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Abstract

The hypothesis of abiogenesis proposes that life originated in the aquatic environments of early Earth,
approximately 3.8-4.0 billion years ago. These ancient oceans, often termed the “primordial soup,”
contained a complex mixture of dissolved ions—including sodium, chloride, potassium, calcium,
magnesium, sulfate, and bicarbonate—regulated by geochemical and hydrothermal processes.
Primitive cells developed homeostatic mechanisms to maintain a stable internal environment, despite
external fluctuations. The cell membrane, composed of a lipid bilayer with embedded proteins,
regulated ion transport and sustained electrochemical gradients essential for cellular life. Amniotic
fluid (AF) recapitulates these evolutionary and physiological principles, providing a stable aqueous
environment for fetal development. The chemical similarities between amniotic fluid and seawater
reflect a phenomenon of phylogenetic conservation and ontogenetic recapitulation. However,
prenatal exposure to environmental toxicants —including heavy metals, persistent organic pollutants,
endocrine disruptors, and recently, micro- and nanoplastics (MNPs)—poses a significant threat to
maternal and fetal health. These MNPs, widely distributed in marine ecosystems, have now been
detected in the human placenta, amniotic fluid, and other organs. This review underscores the
interconnectedness of environmental and human health, as framed by the One Health paradigm. The
amniotic fluid, as a biological ocean for the developing fetus, must be protected just as we strive to
preserve our planet’s oceans. Both are reservoirs of life—evolutionarily linked and mutually
dependent.

Keywords: abiogenesis; amniotic fluid; micro- and nanoplastics; one health; phylogenetic
conservation; environmental toxicants

Introduction

The Aquatic Origins of Life: A Geochemical and Physiological Context
The Primordial Ocean: Cradle of Life

The leading hypothesis for abiogenesis posits that life first emerged within the aqueous
environments of early Earth, approximately 3.8-4.0 billion years ago [1,2]. These primordial oceans,
formed under the influence of intense volcanic activity, hydrothermal fluxes and atmospheric
transformation, were chemically dynamic and devoid of free oxygen. Volcanic outgassing
contributed key volatile compounds such as CO,, Ny, SO,, and H»S, while the weathering of igneous
rocks released essential cations and anions into solution [3]. The result was a mineral-rich, mildly
acidic, and reducing aqueous medium capable of supporting complex prebiotic chemistry.

Key electrolytes identified in these early marine environments included sodium (Na*), chloride
(CI), potassium (K*), calcium (Ca?"), magnesium (Mg?*), sulfate (50,%), and bicarbonate (HCOj").
Their relative proportions were governed by geochemical equilibria involving mineral precipitation,
hydrothermal interactions, and seawater-rock exchange. Notably, Na* and Cl- were present in
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significant concentrations, creating a hypotonic milieu favorable for the spontaneous formation of
lipid vesicles precursors of protocells [4].

The discovery of mineral-rich hydrothermal vents on the ocean floor has reinforced the
plausibility of submarine environments as potential cradles for life. These vents not only provided
essential chemical gradients and heat but also catalyzed reactions via naturally occurring transition
metal sulfides. Such microenvironments may have supported the polymerization of amino acids,
nucleotides, and the formation of protocell membranes, a critical step toward the emergence of
cellular life [5].

The recognition that amniotic fluid is not merely a passive cushion, but an active biochemical
reservoir, invites a more nuanced understanding of its evolutionary role. Beyond ionic balance,
amniotic fluid contributes to lung maturation through surfactant regulation, gastrointestinal
development via fetal swallowing, and immune priming through bioactive molecules such as
cytokines and exosomes [6].

Evolutionary Continuity: Ionic Parallels in Amniotic Fluid

A remarkable evolutionary echo is observed in the similarity between the ionic composition of
early ocean water and that of amniotic fluid, the protective liquid that envelops the fetus during
development [7]. Both media contain comparable concentrations of Na*, K*, Cl, and HCOs;™ ions
essential for osmotic balance, cellular excitability, and pH regulation. This chemical congruence
suggests a deep evolutionary conservation of the aqueous environment in which early life, and by
extension, human life, develops (Table 1).

The fetal milieu may be viewed as a microcosmic recapitulation of Earth's ancient seas. The
biochemical conditions present in amniotic fluid maintain an optimal ionic and pH environment for
fetal cell proliferation, enzymatic activity, and organogenesis. These parallels underscore a
physiological continuity that transcends geological eras.

Table 1. Comparative Ionic Composition: Amniotic Fluid vs. Seawater. Sources: [19,20,21,22,23,24,25].

Component  Amniotic Fluid (AF) Seawa;e:;é())ceamc Unit Notes

Major component in both

Water (HO) 98-99% ~96.5% Jo fluids

120-130 mEq/L (~2,800

Sodium (Na*) mg/L) ~10,500 mg/L mg/L Seawater ~456 mEq/L
Chloride (CI") 101-109 2:&/; (~4,000 ~19,000 mg/L mg/L Seawater ~550 mEq/L
. ) ~380 mg/L (~10 .
Potassium (K*) 4-6 mEq/L mEq/L) mEq/L Lower in AF
. Higher in seawater (~10.3
2+ ~ ~.
Calcium (Ca?) 97 mg/L 400 mg/L mg/L mmol/kg)
Magnesium ~3.7% of total dissolved salts
(Mg2?) 9.8 mg/L 1,260 mg/L mg/L in seawater
Blcarboniate 20-30 mg/L ~140 mg/L mg/L Buffering agent in both fluids
(HCOs)
Proteins 0.2-0.3 g/dL Traces g/dL Albumin, a-fetoprotein in AF
Llplc?ls (.e.g., Present Traces B Essential in AF for lung
lecithin) development
Urea Increasmg with Traces - Fetal metabolic waste
gestation
Plankton, .
Cells Desquamated fetal cells . . - Cellular content in both
microorganisms
pH 7.0-7.5 ~8.1 - Both slightly alkaline
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Seawater significantly more

Salinity (total) ~0.5-1.5%o ~35%o Joo saline

Claude Bernard’s Legacy and the Evolution of Homeostasis

The emergence of homeostatic mechanisms marked a critical step in the evolution of life. Claude
Bernard’s concept of the "milieu intérieur”, later expanded by Walter Cannon as "homeostasis" ,
emphasizes the necessity for internal constancy amidst external fluctuation [8,9]. From the earliest
single-celled organisms to complex multicellular species, life has depended on the maintenance of
ionic gradients and fluid balance.

The semipermeable lipid bilayer of the cell membrane, embedded with transport proteins,
permits selective exchange of solutes. Mechanisms such as the Na*/K*-ATPase pump and various ion
channels generate and preserve electrochemical gradients that are indispensable for membrane
potential, signal transduction, nutrient uptake, and waste elimination.

Modern extracellular fluids, interstitial fluid, plasma, cerebrospinal fluid, retain an ionic
composition reminiscent of ancestral seawater. Enzymatic pathways and cellular functions have
evolved under these ionic constraints, further reinforcing the notion that the internal milieu of
modern organisms is chemically imprinted by their evolutionary past.

The concept of homeostasis was revolutionary because introduced the idea that organisms are
not passive responders to their environments, but rather active regulators of their internal states. This
regulation is achieved through complex negative feedback mechanisms involving neural, endocrine,
and paracrine signaling systems. For example, the hypothalamic-pituitary-adrenal (HPA) axis plays
a central role in modulating physiological responses to stress, while the renin-angiotensin-
aldosterone system is essential for maintaining fluid and electrolyte balance [10,11].

In the context of pregnancy, homeostasis acquires an even more critical dimension. The
maternal-fetal interface represents a dual system of regulatory interactions, whereby maternal
physiological systems adapt to support fetal development without compromising maternal health.
Placental endocrine function, fetal fluid exchange, and amniotic fluid composition are all finely tuned
through homeostatic mechanisms. Disturbances in these systems, such as in cases of preeclampsia,
gestational diabetes, or intrauterine growth restriction, illustrate the consequences of disrupted
homeostasis at the maternal-fetal boundary [12].

Moreover, recent advances in systems biology and computational modeling have underscored
the multiscale nature of homeostasis, from gene expression and intracellular signaling to organ-level
dynamics and whole-body physiology. Homeostatic regulation is now understood to be a product of
network-level coordination, often involving redundant pathways that provide resilience against
environmental insults. This complexity is particularly evident during fetal development, where
precise temporal and spatial regulation of gene networks governs morphogenesis, organogenesis,
and immune tolerance.

The thermodynamic and kinetic favorability of prebiotic reactions in hydrothermal vent
environments has been increasingly supported by geochemical modeling and experimental
simulations [13]. Alkaline hydrothermal systems, in particular, offer a pH and redox gradient across
mineral interfaces that could have served as natural electrochemical reactors, catalyzing the
formation of essential organic molecules such as amino acids, nucleotides, and simple peptides. These
environments also provided compartmentalization through porous mineral matrices, facilitating the
concentration and stabilization of reactive intermediates critical for the origin of life.

Ultimately, Claude Bernard’s insight laid the foundation for modern physiology, biomedicine,
and developmental biology. His legacy is particularly salient in the study of maternal-fetal health,
where the principles of homeostasis inform our understanding of how intrauterine environments
support, or disrupt, the trajectory of human development [14,15].

Physiological Implications: Water Compartments and Dynamic Equilibrium
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Water, the fundamental medium of biochemical reactions and molecular transport, comprises
approximately 60% of the human body by weight, with variation depending on age, sex, and body
composition. Intracellular fluid accounts for roughly two-thirds of total body water, while
extracellular fluid, including interstitial fluid, plasma, and transcellular fluids, constitutes the
remaining third.

The dynamic exchange between these compartments is governed by osmotic gradients,
hydrostatic pressures and membrane permeability. Water homeostasis is intricately regulated by
neuroendocrine mechanisms involving the hypothalamus, antidiuretic hormone (ADH), renin-
angiotensin-aldosterone system (RAAS), and atrial natriuretic peptide (ANP). These pathways
maintain plasma osmolality, blood volume, and systemic arterial pressure [16].

Interstitial fluid serves as a crucial intermediary between blood plasma and the intracellular
environment, facilitating nutrient delivery, waste removal, and signal transduction. Its composition
closely mirrors that of plasma, with the exception of large proteins that are generally retained within
the vasculature. This similarity underscores the fluid's role as a physiological conduit and its
evolutionary continuity with marine environments.

Moreover, the analogy between interstitial fluid dynamics and seawater circulation in porous
substrates highlights an evolutionary adaptation: both systems maintain chemical gradients
necessary for life by enabling diffusion-driven transport. Even minute disturbances in electrolyte
balance, such as those caused by dehydration, fluid overload, or toxicant exposure, can disrupt
cellular function, alter membrane potentials and impair organ systems [17].

In the fetal context, amniotic fluid represents a unique extracellular compartment that supports
growth and development. It functions not only as a cushion against mechanical trauma but also as a
critical regulator of temperature, hydration, and biochemical signaling. The fetal swallowing of
amniotic fluid contributes to gastrointestinal tract maturation and renal excretion, which in turn
influences amniotic fluid volume. This cyclical exchange exemplifies a tightly regulated aquatic
microenvironment shaped by homeostatic principles.

Ultimately, the orchestration of fluid compartments, from the cellular to the systemic level,
reflects a complex yet evolutionarily conserved mechanism for sustaining life in a water-based
milieu.

The stability of this fluid architecture, like that of early marine habitats, ensures cellular viability
and organismal integrity. Even minor perturbations in electrolyte balance can lead to profound
physiological consequences, illustrating the fragile equilibrium inherited from our aquatic ancestry
[18].

Environmental Toxicants and Microplastics and Nanoplastics (MNPs): A New
Threat to Life’s Aquatic Niche

Prenatal exposure to environmental toxicants has long been recognized as a major determinant
of adverse maternal and fetal outcomes. Compounds such as heavy metals (e.g., lead, mercury),
persistent organic pollutants (e.g., dioxins, PCBs), nicotine, and pharmaceutical residues can induce
oxidative stress, disrupt endocrine signaling and alter epigenetic regulation during key windows of
fetal vulnerability [26].

More recently, MNPs, defined as synthetic polymer particles <5 mm and <1 um in diameter,
respectively, have emerged as novel and pervasive environmental contaminants. Originating from
both the fragmentation of larger plastic debris and primary microplastic products, these particles
have been detected in marine, freshwater, terrestrial, and atmospheric compartments [27]. Their
ubiquitous presence in the biosphere increases the likelihood of human exposure through ingestion,
inhalation, and dermal contact [28,29].

Every year, an estimated 11 million metric tons of plastic waste enter the world's oceans, a figure
projected to nearly triple by 2040 without urgent mitigation efforts [30,31].

Plastic is responsible for significant damage to human health, economy and environment. This
damage occurs at every stage of its life cycle, from the extraction of coal, oil, and gas (which are the
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main raw materials in 98% of plastic materials), to the recycling process and to its final disposal. The
pervasiveness of plastic in all environments is well documented [32].

The greatest vulnerability to the toxic effects of pollutants occurs during fetal life and in the first
years of life. In this period, with differentiated times, occur maturation of the following: 1) organs
and systems, 2) metabolic, endocrine, immunological systems, 3) hepatic and renal detoxification
mechanisms, 4) skin and blood-brain barrier [33].

Once internalized, MNPs can cross epithelial barriers, enter systemic circulation and accumulate
in organs, including reproductive tissues. Importantly, they also act as vectors for co-contaminants,
adsorbing hydrophobic chemicals such as phthalates, polycyclic aromatic hydrocarbons, and heavy
metals onto their surfaces. These adsorbed toxicants may be co-delivered into sensitive biological
compartments, amplifying their harmful potential [34,35].

Recent studies have confirmed the presence of MNPs in critical maternal and neonatal matrices,
including: placenta [36], amniotic fluid [37], and human breast milk [38].

These findings challenge the assumption that the intrauterine and early postnatal environments
are insulated from environmental pollution. The concept of the fetus developing in a pristine
sanctuary is increasingly untenable in the face of accumulating evidence that synthetic particles
permeate the maternal-fetal interface.

The potential for MNPs to interfere with fetal programming, immune system maturation, long-
term metabolic outcomes and with the vitality of trophoblastic cells [39] is of growing concern [40].
An association was found between the presence of microplastics in meconium, and reduced
microbiota diversity [41]. Other studies showed that microplastic levels in the placenta correlated
with reduced birth weight, Apgar scores at 1 minute and with reduced fetal growth in IUGR
pregnancies [42]. Furthermore, the presence of MPs in the placenta was correlated with premature
birth [43].

Emerging data suggest that prenatal and perinatal exposure to MNPs may have profound effects
on neurodevelopment [44].The developing fetal brain is highly vulnerable to environmental insults
due to the ongoing processes of cell proliferation, migration, differentiation, synaptogenesis, and
myelination. MNPs, along with the chemical contaminants they carry, have been shown in animal
models to cross the blood-brain barrier and accumulate in brain tissues, where they induce oxidative
stress and neuroinflammation [45,46]. This raises the possibility that MNPs exposure could interfere
with the molecular signaling pathways essential for neurodevelopment, including those mediated by
neurotrophic factors, neurotransmitters, and endocrine signals [47].

Animal studies report changes in behavior, learning capacity, and synaptic plasticity in offspring
exposed to MNPs in utero, supporting the hypothesis that these particles may act as
neurodevelopmental disruptors [48].

In this context, the amniotic fluid, so chemically similar to ancient seawater, has become a
repository for anthropogenic contaminants, reflecting not only our evolutionary past but also our
modern ecological impact.

Longitudinal human studies are urgently needed to confirm these associations and to elucidate
the dose-response relationship between MNP burden and neurocognitive outcomes across the
lifespan.

The One Health Paradigm: Linking Ocean and Amniotic Fluid

The One Health paradigm offers a unifying conceptual framework that recognizes the
interdependence of human, animal, and environmental health. Originally applied to zoonotic disease
surveillance and ecosystem preservation, the One Health approach has expanded to include the
study of environmental pollutants and their systemic effects across biological domains [49,50].

Microplastics and nanoplastics exemplify the need for this integrative perspective. Their
widespread environmental dissemination and biological accumulation demonstrate that synthetic
particles do not respect taxonomic, geographical, or physiological boundaries. What is found in the
depths of the ocean is now also detected within the intrauterine environment (Figure 1).
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One Health is not merely a conceptual tool but a practical model that enables the detection,
monitoring, and mitigation of complex contaminant pathways across marine, terrestrial, and clinical
environments. The trophic transfer of MNPs across marine food webs, from plankton to fish to
humans, illustrates the continuity of exposure across species and ecosystems [51,52]. Likewise, the
presence of the same contaminants in umbilical cord blood, amniotic fluid and placenta confirms the
intergenerational and cross-species implications of pollution [36].

This model calls for transdisciplinary collaboration, integrating marine biologists, obstetricians,
epidemiologists, chemists, and environmental engineers. Current research silos often fail to capture
the continuity between oceanic plastic load and fetal plastic exposure. A unified surveillance system,
anchored in the One Health framework, could map this continuum, enabling early warning systems
and regulatory responses [53]. Incorporating One Health into educational curricula, from secondary
school to medical training, can cultivate a new generation of professionals who understand that fetal
well-being is linked to environmental stewardship. The paradigm also has profound ethical
implications: it challenges anthropocentric notions of health and invites a planetary ethic of
responsibility, acknowledging that protecting the fetus also means protecting the planet that
nourishes the fetus itself [54].

The amniotic fluid and ocean water are chemically and symbolically linked: both are aqueous
matrices that sustain life, buffered by evolutionary processes and now disrupted by human activity.
The translocation of plastic particles from marine systems into fetal compartments epitomizes the
global reach of pollution and its implications for intergenerational health.

Addressing this crisis demands coordinated, cross-sectoral efforts involving marine biologists,
obstetricians, toxicologists, public health officials and policy-makers. By adopting a One Health
strategy, we can better understand and mitigate the continuum of exposure that bridges ecosystems
and embryonic development.

A recapitulation of our
chemical evolutionary

memory

AMNIOTIC SEAWATER
FLUID

Micro-and nanoplastics

[ J e 6 o o o
2 * o ¢ o ¢

Figure 1. MNPs invasion.

Conclusions: Protecting the Fluids of Life

Amniotic fluid is not merely a by-product of pregnancy; it is an evolutionary innovation that
reflects the primordial marine environments from which life originated. Its ionic composition,
buffering capacity and biologically active constituents create an ideal microenvironment for fetal
development, an echo of Earth’s early oceans.
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Today, both of these vital fluids, ocean water and amniotic fluid, are contaminated by synthetic
pollutants, particularly MNPs. This dual pollution of planetary and intrauterine waters serves as a
stark reminder of the interwoven fates of ecology and human health.

Safeguarding future generations requires an urgent commitment to reducing plastic pollution,
enhancing monitoring systems for emerging contaminants and protecting the aquatic environments
that cradle life in its earliest stages. In doing so, we preserve not only the health of individuals but
the integrity of the evolutionary lineage that connects all life forms.

In addition, the degradation of these life-sustaining fluids represents not only a medical and
environmental emergency but also a bioethical challenge. If intrauterine life is now vulnerable to
artificial contaminants previously confined to industrial waste, then the scope of perinatal care must
broaden to include environmental stewardship.

Medical professionals, especially obstetricians and neonatologists, must now advocate for ecological
sustainability as a dimension of prenatal health (Figure 2). Hospitals and labs cannot be isolated from
the ecosystem; rather, the integrity of pregnancy outcomes is inextricably linked to the integrity of
the biosphere.

Furthermore, transdisciplinary collaboration must evolve from academic rhetoric to policy
enforcement. The acknowledgment of MNPs exposure as a public health threat requires integration
of clinical data, toxicological thresholds, and regulatory frameworks.

Long-term cohort studies tracking prenatal exposure to plastic derivatives and associated outcomes
in neurodevelopment, immune regulation and metabolic programming must become standard
scientific practice [55]

Above all, the amniotic fluid must not become the final destination for humanity’s waste. Its
contamination is not merely symbolic; it is mechanistically implicated in disruptions to fetal
physiology and developmental trajectories.

To defend the fluids of life is to defend the origin, continuity, and future of life itself. From the
geological depths of hydrothermal vents to the intimacy of the womb, water has been the universal
medium of existence and we must now protect it with equal universality and urgency [56].
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Figure 2. Protecting the Fluids of Life.

Future Directions and Implications for Policy and Research

The growing detection of MNPs in critical biological fluids, including amniotic fluid, raises
urgent concerns for fetal development, reproductive health, and long-term disease trajectories. This
emerging evidence mandates coordinated action on several levels:

Clinical Research: There is a pressing need for prospective cohort studies and toxicological
models to investigate the effects of MNPs and associated endocrine disruptors during pregnancy.
Particular attention should be given to fetal neurodevelopment, immune programming, and
epigenetic modulation. Such studies should utilize integrative approaches combining
metabolomics, transcriptomics, and epigenomics to characterize fetal responses to plastic-derived
contaminants. Investment in green chemistry is essential for developing truly biodegradable, non-
toxic alternatives to current polymer-based plastics. Research should prioritize the design of
materials that degrade into inert, non-bioaccumulative products [57].

Analytical Methods: Standardized, sensitive and reproducible methods must be developed to
detect and quantify MNPs in human biological matrices, including amniotic fluid, placenta, and cord
blood. New advancements in high-resolution spectroscopy (e.g., pyrolysis-GC/MS, micro-FTIR)
and nanoscale imaging should be incorporated into standardized protocols to detect ultrafine
plastic particles in biological matrices. These technologies will improve detection sensitivity and
specificity, reducing false negatives in fetal and neonatal samples. Regulatory bodies such as the
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FDA, EMA and WHO must define acceptable thresholds for MNPs concentrations in human
biological matrices. This will require interdisciplinary consensus on toxicity benchmarks and risk
assessment methodologies, facilitating global harmonization of standards. Establishing open-access
databases for MNPs concentrations in environmental and clinical samples would enhance
transparency and global cooperation. These repositories could include metadata on sampling
techniques, population demographics and geographical distribution, fostering meta-analyses and
public health modeling.

Environmental Policy: Governments and regulatory agencies must urgently implement stricter
controls on plastic production and disposal, with an emphasis on banning non-essential single-use
plastics and improving microplastic filtration in wastewater systems. A tax on plastic manufacturing
and subsidies for biodegradable alternatives could shift market behavior. Legislative frameworks
like the EU's REACH (Registration, Evaluation, Authorisation, and Restriction of Chemicals)
should be adapted globally to include MNPs as emerging contaminants.

One Health Integration: Policy frameworks should embed the One Health perspective,
recognizing that protecting marine ecosystems is intrinsically linked to safeguarding intrauterine
environments and, ultimately, human reproductive health. Establishing international research
consortia linking oceanographers, obstetricians, toxicologists, and environmental chemists is
critical for implementing a One Health surveillance system. This system should monitor sentinel
species (e.g., plankton, mollusks, marine mammals) and human pregnancy biomarkers in tandem.

Public Awareness: Educational campaigns should inform people about the routes of plastic
exposure, its reproductive risks and actionable steps to reduce contact. Integrating MNP-related
content into medical and environmental science curricula could prepare the next generation of
professionals to address this issue proactively [58,59,60].

Understanding the molecular and systemic effects of MNPs during pregnancy will be essential
not only for fetal safety but also for redefining our interaction with the synthetic materials that
saturate the biosphere [61].
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