http://www.ncbi.nlm.nih.gov/pubmed/27748317?dopt=Abstract
http://dx.doi.org/10.4103/1008-682X.186871
http://www.ncbi.nlm.nih.gov/pubmed/37142562?dopt=Abstract
http://dx.doi.org/10.1038/s41467-023-38314-x
http://www.ncbi.nlm.nih.gov/pubmed/41152411?dopt=Abstract
http://dx.doi.org/10.1038/s42003-025-08865-4
http://www.ncbi.nlm.nih.gov/pubmed/11727789?dopt=Abstract
http://dx.doi.org/10.1191/096032701682692946
http://www.ncbi.nlm.nih.gov/pubmed/29666266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/34625024?dopt=Abstract
http://dx.doi.org/10.1186/s12864-021-07951-1
http://www.ncbi.nlm.nih.gov/pubmed/34089863?dopt=Abstract
http://dx.doi.org/10.1016/j.mcpro.2021.100107
http://www.ncbi.nlm.nih.gov/pubmed/39900276?dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2025.121020
http://www.ncbi.nlm.nih.gov/pubmed/25644151?dopt=Abstract
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0260
http://www.ncbi.nlm.nih.gov/pubmed/15911913?dopt=Abstract
http://dx.doi.org/10.1097/01.psy.0000161208.82242.f8
http://www.ncbi.nlm.nih.gov/pubmed/10228346?dopt=Abstract
http://dx.doi.org/10.1111/j.1753-4887.1999.tb06932.x
http://www.ncbi.nlm.nih.gov/pubmed/28697730?dopt=Abstract
http://dx.doi.org/10.1186/s12944-017-0529-z
http://www.ncbi.nlm.nih.gov/pubmed/29677634?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/32896971?dopt=Abstract
http://dx.doi.org/10.1002/jmor.21258
http://www.ncbi.nlm.nih.gov/pubmed/28004617?dopt=Abstract
http://dx.doi.org/10.1017/S1751731116002597
http://www.ncbi.nlm.nih.gov/pubmed/30381016?dopt=Abstract
http://dx.doi.org/10.1177/0300985818806963
http://www.ncbi.nlm.nih.gov/pubmed/39612469?dopt=Abstract
http://dx.doi.org/10.7554/eLife.83288
http://www.ncbi.nlm.nih.gov/pubmed/40913545?dopt=Abstract
http://dx.doi.org/10.1002/mnfr.70261
http://www.ncbi.nlm.nih.gov/pubmed/40467385?dopt=Abstract
http://dx.doi.org/10.1016/j.tig.2025.04.015
http://www.ncbi.nlm.nih.gov/pubmed/39819375?dopt=Abstract
http://dx.doi.org/10.1186/s13148-025-01815-1
http://www.ncbi.nlm.nih.gov/pubmed/17151390?dopt=Abstract
http://dx.doi.org/10.1093/occmed/kql116
http://www.ncbi.nlm.nih.gov/pubmed/31965142?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioz229
http://www.ncbi.nlm.nih.gov/pubmed/29351587?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioy009
http://www.ncbi.nlm.nih.gov/pubmed/21764900?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.111.012989
http://www.ncbi.nlm.nih.gov/pubmed/30869130?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmz004
http://www.ncbi.nlm.nih.gov/pubmed/37009779?dopt=Abstract
http://dx.doi.org/10.1002/jez.2698
http://www.ncbi.nlm.nih.gov/pubmed/34610313?dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2021.109787
http://www.ncbi.nlm.nih.gov/pubmed/28379345?dopt=Abstract
http://dx.doi.org/10.1093/biolre/iox021
http://www.ncbi.nlm.nih.gov/pubmed/38839949?dopt=Abstract
http://dx.doi.org/10.1038/s41586-024-07472-3
http://www.ncbi.nlm.nih.gov/pubmed/39527742?dopt=Abstract
http://dx.doi.org/10.1073/pnas.2409790121
http://www.ncbi.nlm.nih.gov/pubmed/21183072?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26721685?dopt=Abstract
http://dx.doi.org/10.1126/science.aad6780
http://www.ncbi.nlm.nih.gov/pubmed/31877125?dopt=Abstract
http://dx.doi.org/10.1371/journal.pbio.3000559
http://www.ncbi.nlm.nih.gov/pubmed/26138477?dopt=Abstract

160.

16

—

162.

163.

164.

165.

166.

167.

168.

169.

170.

17

172.

173.

174.

175.

176.

177.

178.

179.

180.

REVIEW: ENVIRONMENTAL IMPACT ON SEMINAL PLASMA

Sirovica S, Morrell AP, Addison O, Martin RA, Watkins AJ. Intergenerational impact
of paternal low-protein diet on offspring bone health in mice. Function (Oxf) 2025; 6: 6.
[Medline]

. Furse S, Watkins AJ, Williams HEL, Snowden SG, Chiarugi D, Koulman A. Paternal

nutritional programming of lipid metabolism is propagated through sperm and seminal
plasma. Metabolomics 2022; 18: 13. [Medline] [CrossRef]

Morgan HL, Paganopoulou P, Akhtar S, Urquhart N, Philomin R, Dickinson Y, Wat-
kins AJ. Paternal diet impairs F1 and F2 offspring vascular function through sperm and
seminal plasma specific mechanisms in mice. J Physiol 2020; 598: 699-715. [Medline]
[CrossRef]

Lassi M, Tomar A, Comas-Armangué G, Vogtmann R, Dijkstra DJ, Corujo D,
Gerlini R, Darr J, Scheid F, Rozman J, Aguilar-Pimentel A, Koren O, Buschbeck
M, Fuchs H, Marschall S, Gailus-Durner V, Hrabe de Angelis M, Plosch T, Gellhaus
A, Teperino R. Disruption of paternal circadian rhythm affects metabolic health in male
offspring via nongerm cell factors. Sci Adv 2021; 7: eabg6424. [Medline] [CrossRef]
Nikolaeva MA, Babayan AA, Step a EO, Smolnikova VY, Kalinina EA,
Ferniandez N, Krechetova LV, Vanko LV, Sukhikh GT. The relationship of seminal
transforming growth factor-B1 and interleukin-18 with reproductive success in women

exposed to seminal plasma during IVF/ICSI treatment. J Reprod Immunol 2016; 117:
45-51. [Medline] [CrossRef]

Fullston T, Ohlsson Teague EM, Palmer NO, DeBlasio MJ, Mitchell M, Corbett M,
Print CG, Owens JA, Lane M. Paternal obesity initiates metabolic disturbances in two
generations of mice with incomplete penetrance to the F2 generation and alters the tran-
scriptional profile of testis and sperm microRNA content. FASEB J 2013; 27: 4226-4243.
[Medline] [CrossRef]

Morgan HL, Eid N, Holmes N, Henson S, Wright V, Coveney C, Winder C, O’Neil
DM, Dunn WB, Boocock DJ, Watkins AJ. Paternal undernutrition and overnutrition
modify semen composition and preimplantation embryo developmental kinetics in mice.
BMC Biol 2024; 22: 207. [Medline] [CrossRef]

Schjenken JE, Moldenhauer LM, Sharkey DJ, Chan HY, Chin PY, Fullston T,
McPherson NO, Robertson SA. High-fat diet alters male seminal plasma composition
to impair female immune adaptation for pregnancy in mice. Endocrinology 2021; 162:
bqab123. [Medline] [CrossRef]

Binder NK, Sheedy JR, Hannan NJ, Gardner DK. Male obesity is associated with
changed spermatozoa Cox4il mRNA level and altered seminal vesicle fluid composition
in a mouse model. Mol Hum Reprod 2015; 21: 424-434. [Medline] [CrossRef]

Smyth SP, Nixon B, Anderson AL, Murray HC, Martin JH, MacDougall LA, Robert-
son SA, Skerrett-Byrne DA, Schjenken JE. Elucidation of the protein composition of
mouse seminal vesicle fluid. Proteomics 2022; 22: 2100227. [Medline] [CrossRef]

Fan W, Xu Y, Liu Y, Zhang Z, Lu L, Ding Z. Obesity or overweight, a chronic inflam-
matory status in male reproductive system, leads to mice and human subfertility. Front
Physiol 2018; 8: 1117. [Medline] [CrossRef]

. Harrison TD, Chaney EM, Brandt KJ, Ault-Seay TB, Payton RR, Schneider LG,

Strickland LG, Schrick FN, McLean KJ. The effects of nutritional level and body
condition score on cytokines in seminal plasma of beef bulls. Frontiers in Animal Science
2023; 3.

Townsend J, Peng Z, Kizilaslan M, Taylor T, Yang Z, Ahsan N, Khatib H. Methionine
supplementation-induced alteration of sheep seminal plasma miRNAs and proteome. J
Anim Sci 2025; 103: skaf192. [Medline] [CrossRef]

Samadian F, Towhidi A, Rezayazdi K, Bahreini M. Effects of dietary n-3 fatty acids
on characteristics and lipid composition of ovine sperm. Animal 2010; 4: 2017-2022.
[Medline] [CrossRef]

Diaz R, Torres MA, Paz E, Quiiiones J, Bravo S, Farias JG, Sepilveda N. Dietary
inclusion of fish oil changes the semen lipid composition but does not improve the post-
thaw semen quality of ram spermatozoa. Anim Reprod Sci 2017; 183: 132-142. [Medline]
[CrossRef]

Sharkey DJ, Tremellen KP, Briggs NE, Dekker GA, Robertson SA. Seminal plasma
transforming growth factor-f, activin A and follistatin fluctuate within men over time.
Hum Reprod 2016; 31: 2183-2191. [Medline] [CrossRef]

Sharkey DJ, Tremellen KP, Briggs NE, Dekker GA, Robertson SA. Seminal plasma
pro-inflammatory cytokines interferon-y (IFNG) and C-X-C motif chemokine ligand 8
(CXCL3) fluctuate over time within men. Hum Reprod 2017; 32: 1373—1381. [Medline]
[CrossRef]

Guo H, Xu YM, Ye ZQ, Yu JH, Fu Q, Sa YL, Hu XY, Song LJ. Heat-shock protein
70 expression in the seminal plasma of patients with chronic bacterial prostatitis and
chronic prostatitis/chronic pelvic pain syndrome. Prostate Cancer Prostatic Dis 2010; 13:
338-342. [Medline] [CrossRef]

Huang J, Su'Y, Wang J, Fang Z, Zhang Y, Chen H, Wan X, Xiong Y, Song N, Chen H,
Wau X. Seminal plasma proteomics of asymptomatic COVID-19 patients reveals disrup-
tion of male reproductive function. BMC Genomics 2025; 26: 281. [Medline] [CrossRef]
Penna G, Mondaini N, Amuchastegui S, Degli Innocenti S, Carini M, Giubilei G,
Fibbi B, Colli E, Maggi M, Adorini L. Seminal plasma cytokines and chemokines in
prostate inflammation: interleukin 8 as a predictive biomarker in chronic prostatitis/
chronic pelvic pain syndrome and benign prostatic hyperplasia. Eur Urol 2007; 51:
524-533, discussion :533. [Medline] [CrossRef]

Subedi R, Rokade S, Surve S, Patil A, Kulkarni V, Gajbhiye RK, Madan T. Dysregu-
lated serum and seminal plasma levels of surfactant protein D and MCP-1 in men with
genital tract infection/inflammation. Am J Reprod Immunol 2023; 89: ¢13588. [Medline]

18

—_

182.

183.

184.

185.

186.

187.

188.

189.

190.

19

192.

193.

194.

195.

196.

197.

198.

199.

200.

20

237

[CrossRef]

. Shen Q-Z, Wang Y-F, Fang Y-W, Chen Y-Y, He L-T, Zhang Y, Liu G-T, Zhao K,

Liu C-Y, Fan Z-P, Zhang H-P. Seminal plasma S100A8/A9 as a potential biomarker of
genital tract inflammation. Asian J Androl 2024; 26: 464—471. [Medline] [CrossRef]
Ibrahim MA, Stipkovits L, Boldizsar H, Varga Z. Amino acid composition and charac-
teristic indices of bovine seminal plasma in case of infection of semen by mycoplasmas.
Acta Vet Hung 1984; 32: 15-21. [Medline]

Bezerra Junior RQ, Eloy AMX, Furtado JR, Pinheiro RR, Andrioli A, Moreno FB,
Pinto Lobo MD, Monteiro-Moreira ACO, de Azevedo Moreira R, Farias Pinto TM,
da Silva Teixeira MF. A panel of protein candidates for comprehensive study of Caprine
Arthritis Encephalitis (CAE) infection. Trop Anim Health Prod 2018; 50: 43-48. [Med-
line] [CrossRef]

Sharkey DJ, Glynn DJ, Schjenken JE, Tremellen KP, Robertson SA. Interferon-
gamma inhibits seminal plasma induction of colony-stimulating factor 2 in mouse and
human reproductive tract epithelial cells. Biol Reprod 2018; 99: 514-526. [Medline]
[CrossRef]

Yamanaka T, Xiao Z, Tsujita N, Awad M, Umehara T, Shimada M. Testosterone-
induced metabolic changes in seminal vesicle epithelium modify seminal plasma com-
ponents with potential to improve sperm motility. eLife 2025; 13: RP95541. [Medline]
[CrossRef]

Pereira GR, de Lazari FL, Dalberto PF, Bizarro CV, Sontag ER, Koetz Junior C,
Menegassi SRO, Barcellos JOJ, Bustamante-Filho IC. Effect of scrotal insulation on
sperm quality and seminal plasma proteome of Brangus bulls. Theriogenology 2020; 144:
194-203. [Medline] [CrossRef]

Rocha DR, Martins JA, van Tilburg MF, Oliveira RV, Moreno FB, Monteiro-Moreira
AC, Moreira RA, Aratijo AA, Moura AA. Effect of increased testicular temperature on
seminal plasma proteome of the ram. Theriogenology 2015; 84: 1291-1305. [Medline]
[CrossRef]

Karaca AG, Parker HM, Yeatman JB, McDaniel CD. Role of seminal plasma in heat
stress infertility of broiler breeder males. Poult Sci 2002; 81: 1904-1909. [Medline]
[CrossRef]

Fraczek M, Wojnar L, Kamieniczna M, Piasecka M, Gill K, Kups M, Chopyak V,
Havrylyuk A, Nakonechnyy J, Nakonechnyy A, Wozniak T, Kurpisz M. Seminal
plasma analysis of oxidative stress in different genitourinary topographical regions in-
volved in reproductive tract disorders associated with genital heat stress. Int J Mol Sci
2020; 21: 6427. [Medline] [CrossRef]

Qian Y, Liu Y, Wang T, Wang S, Chen J, Li F, Zhang M, Hu X, Wang J, Li Y, James
A, Hou R, Cai K. Effects of cryptorchidism on the semen quality of giant pandas from
the perspective of seminal plasma proteomics. Genes (Basel) 2024; 15: 1288. [Medline]
[CrossRef]

. Bayram HL, Franco C, Brownridge P, Claydon AJ, Koch N, Hurst JL, Beynon RJ,

Stockley P. Social status and ejaculate composition in the house mouse. Philos Trans R
Soc Lond B Biol Sci 2020; 375: 20200083. [Medline] [CrossRef]

Ramm SA, Edward DA, Claydon AJ, Hammond DE, Brownridge P, Hurst JL, Bey-
non RJ, Stockley P. Sperm competition risk drives plasticity in seminal fluid composi-
tion. BMC Biol 2015; 13: 87. [Medline] [CrossRef]

Bartlett MJ, Steeves TE, Gemmell NJ, Rosengrave PC. Sperm competition risk drives
rapid ejaculate adjustments mediated by seminal fluid. eLife 2017; 6: €28811. [Medline]
[CrossRef]

Robertson SA, Martin GB. Perspective: re-defining “pheromone” in a mammalian
context to encompass seminal fluid. Front Vet Sci 2022; 8: 819246. [Medline] [CrossRef]
Pal A, Karanwal S, Habib MA, Josan F, Gaur V, Patel A, Garg M, Bhakat M, Datta
TK, Kumar R. Extracellular vesicles in seminal plasma of Sahiwal cattle bulls carry a
differential abundance of sperm fertility-associated proteins for augmenting the functional
quality of low-fertile bull spermatozoa. Sci Rep 2025; 15: 3587. [Medline] [CrossRef]
Lange-Consiglio A, Capra E, Monferrini N, Canesi S, Bosi G, Cretich M, Frigerio
R, Galbiati V, Bertuzzo F, Cobalchini F, Cremonesi F, Gasparrini B. Extracellular
vesicles from seminal plasma to improve fertilizing capacity of bulls. Reprod Fertil 2022;
3:313-327. [Medline] [CrossRef]

Murdica V, Giacomini E, Alteri A, Bartolacci A, Cermisoni GC, Zarovni N, Papaleo
E, Montorsi F, Salonia A, Vigané P, Vago R. Seminal plasma of men with severe asthe-
nozoospermia contain exosomes that affect spermatozoa motility and capacitation. Fertil
Steril 2019; 111: 897-908.e2. [Medline] [CrossRef]

Alves MBR, Arruda RP, Batissaco L, Garcia-Oliveros LN, Gonzaga VHG, Nogueira
VJM, Almeida FDS, Pinto SCC, Andrade GM, Perecin F, da Silveira JC, Celeghini
ECC. Changes in miRNA levels of sperm and small extracellular vesicles of seminal
plasma are associated with transient scrotal heat stress in bulls. Theriogenology 2021;
161: 26-40. [Medline] [CrossRef]

Kaddour H, Kopcho S, Lyu Y, Shouman N, Paromov V, Pratap S, Dash C, Kim EY,
Martinson J, McKay H, Epeldegui M, Margolick JB, Stapleton JT, Okeoma CM.
HIV-infection and cocaine use regulate semen extracellular vesicles proteome and miR-
NAome in a manner that mediates strategic monocyte haptotaxis governed by miR-128
network. Cell Mol Life Sci 2021;79: 5. [Medline] [CrossRef]

Rich MT, Worobey SJ, Mankame S, Pang ZP, Swinford-Jackson SE, Pierce RC.
Sex-dependent fear memory impairment in cocaine-sired rat offspring. Sci Adv 2023; 9:
eadf6039. [Medline] [CrossRef]

. Wimmer ME, Briand LA, Fant B, Guercio LA, Arreola AC, Schmidt HD, Sidoli S,

Han Y, Garcia BA, Pierce RC. Paternal cocaine taking elicits epigenetic remodeling


http://www.ncbi.nlm.nih.gov/pubmed/41160434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/35141784?dopt=Abstract
http://dx.doi.org/10.1007/s11306-022-01869-9
http://www.ncbi.nlm.nih.gov/pubmed/31617219?dopt=Abstract
http://dx.doi.org/10.1113/JP278270
http://www.ncbi.nlm.nih.gov/pubmed/34039610?dopt=Abstract
http://dx.doi.org/10.1126/sciadv.abg6424
http://www.ncbi.nlm.nih.gov/pubmed/27423966?dopt=Abstract
http://dx.doi.org/10.1016/j.jri.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23845863?dopt=Abstract
http://dx.doi.org/10.1096/fj.12-224048
http://www.ncbi.nlm.nih.gov/pubmed/39278917?dopt=Abstract
http://dx.doi.org/10.1186/s12915-024-01992-0
http://www.ncbi.nlm.nih.gov/pubmed/34170298?dopt=Abstract
http://dx.doi.org/10.1210/endocr/bqab123
http://www.ncbi.nlm.nih.gov/pubmed/25731709?dopt=Abstract
http://dx.doi.org/10.1093/molehr/gav010
http://www.ncbi.nlm.nih.gov/pubmed/35014747?dopt=Abstract
http://dx.doi.org/10.1002/pmic.202100227
http://www.ncbi.nlm.nih.gov/pubmed/29354072?dopt=Abstract
http://dx.doi.org/10.3389/fphys.2017.01117
http://www.ncbi.nlm.nih.gov/pubmed/40495297?dopt=Abstract
http://dx.doi.org/10.1093/jas/skaf192
http://www.ncbi.nlm.nih.gov/pubmed/22445376?dopt=Abstract
http://dx.doi.org/10.1017/S1751731110001308
http://www.ncbi.nlm.nih.gov/pubmed/28606404?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27609985?dopt=Abstract
http://dx.doi.org/10.1093/humrep/dew185
http://www.ncbi.nlm.nih.gov/pubmed/28541460?dopt=Abstract
http://dx.doi.org/10.1093/humrep/dex106
http://www.ncbi.nlm.nih.gov/pubmed/20585345?dopt=Abstract
http://dx.doi.org/10.1038/pcan.2010.22
http://www.ncbi.nlm.nih.gov/pubmed/40119256?dopt=Abstract
http://dx.doi.org/10.1186/s12864-025-11473-5
http://www.ncbi.nlm.nih.gov/pubmed/16905241?dopt=Abstract
http://dx.doi.org/10.1016/j.eururo.2006.07.016
http://www.ncbi.nlm.nih.gov/pubmed/35771685?dopt=Abstract
http://dx.doi.org/10.1111/aji.13588
http://www.ncbi.nlm.nih.gov/pubmed/38727211?dopt=Abstract
http://dx.doi.org/10.4103/aja202389
http://www.ncbi.nlm.nih.gov/pubmed/6241981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29022241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29022241?dopt=Abstract
http://dx.doi.org/10.1007/s11250-017-1398-1
http://www.ncbi.nlm.nih.gov/pubmed/29596569?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioy071
http://www.ncbi.nlm.nih.gov/pubmed/41410298?dopt=Abstract
http://dx.doi.org/10.7554/eLife.95541.5
http://www.ncbi.nlm.nih.gov/pubmed/31978855?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2020.01.014
http://www.ncbi.nlm.nih.gov/pubmed/26318231?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/12512585?dopt=Abstract
http://dx.doi.org/10.1093/ps/81.12.1904
http://www.ncbi.nlm.nih.gov/pubmed/32899311?dopt=Abstract
http://dx.doi.org/10.3390/ijms21176427
http://www.ncbi.nlm.nih.gov/pubmed/39457412?dopt=Abstract
http://dx.doi.org/10.3390/genes15101288
http://www.ncbi.nlm.nih.gov/pubmed/33070725?dopt=Abstract
http://dx.doi.org/10.1098/rstb.2020.0083
http://www.ncbi.nlm.nih.gov/pubmed/26507392?dopt=Abstract
http://dx.doi.org/10.1186/s12915-015-0197-2
http://www.ncbi.nlm.nih.gov/pubmed/29084621?dopt=Abstract
http://dx.doi.org/10.7554/eLife.28811
http://www.ncbi.nlm.nih.gov/pubmed/35127886?dopt=Abstract
http://dx.doi.org/10.3389/fvets.2021.819246
http://www.ncbi.nlm.nih.gov/pubmed/39875583?dopt=Abstract
http://dx.doi.org/10.1038/s41598-025-87998-2
http://www.ncbi.nlm.nih.gov/pubmed/36374278?dopt=Abstract
http://dx.doi.org/10.1530/RAF-22-0037
http://www.ncbi.nlm.nih.gov/pubmed/31029245?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2019.01.030
http://www.ncbi.nlm.nih.gov/pubmed/33278692?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2020.11.015
http://www.ncbi.nlm.nih.gov/pubmed/34936021?dopt=Abstract
http://dx.doi.org/10.1007/s00018-021-04068-2
http://www.ncbi.nlm.nih.gov/pubmed/37851809?dopt=Abstract
http://dx.doi.org/10.1126/sciadv.adf6039

238

202.

203.

204.

206.

209.

210.

21

212.

213.

TORRES-ARCE et al.

and memory deficits in male progeny. Mol Psychiatry 2017; 22: 1641-1650. [Medline]
[CrossRef]

Alharbi MG, Lee SH, Abdel AM, Saadeldin IM, Ab ghaid MM. Role of
extracellular vesicles in compromising cellular resilience to environmental stressors.
BioMed Res Int 2021; 2021: 9912281. [Medline] [CrossRef]

de Jong OG, Verhaar MC, Chen Y, Vader P, Gremmels H, Posthuma G, Schiffelers
RM, Gucek M, van Balkom BWM. Cellular stress conditions are reflected in the protein
and RNA content of endothelial cell-derived exosomes. J Extracell Vesicles 2012; 1:
18396. [Medline] [CrossRef]

Bewicke-Copley F, Mulcahy LA, Jacobs LA, Samuel P, Akbar N, Pink RC, Carter
DRF. Extracellular vesicles released following heat stress induce bystander effect in
unstressed populations. J Extracell Vesicles 2017; 6: 1340746. [Medline] [CrossRef]

. Eaton SA, Jayasooriah N, Buckland ME, Martin DI, Cropley JE, Suter CM. Roll

over Weismann: extracellular vesicles in the transgenerational transmission of environ-
mental effects. Epigenomics 2015; 7: 1165-1171. [Medline] [CrossRef]

Huang S, Hart JC, Smith JF, Bench S, Yepes LR, Griscom B, Clark-Langone KM.
Tissue of origin characterization of cell free DNA in seminal plasma: Implications for new
liquid biopsies. PLoS One 2025; 20: €0317712. [Medline] [CrossRef]

. Hoog JL, Lotvall J. Diversity of extracellular vesicles in human ejaculates revealed by

cryo-electron microscopy. J Extracell Vesicles 2015; 4: 28680. [Medline] [CrossRef]

. Batra V, Morgan HL, Choei KK, Onion D, Croxall N, Arkill KP, Hallwood J, James

V, Watkins AJ. Male reproductive tract extracellular vesicles display region-specific
heterogeneity in mice. Reproduction 2025; 170: 170. [Medline] [CrossRef]

Sahlén G, Nilsson O, Larsson A, Carlsson L, Norlén BJ, Ronquist G. Secretions from
seminal vesicles lack characteristic markers for prostasomes. Ups J Med Sci 2010; 115:
107-112. [Medline] [CrossRef]

Parra A, Barranco I, Martinez-Diaz P, Gonzilez E, Alboniga OE, Cabrera D, Fal-
con-Pérez JM, Roca J. Cryogenic electron microscopy reveals morphologically distinct
subtypes of extracellular vesicles among porcine ejaculate fractions. Sci Rep 2024; 14:
16175. [Medline] [CrossRef]

. Limonta P, Marchesi S, Giannitti G, Casati L, Fontana F. The biological function of

extracellular vesicles in prostate cancer and their clinical application as diagnostic and
prognostic biomarkers. Cancer Metastasis Rev 2024; 43: 1611-1627. [Medline] [Cross-
Ref]

Ludwig ML, Arafa AT, Vinoo S, Jones JC, Day A, Bergom HE, Sychev Z, Horrmann
A, Levinson NM, Dehm SM, Antonarakis ES, Hwang J, Drake JM. Proteomic profil-
ing of extracellular vesicles distinguishes prostate cancer molecular subtypes. J Extracell
Vesicles 2025; 14: ¢70176. [Medline] [CrossRef]

He G, Wu J, Kong H, Zhang Y, Li Y, Cai M, Shaduhan G, Yan Y, Zheng Y, Ding
J. Comparative analysis of miRNAs in exosomes released by sheeppox virus-infected
ovine testicular cells. Comp Immunol Microbiol Infect Dis 2019; 67: 101363. [Medline]

214.

215.

216.

217.

218.

219.

220.

22

222.

223.

224.

[CrossRef]

Mancuso F, Calvitti M, Milardi D, Grande G, Falabella G, Arato I, Giovagnoli S,
Vincenzoni F, Mancini F, Nastruzzi C, Bodo M, Baroni T, Castagnola M, Marana
R, Pontecorvi A, Calafiore R, Luca G. Testosterone and FSH modulate Sertoli cell ex-
tracellular secretion: Proteomic analysis. Mol Cell Endocrinol 2018; 476: 1-7. [Medline]
[CrossRef]

Ma Y, Zhou Y, Xiao Q, Zou SS, Zhu YC, Ping P, Chen XF. Seminal exosomal miR-
210-3p as a potential marker of Sertoli cell damage in Varicocele. Andrology 2021; 9:
451-459. [Medline] [CrossRef]

Meéar LO, Tsai PS, Tamessar CT, Schjenken JE, Nixon B. Epididymosomes: composi-
tion and functions for sperm maturation. Adv Anat Embryol Cell Biol 2026; 241: 89-104.
[Medline] [CrossRef]

Ayaz A, Houle E, Pilsner JR. Extracellular vesicle cargo of the male reproductive tract
and the paternal preconception environment. Syst Biol Reprod Med 2021; 67: 103—111.
[Medline] [CrossRef]

Rompala GR, Mounier A, Wolfe CM, Lin Q, Lefterov I, Homanics GE. Heavy chronic
intermittent ethanol exposure alters small noncoding RNAs in mouse sperm and epididy-
mosomes. Front Genet 2018;9: 32. [Medline] [CrossRef]

Oluwayiose OA, Nowak K, Houle E, Suvorov A, Pilsner JR. Phthalate exposure to
adult mice alters non-coding RNAs in cauda epididymosomes. Environ Pollut 2025; 386:
127227. [Medline] [CrossRef]

Chan JC, Morgan CP, Adrian Leu N, Shetty A, Cisse YM, Nugent BM, Morrison
KE, Jasarevi¢ E, Huang W, Kanyuch N, Rodgers AB, Bhanu NV, Berger DS, Garcia
BA, Ament S, Kane M, Neill Epperson C, Bale TL. Reproductive tract extracellular
vesicles are sufficient to transmit intergenerational stress and program neurodevelopment.
Nat Commun 2020; 11: 1499. [Medline] [CrossRef]

. Alshanbayeva A, Tanwar DK, Roszkowski M, Manuella F, Mansuy IM. Early life

stress affects the miRNA cargo of epididymal extracellular vesicles in mouset. Biol
Reprod 2021; 105: 593-602. [Medline] [CrossRef]

Moon N, Morgan CP, Marx-Rattner R, Jeng A, Johnson RL, Chikezie I, Mannella C,
Sammel MD, Epperson CN, Bale TL. Stress increases sperm respiration and motility in
mice and men. Nat Commun 2024; 15: 7900. [Medline] [CrossRef]

Rompala GR, Ferguson C, Homanics GE. Coincubation of sperm with epididymal ex-
tracellular vesicle preparations from chronic intermittent ethanol-treated mice is sufficient
to impart anxiety-like and ethanol-induced behaviors to adult progeny. Alcohol 2020; 87:
111-120. [Medline] [CrossRef]

Pini T, Nixon B, Karr TL, Teperino R, Sanz-Moreno A, da Silva-Buttkus P, Tiit-
telmann F, Kliesch S, Gailus-Durner V, Fuchs H, Marschall S, Hrabé de Angelis M,
Skerrett-Byrne DA. Towards a kingdom of reproductive life - the core sperm proteome.
Reproduction 2025; 169: 169. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/28220045?dopt=Abstract
http://dx.doi.org/10.1038/mp.2017.8
http://www.ncbi.nlm.nih.gov/pubmed/34337063?dopt=Abstract
http://dx.doi.org/10.1155/2021/9912281
http://www.ncbi.nlm.nih.gov/pubmed/24009886?dopt=Abstract
http://dx.doi.org/10.3402/jev.v1i0.18396
http://www.ncbi.nlm.nih.gov/pubmed/28717426?dopt=Abstract
http://dx.doi.org/10.1080/20013078.2017.1340746
http://www.ncbi.nlm.nih.gov/pubmed/26625191?dopt=Abstract
http://dx.doi.org/10.2217/epi.15.58
http://www.ncbi.nlm.nih.gov/pubmed/40163478?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0317712
http://www.ncbi.nlm.nih.gov/pubmed/26563734?dopt=Abstract
http://dx.doi.org/10.3402/jev.v4.28680
http://www.ncbi.nlm.nih.gov/pubmed/40424048?dopt=Abstract
http://dx.doi.org/10.1530/REP-25-0009
http://www.ncbi.nlm.nih.gov/pubmed/19943818?dopt=Abstract
http://dx.doi.org/10.3109/03009730903366067
http://www.ncbi.nlm.nih.gov/pubmed/39003421?dopt=Abstract
http://dx.doi.org/10.1038/s41598-024-67229-w
http://www.ncbi.nlm.nih.gov/pubmed/39316264?dopt=Abstract
http://dx.doi.org/10.1007/s10555-024-10210-w
http://dx.doi.org/10.1007/s10555-024-10210-w
http://www.ncbi.nlm.nih.gov/pubmed/41063441?dopt=Abstract
http://dx.doi.org/10.1002/jev2.70176
http://www.ncbi.nlm.nih.gov/pubmed/31600681?dopt=Abstract
http://dx.doi.org/10.1016/j.cimid.2019.101363
http://www.ncbi.nlm.nih.gov/pubmed/29704537?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/33000559?dopt=Abstract
http://dx.doi.org/10.1111/andr.12913
http://www.ncbi.nlm.nih.gov/pubmed/39312087?dopt=Abstract
http://dx.doi.org/10.1007/102_2024_7
http://www.ncbi.nlm.nih.gov/pubmed/33630671?dopt=Abstract
http://dx.doi.org/10.1080/19396368.2020.1867665
http://www.ncbi.nlm.nih.gov/pubmed/29472946?dopt=Abstract
http://dx.doi.org/10.3389/fgene.2018.00032
http://www.ncbi.nlm.nih.gov/pubmed/41076053?dopt=Abstract
http://dx.doi.org/10.1016/j.envpol.2025.127227
http://www.ncbi.nlm.nih.gov/pubmed/32198406?dopt=Abstract
http://dx.doi.org/10.1038/s41467-020-15305-w
http://www.ncbi.nlm.nih.gov/pubmed/34426825?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioab156
http://www.ncbi.nlm.nih.gov/pubmed/39261485?dopt=Abstract
http://dx.doi.org/10.1038/s41467-024-52319-0
http://www.ncbi.nlm.nih.gov/pubmed/32445808?dopt=Abstract
http://dx.doi.org/10.1016/j.alcohol.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/40298292?dopt=Abstract
http://dx.doi.org/10.1530/REP-25-0105

