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Abstract

Paternal preconception health is increasingly recognized as an important determinant of re-
productive success and offspring development. Plastic-associated contaminants, including
endocrine-disrupting chemicals, microplastics, and nanoplastics, have been increasingly
associated with adverse effects on male reproductive function. The effects of these exposures
may extend beyond conventional sperm quality, potentially inducing molecular changes in
paternal germ cells with consequences for embryonic development and offspring health.
This review examines how preconception exposure to plastic-associated pollutants may
alter the male germline through oxidative stress, mitochondrial dysfunction, endocrine
disruption, inflammation, and epigenetic alterations. Particular attention is given to DNA
methylation, histone modifications, non-coding RNAs, and other epigenetic mechanisms
that may contribute environmentally induced molecular information to the embryo. We
will provide information about experimental and epidemiological research related to envi-
ronmental exposure in males and the resulting impacts on fertility, development of embryos,
placenta function, adverse pregnancy outcomes, and vulnerability of the offspring to re-
production, metabolic, neurodevelopmental, and cardiovascular diseases. By integrating
evidence from reproductive biology, toxicology, developmental epigenetics, and environ-
mental health, this review provides a framework for understanding how environmental
exposures may alter the paternal germline and potentially influence health across gen-
erations. Finally, we identify key research gaps and methodological challenges, outline
priorities for future research, and emphasize the need for comprehensive exposure assess-
ment, mechanistic studies in humans, and strategies to reduce environmental exposures
during the preconception period.
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1. Introduction

The paternal contribution to reproduction extends beyond the nuclear genome. Sper-
matozoa carry additional molecular information, including DNA methylation patterns,
retained histones, and non-coding RNAs, that may regulate early embryonic develop-
ment [1,2]. Experimental evidence indicates that paternal environmental exposures can
alter these molecular features before fertilization. In mice, paternal dietary changes alter
sperm small RNA profiles, while functional studies suggest that specific sperm RNAs
regulate gene expression in the preimplantation embryo [3,4]. These observations allow
us to consider the possibility of a biological mechanism by which paternal exposure to
xenobiotics might affect reproductive and developmental processes through changes in the
germline [5]. However, the fact that an exposure can change sperm molecular signatures
does not mean that these changes play any biological role in reproductive or developmental
processes or disease.

Plastic-associated pollutants represent an important class of environmental exposures
in this context. These pollutants have distinct physicochemical properties and include
bisphenols, phthalates, and micro- and nanoplastics [6]. Bisphenol A (BPA) is a widely
used plastic-associated chemical that has been extensively investigated for its potential
reproductive effects. Similarly, phthalates are known compounds, which are being stud-
ied because of their impact on the epigenetics of the sperm in humans [7,8]. Micro- and
nanoplastics represent a distinct class of plastic-associated pollutants with specific toxicolog-
ical properties that should not be generalized from those of plastic-associated chemicals [9].
These two categories should therefore be considered separately when evaluating their effects
on reproductive health.

Human biomonitoring studies have further increased interest in the reproductive effects
of plastic-related exposures. Microplastics have been found in human testicular tissue and
semen, thereby proving the occurrence of plastic-related substances in male reproductive
samples [10,11]. More recently, a multicenter study has described associations between
microplastic diversity in male reproductive samples and decreased semen characteristics
such as sperm concentration and progressive motility. However, these findings should be
carefully interpreted [12,13]. The detection of microplastics does not provide any evidence
on the exposure pathway, dose, or causal role in reproductive disorders. Additionally, the
association with semen quality does not imply changes in epigenetic information of the
sperm and its impact on the embryo [10].

Evidence linking plastic-associated chemicals to alterations in the sperm epigenome is
more established, although their physiological relevance remains unclear. Exposure to BPA
in occupational settings has been related to low levels of long interspersed nuclear element-
1 (LINE-1) DNA methylation in sperm cells [14]. Another study of men undergoing
in vitro fertilization (IVF) reported associations between urinary phthalate metabolite
concentrations and sperm DNA methylation patterns [15]. These findings suggest that the
human germline may be sensitive to chemical exposures; however, epidemiological studies
cannot establish whether the observed molecular changes have functional consequences
for reproductive outcomes. Experimental studies extend these observations to subsequent
generations. In mice, paternal BPA exposure has been associated with altered sperm
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function and DNA methylation, as well as reproductive abnormalities across multiple
generations [16].

Therefore, distinguishing germline-mediated developmental programming from direct
reproductive toxicity remains a major challenge. In this review, the term “paternal germline
programming” refers to the potential process through which exposure-associated molecu-
lar alterations in paternal germ cells or sperm may influence subsequent developmental
outcomes. The term does not imply that the detection of a sperm molecular alteration
alone constitutes functional programming or demonstrates causal germline-mediated trans-
mission. DNA damage, epigenetic alterations, and sperm dysfunction represent distinct
biological endpoints that may coexist but differ in their potential implications for offspring.
Similarly, an association between paternal exposure and an offspring phenotype does not
necessarily indicate epigenetic inheritance. The distinction between intergenerational and
transgenerational effects requires consideration of the timing and duration of exposure,
the tissues and germ cells affected, and whether the observed effects persist beyond di-
rectly exposed generations [17,18]. Accordingly, adult paternal exposure before conception,
developmental exposure of the future father, maternal or gestational exposure involving
the developing male germline, and direct experimental exposure of sperm or testicular
cells represent biologically distinct exposure scenarios and are considered separately in this
review. These scenarios differ in the developmental stage and cell populations directly ex-
posed and, consequently, in the interpretation of effects observed in subsequent generations.
Compared with studies assessing isolated outcomes, experimental designs incorporating
controlled paternal exposure, mating with unexposed females, molecular characterization
of sperm alterations, and follow-up across subsequent generations provide a more robust
framework for investigating these associations. Even within such experimental designs,
functional evidence is required to establish whether a specific sperm alteration contributes
causally to the observed offspring phenotype [19,20].

This narrative review critically appraises evidence suggesting that plastic-related pol-
lutants may affect the paternal germline, reproductive outcomes, and offspring health.
Previous reviews have addressed paternal environmental exposures and sperm epigenet-
ics broadly, specific epigenetic mechanisms, endocrine-disrupting chemicals (EDCs), or
the potential intergenerational effects of micro- and nanoplastics [21-25]. In contrast, the
present review integrates evidence on plastic-associated chemicals, including bisphenols
and phthalates, with the emerging literature on micro- and nanoplastics, while considering
these exposure classes separately because of their distinct toxicological properties. Particular
emphasis is placed on linking male reproductive effects and sperm molecular alterations
with reproductive, embryonic, and offspring outcomes and on distinguishing associations
and molecular continuity from evidence supporting germline-mediated intergenerational
or transgenerational effects. This approach facilitates a critical appraisal of the strengths and
limitations of the available evidence while helping to define priorities for future research.

2. Literature Search Strategy

This narrative review was developed to provide a critical synthesis of the relationship
between paternal exposure to plastic-associated pollutants, sperm molecular and epigenetic
alterations, and reproductive and offspring outcomes. Literature searches were conducted
in PubMed/MEDLINE, Scopus, and Web of Science for publications available up to 1 Octo-
ber 2026. Search terms combined exposure-related concepts, including “BPA,” “bisphenols,”
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“phthalates,” “plasticizers,” “microplastics,” and “nanoplastics,” with paternal and repro-
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ductive terms such as “paternal exposure,” “preconception,” “male germline,” “sperm,” and

“spermatogenesis.” Additional terms addressed molecular mechanisms and developmental
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outcomes, including “epigenetics,” “DNA methylation,” “histone modifications,” “chro-
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matin,” “non-coding RNA,” “oxidative stress (OS),” “mitochondrial dysfunction,” “em-
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bryo development,” “offspring,” “intergenerational,” and “transgenerational.” Terms were
combined using Boolean operators and adapted to the search functions of each database.
Reference lists of relevant primary studies and reviews were also examined to identify
additional publications of direct relevance to the review.

Literature considered for inclusion comprised primary human observational studies,
animal experiments, and in vitro investigations addressing plastic-associated exposures and
at least one relevant endpoint: male reproductive function, sperm molecular or epigenetic
characteristics, fertilization or embryonic development, or offspring outcomes. Reviews
were used to provide background context and to identify relevant primary studies, whereas
the interpretation of specific exposure—outcome relationships prioritized original research.
Studies involving maternal or gestational exposure were considered separately when they
provided relevant mechanistic or generational context and were not treated as equivalent
to studies of paternal exposure before conception. Similarly, findings concerning plastic-
associated chemicals were distinguished from those concerning plastic particles. Studies of
other environmental exposures were considered only when necessary to provide broader
mechanistic context for paternal germline regulation.

Exposure type, timing, route, dose or concentration, study population, and biological
endpoints were considered in the synthesis. Studies were further classified according
to exposure scenario, including adult paternal preconception exposure, developmental
exposure of the future father, maternal or gestational exposure affecting the developing
male germline, and direct experimental exposure of sperm or reproductive cells. Exposure
window, experimental model, and generation examined were considered when interpreting
intergenerational and transgenerational findings. The strength of evidence was further
considered according to whether studies reported exposure-associated molecular alterations
in sperm, embryo or offspring phenotypes, corresponding molecular alterations in sperm
and descendants, functional evidence implicating a specific sperm-borne factor, or direct
tests of causal mediation through targeted manipulation, transfer, inhibition, or rescue
experiments. These categories were considered separately, as the coexistence of a sperm
molecular alteration and an offspring phenotype does not, by itself, demonstrate that the
alteration mediates the phenotype.

As a narrative review, this article was not designed to provide an exhaustive systematic
inventory of the literature or a pooled estimate of effect. No formal systematic-review
screening procedure or standardized risk-of-bias assessment was applied. Primary studies
were selected based on their direct relevance to the review questions and their contribution
to representing different exposure classes, exposure scenarios, experimental models, molec-
ular mechanisms, and reproductive or offspring outcomes. Particular emphasis was placed
on studies that provided human evidence, characterized sperm or germline alterations,
assessed developmental or offspring outcomes, or included functional experiments relevant
to potential germline-mediated effects. Differences in study design, exposure dose and
duration, experimental model, exposure window, and outcome assessment were consid-
ered when comparing and interpreting findings across studies. Accordingly, the evidence
discussed in the text and summarized in the tables should be regarded as a critical, selective
synthesis of representative studies rather than a comprehensive or systematically evaluated
catalogue of the available literature.

3. Plastic-Associated Pollutants and Paternal Exposure

Plastic-associated exposure includes not only chemicals involved in plastic manufacture
or added to plastic-containing goods but also plastic particles [26,27]. Plastic-associated
exposures vary in their physicochemical properties, biological fate, and measurement
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approaches and thus should be studied individually before potential interactions are con-
sidered [28,29]. This review focuses primarily on bisphenols, phthalates, and micro- and
nanoplastics, while considering other plastic-associated additives and chemicals relevant to
mechanisms of paternal reproductive toxicity. The term “plastic-associated” does not imply
that all chemicals originate exclusively from plastics or that the presence of plastic particles
necessarily indicates exposure to specific additives [30].

3.1. Bisphenols and Phthalates

BPA is used in the production of polycarbonate plastics and epoxy resins and is among
the most extensively studied plastic-associated chemicals in reproductive toxicology. Ex-
posure can be found in occupational and general populations. In a study comparing
occupationally exposed and unexposed men, higher urinary BPA levels were associated
with poorer semen parameters, supporting further investigation of BPA as a potential male
reproductive toxicant [31]. However, this kind of association alone does not pinpoint the
biological mechanism behind the link.

BPA analogues used as substitutes, including bisphenol S (BPS) and bisphenol F (BPF),
should also be considered. Population biomonitoring studies have documented exposure to
BPS and BPF, suggesting that assessment of BPA alone may not adequately capture exposure
to other bisphenols. Similar structure and wide detection are not sufficient to assume similar
reproductive toxicity [32,33].

Phthalates represent yet another mixed group of exposures. Their applications range
from plasticizers to components of various consumer products, with exposure routes and
sources differing among individual chemicals. Data obtained from air and dust sampling in
residential settings, as well as from surface wipes and hand wipes, exemplify how exposures
occur in indoor environments [34-36]. Diet represents another relevant exposure route.
In one dietary intervention aimed at reducing consumption of foods packaged in cans
and plastics, urinary levels of BPA and bis(2-ethylhexyl) phthalate (DEHP) metabolites
decreased [37,38].

Human reproductive studies generally assess phthalate exposure using urinary metabo-
lites rather than the parent compounds [39]. A population-based study of men attempting
to conceive reported significant associations between specific urinary phthalate metabo-
lites and semen quality. It is important to note the uncertainty in the effect on fertility,
however [40]. Interpretation should therefore consider the specific metabolites detected
and their corresponding parent compounds. Population biomonitoring studies have doc-
umented exposure to BPS and BPF, suggesting that assessment of BPA alone may not
adequately capture exposure to other bisphenols. Similar structure and wide detection are
not sufficient to assume similar reproductive toxicity [41].

3.2. Microplastics and Nanoplastics

Micro- and nanoplastics represent particulate exposures rather than individual dis-
solved chemicals. Microplastics are generally defined as plastic particles smaller than 5 mm,
whereas the size threshold distinguishing microplastics from nanoplastics remains incon-
sistent across studies [42-44]. Thus, the particle sizes reported in each study should be
considered rather than relying solely on the terms “microplastics” and “nanoplastics”.

Microplastics have been detected in testicular tissue and semen using different an-
alytical methods. These studies demonstrate the presence of plastic-associated particles
or polymers in male reproductive samples; however, their biological relevance depends
on the biological compartment examined and the analytical methods employed [45,46].
Detection in testicular tissue or semen does not necessarily demonstrate access to the
seminiferous compartment or confirm localization within spermatozoa [47]. Reported
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concentrations also vary according to the analytical approach and sample characteristics.
For example, microplastics have been reported at 0.23 & 0.45 particles/mL in human se-
men and 11.60 & 15.52 particles/g in testicular tissue, whereas a more recent semen study
reported a mean abundance of 17.0 & 42.0 particles/g, with particles ranging from 20.3
to 189.7 ym [13,45]. Such values should not be interpreted as an established biologically
effective dose because particle number, mass, size, morphology, and polymer composi-
tion are not directly interchangeable across studies. Particle-resolved techniques such as
Raman microspectroscopy, Fourier-transform infrared spectroscopy, and laser direct in-
frared spectroscopy can characterize polymer type and particle size, whereas pyrolysis—gas
chromatography—mass spectrometry provides polymer-specific mass information but does
not preserve particle-level characteristics [45,48]. Consequently, standardized sampling,
contamination control, procedural blanks, and consistent reporting of particle abundance,
size distribution, polymer composition, and analytical detection limits are essential for
comparisons across human studies.

Human evidence relating quantified microplastic exposure to sperm dysfunction
remains limited. Observational studies have reported polymer-specific differences or asso-
ciations in progressive motility, although findings are not fully consistent [13,49]. In vitro
exposure of human spermatozoa to polystyrene microplastics at 105 or 210 pug/mL de-
creased sperm motility and vitality and increased reactive oxygen species production and
sperm DNA fragmentation. Altered expression of sperm genes involved in sperm—oocyte
fusion, including DCST1, DCST2, IZUMO1, SPACA6, SOF1, and TMEMO95, has also been
reported [50]. More recent experimental evidence with polystyrene nanoplastics implicates
mitochondrial OS and impaired mitochondrial function in human sperm dysfunction [51].
Nevertheless, these experimental concentrations cannot be directly equated with particle
burdens measured in human semen, and direct human evidence linking quantified seminal
microplastic exposure to a specific alteration in sperm metabolism remains insufficient.
Moreover, no validated gene, protein, epigenetic, or metabolic signature can currently be
considered specific to microplastic exposure in human sperm. OS, mitochondrial dysfunc-
tion, DNA damage, and alterations in sperm-function-related genes should therefore be
considered candidate mechanistic responses rather than microplastic-specific biomarkers.

Experimental studies indicate that micro- and nanoplastic exposure may adversely
affect male reproductive function under specific exposure conditions. In animal models,
polystyrene microplastics have been associated with testicular inflammation and disruption
of the blood—testis barrier, whereas oral exposure to polystyrene nanoplastics has been
reported to induce testicular and sperm damage [52-54]. However, the relevance of these
findings to human exposure depends on several factors, including particle characteristics,
dose, exposure duration, and the experimental model employed [29,55]. Experimental
evidence also indicates effects on the somatic testicular environment. Micro- and nanoplastic
exposure has been associated with oxidative and mitochondrial stress in Leydig cells,
impaired steroidogenic function, and reduced testosterone synthesis, while disruption of
Sertoli-cell function and blood-testis barrier integrity may indirectly compromise germ-cell
development [54,56]. Alterations in the LH/cAMP/PKA /StAR steroidogenic pathway and
steroidogenic enzymes have been proposed in experimental models, although changes
in circulating testosterone, LH, and FSH vary according to particle characteristics, dose,
exposure duration, and model [54,57]. Human evidence establishing comparable endocrine
effects remains insufficient. These hormonal and somatic-cell effects are important to
distinguish from direct germline effects because impaired sperm quality following exposure
may result from disruption of the testicular microenvironment rather than from a molecular
alteration transmitted through sperm.
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Species differences further complicate translation of these findings. Human sper-
matogenesis requires approximately 74 days, with a seminiferous epithelial cycle of ap-
proximately 16 days, whereas the corresponding cycle is approximately 8.6 days in mice
and 12.8-12.9 days in rats; complete spermatogenesis is correspondingly shorter in ro-
dents [58,59]. Spermatogonial organization also differs among species. Human spermatogo-
nia have traditionally been classified into A_dark, A_pale, and type B populations, whereas
rodents contain undifferentiated A_single, A_paired, and A_aligned populations followed
by differentiating A1-A4, intermediate, and type B spermatogonia [60,61]. Therefore, an
exposure period covering a substantial proportion or the entirety of spermatogenesis in a
rodent does not represent an equivalent temporal exposure window in humans. Experi-
mental microplastic studies further indicate effects across several testicular cell populations,
including spermatogonia, spermatocytes, Sertoli cells, and Leydig cells [62—64]. This cellu-
lar heterogeneity makes it difficult to attribute an observed sperm phenotype to a single
testicular target. These differences in spermatogenic organization, exposure timing, and
cellular susceptibility should be considered when extrapolating experimental reproductive
effects to humans.

A further question is whether micro- or nanoplastic-induced sperm alterations are re-
sponsible for developmental abnormalities in the offspring. Experimental paternal-exposure
studies have reported sperm molecular or functional alterations together with impaired
embryonic development or offspring phenotypes, and selected studies provide mecha-
nistic support for sperm-associated pathways [51,65,66]. However, the coexistence of an
altered sperm phenotype and an offspring phenotype do not by itself establish germline-
mediated transmission. At present, no human study has demonstrated the complete causal
sequence from quantified paternal micro- or nanoplastic exposure to a defined molecular
or metabolic alteration in sperm and subsequently to an adverse embryonic or offspring
phenotype. Prospective preconception studies combining standardized particle charac-
terization with sperm multi-omics, functional reproductive endpoints, and longitudinal
assessment of offspring will be required to evaluate this pathway.

Chemical and particulate exposures may be concurrent, but the roles of each should
not be confused [30]. Particle studies need to take into account potential chemicals that may
be released or co-exposure to these chemicals, and the measure of bisphenols or phthalate
metabolites is not a measure of exposure to plastic particles [67,68]. Studies comparing
each exposure could help clarify these issues.

3.3. Exposure Timing and Assessment

The timing of paternal exposure is an important consideration when evaluating po-
tential reproductive effects. Exposures during adulthood may affect spermatogenesis,
post-testicular sperm maturation, or sperm present near the time of conception, whereas de-
velopmental exposures may interfere with the establishment of reproductive function [69].
In zebrafish, BPA exposure at different stages of spermatogenesis induced distinct genetic
and epigenetic alterations associated with different embryonic outcomes [70,71].

In human studies, exposure assessment should also consider the biological window
relevant to the observed effect. Urinary BPA and phthalate levels may vary over time within
individuals, and repeated-sampling studies have demonstrated temporal variability in
phthalate metabolite excretion [72]. Hence, a single measurement taken close to semen
collection might not fully represent the exposure during the time of sperm development
and maturation [73,74].

Additional measurement challenges arise from specimen handling, contamination,
analytical sensitivity, particle characteristics, and the exposure metric used. All of these
aspects of the methodology are discussed in more depth in Section 8. Together, these
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exposure-related factors provide the context for interpreting the reproductive toxicity and
sperm molecular alterations discussed in the following sections.

4. Mechanisms of Paternal Reproductive Toxicity

Plastic-associated chemicals and micro- and nanoplastic particles may affect male
reproduction through several partly overlapping mechanisms, including OS, mitochondrial
dysfunction, altered steroidogenesis, disruption of the testicular microenvironment, and
impaired sperm function. Although some of these mechanisms may overlap, chemical
additives and plastic particles represent distinct exposure classes and should not be as-
sumed to act through identical biological pathways. These mechanisms may affect somatic
cells supporting spermatogenesis, developing germ cells, and mature spermatozoa. Their
relative contribution depends on exposure conditions, dose, developmental stage, and the
experimental model.

4.1. OS and Cellular Injury

Experimental evidence frequently implicates OS as a mechanism underlying the repro-
ductive toxicity of plastic-associated exposures. Increased reactive oxygen species (ROS)
production, impaired antioxidant defenses, or a combination of both may disrupt redox
homeostasis and contribute to reproductive damage. In mice, polystyrene microplastic
exposure has been shown to induce reproductive toxicity through OS and activation of the
p38 MAPK signaling pathway [75]. Redox imbalance has also been implicated in phthalate-
induced reproductive toxicity. For example, DEHP-induced testicular damage has been
associated with OS and germ cell apoptosis, while its metabolite MEHP has produced
similar redox alterations in experimental germ cell models. However, responses to these
exposures may vary across reproductive cell types [76].

Studies involving direct exposure of human sperm provide further evidence of ox-
idative damage. In vitro exposure to BPA has been associated with OS, mitochondrial
dysfunction, and apoptotic changes [77]. These findings suggest that BPA may directly
affect mature sperm independently of endocrine-mediated mechanisms, although the mag-
nitude and nature of these effects are likely to depend on the level of exposure.

OS can influence membranes, lipids, proteins, DNA integrity, and signaling pathways
relevant to sperm functions [78,79]. Yet, OS often accompanies disorders of mitochon-
dria, endocrinology, and inflammation; therefore, these systems cannot be considered
independent biological pathways [75,80].

4.2. Mitochondrial Dysfunction

Mitochondrial damage may adversely affect reproductive function through alterations
in ROS production, energy metabolism, and cellular injury pathways. These changes
may be associated with reduced motility and viability in mature spermatozoa. Another
experimental sperm model demonstrated reduced motility, viability, mitochondrial function,
and intracellular ATP levels at higher BPA concentrations, whereas BPA exposure in human
sperm was associated with pro-oxidant mitochondrial damage [77,81]. These findings
suggest that mitochondrial damage may contribute to BPA-induced sperm toxicity.

OS and mitochondrial dysfunction may interact and reinforce one another. Comple-
mentary information on sperm damage may be obtained by assessing ATP levels, ROS
production, viability, and mitochondrial membrane potential [82]. However, because sper-
matozoa can generate ATP through multiple metabolic pathways, reduced ATP levels do
not necessarily indicate mitochondrial dysfunction [83,84].

In paternal exposure models, mitochondrial dysfunction should be interpreted in the
broader context of sperm function and the reproductive cellular environment. Environ-
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mentally induced mitochondrial damage in sperm should not be interpreted as evidence of
direct transmission of paternal mitochondrial dysfunction, as paternal mitochondria are
typically eliminated after fertilization in mammals [85,86].

4.3. Endocrine Signaling and Steroidogenesis

Altered steroidogenesis represents another mechanism through which exposure to
plastic-associated pollutants may disrupt the hormonal milieu required for spermatogenesis.
In vitro adult human testicular tissue cultures exposed to DEHP and MEHP had testosterone
production disrupted, providing direct experimental evidence that phthalates can disrupt
steroidogenesis in a human testicular model [87]. MEHP reduced cAMP production and
impaired steroidogenesis in MA-10 Leydig cells by disrupting cholesterol transport, with
OS also contributing to these effects [88]. These findings illustrate the mechanistic interplay
between redox imbalance and endocrine disruption.

Disruption of steroidogenic signaling has been associated with particle exposure.
Chronic exposure of mice to polystyrene microplastics decreased testosterone concentra-
tions and altered the LH receptor-cAMP-protein kinase A-steroidogenic acute regulatory
protein pathway [89]. These findings suggest that particles may interfere with steroidogenic
and hormonal pathways, although their mechanisms of action may differ from those of
conventional EDCs.

Dose and stage of development could also affect the steroidogenic response. Studies
using rat Leydig cells at different stages of differentiation indicate that the effects of MEHP
are influenced by both parameters [90,91]. Therefore, the developmental stage under
investigation should be considered when interpreting findings from fetal, immature, and
adult reproductive models [90-92].

4.4. Inflammation and Disruption of the Testicular Microenvironment

The microenvironment of the testis is yet another site where plastic-associated repro-
ductive toxicity can take place. Exposure to polystyrene microplastics has caused testicular
inflammation and the destruction of the blood-testis barrier in mice [54]. In rats exposed
orally for 90 days, evidence included seminiferous tubule injury, impaired sperm parame-
ters, apoptosis of spermatogenic cells, and reduced expression of barrier-related proteins.
Other findings include OS, activation of the p38 MAPK pathway, and reduced nuclear factor
erythroid 2-related factor 2 (Nrf2) [93,94].

Phthalates may also be detrimental to cellular interactions necessary for germ-cell
development. Studies of DEHP and its metabolites showed that MEHP induced germ cell
detachment in primary Sertoli-germ cell co-cultures [95]. Thus, reproductive toxicity may
arise not only from direct damage to germ cells or spermatozoa but also from disruption of
the cellular interactions required for normal spermatogenesis.

Blood-testis barrier disruption is particularly relevant because alterations in the semi-
niferous microenvironment can impair germ cell development [95]. Nonetheless, alterations
in blood-testis barrier proteins or barrier integrity do not provide direct evidence that intact
plastic particles reach germ cells.

4.5. Impaired Sperm Function and the Transition to Germline Programming

Effects of plastic-associated pollutants may extend to mature spermatozoa and their
fertilizing capacity. In vitro exposure of human sperm to BPA altered sperm function and
reduced protein tyrosine phosphorylation [96]. Chemicals with similar structures may
nevertheless exert different biological effects. In an in vitro study of human sperm, BPS
and BPF did not significantly impair mitochondrial function, motility, or viability under the
tested conditions, in contrast to previously reported effects of BPA [77]. These results show
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1
Established male reproductive toxicity !
1

that the consequences of BPA cannot be directly applied to other bisphenols, but they do
not suggest that these compounds are harmless.

The reproductive effects of plastic-associated pollutants involve OS, mitochondrial
dysfunction, endocrine disruption, and inflammation, together with changes in the testic-
ular microenvironment and sperm signaling [10,97]. However, the involvement of these
processes does not necessarily indicate paternal germline programming. DNA damage
and alterations in sperm chromatin, DNA methylation, or RNA profiles may coexist with
cellular damage, but they do not necessarily reflect the same biological processes [98,99].
Evidence of germline programming requires demonstration that exposure-induced effects
are associated with molecular alterations in sperm, whereas developmental programming
additionally requires evidence that such alterations contribute to observed embryonic or
offspring outcomes [100-102]. The potential epigenetic mechanisms underlying paternal
germline programming are discussed in the following section.

The proposed pathways linking paternal exposure to plastic-associated pollutants with
male reproductive toxicity, sperm molecular alterations, and potential developmental and
offspring outcomes are summarized in Figure 1.

Proposed paternal germline-mediated
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Figure 1. Potential pathways linking paternal exposure to plastic-associated pollutants with male
reproductive and offspring outcomes. Created in BioRender. Potiris, A. (2026) https://BioRender.
com/8kadhas.

5. Sperm Epigenetic Alterations and Potential Transmission

The sperm epigenome represents one possible route for interaction between pater-
nal exposure and embryonic development. Some of the key elements in this regard are
DNA methylation, histones and chromatin modifications associated with them, and non-
coding RNAs. These elements vary in terms of their formation during spermatogenesis,
environmental responsiveness, and post-fertilization fate [1]. Therefore, assessing their
involvement in paternal programming would require not only detecting environmentally in-
duced alterations but also establishing their links to early development or phenotypes [3,4].
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5.1. DNA Methylation and Hydroxymethylation

DNA methylation is among the most extensively investigated epigenetic endpoints
in studies of plastic-associated exposures and sperm. Human studies have associated
BPA exposure with reduced LINE-1 methylation in sperm and genome-wide alterations in
sperm DNA hydroxymethylation among occupationally exposed men [14,103,104]. These
measures capture distinct aspects of the sperm epigenome: LINE-1 methylation reflects
methylation at specific repetitive elements rather than across the entire sperm methylome,
whereas DNA hydroxymethylation represents a distinct epigenetic modification.

Evidence from phthalate studies further supports the association between plastic-
associated exposures and locus-specific alterations in sperm DNA methylation. Among
men undergoing IVFE, urinary concentrations of phthalate metabolites were associated
with differentially methylated regions in sperm, some of which were also associated with
blastocyst quality [15]. Although these findings do not establish whether the observed
methylation differences mediate the relationship between paternal exposure and blastocyst
quality, they provide a link between paternal exposure, alterations in the sperm methylome,
and an early developmental outcome.

Controlled animal studies may provide further insight into the relationship between
paternal exposure, sperm epigenetic alterations, and embryonic development. Adult male
mice exposed to DEHP for 67 days and subsequently mated with unexposed females
exhibited altered DNA methylation patterns in both sperm and embryonic tissues, together
with changes in embryonic gene expression at embryonic day 7.5 [105]. However, only a
limited number of differentially methylated regions were shared between sperm and F1
tissues, and the direction of methylation changes was preserved in only approximately half
of the overlapping regions [105].

Interpretation of methylome data should also consider the functional relevance of the
observed alterations. The presence of a differentially methylated region near a developmen-
tally relevant gene does not necessarily indicate functional regulation of the corresponding
developmental pathway [106]. Similarly, pathway enrichment analyses alone are insufficient
to establish a causal developmental effect [107].

5.2. Histone Retention and Chromatin Organization

Although most of the sperm genome is packaged by protamines, a small proportion
remains associated with histones. In human sperm, retained nucleosomes and histone
modifications have been identified at specific developmentally relevant loci, including
imprinted regions and promoters of developmental genes [108]. These findings suggest
that sperm chromatin retains regulatory features beyond the DNA sequence that may be
susceptible to environmental exposures.

Plastic-associated exposures may also alter sperm chromatin organization. In zebrafish,
BPA exposure at different stages of spermatogenesis was associated with changes in histone
acetylation and chromatin integrity, together with alterations in embryonic development and
survival [71]. However, because histone alterations occurred alongside DNA damage, the
observed developmental effects cannot be attributed specifically to chromatin modifications.

Further zebrafish studies have examined histone acetylation in embryos derived from
BPA-exposed males. Increased acetylation of histone H3 at lysine 9 (H3K9ac) at specific
regulatory regions was accompanied by altered expression of genes involved in cardiogen-
esis. Treatment of the embryos with epigallocatechin gallate (EGCG), which can inhibit
histone acetyltransferase activity, restored both acetylation levels and gene expression [109].
Although these findings do not demonstrate direct inheritance of sperm histone modifica-
tions, they support a potential role for acetylation-dependent regulation in the observed
developmental effects.
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Histone-related analyses should distinguish among total histone retention, nucleo-
some organization, and post-translational histone modifications, as these represent distinct
but interrelated features of sperm chromatin [108]. Similarly, findings obtained directly
from mature sperm should be distinguished from those derived from whole testicular
tissue [70,71].

5.3. Non-Coding RNAs and Epididymal Remodeling

Another possible means by which environmental information from fathers can affect
developmental processes is via the sperm non-coding RNAs. This class of RNA undergoes
reprogramming during spermatogenesis and epididymal transit. In mice, tissue-specific
metabolic labeling demonstrated that mature sperm contain RNAs originating from the
epididymal epithelium, supporting post-testicular RNA transfer from somatic cells to
sperm [110].

Functional studies have demonstrated the developmental relevance of specific sperm
RNAs. In mice, analysis of sperm from different regions of the epididymis identified
embryonic gene expression changes mediated by sperm-delivered small RNAs, and these
molecular and developmental abnormalities were rescued by supplementation with cauda-
enriched small RNAs [111]. Further research, however, has shown that both caput and
cauda sperm can sustain complete development in other strains of mice under different
experimental conditions [112,113].

Evidence of pollutant-specific effects comes from a mouse study in which paternal
DCHP exposure was associated with altered sperm small RNA profiles and metabolic
abnormalities in the offspring. Using PANDORA-seq, the authors identified alterations
in transfer RNA- and ribosomal RNA-derived small RNAs that were not detected by con-
ventional RNA sequencing methods [114]. This example demonstrates the impact of RNA
modifications and RNA library preparation on the detection of the sperm RNA signature.
The causative role of the identified RNA changes needs to be confirmed [114].

Crucially, RNA-mediated effects do not necessarily require the persistent presence
of the original paternal RNA. Paternally transmitted RNAs may act transiently during
early development, initiating downstream regulatory events with potentially longer-lasting
effects [115,116]. Physiologically appropriate RNA amounts are especially important when
testing potential RNA-mediated processes.

5.4. Epigenetic Reprogramming and Evidence for Transmission

The extensive epigenetic reprogramming that occurs after fertilization represents a ma-
jor challenge when interpreting exposure-induced alterations in the sperm epigenome [5].
In mice, post-fertilization reprogramming involves substantial remodeling of paternal DNA
methylation through TET3-mediated oxidation of 5-methylcytosine followed by replication-
dependent demethylation [117,118]. However, this process is not uniform across the
genome, as certain regions, including imprinted loci, are protected from demethylation
during epigenetic reprogramming [119,120]. Consequently, an exposure-associated DNA
methylation pattern detected in sperm should not be expected to be transmitted unchanged
to the offspring.
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Thus, evidence for germline-mediated developmental effects can be evaluated at sev-
eral levels. Exposure-associated molecular alterations in sperm indicate a germline response
but do not establish developmental consequences, whereas embryo or offspring phenotypes
following paternal exposure demonstrate a developmental association without identifying
the mediating mechanism. Detection of corresponding molecular alterations in sperm and
descendants strengthens evidence for biological continuity but does not establish mediation.
Stronger evidence requires functional testing of a candidate sperm-borne factor, while
direct manipulation, transfer, inhibition, or rescue experiments can provide more specific
evidence that the candidate alteration contributes to the developmental phenotype [4,111].
As discussed in Section 7, the interpretation of intergenerational effects requires additional
considerations. The exposure scenario is also critical to this interpretation. Adult paternal
preconception exposure directly involves the paternal organism and germline, whereas
developmental or gestational exposure may involve different stages of germ-cell devel-
opment and additional directly exposed generations. Direct in vitro exposure of sperm
or reproductive cells can provide mechanistic information but should not be considered
equivalent to an in vivo paternal exposure model.

In summary, several sperm-borne molecular mechanisms may contribute to the devel-
opmental effects of paternal exposures, including alterations in DNA methylation, histone-
associated chromatin regulation, and non-coding RNA profiles [1]. For plastic-associated
exposures, the evidence is stronger for exposure-induced molecular alterations in sperm
and their potential mechanistic relevance in experimental models than for a causal con-
tribution of sperm-borne signals to health outcomes in human offspring. Moreover, the
evidence supporting reproductive toxicity from micro- and nanoplastic particles is currently
weighted toward cellular and tissue-level mechanisms, whereas bisphenol and phthalate
studies provide a more developed literature on exposure-associated alterations in the
sperm epigenome.

Table 1 summarizes representative primary studies investigating molecular and epige-
netic alterations in the paternal germline following exposure to plastic-associated chemicals
and particles. Collectively, these studies report changes in sperm DNA methylation and
hydroxymethylation, histone modifications, chromatin organization, and short non-coding
RNAs. However, the strength of functional evidence linking these molecular alterations to
the transmission of offspring phenotypes varies considerably across studies.
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Table 1. Representative primary studies linking plastic-associated environmental exposures to molecular and epigenetic alterations in the paternal germline.
Abbreviations: BPA, bisphenol A; BPS, bisphenol S; DEHF, di(2-ethylhexyl) phthalate; DCHP, dicyclohexyl phthalate; DBP, dibutyl phthalate; DINCH, diisononyl
cyclohexane-1,2-dicarboxylate; DMR, differentially methylated region; DhMR, differentially hydroxymethylated region; ShmC, 5-hydroxymethylcytosine; CTCF,
CCCTC-binding factor; PS-MP, polystyrene microplastic; PS-NP, polystyrene nanoplastic; PL, protamine-like protein; tsSRNA, tRNA-derived small RNA; rsRNA,
rRNA-derived small RNA; IVE-ET, in vitro fertilization and embryo transfer; EGCG, epigallocatechin gallate; DSB, DNA double-strand break; FO-F3, filial generations.
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6. Evidence for Embryonic, Pregnancy, and Offspring Outcomes

The developmental relevance of paternal exposure depends on whether reproductive
or sperm molecular alterations are associated with embryonic, pregnancy, or offspring
outcomes [130,131]. All three endpoints represent distinct stages in the reproductive
process and need to be assessed independently. Human studies have data from field
conditions, while experimental models allow more control over exposure and developmental
assessment [132,133].

6.1. Fertilization and Embryonic Development

Studies of couples undergoing assisted reproduction provide an opportunity to exam-
ine paternal exposures in relation to clinically relevant reproductive outcomes, including
fertilization, embryo quality, implantation, and live birth. In the Environment and Repro-
ductive Health (EARTH) study, paternal urinary phthalate metabolite concentrations were
evaluated in relation to reproductive outcomes, with certain metabolites associated with less
favorable outcomes [134-136]. However, associations varied across individual metabolites
and reproductive endpoints, limiting the extent to which these findings can be generalized
across phthalates as a chemical class.

Sperm DNA methylation may provide a biologically plausible link between paternal
phthalate exposure and early developmental outcomes. As discussed in Section 5, urinary
phthalate metabolite concentrations were associated with differentially methylated regions
(DMRs) in sperm, some of which were also associated with blastocyst quality. However, em-
bryo morphology represents an intermediate reproductive endpoint and does not establish
subsequent developmental or offspring health effects.

Experimental evidence further indicates that exposure-induced molecular alterations
are not necessarily accompanied by measurable developmental phenotypes. In mice, pater-
nal DEHP exposure induced molecular changes in sperm and embryos without affecting
overall developmental outcomes during gastrulation [105]. By contrast, paternal BPA ex-
posure in zebrafish was associated with sperm alterations as well as impaired embryonic
development and reduced embryo survival [71]. Together, these findings indicate that
molecular alterations in the paternal germline do not invariably translate into detectable
developmental effects.

6.2. Pregnancy Outcomes and Extraembryonic Development

A possible link exists between paternal exposures and events that occur after implan-
tation. A factor analysis within the EARTH study associated a paternal exposure profile
enriched in DEHP metabolites with an increased risk of treatment failure before live birth,
with stronger associations observed after implantation [135]. As the PCA-derived factor
represents a pattern of correlated biomarkers, the contribution of individual metabolites
cannot be distinguished from this analysis.

There is more conflicting evidence about gestational length. The EARTH study found
that the relationship between paternal concentrations of DEHP metabolites and preterm
birth was weakened to the null after controlling for maternal preconception exposure to ph-
thalates and phthalate alternatives [137]. Another mixture analysis suggested that paternal
MEHP exposure may contribute to associations observed for combined parental exposure
patterns. These findings illustrate the difficulty of distinguishing paternal exposure effects
from correlated maternal exposures [138].
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Experiments have similarly shown that extraembryonic tissues can react to paternal
exposure. In mice, paternal DEHP exposure was associated with altered DNA methylation
and gene expression in extraembryonic tissues during early development. These molecular
alterations indicate a biological response to exposure but do not necessarily imply placental
dysfunction [105].

6.3. Reproductive Health of Offspring

Evidence from experimental models suggests that paternal exposure may affect repro-
ductive function in descendants. Adult paternal BPA exposure in mice resulted in abnormal
spermatogenesis, sperm function, and fertility in several generations of descendants, as well
as changes in sperm DNA methylation [16]. The persistence and magnitude of individual
effects varied according to the endpoint, exposure dose, and generation.

Reproductive phenotypes should also be interpreted according to whether they repre-
sent tissue or molecular alterations, reproductive function, or fertility outcomes. Testicular
histology, reproductive hormone concentrations, and semen parameters can indicate al-
terations in reproductive physiology [139]. In contrast, mating performance, successful
conception, and offspring production provide more direct measures of reproductive capacity.
The generational interpretation of these effects is discussed in Section 7.

6.4. Metabolic Outcomes

Paternal exposure has also been associated with metabolic phenotypes in offspring.
As discussed in Section 5, paternal DCHP exposure in mice was associated with alterations
in sperm small RNA profiles and metabolic abnormalities in the offspring [114]. Although
the mechanistic relationship between these findings remains unclear, their co-occurrence
provides a basis for investigating the potential role of sperm-borne RNAs in mediating
developmental effects.

Evidence from particle-specific studies further extends these observations to polystyrene
microplastics. Park et al. exposed male mice to 1.1 ym polystyrene microplastics by oral
gavage at 10 mg/kg body weight/day for four weeks before mating them with unexposed
females [65]. Paternal exposure was associated with sex-dependent alterations in offspring
body composition following a high-fat diet challenge, while impaired insulin tolerance was
observed in female offspring; glucose tolerance was not significantly affected. The exposure
also altered sperm small RNA profiles, including transfer RNA- and ribosomal RNA-derived
small RNAs [65,114]. In mouse embryonic stem cells, selected RNA species influenced the
expression of specific genes, providing functional evidence that exposure-associated sperm
RNA alterations may have regulatory effects [65]. Therefore, although this study does
not establish an in vivo mediating role for the identified RNAs, it links paternal particle
exposure with offspring metabolic phenotypes and alterations in candidate sperm RNAs.
Crucially, these metabolic effects were assessed in response to a nutritional challenge rather
than under baseline metabolic conditions.
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The developmental period of the future male parent represents a distinct window of
susceptibility to environmental exposures. In a rat model, future fathers were exposed to
BPA during gestation and lactation through maternal exposure. Alterations in sperm Igf2
methylation were subsequently detected in these males, while pancreatic dysfunction and
Igf2-related epigenetic alterations were observed in their offspring [140]. This experimental
design therefore addresses developmental programming of the future paternal germline
rather than exposure occurring during adulthood.

6.5. Neurobehavioral and Cardiac Developmental Outcomes

Paternal behavioral impacts of BPA exposure have been assessed experimentally. In
rodents, preconception paternal BPA exposure has been associated with changes in behav-
ioral reactivity, spatial memory, and related outcomes. The direction and magnitude of
these effects may depend on factors such as sex, age, experimental paradigm, and exposure
conditions, while behavioral changes in animal models should not be equated with clinical
neurodevelopmental impairment [141,142].

Human cohort studies have also examined associations between parental preconcep-
tion exposure to phthalates and BPA and behavioral outcomes in children, with exposure
assessed in both parents [143]. Although questionnaire-based behavioral measures are dis-
tinct from clinical diagnoses and may be influenced by shared parental and environmental
factors, these findings extend the available evidence to human offspring.

Experimental studies have also examined cardiac development in zebrafish. As dis-
cussed in Section 5, paternal BPA exposure was associated with impaired cardiac devel-
opment in embryos and alterations in histone acetylation at regulatory regions of genes
involved in cardiogenesis [109]. It is important to distinguish such mechanistic evidence
from evidence of clinically manifest cardiovascular disease in human offspring.

Table 2 summarizes representative primary studies examining associations between
paternal exposure to plastic-associated chemicals and particles and embryonic, pregnancy,
and offspring outcomes. The available studies include reproductive, metabolic, neurode-
velopmental, cardiopulmonary, and early developmental phenotypes and, where studied,
potential mediators carried by the sperm.

https://doi.org/10.3390/jox16070210


https://doi.org/10.3390/jox16070210

J. Xenobiotics 2026, 16, 210

26 of 50

Table 2. Developmental, offspring, and multigenerational outcomes following paternal exposure to plastic-associated environmental contaminants. Abbreviations:
BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; DEHP, di(2-ethylhexyl) phthalate; DCHP, dicyclohexyl phthalate; DMR, differentially methylated region; EGCG,
epigallocatechin gallate; FtMt, mitochondrial ferritin; IVF, in vitro fertilization; miRNA, microRNA; ncRNA, non-coding RNA; NMN, nicotinamide mononucleotide;
PS-NP, polystyrene nanoplastic; ROS, reactive oxygen species; rsRNA, ribosomal RNA-derived small RNA; tsRNA, tRNA-derived small RNA.

Exposure Scenario Developmen- Candidate
Exposure Study/Model and Window Generation tal(/) (ztfﬁ(s)}r);::ng Sperm Mediator Main Findings Key Limitation Reference
F1 fathers and their
Developmental Fl paternal sperm developing germ
ex osurep of future showed increased cells wé)re gi%ectl
falzherS' FO dams Impaired 132 DMR2 exposed; therefor}e]z
recei\./ed BPA glEcose methylation and F}; repr,esents an ,
(40 ug/kg/day) from tolerance and Ief2 DMR2 DNA  ex rree(l;coeri Eﬁte d intergenera-
BPA Rat GDO0-PND21; F2 pancreatic p-cell & . P L tional/multigenera- [140]
: methylation hypermethylation . L
developmentally dysfunction, . tional, not definitive
exposed F1 males particularly in was detected in F2 transgenerational
well?e subsequentl males male pancreatic effect Molecular/
mated Xgith ! islets together with continﬁit does not
metabolic Y
untreated females dvsfunction establish causal
y mediation
Adult paternal Sperm count, motil- . .
preconception Red;:ﬁg Saf; ec11rm ity /hyperactivation, dH(;g;‘eXﬁ:E;n; r:rtlacl
exposure: FO males irc111 ain}e] dIVE ATP and embryo- i no’ng ecific: o
received BPA (5 or clea\I:z)a e/blasto-  Altered global developmental tranlz,fer or,
50 mg/kg/day) for 6 cg st sperm I%NA competence were epigenetic editin
BPA Mouse weeks before mating F1-F3 develc})l ment rrI?e thylation impaired across I?:legmonstra tin & [16]
with untreated acrgss ( S—iInC) generations to causal media tic%n'
females; paternal-line varying degrees; !
descendants; several phenotypes

breeding continued
without further
BPA exposure

some effects
persisted into F3

sperm 5-mC
remained elevated
through F3

attenuated across
generations

https://doi.org/10.3390/jox16070210


https://doi.org/10.3390/jox16070210

J. Xenobiotics 2026, 16, 210

27 of 50
Table 2. Cont.
Exposure Scenario Developmen- Candidate
Xposure tudy/Mode . eneration tal/ Sprin . ain Findings ey Limitation eference
Exp Study/Model I:demdow G : 1/Offspring Sperm Mediator Main Finding Key Limitati Ref
Outcome P
Only F1 examined;
Adult paternal BPA altered sperm  zebrafish model and
precorllbception Early embryonic histone acetylation, relatively high
exposure: males abnormalities, with relatec.1 . xp osurej;
exposed to BPA (100 increased Sperm hyperacetylation histone-mediated
P : H3K27ac/H3K9ac patterns detected in programming
or 2000 pg/L) for 2 apoptosis and
) ) : alterations, with F1 embryos; cannot be separated
BPA Zebrafish or 3 weeks during F1 mortality; severe [71]
defined exposure caused concurrent developmental from concurrent
spermatogenic marked sperm DNA toxicity was sperm DNA
wIiDn dows bge fore developmental fragmentation particularly severe damage; no direct
matine with faill:)ure after exposure functional test of
untreate g females encompassing whole the candidate
spermatogenesis sperm alteration
was performed
Paternal BPA altered
sperm epigenetic
state and embryonic
Adult paternal Sperm/embry- cardiogenic F iny; fish model;
preconception onic histone programs, E.GCG intervention
Abnormal . intervention supports
exposure: males . hyperacetylation, . : .
exposed during cardiogene- including normalized histone involvement of
BPA Zebrafish S g‘mato enesis F1 sis/cardiac H3K9ac: altored acetylation/gene histone acetylation [109]
P ogen phenotype in i’ expression and but does not
before fertilization of regulation of ) h lish a sinel
eoos from untreated progeny knt6a. esr2b ameliorated the establish a single
58 females and ;um 1 cardiac phenotype, sperm-borne

providing functional

rescue evidence
supporting the

proposed pathway

causal mark

https://doi.org/10.3390/jox16070210


https://doi.org/10.3390/jox16070210

J. Xenobiotics 2026, 16, 210

28 of 50
Table 2. Cont.
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6.6. Overall Interpretation

However, experimental and human studies provide evidence that paternal plastic-
associated exposures may be associated with altered embryonic development, pregnancy
outcomes, and offspring phenotypes [65,147]. The evidentiary significance of molecular
alterations, intermediate reproductive endpoints, and clinically relevant phenotypes varies
according to the exposure investigated, the experimental design, and the outcomes assessed.

A major unresolved question is the extent to which molecular alterations in sperm
directly contribute to developmental outcomes. The co-occurrence of paternal exposure,
sperm molecular alterations, and offspring phenotypes alone is insufficient to establish
causality; evidence demonstrating a mechanistic link between these events is also re-
quired [101,148]. This question will be explored in the following section.

7. Intergenerational and Transgenerational Effects

The potential effects of plastic-associated exposures across generations have attracted
considerable interest, but their interpretation requires careful distinction between directly
exposed and unexposed generations [149]. Effects observed in offspring do not necessarily
indicate generational inheritance, and persistence across generations does not by itself estab-
lish an epigenetic mechanism. Classification of generations would have to be determined
by exposure and breeding [150].

7.1. Exposure Windows and Generational Definitions

When an adult male is exposed before conception, both the FO male and the sperm
that give rise to the F1 generation are directly exposed. The effects noted in F1 progeny
would therefore be considered intergenerational. If the exposure has stopped and future
generations are not re-exposed, then F2 is the first generation that could be tested for a
transgenerational effect [17,148]. This distinction identifies the generation in which the
phenotype occurs but does not establish the mechanism underlying the observed effect.

The interpretation differs when paternal exposure occurs during the father’s own
prenatal development. The treatment of the FO female while pregnant will expose the
developing F1 offspring and the germ cells that will eventually produce the F2 offspring.
In such a case, F3 would usually be the first generation without direct exposure [17,148].
This classification is unchanged when transmission occurs through the F1 male, as the
F2 generation remains intergenerational following gestational exposure of the FO female,
regardless of the paternal line of transmission. Research in which the father was exposed
during fetal development should be differentiated from research in which the father was
exposed as an adult [151]. Direct experimental exposure of isolated sperm, germ cells, or
testicular cells represents a further distinct scenario. Such studies can provide mechanistic
information on cellular responses to an exposure but do not reproduce an in vivo paternal
exposure or, in the absence of subsequent fertilization and offspring assessment, provide
evidence of intergenerational or transgenerational effects.

The term “multigenerational” may describe effects observed across multiple genera-
tions without specifying whether they are intergenerational or transgenerational [152]. For
the purposes of this review, classification is therefore based on the experimental breeding
design and timing of exposure, irrespective of the terminology used in individual stud-
ies [153]. Particular attention is given to exposures occurring during gestation, lactation, or
before mating, as their timing determines which generations and germ cells are directly
exposed [25].
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7.2. Evidence from Plastic-Associated Chemical Exposures

Several experimental studies have reported phenotypic effects extending beyond di-
rectly exposed individuals through the paternal lineage. In the mouse study discussed in
Section 6, adult FO males were exposed to BPA before mating with unexposed females, with
no subsequent BPA exposure in their descendants. Reproductive abnormalities were ob-
served in the F2 generation, while some alterations in sperm fertility and DNA methylation
were also detected in F3. Sperm DNA methylation patterns also varied across generations
rather than being consistently maintained. Because exposure was restricted to adult FO
males, the phenotypic alterations observed in F2 and F3 are consistent with transgenerational
effects [16].

Paternal DCHP exposure provides evidence consistent with a potential transgener-
ational effect. Following exposure of FO males to DCHP, subsequent breeding through
unexposed F1 males resulted in impaired glucose tolerance in F2 female offspring follow-
ing a high-fat diet challenge. Because the F2 phenotype occurred in descendants without
direct exposure, it is consistent with a transgenerational effect in this experimental model.
Although alterations in sperm RNA profiles suggest a potential RNA-mediated mech-
anism, their causal role in transmitting the phenotype across generations has not been
established [114].

Developmental exposure represents a distinct generational exposure paradigm. In rats,
gestational exposure of FO females to a mixture of BPA, DEHP, and dibutyl phthalate was
associated with reproductive and metabolic disease phenotypes and altered sperm DNA
methylation in the F3 generation. In this exposure model, the F0 female, the developing F1
offspring, and the F1 germ cells that will give rise to the F2 generation are directly exposed;
consequently, F3 represents the first generation without direct exposure. The findings
therefore provide evidence of transgenerational effects following ancestral developmen-
tal exposure rather than adult paternal preconception exposure. However, because the
study used a chemical mixture, the observed effects cannot be attributed to any individual
component [154].

7.3. Persistence of Phenotypes and Epigenetic Information

Persistence of a phenotype across generations does not necessarily require complete con-
servation of the associated molecular signature. As discussed in Section 5, extensive epige-
netic reprogramming occurs after fertilization and during germ cell development [117,118].
Any proposed mechanism of transgenerational transmission must therefore account for how
exposure-related information either persists despite this reprogramming or contributes to
the re-establishment of a regulatory state in subsequent generations.

Molecular alterations detected in the sperm or somatic tissues of subsequent genera-
tions may arise through several mechanisms [155]. A molecular signal may persist at specific
loci, emerge secondarily as a consequence of altered physiology in the descendant, or act
transiently during early development to initiate regulatory processes that subsequently
re-establish a similar molecular state [18]. Therefore, detection of a similar molecular state
in descendant sperm does not by itself demonstrate that the original exposure-induced
signal was directly transmitted from the exposed ancestor.

Phenotypic persistence and molecular persistence should therefore be evaluated inde-
pendently. Detection of a molecular alteration in a later generation does not demonstrate
persistence of the original molecular mechanism, just as recurrence of a phenotype does
not by itself identify the mechanism of transmission. Establishing a causal link between the
two requires direct mechanistic evidence [18,148].
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7.4. Requirements for Establishing Germline-Mediated Inheritance

Demonstrating transgenerational effects requires an experimental design that clearly
identifies the first generation without direct exposure, confirms cessation of the exposure,
and minimizes the possibility of residual exposure or re-exposure [148,156]. Establishing
germline-mediated inheritance requires additional mechanistic evidence. Mating exposed
males with unexposed females can strengthen the attribution of observed effects to the
paternal lineage; however, natural mating alone cannot exclude contributions from paternal
factors other than sperm [20].

Establishing mechanistic causality requires additional evidence. When accompanied
by appropriate controls, assisted fertilization and embryo transfer approaches can help
determine whether observed effects are mediated through sperm rather than other paternal
or maternal responses to mating. Functional manipulation of candidate sperm-borne
components, including targeted inhibition, transfer, or rescue experiments, can provide
stronger evidence that a specific molecular alteration contributes to the resulting phenotype.
Distinguishing genetic from epigenetic mechanisms is also essential when interpreting
potential germline-mediated effects [20,115,148].

Confirming cessation of exposure is particularly important for plastic particles, as
persistence of particles within the organism or inadvertent continued exposure could com-
plicate the interpretation of effects across generations. Following adult paternal exposure,
an F1 phenotype, such as that reported after polystyrene microplastic exposure in mice,
is consistent with an intergenerational effect [65]. Demonstration of a transgenerational
effect would require phenotypic persistence in the first and/or subsequent generations not
directly exposed.

7.5. Human Relevance

The human studies of paternal exposure, reproductive outcomes, and first-generation
offspring included in this review do not establish transgenerational epigenetic inheritance.
Demonstrating transgenerational effects in humans would require multigenerational evi-
dence capable of distinguishing biological inheritance from repeated exposure and shared
environmental, socioeconomic, lifestyle, and genetic factors. Human observational studies
are also limited by potential residual confounding and by exposure misclassification, partic-
ularly when biomarkers reflect relatively short exposure windows. This distinction is partic-
ularly challenging for plastic-associated exposures because their widespread and recurrent
nature makes it difficult to identify a truly unexposed generation of descendants [133,148].

Experimental animal and in vitro studies provide greater control over exposure condi-
tions and can support mechanistic investigation, but differences in exposure levels, routes,
duration, experimental conditions, and biological context limit direct extrapolation to hu-
man reproductive health. Importantly, associations between paternal exposure, sperm
molecular alterations, and offspring outcomes in humans do not establish a causal sequence
linking these events.

Current evidence provides varying levels of support for intergenerational developmen-
tal effects, transgenerational phenotypic transmission in specific experimental models, and
candidate germline-mediated mechanisms. However, the available evidence is insufficient
to establish causal paternal epigenetic transmission or transgenerational inheritance in
humans. Maintaining clear distinctions among these levels of evidence is essential for
interpreting the implications of paternal exposure without drawing conclusions beyond
those supported by the available data.
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8. Human Relevance and Methodological Limitations

Interpretation of studies examining paternal exposure in relation to human repro-
duction and offspring health should consider how closely experimental exposures reflect
human exposure, as well as study design and the strength of causal inference. The studies
discussed above identify potential mechanisms and developmental effects associated with
paternal exposure to reproductive toxicants. However, in humans, a causal link between
plastic-associated exposures, molecular alterations in sperm, and subsequent adverse health
outcomes in offspring has not been established [131,133]. Several factors limit the synthesis
and translation of the available evidence.

8.1. Exposure Relevance and Biological Dose

Experimental studies frequently use standardized plastic particles or defined chemicals
administered at controlled doses. Although such designs facilitate mechanistic investigation,
they do not fully reflect human exposure patterns, which typically involve complex chemical
mixtures and plastic particles with heterogeneous sizes and physicochemical properties.
The route of exposure is also an important consideration when interpreting experimental
findings. For example, polystyrene particles were administered by oral gavage in the mouse
study discussed above [65].

Accordingly, claims of “environmentally relevant” exposure should be evaluated
against empirical measurements of human exposure. Similarity between an experimentally
administered dose and an estimated level of human intake does not necessarily imply com-
parable internal exposure or equivalent concentrations within the testes or sperm. When-
ever feasible, experimental studies should relate external dose to internal exposure mea-
surements, including concentrations in reproductive tissues and biological samples [157].
This consideration is particularly important for particle-based exposures, for which dose
may be expressed using different metrics, including polymer mass, particle number, and
surface area.

The timing of exposure assessment represents an additional challenge in human
biomonitoring studies. Urinary biomarkers of BPA and phthalate exposure primarily reflect
recent exposure and may therefore inadequately characterize exposure over earlier stages
of spermatogenesis and sperm maturation. Repeated-sampling studies have demonstrated
substantial within-person temporal variability in urinary BPA and phthalate metabolite
concentrations [158,159].

8.2. Particle Characterization and Analytical Comparability

Research on plastic particles requires characterization beyond their classification as
“microplastics” or “nanoplastics.” Particle size and size distribution, shape, surface proper-
ties, aggregation state, and interactions with associated chemicals may influence biological
activity and the interpretation of experimental findings [29,160]. Consequently, results
obtained using uniformly sized polystyrene particles should be interpreted as specific to the
material and particle characteristics tested and should not be generalized to other plastic
types without supporting evidence.

Differences in human biomonitoring methods may also limit comparability across stud-
ies. Pyrolysis-based approaches quantify polymer mass, whereas spectroscopic techniques
detect and characterize individual particles within method-specific size and detection lim-
its. Polymer mass cannot be directly converted to particle number without assumptions
regarding particle size, morphology, and composition [48,161].

Rigorous contamination control is essential because collection materials, laboratory
equipment, solvents, and airborne particles may introduce plastic-associated signals. Where
applicable, experimental studies should report procedural blanks, recovery assessments,
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identification criteria, and limits of detection [162]. Detection within a biological sample
should also be clearly distinguished from localization within a specific tissue or cellular
compartment [48]. Detection in semen does not establish localization within spermatozoa,
while detection in testicular tissue does not necessarily demonstrate direct exposure of germ
cells [45].

8.3. Confounding and Selection in Human Studies

Paternal and maternal exposures tend to be associated since partners share their food,
housing, consumer goods, and other environmental exposures. Associations involving
paternal biomarkers may also be influenced by maternal exposures or shared environmental
and lifestyle factors that independently affect pregnancy and offspring health. For example,
adjustment for maternal preconception DEHP exposure attenuated the association with
preterm birth. Assessing exposure in both partners is particularly informative, although
residual confounding may persist because of biomarker measurement error and unmeasured
exposures [137,138].

Additional potential confounders and sources of variability include parental age, smok-
ing, adiposity, dietary habits, occupational exposures, socioeconomic status, and repro-
ductive history. Recruitment through fertility clinics would need to take into account the
selection issue since the subjects selected may be different from the general population in
terms of their reproductive capability, infertility diagnosis, and treatments received. The
results from assisted reproduction are thus useful but should not be automatically applied
to natural conception [136].

Pregnancy and childhood follow-up introduce additional opportunities for selection
bias. Studies restricted to live-born children necessarily exclude pregnancies that do not
result in live birth, which may influence observed associations if the exposure under inves-
tigation also affects pregnancy survival [163]. Incomplete follow-up may further introduce
selection bias if families retained in the study differ systematically from those lost to follow-
up, potentially influencing observed associations between preconception exposures and
subsequent outcomes [164].

8.4. Molecular Endpoints and Causal Attribution

In studies of environmental effects on reproduction, molecular alterations in sperm
may serve as biomarkers of exposure, correlates of reproductive dysfunction, or potential
mediators of developmental outcomes. Appropriate study designs and functional validation
are required to determine the biological significance and potential causal role of these
molecular alterations.

Persistence of identical molecular alterations across sperm and descendant tissues
should not be assumed, as illustrated by the limited correspondence between sperm and
embryonic tissue DNA methylation changes following paternal DEHP exposure [105].
Similarly, altered sperm small RNA profiles following paternal polystyrene exposure, to-
gether with the regulatory effects of selected RNA species in embryonic stem cell models,
provide mechanistic insight but do not establish their causal role in generating the ob-
served offspring phenotype [65]. Stronger evidence for causal mediation would require
functional approaches such as transfer, depletion, rescue, or targeted manipulation of the
candidate molecule.
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The molecular profiles detected in sperm are also influenced by technical and analytical
factors. Transparent reporting of sperm sample quality, somatic cell contamination, sequenc-
ing depth, batch effects, and statistical criteria is therefore essential. Conventional bisul-
fite sequencing cannot distinguish 5-methylcytosine from 5-hydroxymethylcytosine [165],
while certain modified RNA species may be underrepresented by standard small RNA
library preparation methods [166]. The additional small RNA species revealed using
PANDORA-seq in the DCHP study illustrate how analytical methodology can influence
the molecular profiles that are detected [114]. Accordingly, replication across independent
studies, methodological validation, and assessment of biological relevance should precede
the clinical development of candidate biomarkers.

8.5. Experimental Design and Outcome Interpretation

Animal experiments should account for both the independently exposed sire and
the hierarchical organization of offspring within each litter. Increasing the number of
offspring examined from a limited number of families does not provide the same level of
replication as increasing the number of independent exposures. The reliability of studies
assessing multiple endpoints can be strengthened through randomization, blinded outcome
assessment, prespecified analyses, and transparent reporting of both positive and null
findings [167].

The observed outcomes may also vary according to offspring sex, age at assessment,
and postnatal environmental factors. The mouse study of polystyrene particle exposure
assessed metabolic outcomes following a high-fat diet challenge [65]. Although such
experimental designs may demonstrate susceptibility under specific conditions, they do
not establish that the same phenotype occurs under unchallenged or naturally occurring
conditions. Overall, molecular alterations, spermatogenic defects, embryonic phenotypes,
questionnaire-based behavioral measures, and clinical conditions represent different levels
of evidence and should not be considered equivalent endpoints.

These considerations do not diminish the value of the experimental or observational
findings but define the limits of the conclusions that can be drawn [168]. Stronger human
evidence would require repeated assessment of parental exposures combined with molecu-
lar analyses of sperm and longitudinal follow-up of reproductive and offspring outcomes.
Such studies could subsequently inform targeted experimental investigations of specific
candidate pathways [133].

9. Research Priorities and Preconception Implications

Future research should determine which paternal exposures influence reproductive
and offspring outcomes, elucidate the underlying mechanisms, and assess whether reducing
exposure can mitigate these effects [38,131,133]. Addressing these questions will require
integrating evidence from human and experimental studies that link the timing and level
of exposure to molecular alterations in sperm, reproductive outcomes, and developmental
outcomes [98,131,133], as summarized in Figure 2.
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Figure 2. Framework for advancing research on paternal exposure to plastic-associated pollutants
toward clinical translation. Created in BioRender. Potiris, A. (2026) https://BioRender.com/8kadhas.

9.1. Prospective Studies of the Paternal Preconception Window

Recruiting both partners before conception and performing repeated exposure assess-
ments during biologically relevant periods of spermatogenesis and post-testicular sperm
maturation present important methodological challenges [72-74,158,159]. Longitudinal
follow-up should include time to pregnancy, pregnancy loss, birth outcomes, and, where
feasible, offspring health and development [130,131,133]. Studies should also include cou-
ples conceiving without assisted reproductive technologies to extend the evidence beyond
populations undergoing fertility treatment [134,135,138,145].

Concurrent assessment of maternal exposures may help distinguish paternal-specific
associations from those arising from shared exposures or maternal influences [134,138].
Exposure assessment should integrate biomarker measurements with detailed information
on occupational history, diet, residential factors, and product use. A paternal exposome
framework may be particularly valuable for characterizing multiple concurrent exposures,
provided that comprehensive exposure profiling is hypothesis-driven and supported by
adequate statistical power [130,131,133].

Distinguishing exposures occurring during the father’s own development from those
occurring during adulthood is also essential [98,131]. Longitudinal studies incorporating
repeated exposure assessments and serial semen collection may help characterize adult
exposure windows and their temporal relationship with changes in sperm characteris-
tics [72-74,158,159].

9.2. Mechanistic Validation of Candidate Sperm Signals

A major research priority is to determine whether exposure-associated molecular alter-
ations in sperm contribute to subsequent developmental outcomes [5,101,133]. Integrated
analyses of DNA methylation, chromatin organization, and small RNA profiles may iden-
tify coordinated molecular pathways, but they cannot establish causal mediation on their
own [1,18,101]. Experimental studies should therefore evaluate the contribution of specific
sperm-borne factors through approaches such as transfer, depletion, targeted manipulation,
or rescue of the phenotype of interest [4,19,20,115].
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The design of the experiment must match the mechanism. DNA methylation stud-
ies should characterize the functional relevance and fate of candidate regions after fer-
tilization [101,102], chromatin studies should distinguish histone retention from post-
translational modifications [1,101,108], and RNA studies should use physiologically rele-
vant amounts of candidate molecules.

Mechanistic studies should also distinguish sperm epigenetic alterations from alterna-
tive pathways through which paternal exposures may influence reproductive and develop-
mental outcomes, including DNA damage, seminal plasma-mediated effects, and broader
alterations in paternal physiology [1,98,131,132]. Molecular characterization combined
with functional validation will be necessary to determine the relative contribution of these
processes [18,101,115].

9.3. Standardization of Particle and Mixture Research

Greater standardization of particle characterization, dosimetry, sample preparation,
contamination control, and analytical reporting is needed to improve comparability and
distinguish the effects of polymer type, particle properties, weathering, and associated
chemicals [29,48,55,157,160-162].

Experimental studies should increasingly incorporate environmentally relevant and
heterogeneous materials rather than relying solely on standardized laboratory particles,
while using appropriate controls to separate the effects of the particles themselves from
those of associated or released chemicals [30,67,68,160]. This is essential in order to identify
which properties of the particles are important for reproductive toxicity [27,55].

This also applies to studies of environmental mixtures, which should balance expo-
sure realism with mechanistic interpretability. Realistic mixtures should be investigated
alongside their individual components to distinguish chemical-specific effects from additive
or interactive effects [135,138]. Human studies should incorporate adequately powered
statistical designs, appropriate approaches for mixture analysis, and independent validation
where feasible [133,168].

9.4. Reversibility and Exposure Reduction

The reversibility of paternal reproductive and molecular effects will be particularly
important to establish in preconception research [98,130,131]. Experimental studies should
include post-exposure follow-up to determine whether sperm function, molecular profiles,
and developmental outcomes recover over time. Importantly, normalization of a sperm
biomarker does not necessarily indicate complete biological recovery.

Human intervention studies could evaluate practical exposure-reduction strategies,
with biomonitoring used to confirm changes in exposure levels [38]. Outcomes should
distinguish between reduced exposure, improved semen quality, reproductive success, and
offspring health, as these represent different levels of evidence [38,130,131].

Potential substitution effects should therefore be considered when evaluating the ef-
fectiveness of an intervention. Exposure to replacement chemicals and materials should
also be evaluated, as substitution may alter rather than reduce the overall exposure mix-
ture [8,33,134]. Ultimately, research should inform practical strategies to reduce exposure
and, where possible, improve reproductive outcomes [38,130].

9.5. Preconception Communication and Clinical Translation

Although paternal environmental exposures should be considered in preconception
research and counseling, clinical recommendations should remain proportionate to the
strength of the available evidence [130-133]. It is important to determine whether occupa-
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tional safety measures, environmental exposure education, and other interventions that
improve reproductive outcomes also reduce adverse outcomes in offspring.

Molecular signatures associated with paternal environmental exposures have been
identified in human sperm [7,14,15,103,104], but development of a clinically applicable
biomarker will require reproducible analysis, independent validation, demonstrated pre-
dictive value beyond standard reproductive assessment, and evidence that the resulting
information can guide clinical decisions.

Communication about paternal exposures during preconception counseling should
avoid deterministic interpretations [130-133]. Experimental evidence of susceptibility does
not imply that an exposure will necessarily affect offspring health, and prevention should
not rely solely on individual responsibility. Personal exposure-reduction strategies should
be complemented by safer product design, occupational protections, and broader efforts to
reduce environmental contamination. Ultimately, determining whether and when exposure
reduction improves sperm quality and reproductive outcomes remains a key research
priority [38,130].

10. Conclusions

The relevance of plastic-associated pollutants to paternal reproductive toxicology
extends beyond conventional semen parameters to their potential effects on the molecular
features of sperm. Human studies provide evidence linking paternal exposures with
reproductive outcomes and alterations in sperm DNA methylation, chromatin, and non-
coding RNAs, as well as OS, mitochondrial dysfunction, endocrine disruption, and changes
in the testicular microenvironment. However, there is a fundamental difference between
these two groups of plastic pollutants.

Other experimental studies selected here also indicate that paternal exposure is as-
sociated with developmental, reproductive, metabolic, and neurobehavioral changes in
offspring. However, exposure-related alterations in sperm and phenotypic changes in off-
spring do not, on their own, establish germline-mediated inheritance. Intergenerational
effects should be distinguished from phenotypic persistence across generations, and experi-
mental findings in generations beyond direct exposure do not establish transgenerational
epigenetic inheritance in humans.

Future progress in this field will depend on prospective couple studies with repeated
exposure assessment, greater standardization of particle research, and functional validation
of candidate mediators of male fertility. Determining whether male reproductive effects
are reversible and whether reducing exposure improves reproductive outcomes is also
essential. Including paternal environmental exposures in preconception research could
improve understanding of biologically and clinically relevant exposures, their mechanisms
of action, and approaches to prevent or reverse their effects.
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