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There is now a wealth of epidemiological, clinical, and experimental evidence that have
concluded that the risk of developing chronic, noncommunicable diseases in adulthood may
be influenced by molecular and genetic aspects [1-5], as well as lifestyle and environmental
experiences during early life [6-13]. Fetal development and infancy are characterized by
the rapid growth, development, and maturation of organ systems. It has now become
increasingly evident that several pathophysiological conditions, including diabetes and
cardiovascular disease, that occur in adolescence and adulthood, may have their origins
during fetal or postnatal development. While maternal nutrition (poor quality and quantity)
is the most examined aspect in terms of influencing the development of fetal organ systems,
paternal stressors have also emerged as critical developmental and molecular elements that
can increase offspring’s predisposition to adverse health outcomes in later life.

Dr. David Barker first published findings proposing a direct link between prenatal
nutrition and late-onset coronary heart disease in The Lancet [14]. This was the first paper
to propose the core idea of the Barker hypothesis. From that time, the Developmental
Origins of Health and Disease (DOHaD) framework has advanced significantly in recent
years, driven by new mechanistic insights, improved analytical tools, and an expanded
understanding of how early-life environments shape long-term health trajectories. These
developments are strengthening the evidence base for early prevention and reinforcing the
need for integrated life-course approaches to public health.

Rapid growth in epigenomic, transcriptomic, and metabolomic technologies has
enabled precise mapping of how early exposures regulate gene expression and organ de-
velopment. High-resolution epigenetic analyses now identify stable molecular signatures
associated with maternal diet, metabolic health, stress, and environmental toxicants [15-24].
Single-cell approaches have further clarified how these exposures influence the devel-
opmental programming of key tissues, particularly through the placenta, which is now
recognized as an active mediator of environmental signals.

Recent work highlights the central role of the maternal-infant microbiome axis in
shaping immune function and metabolic homeostasis. Alterations in maternal microbial
ecology, linked to nutrition, antibiotic use, or stress, have measurable effects on neonatal
microbiome establishment and downstream health outcomes [25-30]. Parallel advances
have also established that paternal factors contribute meaningfully to early programming.
Epigenetic and small-RNA profiles in sperm reflect paternal nutritional and environmental
exposures, challenging the maternal-centric paradigm that long dominated the field [31,32].

DOHaD research is moving beyond association toward targeted intervention. Trials
addressing maternal nutrition, gestational diabetes, physical activity, and stress reduction
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demonstrate measurable benefits in offspring metabolic and neurodevelopmental outcomes.
These findings underscore early development as a critical window of plasticity, where
modifying environmental and social conditions can produce lasting health effects.

The field has increasingly acknowledged the influence of social determinants includ-
ing inequity, historical trauma, and environmental disadvantage on early programming.
Research conducted in partnership with marginalized communities has been particularly
important in illustrating how intergenerational stress and structural conditions become
biologically embedded [33-35]. These perspectives emphasize the necessity of culturally
grounded, community-led approaches in DOHaD research and policy translation.

With this background and perspectives, this Special Issue provides a glimpse into
the influential role of internal and external factors on fetal genetics, biochemistry and
physiology. Eight outstanding papers, from experts in the field, provide a broad range
of contributions detailing advances in the field of developmental biology and the rein-
forcement of a life-course model of health that prioritizes preconception care, maternal
well-being, and early childhood development as essential components of chronic disease
prevention in later life.

We earlier analyzed the phospholipid profile of the developing heart of rats exposed
to low-protein (LP) diet in pregnancy [36]. It was found that maternal LP diet can induce
changes in the phospholipid profile and fatty acid content of the developing heart, which
may have implications for metabolism of the neonatal heart. After 25 years, the topic
of cell membrane lipid composition and its influence on cellular structural integrity and
functionality has been reviewed from a developmental and pathological perspective by Ali
and Szab6 [37]. In this review, the authors summarize the diversity of membrane lipids
and their constituent fatty acids in healthy organisms and the essential roles they play in
cellular function and highlight the functional significance of membrane-associated fatty
acids and their influence on key cellular physiological responses.

Early life exposures to environmental /maternal chemicals can exert negative effects
on the developing fetus [38]. There are three articles that demonstrate this. In the re-
view by Tain and Hsu [39], various environmental chemicals to which pregnant moth-
ers are commonly exposed can disrupt fetal programming, leading to a wide range of
cardiovascular-kidney-metabolic phenotypes. The authors present that the aryl hydrocar-
bon receptor (AHR) plays a key role as a ligand-activated transcription factor in sensing
these environmental chemicals that can increase the predisposition to cardiovascular dis-
eases, hypertension, diabetes, obesity, kidney disease, and non-alcoholic fatty liver disease.
The authors emphasize the importance of circumventing toxic chemical exposure during
pregnancy and extend the understanding of AHR signaling, which may potentially lessen
the global burden of CKM syndrome.

In the original research paper by Strunz et al. [40], the impact of polybrominated
diphenyl ethers (PBDEs), commonly used as synthetic flame retardants, and they are
present in a variety of products, including electronics, polyurethane foams, textiles, and
building materials, on weight gain and insulin insensitivity in offspring has been examined.
In a mouse model, these researchers demonstrated that maternal exposure to BDE-47 results
in weight gain in female offspring together with an impaired glucose and insulin tolerance
in both female and male mice. It was also found that this chemical toxin increased adipo-
genesis as well as neuronal dysregulation of energy homeostasis, attributed to impaired
leptin signaling. The authors concluded that these mechanistic aspects may contribute to
the observed weight gain as well as impaired insulin and glucose tolerance.

ETV6:RUNXI1-positive pediatric acute lymphoblastic leukemia is frequently consid-
ered to have a prenatal origin. In an interventional cohort study (1221 pregnancies), the
impact of maternal corticosteroid use during pregnancy and its association with this form
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of leukemia at birth are examined. In this study by Benitez et al. [41], it was observed
that corticosteroid use for lung maturation during pregnancy was significantly associated
with ETV6:RUNX1 in 39 neonates, particularly if applied before 26 weeks of gestation
or if betamethasone was used. Thus, it was concluded that prenatal exposure to corticos-
teroids within a critical time window could increase the risk of developing ETV6:RUNX1+
preleukemic clones and potentially leukemia after birth. In addition, it was stated that
modulation of ETV6::RUNXI1 preleukemia may potentially prevent this subtype of child-
hood leukemia.

The following two articles shed some light on the developmental mechanisms that
can influence brain function and lung morphogenesis. KCC2 (Potassium—Chloride Co-
transporter 2) and NKCC1 (Sodium—-Potassium—Chloride Cotransporter 1) are crucial for
maintaining chloride ion balance inside and outside neurons, playing complementary
roles in the regulation of GABAergic (gamma-aminobutyric acid) inhibition and chloride
homeostasis in the nervous system. Brain-derived neurotrophic factor (BDNF) influences
the functioning of these co-transporters and normal brain function. Their dysregulation
is implicated in neurological disorders. In the study by Hamze et al. [42], it was reported
that proBDNF delays the GABA shift polarity, thereby maintaining neurons in an imma-
ture state, which could be linked to the behavioral deficits in electroporated rats. These
actions carry significant implications for cognitive processes and neural circuitry, providing
insights into the intricate interplay between neurotrophic factors and neuronal functions.
The authors concluded that these findings advance the understanding of neurodevelop-
mental processes that could potentially lead to the development of targeted therapies for
brain disorders.

It is known that pulmonary branches are formed during the early stages of embryonic
lung development through an intricate process known as lung branching morphogenesis
that is influenced by retinoic acid (RA). Fernandes-Silva et al. [43] explored the role of RA
as a metabolic modulator in an ex vivo model of lung explant culture of embryonic chicken
lungs. It was revealed that RA signaling stimulation redirects glucose towards pyruvate
and succinate production rather than to alanine or lactate. Of note, the inhibition of RA
signal transduction reduced lung branching, which resulted in a cystic-like phenotype
while promoting mitochondrial function. Accordingly, the authors suggested that RA is
a regulator of tissue proliferation and that it plays an important role in determining lung
metabolism during branching morphogenesis. Taken together, such information adds to
the understanding of lung development and cystic-related lung disorders.

By using a rat model where maternal CKD is induced with adenine, Tain et al. [44]
have demonstrated that the offspring develop high blood pressure in adulthood. These
researchers also tested whether citrulline, a non-essential amino acid that can boost the
production of nitric oxide (NO) and exhibits antioxidant properties, could prevent this
outcome. Citrulline effectively normalized blood pressure in the offspring of CKD mothers.
Its protective effects were associated with improved NO signaling, reduced renal (pro)renin
receptor expression, and induced beneficial shifts in gut microbiota. Overall, perinatal
citrulline supplementation enhanced NO availability and prevented hypertension pro-
grammed by maternal CKD. The study underscores the importance of maternal nutrition
for fetal development but also shows how specific nutrients could be used in conditions
where there is an adverse environmental experience that could predispose the offspring to
chronic disease in later life.

In the last paper of this Special Issue by Lee et al. [45], an interesting topic of external
pathogens, liquid biopsy, and biomarkers that could be predictive of later systemic disease
is highlighted. Tick bites and related illnesses are increasing, but current diagnostic tests
detect only well-known tick-borne pathogens and cannot explain poorly defined conditions
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like Australia’s debilitating symptom complexes attributed to ticks (DSCATT). This study
investigated whether blood samples could capture molecular signals originating from tick-
bitten skin, offering a less invasive way to monitor local biological responses. By comparing
multi-omics profiles from skin biopsies at the bite site with matched peripheral blood
samples, researchers found that the pathways involved in extracellular matrix organization
and platelet degranulation were activated in the skin within 72 h of a tick bite. Importantly,
these same signals appeared in the blood and remained elevated for up to three months.
These findings are suggestive that systemic blood profiles can reflect local tissue events after
a tick bite, supporting the potential of blood-based “liquid biopsies” for future diagnostic
and mechanistic studies on the development of systemic illnesses that may be tick-borne
pathogen-based.

In conclusion, the last decade has marked a period of remarkable progress in DOHaD
research. Technological advancements, integrative multi-omics, a broader appreciation
of paternal and sociocultural influences, and the emergence of intervention studies are
reshaping the field. What once seemed a revolutionary idea that early life shapes lifelong
health is now an actionable framework guiding clinical practice, public health strategy, and
global policy. The next advancement is clear: moving from understanding mechanisms
to implementing solutions. The promise of DOHaD lies not only in explaining disease
origins but in enabling societies to build healthier futures by protecting and empowering
the earliest stages of life.

We extend our sincere appreciation to all contributors, each highly regarded in their
respective fields, for helping to create this exceptional Special Issue. We hope that both
experts and readers with a broader interest in DOHaD will find the content informative
and thought-provoking. In addition, we hope that it will stimulate, motivate, and inspire
biomedical scientists and researchers into further inquiry in order to advance our under-
standing of the essential role played by diverse maternal, paternal, and environmental
factors in fetal biology and predisposition to adverse health conditions. Furthermore, this
Special Issue will serve as a beneficial resource for medical students and fellows as well as
graduate students that have a desire to learn about DOHaD.
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Abstract: Biological membranes, primarily composed of lipids, envelop each living cell. The intricate
composition and organization of membrane lipids, including the variety of fatty acids they encom-
pass, serve a dynamic role in sustaining cellular structural integrity and functionality. Typically,
modifications in lipid composition coincide with consequential alterations in universally significant
signaling pathways. Exploring the various fatty acids, which serve as the foundational building
blocks of membrane lipids, provides crucial insights into the underlying mechanisms governing
a myriad of cellular processes, such as membrane fluidity, protein trafficking, signal transduction,
intercellular communication, and the etiology of certain metabolic disorders. Furthermore, com-
prehending how alterations in the lipid composition, especially concerning the fatty acid profile,
either contribute to or prevent the onset of pathological conditions stands as a compelling area of
research. Hence, this review aims to meticulously introduce the intricacies of membrane lipids and
their constituent fatty acids in a healthy organism, thereby illuminating their remarkable diversity
and profound influence on cellular function. Furthermore, this review aspires to highlight some
potential therapeutic targets for various pathological conditions that may be ameliorated through
dietary fatty acid supplements. The initial section of this review expounds on the eukaryotic biomem-
branes and their complex lipids. Subsequent sections provide insights into the synthesis, membrane
incorporation, and distribution of fatty acids across various fractions of membrane lipids. The last
section highlights the functional significance of membrane-associated fatty acids and their innate
capacity to shape the various cellular physiological responses.

Keywords: membranes; phospholipids; sphingolipids; fatty acid; de novo synthesis; desaturation;
oxygenation; bioactive lipids; physicochemical; very long polyunsaturated fatty acids

1. Introduction

The biological membrane, commonly referred to as the biomembrane, holds paramount
importance in both prokaryotic and eukaryotic cells. Its primary function lies in the selec-
tive regulation of molecular influx and efflux across the cellular boundary. Furthermore,
it plays a crucial role in modulating intercellular communication and is involved in a
vast array of complex processes, encompassing cell proliferation, differentiation, secretion,
migration, invasion, and phagocytosis. However, the term “biomembrane” extends beyond
the plasma membrane, as eukaryotic cells feature membranes within distinct cellular or-
ganelles [1,2], such as the endoplasmic reticulum (ER), mitochondria, nucleus, and various
intracellular organelles. Additional functions of biomembranes revolve around stabilizing
the consistency of cellular activities within the cell and organelles, controlling the traffick-
ing of micromolecules (including O,, CO,, H,O, H*, K*, HCO; ™, Mg2+, Ca?*, etc.) and
macromolecular compounds, and providing a surface where essential biological events
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take place. According to Janmey and Kinnunen [3], biomembranes represent heteroge-
neous, asymmetrical bilayers with complex structures that contribute to the maintenance of
cellular homeostasis and functionality. Hence, biomembranes’ systems exhibit considerable
structural and dynamic diversity, making them an enduring area of scientific exploration.

The concept of Langmuir films, initially proposed by Langmuir in 1917, represents
the earliest paradigm aimed at elucidating membrane systems [4]. Numerous subsequent
paradigms have been developed in an attempt to explain membrane systems. The semi-
fluid dynamics of biomembranes are merely determined by their intricate structure. The
so-called “fluid mosaic model”, one of the most renowned models in the biological domain,
is employed to illustrate the structure and function of membranes. Singer and Nicolson
introduced this model in 1972 [5], describing lipids, proteins, and carbohydrates as the
primary constituents of the membrane. In light of the fact that proteins do not actually dis-
solve in membrane lipids, this proposal has undergone several amendments. After 25 years
of Singer and Nicolson’s proposal, Simons and Ikonen [6] proposed the “lipid raft” model,
predicated on the clustering of sterols (namely, cholesterol in animals) and sphingolipids
(SLs) within membranes to form microdomains where membrane-associated proteins are
distributed. It has been established that these compartmentalized microdomains limit
membrane lateral mobility and actively engage in various cellular events based on their
structural arrangements [7]. Following the lipid rafts model, numerous other models
have been introduced, which are either focused on revising the fluid mosaic model [8] or
explaining the interaction between the similar [9] or distinct molecule classes [10] within
membranes. Generally, the complexity of membranes exceeds that of model membranes
due to the heterogeneous distribution of building molecules and their complex interactions.
The continuous advancement of technology empowers science to delve deeper into the
intricate structures of membranes, implying that the cell membrane model will invariably
evolve toward increasing complexity, mirroring the progression from initial notions of
membrane structure.

Lipids, proteins, and carbohydrates are pivotal biomolecules within biomembranes,
exhibiting heterogeneous dispersion across membranes’ structures (see Figure 1). Mem-
brane lipids, marked by diversity and possessing distinct properties either individually or
in conjunction with other moieties, contribute to bilayer development and serve essential
functions. Almost 50% of the membrane matrix is composed of proteins, which exist in
various structures such as including integral (embedded with lipid bilayers), peripheral
(associated with the membrane surface), and anchoring (not directly attached but rather
bound to lipid embedded with lipid bilayers) proteins. Hydrophobic forces or ionic inter-
actions mediate the binding of membrane proteins to membrane lipids, forming lateral
domains with certain functions such as environmental communication, adhesion, traffick-
ing, and signaling. Carbohydrates form covalent bonds with proteins or lipids within
membranes, which only occur at the outward surface of the plasma membrane, yielding
glycol-complexes [2,11]. The extant biotic assemblies within biomembranes are postulated
to have transited from thermodynamic reactions on analogous abiotic assemblies [12]. The
interaction between membrane lipids and proteins may modulate their individual qualities,
thereby altering membrane conformation.

Among the constituents of biomembranes, fatty acids comprising the lipid portion
have gained great focus due to their diverse functions in cellular processes. Understanding
the diversity and composition of eukaryotic biomembrane lipids, especially fatty acids, is
essential for elucidating the underlying mechanisms controlling cellular functions. Fur-
thermore, it sheds light on the potential roles that particular lipids and fatty acids may
play in various physiological and pathological processes, including inflammation and
metabolic disorders. The current review primarily focuses on a healthy organism, in-
tending to highlight the enormous diversity of biomembrane lipids and, as a secondary
objective, characterize the biological roles of distinct fatty acids embedded into the cellular
membranes. In addition, this review enhances our knowledge of fundamental cellular
processes and subtly underscores the potential for therapeutic strategies centered on the
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lipid composition and fatty acid metabolism of biomembranes, which are likely promising
foundations for further scientific inquiry.
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Figure 1. Schematic representation of biological compartments of the cell membrane and the molec-
ular structure of the different lipids available in membranes. The molecular structures of different
lipids have been adapted from the PubChem database (an open database for the public, available at
https:/ /pubchem.ncbi.nlm.nih.gov, accessed on 17 September 2023). Abbreviation: Sn, stereospecific

numbering in the glycerol; = and A, chiral carbon centers.

2. Lipid Bilayer

Lipids have gained recognition and have become a subject of considerable interest
among scientists since the original publication of Chevreul’s work [13], which delineated
the concept of fatty acids. Lipids are widely acknowledged for their crucial role in forming
cellular structures and mediating various physiological and life-sustaining processes. The
concept popularity of a lipid layer’s existence on the cell’s surface can be traced back
to Overton’s reports between 1885 and 1899, although a comprehensive elucidation of
the membrane structure did not emerge until 1925 [14]. It was Gorter and Grendel who,
employing a Langmuir monolayer, initially identified the presence of a lipid bilayer within
blood chromocytes. Their discovery revealed a distinctive 2:1 ratio between the cellular
surfaces covered by lipids and the estimated total cell surface area [15]. Consequently, a
lipid bilayer emerges as a supramolecular matrix comprising two leaflets of lipid molecules
residing within the biomembrane. Each leaflet necessitates a specific lipid composition
characterized by certain physicochemical properties to finely modulate targeted functions.

Despite enduring exposure to changing conditions of temperature, pressure, and
solvents, the lipid composition of animal cell membranes remains relatively stable, indi-
cating a relatively confined capacity for drastic alterations in response to external stimuli.
Nonetheless, the layers of membranes remain far from static; elements can transfer within
(lateral diffusion) and between (vertical or flip-flop diffusion) leaflets. Lipid transporter
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proteins, namely, flippase, floppase, and scramblase, mediate the movement of lipids
across membrane layers. In contrast, the retrograde traffic is responsible for the backward
movement of lipids from membranes to organelles [2,16]. The ER, mitochondria, and
Golgi apparatus are responsible for biosynthesizing most of the lipid classes in biomem-
branes, including glycerophospholipids, cholesterols (CHOL), and SLs. Conversely, lipid
hydrolysis transpires within the lysosome, specifically the intralysosomal luminal vesicles,
where numerous water-soluble hydrolases are active [17-19]. Lipids are transported to
lysosomes through endocytic and autophagocytic pathways. The products generated from
lipid hydrolysis are either utilized within the cell or expelled via exocytosis at the plasma
membrane.

Thousands of lipid structures have been identified in mammals [20], with the coexis-
tence of hundreds within a single cell remaining a probable [21]. The chemical properties
of membrane lipids are characterized by distinctive features. These include the head-group
or backbone structure, hydrocarbon chain length, degree of unsaturation, the presence of
chirality, ionization, chelating power, and lipid concentration. Nevertheless, lipid classifi-
cation is not arbitrary and can be predicated on physical properties, chemical properties,
or biosynthetic qualities [22,23]. Within mammalian cell membranes, the preponderant
lipid class is glycerophospholipids, also known as phospholipids. Characterized by a
hydrophilic head group lining surfaces and a hydrophobic tail interposed in between,
this class constitutes the bulk of the membrane lipid matrix. Other minor lipid classes
recognized within biomembranes include glycolipids and sterols, with plasma membranes
distinctively characterized by a considerable abundance of sterols. A schematic repre-
sentation delineating the principal lipid classes identified in biomembranes is available
in Figure 1. It is well-established that the lipid composition of biomembranes exhibits
variations across organelles [24,25] and tissues; it dynamically adapts within the cell in
response to specific cellular activities. The distinctive biophysical state of membrane lipids
and the fatty acid composition may influence membrane rigidity, serve specific functions,
and reveal the cell’s physiological state.

2.1. Glycerophospholipids

In 1811, the pioneering work of Vauquelin led to the identification of phosphorus
in cerebral lipid extracts [26], and since then, phosphorus-containing lipids have become
an intriguing field of investigation. This class of polar lipids is commonly referred to
as ‘glycerophospholipids’ or simply “phospholipids”. It is the most prevalent lipid class
in mammalian membranes, accounting for 50-60 mol% of the overall membrane lipid
matrix [27]. The foundational structure of phospholipids closely resembles that of dia-
cylglycerol (DAG, featuring a glycerol backbone with two acyl (fatty acid) chains at sn-1
and sn-2 positions); it is further distinguished by the inclusion of a polar phosphorus
group at the sn-3 position. Hence, lipids within this class exhibit amphipathic properties,
which are characterized by the presence of a hydrophilic head group and two hydrophobic
fatty acids.

Over the past century, a multitude of phospholipid types have been identified, with
variations in lipid structure playing a profound role in the differentiation of phospholipid
varieties. The bulk of phosphate groups are attached to specific molecules or moieties, deter-
mining the exact type of phospholipid and its position within the lipid bilayer. Numerous
phospholipids have been identified in mammalian membranes, including phosphatidic acid
(PA), phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylinositol (PI), diphosphatidylglycerol (DPG),
bis(monoacylglycero)phosphate (BMP), platelet-activating factor (PAF), and lysophospho-
lipids (LysoP).

2.1.1. Phosphatidic Acid

PA, often referred to as phosphatidate (see Figure 1), represents the simplest phospho-
lipid structure and tends to accumulate in membranes in relatively minor proportions, ow-
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Figure 2. Schematic representation of the synthesis pathways for various phospholipids available in
biomembranes. Abbreviations: ALPAATase, alkyl-acetyltransferase; ATGL, triacylglycerol lipase;
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LPAAT, lysophosphatidic acid acyltransferase; MAG, monoacylglycerol; MAGL, monoacylglyc-
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phatidylglycerophosphate phosphatase; PGS, phosphatidylglycerophosphate synthase; Phase, phos-
phohydrolase; PI, phosphatidylinositol; PIS, phosphatidylinositol synthase; PLA, phospholipase;
PLC, phospholipase C; PLD, phospholipase D; PS, phosphatidylserine; PSD, phosphatidylserine
decarboxylase; PSS, phosphatidylserine synthase; SA, sphinganine; SM, sphingomyelin; SMase, sph-
ingomyelinase; SMS, sphingomyelin synthase; SPT, serine palmitoyltransferase; TAG, triacylglycerol;
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PA is a negatively charged anionic lipid involved in cellular signal transduction and
capable of reacting with divalent ions such as Ca?*. Furthermore, its presence within
mammalian cells is vital, as it acts as a mediator for phospholipid metabolism, a regulator
for glycerolipid metabolism, neuroendocrine cell exocytosis, protein kinases, small G-
proteins, and a modulator for membrane fusion and fission machinery [32-36]. Therefore,
any alterations in PA levels may indicate disruptions in cellular homeostasis and the onset
of metabolic and health-related consequences, as evidenced by Tanguy et al. [31], who
linked the high accumulation of PA in cells to metabolic disorders.

2.1.2. Phosphatidylglycerol

When alcohol glycerol esterifies with a phosphate within a phospholipid, the resulting
lipid structure is referred to as ‘PG’. Benson and Maruo identified this lipid structure in
1958 [37]; it is characterized by two free hydroxyl groups. Basically, it comprises a glycerol
backbone linked with two fatty acyl chains and phosphoglycerol. Within mammals, PG is
synthesized in the mitochondria through multiple pathways: (1) it originates from imported
PA, which undergoes a series of enzymatic reactions involving intermediates within the
cytidine diphosphate-diacyl glycerol pathways in the inner mitochondrial membrane, and
(2) from dephosphorylated phosphatidylglycerolphosphate catalyzed by the mitochondrial
phosphatase enzyme [38].

Though PG does not constitute a substantial proportion of mammalian membranes
(1-2% of membrane polar lipids), it accounts for up to 7-15% of the lipid composition
in lung surfactants [39,40]. This heightened presence of PG in the lungs, where it ranks
as the second most prevalent phospholipid in the lungs, underscores its crucial role in
surfactant activity. Beyond the lung, the PG functionality extends to lipid—protein and
lipid-lipid interactions, along with its influence on membrane rigidity. The PG molecular
structure relatively resembles that of DPG and BMP, with all of them featuring more
than glycerol in their structures. Furthermore, the molecular structure of PG in specific
tissues has been considered to be a functional analogue of PI (having an inositol group
rather than glycerol) [41]. Thus, these phospholipids may manifest similar activities, such
as the inhibition of phosphatidylcholine-dependent kinase activity in swine brain [42].
Elevated levels of PG have been associated with viral infection, as PG can integrate into
viral membranes during replication [43-45]. In contrast, some reports suggest that PG is
involved in regulating innate immunity and suppressing viral infection [46-48], potentially
including COVID-19 infection [49]. Therefore, further studies are imperative to ascertain
the significant biological roles of PG in various mammalian species.

2.1.3. Phosphatidylcholine

The PC, also known as lecithin, was the first isolated phospholipid in 1850, with
choline (a source of the methyl group) serving as the polar head [50]. Herein, it is very self-
evident that the PC structure is not entirely endogenous, as choline is an essential nutrient
for mammals. PC is a ubiquitous presence in all cell membranes, spanning prokaryotic
cells (e.g., bacteria) and eukaryotic cells (i.e., cells of plants and animals). Structurally,
PC exhibits two major linkage types in tissues: diacyl-PC (ester bond; most abundant in
eukaryotes) and alkyl-PC (featuring an ether bond) [51]. Additionally, the less common
isomer of PC is alkenyl-PC (vinyl ether bond), which is referred to as choline plasmalogens
and plasmenylcholine. These lipids typically comprise two fatty acids linked to glycerol
through ether and ester bonds at sn-1 and sn-2, respectively [52,53].

PC represents the most abundant phospholipid class (constituting nearly 50% of all
phospholipids within bilayers), particularly in the pulmonary surfactant, where dipalmitoyl-
PC predominates [54-57]. As a fundamental building block of the membrane bilayer, PC
occupies the outer leaflet [58]. Remarkably, approximately 80 to 90% of the lipids in the
plasma membrane’s outer leaflet consist of PCs. The preponderance of PC synthesis oc-
curs in the ER, where cytidine 5'-triphosphate (CTP):phosphocholine cytidylyltransfease
(PCT) (generally known as CCT) [59,60] catalyzes the rate-limiting step in the cytidine 5'-
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diphosphocholine (CDP-choline, citicoline or Kennedy) pathway [61]. This CDP moiety is
not only involved in PC biosynthesis [62] but in all other phospholipids, with the exception
of PA, depending on which moiety replaces choline. A distinctive pathway for PC biosyn-
thesis exclusively takes place in the liver, where PC is generated from PE via sequential
methylation [63], facilitated by the phosphatidylethanolamine N-methyltransferase (PEMT)
that is found in the mitochondrial-associated membranes (MAM).

It has been believed that PC’s relatively neutral molecular properties (having positive
and negative charges but lacking net charge) and its predominance play an essential role
in maintaining biomembrane integrity and functionality. Unlike other phospholipids, PC
does not exhibit negative charge repulsion. PC serves as a precursor for sphingomyelin
(SM) due to its choline molecule [64]. In addition, it acts as a precursor for other polar lipids,
such as PA, lysophosphatidylcholines (LysoPC), PS, and PAF. PC plays a crucial part in
cell signaling processes and impacts the concentration of circulating lipoproteins [56,65,66].
Furthermore, it is integral to membrane trafficking and molecule transportation. LysoPC
composed of C22:6 (at the sn-2 position) has been demonstrated to be more effective than
C22:6-free fatty acids in crossing the blood-brain barrier [67].

2.1.4. Phosphatidylethanolamine

Following PC, the second most prevalent phospholipid in mammalian tissues is PE,
formerly known as “cephalin”. It was the second discovered phospholipid in cerebral tissue
by Thudichum in 1884 [68], constituting approximately 15-25% of the total phospholipids
in mammalian cell membranes [69]. In neural tissues, PE can reach even higher levels,
up to 45% [70], pointing out its essential role in this tissue. It is profoundly abundant in
mitochondrial membranes and is exclusively localized in the cytosolic leaflet of the plasma
membrane, in contrast to PC [58]. The structure of PE involves the esterification of the
phosphatidyl group to the hydroxyl group of an amino group (namely, the ethanolamine),
resulting in a small reactive head group. PE does not form a bilayer independently (on its
own) but exhibits an inverted hexagonal phase. This class of lipids features various linkages,
including diacyl, alkyl, and alkenyl configurations (see Figure 3). Ethanolamine plasmaolo-
gens, also known as plasmenylethanolamine, are more abundant than plasmenylcholine in
many tissue types, except for the heart and smooth muscle [52].
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Figure 3. (A) Site activities of different phospholipases on membrane lipids. (B) Different linkage
types in phospholipids. Abbreviations: 1, phospholipase A1; 2, phospholipase A2; 3, phospholipase
C; 4, phospholipase D; 5, ceramidase; 6, lipid phosphate phosphatase; 7, sphingomyelin deacylase; 8,
sphingomyelinase; R, fatty acid; X, head group.

In eukaryotes, the biosynthesis of PE is an outcome of multiple pathways, notably,
the de novo synthesis of PE through CDP-ethanolamine [61] and the salvage pathway
involving the decarboxylation of PS by phosphatidylserine decarboxylase (PSD) in the
mitochondria [71]. Additional pathways involved in the remodeling of PE, which are also
identified in bacteria and plants, include the following: (1) the base-exchange pathway
between PE and PS [72]; (2) the degradation of sphingosine-P via sphingosine-P lyase [73];
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and (3) the reacylation of Lyso-PE at MAM [74]. Notably, despite the structural resemblance
of PE and PC, PE exhibits distinct chemical and biological properties. PE stands apart from
PC due to its smaller head group, which manifests less affinity to water. Consequently, PE
can form compact aggregation and displays a heightened thermostability [75,76]. These
attributes significantly contribute to membrane rigidity, making PE an indispensable
component of the membrane’s architecture, permeability, and fluidity.

In terms of membrane rigidity, PE often mimics the behavior of CHOL, particularly
in insects [77]. In light of these findings, the PC/PE ratio is likely to exert a substantial
influence on the functionality, fluidity, stability [78], and permeability of the membrane.
Furthermore, PE plays a vital role in upholding membrane integrity and participating
in cellular signaling. Studies have revealed that PE is implicated in various processes,
including membrane-to-membrane fusion [79], DAG generation through the involvement
of phospholipase C (PLC), and the modification of membrane proteins through the me-
diation of reactive aldehydes [80]. PE has also been observed to induce negative curva-
ture in biomembranes [81], which is primarily attributed to its diminutive conical head
group. In addition, PE serves as a precursor for various other lipids, including N-acyl-
phosphatidylethanolamine (NAPE), which serves as a crucial precursor during the biosyn-
thesis of certain essential biological compounds in the brain (e.g., anandamide) [82,83].

2.1.5. Phosphatidylserine

Folch and Schneider identified serine in cephalin components in 1941 [84], marking
the beginning of the discovery of PS. PS is a minor class of phospholipids in mammalian
cells (2-15% of total phospholipids), which demonstrates a pronounced tendency for accu-
mulation within the cerebral cortex [85,86]. It has also been detected in the membranes of
organelles such as mitochondria and ER, where it serves as a substrate for the production
of PE. Notably, the distinguishing feature of the PS structure, setting it apart from other
phospholipids, is the attachment of the serine residue to the phosphatidyl group, resulting
in the formation of a negatively charged head group. This characteristic renders it excep-
tionally reactive with divalent metals. In contrast to PC and PE, PS exclusively exists in a
diacyl isomer, with sn-2 being markedly unsaturated [85].

In contrast to plants [87], yeasts, and prokaryotes [88], mammalian cells lack the
de novo CDP-DAG biosynthetic pathway for PS biosynthesis. The biosynthesis of PS in
mammalian cells transpires both in the MAM and in the cytosol of the ER and is facilitated
by a calcium-dependent base exchange. This pathway is catalyzed by PS synthase-1 and -2
(PSS1 and PSS2, respectively), utilizing PC (catalyzed by PSS2) and PE (catalyzed by PSS2)
as the primary precursors at both sites [89]. Subsequent to its production, a fraction of PS
translocates to the plasma membrane via passive diffusion. This lipid primarily localizes to
the cytosolic leaflet of the plasma membrane [90], although its migration to the outer leaflet
is notable during programmed cell death [91] and cancer progression [92].

The externalization of PS on the cell’s outer layer serves as a molecular signal, prompt-
ing neighboring cells, including macrophages, to engulf and phagocytose the dying cell.
Beyond this role, PS plays a multifaceted biological role within cellular functions. It con-
tributes to the recognition and communication mechanisms between cells. PS existence
is crucial during PE biosynthesis, acting as a source pool [71]. Furthermore, PS has been
observed to interact with SLs, resulting in elevated interdigitation under the influence
of CHOL [93]. PS is also vital for the maintenance of plasma membrane integrity within
mammalian cells, exerting modulation over membrane fluidity and permeability, both of
which are essential for the regular function of membrane-bound proteins.

PS has been implicated in the activation of protein kinase, prothrombinase, and
neuroinflammation signaling pathways, as well as being an essential element of lipid—
calcium—phosphate complexes [94-97]. Consequently, PS facilitates a range of membrane-
bound signaling processes, including apoptosis, activation of enzymes, immune regulation,
coagulation cascade, and mineral deposition during bone regeneration.
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2.1.6. Phosphatidylinositol

The earliest documented report of phosphatidylinositol (PI) traces back to the year
1930 when inositol was initially identified within a lipid extract [98]. It was not until nearly
three decades later, in 1959, that Pizer and Ballou elucidated the precise structure of PI [99].
PI, an anionic phospholipid, features a distinctive inositol head group, characterized by a
hexa-hydroxy-ring consisting of six carbon atoms. Within the realm of inositol-containing
phospholipids (phosphoinositides), PI represents the most elementary form, with the other
seven isomers constituting phosphorylated derivatives of the PI structure [100]. In eu-
karyotic organisms, three primary forms of phosphoinositides prevail: (1) PI, formerly
recognized as monophosphoinositide, in which 1’-myo-inositol is linked to PA; (2) PI4P,
where a phosphate group esterifies position 4 of inositol, formerly referred to as diphospho-
inositide; and (3) PI5P, featuring a phosphate esterifies position 5 of inositol. In eukaryotes,
the phosphorylation of positions 2 and 6 of PI is impeded due to steric hindrance. PI
can constitute up to 10% of total phospholipids and is ubiquitously present in the cytosol
of all cellular membranes and certain organelles (e.g., endoplasmic reticulum and Golgi
apparatus) [101,102]. PI of eukaryotic organisms is primarily biosynthesized from PA via
a de novo pathway and is catalyzed by the CDP-DAG synthase (which serves as a rate-
limiting enzyme [103]) and CDP-DAG myo-inositol 3-phosphatidyltransferase [104]. These
enzymes are localized in the ER, where they facilitate the formation of intermediates from
PA and the attachment of myo-inositol to these intermediates, respectively. Mammalian
cells possess the capability to synthesize inositol de novo from glucose-6-phosphate. Other
marked three biosynthetic pathways have been identified in plants and prokaryotes, with
the most recent discovery occurring a decade ago [105].

Though PI's initial discovery was nearly a century ago, our understanding of the
biological functions of PI has markedly advanced over the past three decades. PI is not
merely a component of bilayer lipids; it is involved in various metabolic processes [106].
Its significance extends to the brain, where it serves critical functions. In addition, it serves
as the primary pool of the C20:4 n6 fatty acyl chain in animal cells, frequently occupying
the sn-2 position [107-109]. This specific acyl chain is of paramount importance for the
biosynthesis of eicosanoids, including prostaglandins [101,110]. The enzyme phospholipase
A2 (PLA2) is responsible for the removal of C20:4 n6 from P]I, resulting in the formation of
LysoPI (see Figure 3). Consequently, an accumulation of LysoPI indicates heightened PLA2
activity, implying metabolic alterations and, potentially, the progression of cancer [111].

Furthermore, PI constitutes the major substrate of the signaling DAG in mammalian
cells, a process catalyzed by the PLA2 and PLC enzymes. Thus, PI emerges as a dynamic
lipid that participates in intracellular signaling, inflammation, and immune regulation. PI
also contributes to the formation of glycosyl bridges that facilitate the binding of multiple
proteins (known as glycosyl-phosphatidylinositol (GPI)-anchored proteins) to the cellular
membrane surface [112]. PI has been shown to engage in regulating protein activities at
the cellular interface. The various phosphoinositides, including PI3P, PI4P, PI5P, P1(4,5)P2
(the most abundant PI-phosphorylated structure in mammalian membranes), PI(3,4)P2,
PI(3,5)P2, and PI(3,4,5)P3, while accumulating in very low concentrations (1%), significantly
contribute to membrane organization. An in-depth discussion has been reviewed by Posor
et al. [113]. For instance, PI(4,5)P2 functions as a cofactor for phospholipase D (PLD), an
enzyme responsible for the production of PA, which serves as a signaling molecule.

2.1.7. Diphosphatidylglycerol

The DPG, also known as cardiolipin (CL), was initially isolated from bovine hearts by
Pangborn in 1942 [114], and the nomenclature “cardio” reflects its association with cardiac
tissues. This uncommon tetra-acylated phospholipid is exclusively confined to the inner
and outer mitochondrial membranes, with the production site on the matrix side of the
mitochondrial inner leaflet [115]. Basically, it can be described as PG with additional phos-
phatidate groups esterified to glycerol, resulting in two negative charges. The biosynthesis
of CL primarily proceeds from the PA substrate [116], which is subsequently transformed
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into PG within the mitochondria. The conversion of PG species into CL through condensa-
tion is facilitated by cardiolipin synthase (CLs). It is postulated that the biosynthesis of CL
in eukaryotic cells has evolved from prokaryotic ancestors [117].

CL plays a pivotal role in mitochondrial activity, which is evident through its substan-
tial concentration (15-20%) among the total polar lipids of the mitochondria [118]. Thus,
it dynamically contributes to the respiratory chain, interacts with adenosine diphosphate
(ADP)/adenosine triphosphate (ATP) and imported complex III and IV proteins, regulates
mitochondrial fission and fusion, and controls the release of apoptotic factors [119-121].
Therefore, variations in CL concentrations may be associated with mitochondrial dysfunc-
tion disorders [119].

2.1.8. Bis(monoacylglycero)phosphate

The BMP is a unique lipid involved in cellular trafficking due to its enrichment in
the intracellular membranes of the late endosomes [122,123] and lysosomes [124]. Body
and Gary were the first to isolate it from pig lungs in 1967 [125]. While it was initially
misidentified as “bisphosphatidic acid” or “lysobisphosphatidic acid”, BMP’s accurate
structural characterization was reported by Brotherus and Renkonen in in vitro cultured
hamster kidney fibroblast cells [126]. BMP is a negatively charged structural isomer of
PG, featuring an unusual sn-1-glycerophospho-sn-1'-glycerol configuration. This lipid
structure is related to polyglycerophospholipids, which also encompass PG and DPG [85].
In fact, PG has been identified as the substrate for BMP production [127-129], though the
precise mechanisms of their production and metabolism continue to be subjects of ongoing
research. PG is a fundamental component of mitochondria and ER, and it reaches the
lysosome (the BMP biosynthesis site) via autophagy. Herein, the phospholipases are less
effective towards BMP, preventing the lysosomal membranes from autodigestion.

The production of BMP involves multiple reactions, including the acylation of fatty
acid to glycerol’s hydroxyl moiety and the esterification of phosphoric acid to ethanolamine.
Despite BMP constituting a minor fraction of cellular polar lipids, comprising less than
1% of the total [130], elevated levels have been detected in rat splenic tissue [131] and
alveolar macrophages [132]. Elevated BMP concentrations have been associated with lipid
storage diseases and drug-induced lipidosis [132-134]. Studies on BMP have consistently
increased over the past 14 years. This interest is attributed to its role in the metabolism
of glycosphingolipids (GSLs) and CHOL [19,135], which, in return, influence cellular
signaling, vesicle fusion, and membrane integrity.

2.1.9. Platelet-Activating Factor

The PAF is a unique bioactive ether phospholipid with a structural composition of
1-alkyl-2-acetyl-sn-glycero-3-phosphocholine structure, notably lacking the conventional
phospholipid sn-1 ester bond [136]. It was initially introduced by Benveniste et al. [137]
from rabbit platelets, making PAF the earliest identified phospholipid capable of inciting
an inflammatory response. The biosynthesis of PAF occurs within the ER through two
primary pathways: the de novo pathway from PC transferred to alkyl acetyl glycerol [138]
and a biomembrane remodeling process that involves the substitution of the sn-2 fatty
acyl chain with an acetyl group [139]. The latter pathway is catalyzed by PLA2 and
acetyltransferase/transacylase.

The accumulation of PAF exhibits variations among cell types, typically representing
a negligible fraction of the total phospholipids. This characteristic poses challenges in
its precise quantification. The heightened accumulation rate of PAF observed in various
tissues correlates with inflammatory responses [140], projecting its major involvement in
the regulation of inflammatory and immune responses, as well as physiological processes
such as platelet aggregation and thrombosis. In addition, PAF has been documented
to exert influence over the activities of multiple physiological systems, including the
cardiovascular, nervous, respiratory, excretory, and reproductive apparatuses [141-143].
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However, alterations in PAF concentrations have been associated with certain diseases,
syndromes, and skin cancer [144,145], albeit without serving as a direct mediator.

2.1.10. Lyso-lipids

Shifting the focus to lyso-lipids, this class is alternatively referred to as hydrolyzed
lipids. This lipid class is constituted by various isomers originating from the enzymatic
cleavage of acyl chains from phospholipids or SLs, which are catalyzed by phospholipase
and deacylase enzymes, as illustrated in Figure 3. Thus, lyso-lipids of membranes can
be categorized according to their original backbone and further classified into lysoglyc-
erophospholipids (LysoPs) and lysosphingolipids (LsoSLs), respectively. Generally, LysoPs
are amphipathic molecules carrying either an alkyl or acyl chain [146,147]. On the other
hand, the LysoSLs are distinct due to the absence of the amide-linked fatty acid at the 2-
amino position of the sphingoid base [148], setting them apart from their parental structure.
Long ago, LysoP isomers were considered intermediates in phospholipid biosynthesis or
fragments of disrupted cells. Nevertheless, they display distinct properties and functions
compared to parental phospholipids. LysoP contributes to cellular homeostasis by engag-
ing in bilayer remodeling and rigidity. Furthermore, specific LysoP molecules can function
as ligands for various G-protein-coupled receptors [149], underscoring their involvement
in cellular signaling.

While the current review does not emphasize this category due to its limited preva-
lence and identification in studies, the most abundant LysoP class is lysophosphatidyl-
cholines/lysolecithins (LysoPC). LysoPC is generated through the hydrolysis PC, mainly
catalyzed by PLA2. LysoPC possesses physical properties distinct from PC, forming mi-
celles rather than bilayers. It is typically found in minute proportions and plays a role in
the mechanism of the autoimmune response [150]. The accumulation of LysoPC within
cells has been associated with metabolic irregularities [150] and phospholipid peroxida-
tion [151,152]. Lysophosphatidic acid (LysoPA), the simplest structure within the LysoP
category within mammalian membranes, is biosynthesized in most cells through the activ-
ity of lysophospholipase-D on LysoPC or via the actions of phospholipases (phospholipase
Al (PLA1) and PLA2) on PA [153]. LysoPA serves numerous functions, including the
regulation of cellular differentiation, growth, proliferation, migration, and apoptosis. In
the context of inflammation and cancer, it has gained significant attention, focusing on its
structural features and the extent of accumulation [154,155].

2.2. Sterols

This category of membrane lipids is named according to its primary constituent,
sterol. Alternatively, it can be referred to as steroid alcohol, distinguishing it from phos-
pholipids. Sterols are characterized by a rigid, always trans tetracyclic hydrocarbon ring, a
3B-hydroxyl group, and a flexible side fatty acyl chain as a tail [156]. Thus, sterols possess
both hydrophilic properties (represented by the hydroxyl group) and hydrophobic proper-
ties (attributed to the ring and fatty acyl chain). Notably, variations in the floppy tail of
sterols account for the structural diversity observed across different biological kingdoms.
Sterols are primarily found in membranes of animals (cholesterol), plants (stigmasterol or
(-sitosterol), and fungi (ergosterol). It is important to note that most bacterial membranes
are devoid of sterols. Among mammalian membranes, CHOL is the most commonly
encountered sterol and recognized structure. Despite its widespread presence in various
organisms, it is noteworthy that certain insect species lack the genes responsible for its
biosynthesis [157].

Cholesterol

CHOL is a sterol isoprenoid characterized by a semi-rigid tetracyclic ring composed
of three six-membered rings and one five-membered ring. It features a polar 33-hydroxyl
group and an 8-carbon chain attached to the carbon-17 position, while its side acyl chain
exhibits conformational flexibility [158,159]. The polar nature of the CHOL group alone
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prevents CHOL from forming bilayers. However, when synthetic CHOL is combined with
a PC head moiety, bilayer formation occurs [160]. Within bilayers, CHOL is asymmetrically
distributed, with the majority of sterols (60-70%) located in the inner leaflet [161,162].
CHOL was initially discovered in gallstones by de La Salle in 1858, but it took another
decade for researchers to identify it [163].

CHOL can be obtained from the diet or synthesized by the liver (which contributes 50%
to total CHOL synthesis) and the ERs of other cells. The biosynthesis of CHOL is regulated
by sterol-responsive element binding protein 2 (SREBP2)-cleavage-activating protein, which
senses intracellular CHOL and modulates nuclear transcription. Importantly, cells can
also import CHOL from the vascular system, where lysosomes recycle the low-density
lipoprotein by transferring CHOL to the ER. The CHOL biosynthesis pathway involves
a series of enzyme-catalyzed reactions generating a series of intermediate compounds.
Typically, over 20 enzymes are involved in the CHOL biosynthesis pathway, using acetyl-
CoA as a substrate. Though animal cholesterol is synthesized in the ER, a relatively
higher proportion is found in cellular plasma membranes than in the ER [2,164]. Notably,
the plasma membrane contains a significant amount of CHOL (making up to 50% of
membrane lipids, primarily in the cytosolic leaflet) as compared to other subcellular
organelles [162,165]. In the cytosolic leaflet, the hydroxyl group and the aliphatic chain are
oriented towards the aqueous phase and the bilayer’s interior, respectively.

CHOL plays an important role in modulating dynamic membrane activities [156]. Its
fused ring structure (exhibiting amphiphilic properties) imparts greater membrane rigidity.
Thus, CHOL levels critically influence membranes’ rigidity, fluidity, and
permeability [166,167]. The incorporation of CHOL into membranes reduces permeabil-
ity to non-polar molecules while increasing the hydrophobic barriers to polar molecules.
CHOL also has a condensing effect on hydrocarbon chains, thereby reducing the surface
area occupied by lipids [168]. Additionally, CHOL participates in the formation of lipid
rafts through interactions with various phospholipids, with a notably favorable interaction
observed with saturated phospholipids [169]. The solubility of CHOL in membranes de-
pends on the degree of unsaturation of the phospholipids. A high number of unsaturated
double bonds has been shown to reduce CHOL solubility [170,171]. Remarkably, even
among saturated phospholipids, CHOL affinity was shown to be different. CHOL's affinity
to other lipid complexes relies on various factors, such as the head group tilt structure [172],
hydration [173], acyl chain order [174], possible interdigitation of acyl chains [175], and the
presence of hydrogen bond acceptor and donor groups [176].

CHOL serves a wide range of signaling functions through its interactions with
various cellular molecules and receptors. A recent study indicated that the interac-
tion between cholesterol and lipid-mediated innate immune memory triggers cytokine
cascades as associated with COVID-19 [177]. Conversely, an imbalance in membrane-
CHOL levels may likely pose severe metabolic consequences, including cancer progres-
sion [178,179]. CHOL also serves as a precursor for the biosynthesis of bile acids and
steroid hormones [180,181], which mediate crucial roles in biological processes, such as
carbohydrate metabolism [182-184]. Furthermore, CHOL esters play a critical role in trans-
porting fatty acyl chains via lipoproteins in the bloodstream, and these esters are integral
components of amphiphilic plasma lipoproteins [185].

2.3. Sphingolipids

SLs constitute a class of lipids that are present in cells in relatively lower proportions,
typically accounting for about 10-20% of total cellular lipids. Despite their relatively lower
abundance, SLs exhibit significant signaling activities [27]. The bio-functional roles of SLs
can be broadly categorized into three areas: firstly, they modulate the physical properties
of biomembranes; secondly, they serve as signaling molecules, acting as second messen-
gers or secreted ligands for cell-surface receptors; and thirdly, they mediate interactions
between cells and their external environment [186]. Hence, variations in the ratio of SLs
can have a substantial impact on cellular activities and overall cellular survival. The initial
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identification of SLs can be attributed to Thudichum [68], while the elucidation of their
structure, namely, the sphingosine (SO) component, was achieved by Carter [187]. Unlike
phospholipids, which are glycerol-based, SLs consist of a long-chain sphingoid base as a
backbone, with an amide-linked acyl chain attached instead of an oxygen ester. Notably,
the hydrophobic chains (fatty acid) in sphingosine (SO) are structurally constant and non-
hydrolyzable, distinguishing SLs from the variable and hydrolyzable fatty acids found
in phospholipids. Numerous distinct SL structures have been identified, with structural
differences primarily based on variations in backbone structure, hydrophobic chain length,
and the level of unsaturation.

2.3.1. Sphingoid Bases

Among the most well-known backbone structures are sphinganine (SA) and SO bases,
which serve as the primary reservoir for SL biosynthesis. In the cytosolic side of the ER,
serine palmitoyltransferase (SPT) catalyzes the condensation of palmitoyl-Coenzyme A
with L-serine, resulting in the formation of 3-ketosphinganine [188]. Subsequently, under
the influence of 3-ketosphinganine reductase, 3-ketosphinganine is transformed into SA (as
shown in Figure 4). SPT, a pyridoxal 5’-phosphate-dependent enzyme, is the rate-limiting
enzyme for SA production [189]. It is worth noting that SPT is not limited to serine alone as
a substrate; studies have shown that it can also employ alanine and glycine [190], leading
to the production of structures known as 1-deoxysphingolipids. On the other hand, SO
is biosynthesized during ceramide (Cer) production or hydrolysis, a process catalyzed by
delta-4-desaturase (A4-desaturase, or D4D) and SPT enzymes, and ceramidase (CDase),
respectively. However, it is important to highlight that free SO is not produced via the de
novo pathway; rather, it is generated from the hydrolysis of Cer by CDase.
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Figure 4. Schematic representation of the de novo biosynthesis pathway of major complex sphin-
golipids. Abbreviations: 3-KR, 3-ketosphinanine reductase; Case, ceramidase; CerK, ceramide kinase;
CerS, ceramide synthase; CPES, ceramide phosphoethanolamine synthase; DCD, dihydroceramide
desaturase; GalCase, galactosylceramidase; GalCerS, galactosylceramide synthase; GBA1, acid (3-
glucosidase; GluCerS, Glucosylceramide synthase; LacCerS, lactosylcermaide synthase; LPP, lipid
phosphate phosphatase; Sak, sphinganine kinase; SMaseD; sphingomyelinaseD; SMD, sphingomyelin
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SA and SO kinases can phosphorylate SA and SO, generating their respective 1-
phosphate forms/derivatives. This pathway is reversible, and sphingoid-1-phosphate
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produced in this manner can undergo dephosphorylation through sphingoid-1-phosphate
phosphatases. Sphingoid-1-phosphate remarkably differs in its activities from free sph-
ingoid bases, serving not only as second messengers but also as first messengers [191].
Sphingoid-1-phosphate also serves as a substrate for phospholipid synthesis, as well as
having a universal cellular survival signal [192] that is mediated by its binding to specific G
protein-coupled cell surface receptors [193]. Sphingosine phosphate lyase has the capacity
to cleave sphingoid-1-phosphate into phosphatidylethanolamine [194,195].

On the other hand, free sphingoid bases are essential secondary mediators, medi-
ating various cellular processes, including growth, proliferation, DNA synthesis, and
Cer biosynthesis [196]. These bases can readily traverse membranes, suggesting their
potential involvement in stimulus-induced changes in membrane permeability. However,
pinpointing the exact signaling functions of sphingoid bases is likely challenging due to
their various signals and immense interaction with numerous cellular molecules, such
as CHOL, phospholipids, and proteins [197-200]. It is necessary to highlight that dietary
SLs have a proportional direct impact on their detected levels in cellular membranes and
tissues [201]. In addition, a number of compounds, such as fumonisin (FUM) mycotoxins
and Alternaria toxins [202], share structural similarities with free sphingoid bases, enabling
them to interfere with sphingolipid metabolism and alter cellular signaling.

2.3.2. Ceramide

Cer is a non-bilayer-forming lipid characterized by its composition of a sphingosine
base and a single acyl chain bonded to an amide group, thus lacking a distinct head group,
illustrating its hydrophobic nature. The simple structure of Cer bears a resemblance to
DAG. Cer serves as one of the simplest SLs and functions as the core building block for
more complex SLs [198,203,204], which have larger molecular dimensions. Cer can be
synthesized through multiple pathways: (1) de novo synthesis from SA substrate in the ER
(a process catalyzed by N-acyl transferase/ceramide synthase (CerS)) and dihydroceramide
desaturase [194]; (2) in vivo turnover of complex SL found in plasma membranes and
lysosomes catalyzed by enzymes such as sphingomyelinase (SMase) or non-lysosomal
glucosylceramidase) [205]; and (3) the salvage pathway in lysosomes that involves the
re-acylation of SO to produce Cer [206].

The key enzyme responsible for de novo Cer generation is CerS, a family of six
integral membrane proteins (CerS1-6) located in the ER of mammalian cells and regulated
by corresponding six genes situated at distinct chromosomes [207]. The expression of
these protein isoforms varies among different tissues [208], leading to variations in Cer
proportion and acyl chain lengths. The CerS enzyme is responsible for the formation of
dihydroceramide (DCer), which is an intermediate in Cer synthesis. In this step, DCer is
formed by acylating a fatty acid to SA, followed by a desaturation reaction catalyzed by
DCer desaturase to produce Cer. A decade ago, DCers were commonly considered to be
quiescent intermediate metabolites, but recent research has unveiled their distinct functions
compared to Cer [209]. Though de novo Cer production takes place in the ER [210], it has
been suggested that long-chain bases are acylated in hepatic mitochondria. However, under
specific events such as type 2 diabetes and FUM exposure, 1-deoxy-Cer and 1-deoxy-DCer
are generated [211,212].

Cer plays a critical role in cellular signaling, regulating cell growth and apoptosis
depending on the length of its acyl chain. Specific Cer species, like C16-Cer, have been
proposed to be associated with apoptosis rates [213], while C18-Cer has been linked to
growth arrest and a proportional decrease during cancer progression [214]. In addition, the
ratio between C16 and C24:0/C24:1 Cer species has been identified as a factor in signal-
ing induction, with C16 inducing apoptotic effects and C24:0/C24:1 exhibiting protective
effects [215]. Therefore, alterations in the length of the Cer chain may potentially modify
signaling, resulting in diverse metabolic effects. Recent review articles have highlighted the
connections between Cer acyl chain length and cognitive functions [216] and intracellular
lipid regulation [208]. Cer is also known for its ability to cluster apart from membranes,
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forming ceramide-rich domains with gel-phase properties. These domains are believed to
act as platforms for protein-lipid interactions, selectively recruiting or excluding certain
membrane components from small transit rafts. Cer-rich domains cluster these components
in a stable manner, impeding their in-plane diffusion [217]. Therefore, the high hydropho-
bicity and complex polymorphic phase behavior of Cer [218] make Cer an important unit
in lipid raft formation.

2.3.3. Complex Sphingolipids

In mammals, complex SLs are present in two isomers: phosphosphingolipids (PSLs)
and GSLs. Complex SL consists of Cer bonded to complex phosphoryl or carbohydrate
moieties, located either in the lumen or at the cytosolic surface of the Golgi apparatus. The
transport of Cer between the ER and Golgi organelles is regulated through vesicular and
non-vesicular mechanisms, which involve Cer transfer protein [219,220]. This process is
primarily coupled by complex SL migrations across membrane leaflets [221] and acts as a
rate-limiting factor in the production of complex SLs.

Phosphosphingolipids

In the realm of PSLs, Cer binds to a phosphate group with a polar head group, forming
a polar head group mainly composed of choline, ethanolamine, or glycerol. This structural
distinction sets PSLs apart from PC in that they not only act as hydrogen bond acceptors
but also as hydrogen bond donors. The PSL class includes various subtypes, such as
Cer-1-phosphate (Cer1P), DCer-1-phosphate (Dcer1P), Cer phosphoethanolamines (CerPE),
sphingomyelins (SM), dihydrosphingomyelins, and LysoPSLs (lacking an attached fatty
acyl chain). Among PSLs, SM stands out as the most studied and highlighted class of
PSLs in cellular membranes. This review primarily focuses on SM, omitting detailed
discussions of other PSLs. However, Cer1P is the simplest PSL with its structure involving
the esterification of Cer with the phosphate group. CerlP serves crucial roles in the
regulation of eicosanoids by activating the PLA2 enzyme [198,222].

Sphingomyelin

SM, also referred to as Cer-1-PC, is primarily of animal origin and constitutes a major
fraction of SLs in the plasma membrane, accounting for approximately 15% of cerebral
lipids [64]. SM is essential for the transmission of nerve impulses. It was initially isolated
and described by Thudichum in 1884 [68]. SM is composed of Cer linked to a phospho-
choline group [223], a process catalyzed by sphingomyelin synthase (SMS) [224]. Therefore,
the overall configuration of SM closely resembles that of PC. SMS is comprised of multiple
isomers, including SMS1 and SMS2, each with distinct active sites, with SMS1 situated
in the lumen of the Golgi apparatus and SMS2 located on the plasma membrane [225].
SMS is not solely involved in SM production; it also modulates the generation of DAG
during de novo synthesis, occurring simultaneously with SM synthesis. SM can also be
produced from LysoSM through fatty acid acylation or the straightforward transmission of
phosphocholine to Cer [226]. However, the specific enzymes involved in the latter event
have yet to be identified.

Similar to PC, SM is primarily located in the outer leaflet of membranes, but it has
also been detected in the nuclear envelope membrane [227], mitochondria [228], and liver
chromatin [229]. Vesicular transport is the mechanism that facilitates the migration of SM
from the Golgi apparatus to the plasma membrane [230], where possible degradation by
sphingomyelinase (SMase) may occur, resulting in the generation of Cer. Remarkably,
SMS2 catalyzes a contrasting mechanism for SM synthesis in the plasma membrane [224].
Elevated activity of SMase in the plasma has been associated with metabolic dysfunctions
and diseases [231]. However, intracellular levels of SM are not exclusively determined by
SMS and SMase activities but are also influenced by the dietary uptake of SM. A review by
Yang and Chen [232] delves into potential aspects of SM utilization as a dietary supplement.
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SM stands apart from PC, despite sharing the same PC head group. Its distinctive
characteristics result from a higher proportion of saturated acyl chains and enhanced inter-
molecular hydrogen bonding capabilities. Unlike PC, SM serves not only as a hydrogen
bond acceptor but also as a hydrogen bond donor. Consequently, SM is capable of being
involved in various cellular signaling processes, encompassing functions related to prolif-
eration, migration, and apoptosis [233,234]. Previous studies have elucidated how SO and
LysoSLs can modulate protein kinase activities [235,236]. Furthermore, both Cer and SM
play a role in modulating the uptake of cholesterol esters from high-density lipoprotein
(HDL) particles by the target cells [237]. SM also plays a major role in the formation of
lipid rafts, engaging in interaction with CHOL to form membrane microdomains [238-240],
wherein roughly 70% of the cellular total SM is concentrated [241]. This favorable interac-
tion between SM and CHOL can be attributed to the specific attributes of SM molecules,
including their elongated saturated chains and reactivity properties (hydrogen donor and
acceptor).

Glycosphingolipids

This lipid class closely resembles SM due to their shared origin from Cer. It is com-
monly referred to as GSL as it distinguishes itself from SM by replacing the complex
phosphoryl group with a carbohydrate moiety. GSLs are largely derived from glucose
moiety, resulting in the formation of glucosylceramide (GlcCer). In addition, GSLs can also
be synthesized from a galactose moiety under the activity of galactosyltransferase, leading
to galactosylceramide (GalCer) formation. It is essential to highlight that GSLs vary in
their carbohydrate acylation locations. GlcCer is primarily produced at the cytoplasmic
surface of the Golgi apparatus, whereas GalCers is made on the luminal side of the ER and
is subsequently transported to the Golgi apparatus for further structural modifications to
generate various GSLs [242,243]. Within cellular membranes, GSLs are believed to exhibit
a preference for partitioning into lipid rafts and are involved in communication with the
surrounding environment.

Hundreds of complex GSL structures are currently identified in biological systems,
the vast majority of which are gangliosides, which are primarily composed of sialic acid
and oligosaccharides [244]. Due to the intricate nature of this lipid class, in-depth clas-
sification and discussion have been deliberately avoided. However, two of the simplest
GSL structures are glucosylceramide (GlcCer) and GalCer, often referred to as ‘cerebro-
sides’, featuring either a glucose moiety or a galactose moiety, respectively. The crucial
translocation of GlcCer to the luminal leaflet of the Golgi apparatus is an essential step
for its subsequent conversion into LacCer, an irreversible pathway involving the addition
of a galactose molecule. In addition to these, there exist other GSL complexes such as
sulfatides (containing sulfate) and globosides (featuring two or more sugar moieties, typi-
cally D-glucose, D-galactose, or N-acetyl-D-galactosamine), which have been identified
as GSL derivatives in cellular contexts [245]. For the sake of simplification, scientists have
categorized GSLs into two main groups: (1) neutral GSLs, which are characterized by
glycosyl groups devoid of acids and remaining unsubstituted, and (2) acidic or amphoteric
GSLs, whose glycosyl groups contain one or more sialic acids or a sulfate or phosphate
group [246,247].

GlcCer and GalCer function as precursors for numerous complex GSLs, some of which
possess additional carbohydrate groups numbering as high as 20 [248]. The addition of
these carbohydrate moieties takes place in the Golgi luminal leaflet following the flip-flop
translocation of simple GSLs. Majorly, GSLs serve two distinct functions [249]. Firstly, they
act as cell receptors to their binding ligands, thereby acting as antigens while facilitating
cell adhesion. Secondly, they function as signaling modulators by interacting with other
membrane constituents, particularly growth factor receptors. Thus, GSLs play an essential
role in immune-cell functions, with a large number of GSL molecules serving as tumor-
associated antigens [250-253].
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3. Fatty Acids of Biomembranes

Within the context of biomembranes, the matrix comprises an array of complex
molecules, with fatty acids serving as fundamental building blocks. Fatty acids exist
typically in two forms: saturated and unsaturated monocarboxylic acids, whereas both
are characterized by a terminal carboxyl (-COOH) group and a terminal methyl (-CHj)
group designated as carbon 1 (A) and omega (w or n), respectively. Over the past cen-
tury, numerous nomenclature systems have been proposed, including trivial, systematic,
A*, n — x, and lipid numbers [22,23]. The trivial nomenclature, though prevalent, lacks
systematic patterns. In contrast, the systematic nomenclature adheres to a more regular
and structured approach, based on the nomenclature of parent hydrocarbons. It involves
adding the suffix “oic” to the hydrocarbon name after removing the terminal “e”. This
nomenclature also encompasses the identification of the position of the first double bond
from the (n), with the series of fatty acids being named accordingly (e.g., n-3, n-6, n-7, and
n-9 series). These distinctions among n-fatty acids lead to variations in their properties,
consequently influencing the structure and function of biomembranes [254].

Concerning complex lipids, phospholipids, and SLs addressed in this review, fatty
acids play a central role as their primary constituents. Therefore, it is essential to provide a
concise overview of their biosynthesis, incorporation into complex molecules, and their
biological functions in mammals.

3.1. Synthesis of Fatty Acids

Fatty acids can either be derived from the diet or biosynthesized within the cytosol
and ER through an indigenous pathway known as de novo fatty acid synthesis. This
synthesis is a complex process influenced by several determinants, including species, tran-
scription genes, dietary composition, age, gender, stored lipids, and both endogenous
(metabolic and interactive molecules) and exogenous (environmental) factors. A multitude
of genes regulate the synthesis of fatty acids, which can vary among different species.
In eukaryotic organisms, nearly 5% of the overall genes are responsible for a significant
proportion of lipid structures [255]. Remarkably, the liver X factor (LXR) contributes to the
regulation and synthesis of saturated, mono-, and polyunsaturated fatty acids by targeting
their transcriptional genes [256]. It also indirectly influences encoding factors involved in
lipogenesis, such as sterol regulatory element-binding protein 1c (SREBP1c) [257], peroxi-
some proliferator-activated receptor gamma (PPAR-y) [258], and carbohydrate response
element-binding protein (ChREBP) [259].

Numerous organisms can produce a wide variety of fatty acids, but only a limited
number of molecular structures are synthesized in significant quantities at the natural
physiological rate [260,261]. Generally, the synthesis activity of fatty acids is relatively
low in normal adult cells, with the exception of certain tissues, including the brain, liver,
adipose, and lungs [262,263]. The liver, known as a lipogenic organ, is predominantly
responsible for the de novo pathway, although the white adipose tissue (which consists of
lipogenic cells) and mammary glands in animals and humans also possess the capability
to produce fatty acids through de novo lipogenesis [264-267]. Under conditions of energy
equilibrium, the liver takes up a remarkable proportion (30-50%) of free fatty acids contin-
ually absorbed from the diet. These assimilated lipids are either directly incorporated into
phospholipids and triglycerides (TAGs) or subjected to modifications (including elongation
and/or desaturation) to produce new/modified fatty acids.

Lipogenic cells can synthesize fatty acids endogenously from non-fat molecules, such
as glucose or amino acids (see Figure 5). In this process, pyruvate, a metabolite of glucose,
enters the mitochondria, where it undergoes oxidative decarboxylation through the pyru-
vate dehydrogenase complex to form acetyl-CoA. Within the mitochondria, acetyl-CoA can
also be derived from the degradation of ethanol, proteins (deamination and oxidation), and
fatty acids undergoing 3-oxidation. Subsequently, these produced acetyl-CoA enter the
tricarboxylic acid cycle (TCA, citrate cycle, or Szent-Gyorgyi—Krebs cycle). This event is
very crucial since mitochondrial acetyl-CoA molecules are not permeable to mitochondrial
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membranes. Thus, they are initially located within the mitochondria, whereby they endure
a condensation reaction with oxaloacetate to form citrate, a process catalyzed by citrate syn-
thase during TCA [268,269]. The citrate molecule is then expelled from the TCA cycle to the
inner mitochondrial membrane, and subsequently to the cytosol. This citrate transporting
event requires a dicarboxylate antiporter solute carrier family 25 (SLC25A1) [270].
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Figure 5. Schematic depiction of eukaryotic fatty acid biosynthesis and modification pathways,

with emphasis on enzyme involvement (in italics). In this schematic, mitochondria are denoted by
the red box, while proteasome/ribosome components are indicated by the orange box. However,
light orange text delineates the elongation pathway for diverse saturated fatty acids. Within the
diagram, both green and blue hues, accompanied by corresponding colored arrows, elucidating
the discrete pathways for n3 and né6-fatty acid synthesis, respectively. On the other hand, text with
color spectrum transitioning from pink to red designates the pathways for the synthesis of various
monounsaturated fatty acids. The green “X” indicates the unattainability of this pathway in mammals,
particularly higher eukaryotes, owing to the absence of a specific enzyme. ELOVLS is a fish-specific
elongase. Abbreviations: 1, condensation; 2, reduction; 3, dehydrogenation; 4, reduction; 5, aerobic
conditions; 6, hypoxia or anaerobic conditions; 7, aerobic conditions; ACC, acetyl-CoA carboxylase;
ACP, acyl carrier protein; ACPT, acyl carrier protein transacylase; ACS1, acetyl-CoA synthetases-1;
ACS2, acetyl-CoA synthetases-2; ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase;
ACO?2, aconitase; 3, beta oxidation; CHOL, cholesterol; CIT, citrate synthase; Clyase, citrate lyase;
CPT-], carnitine-palmitoyl transferase-I; CTP, citrate transporter protein, EAR, enoyl-ACP reductase;
ETC, electron transport chain; GDH, glutamate dehydrogenase; GS, glutamine synthetase; HACD,
B-hydroxyacyl-ACP dehydrase; IDH, isocitrate dehydrogenase; KAD, keto acid dehydrogenase;
KAR, -ketoacyl-ACP reductase; KAS, 3-ketoacyl-ACP synthetase; MACPT, malonyl-CoA:ACP
transacylase; MDH, malate dehydrogenase, MI, malic enzyme, PCase, pyruvate carboxylase; PCC,
propionyl-CoA carboxylase; PDH, pyruvate dehydrogenase; ROS, reactive oxygen species; TCA,
tricarboxylic acid cycle; TER, trans-enoyl-ACP reductase; O, oxaloacetate; *, citric acid).

In the cytosol, citrate can undergo distinct metabolic pathways to generate various
metabolites (see Figure 5). For instance, ATP-citrate lyase enzymatically cleaves citrate into
acetyl-CoA, which leads to the carboxylation of acetyl-CoA and the formation of malonyl-
CoA. Within cellular cytoplasm, acetyl-CoA (an active form of acetate) and malonyl-CoA
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serve as the primary substrates that initiate the process of carbon chain elongation. It is
worth noting that propionyl and short-branched acyl units for priming can also be utilized
in specific cases. This occurs, for instance, when adipose tissue contains monomethyl-
branched fatty acids [271]. Additionally, the elongation process during the synthesis
of branched fatty acids in specific glands requires the incorporation of methylmalonyl
units [272].

It is imperative to emphasize the critical role played by the acyl carrier protein (ACP),
which binds to acetyl-CoA and malonyl-CoA, a process catalyzed by malonyl-CoA:ACP
transacylase. This integration event facilitates cytosolic elongation in higher eukaryotes by
sequentially transferring these substrates from one enzyme/enzyme domain to another
throughout sequential biosynthetic cycles. This active participation of ACP is vital for fatty
acid biosynthesis and the functions of fatty acid synthase (FAS), which is a multi-enzyme
system regulated by the encoded FASN gene. This cytosolic de novo pathway comprises a
series of reactions catalyzed by acetyl-CoA carboxylase (ACC) and FAS, which serve as
rate-limiting enzymes [273-275]. These reactions include ATP-dependent carboxylation
of acetyl-CoA to form malonyl-CoA, Claisen condensation to extend malonyl-ACP and
form 3-oxobutanoate, ketoreduction to yield 3-hydroxybutanoate, dehydration to yield
butenoate, enoyl reduction to yield butanoate, and repeating elongation reactions (see
Figure 5). This process results in the elongation of carbon chains up to the length of C16 or
C18 in the cytosol [276-278].

ACC, the rate-limiting enzyme in the de novo pathway, facilitates the irreversible
decarboxylation of acetyl-CoA through the addition of CO; to produce malonyl-CoA. The
resulting malonyl-CoA attaches to ACP and also serves as a two-carbon donor within a
cyclic sequence of reactions facilitated by FAS, leading to the generation of a variety of fatty
acid species. The end products (acyl-ACP) of cytosolic de novo synthesis are primarily
palmitic acids (C16:0), with lower extents of myristic (C14:0) or stearic (C18:0) acids origi-
nating from acetyl-CoA. The determination of chain length during cytosolic de novo biosyn-
thesis involves three enzymes: acyltransferases, ketosynthases, and thioesterases [279]. It
is essential to highlight that there are two ACC isoforms: ACC1 (also known as ACC«),
which is highly expressed in adipose and hepatic tissues, and ACC2 (also known as ACCp),
which is highly expressed in the heart and skeletal muscles [280]. The mechanism for the
conversion of acetyl-CoA to malonyl-CoA by ACC is suggested to differ depending on the
ACC type due to their different expression locations [281]. ACC1 is a cytosolic enzyme,
whereas ACC2 is located in the outer mitochondrial membrane. On the other hand, FAS
enzymes are exclusively cytosolic and can catalyze the formation of C16:0 from acetyl-
ACP (substrate) and malonyl-ACP (2-carbon donor) [274,275]. FAS comprises numerous
large-multifunctional protein domains (type I FAS) in eukaryotic and specific bacteria,
while a monofunctional polypeptide domain is present in the case of major bacteria (type II
FAS) [279,282-285].

In animals, the FAS pathway undergoes termination through a process involving
a thioesterase, resulting in the liberation of the free fatty acid as the final product. The
termination of the repeating elongation process exhibits the greatest degree of variation in
fatty acid biosynthesis. Nevertheless, the conversion of the cytosolic elongated product
to the CoA-ester is vital for further biosynthetic pathways that generate new fatty acid
structures.

3.1.1. Elongating Fatty Acids through Non-Cytosolic Mechanisms

Generally, the incorporation of the product into lipid structures or its involvement
in subsequent elongation and/or desaturation processes is contingent upon the specific
requirements of the organism at a given time. Further elongation pathways are not ex-
clusive to fatty acids derived from de novo fatty acid synthesis in the cytosol; they also
act on fatty acids derived from the diet, further extending and/or desaturating them to
produce longer saturated, monounsaturated, or polyunsaturated fatty acids that are vital
for all biomembranes. Following the production of palmitic acid in the cytosol, further
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modifications of this fatty acid may occur within cell organelles. In mammals, these modifi-
cations involve elongation (chains of 18 carbons or longer) and/or desaturation (formation
of monenoic/monounsaturated fatty acids).

The ER and mitochondria regulate the modification (elongation) of fatty acids [278]
in order to provide sufficient specific signals and functions. Already existing saturated
fatty acids are elongated by the sequential addition of two carbon atoms, resulting in the
formation of new fatty acids [286]. The principal fatty acid elongation pathway at the
cytosolic side of the ER involves a series of four independent reactions: (1) condensation,
(2) reduction, (3) dehydration, and (4) a final reduction step [287]. Major enzymes involved
in the elongation process include 3-ketoacyl-CoA synthases (elongase enzymes or ELOVLs
for reaction 1), 3-ketoacyl-CoA reductase (for reaction 2), hydroxyacyl-CoA dehydratase
(for reaction 3), and trans-2,3-enoyl-CoA reductase (for reaction 4). The ELOVL family,
sometimes referred to as type III FAS, serves as the rate-limiting enzyme family in the
elongation pathway. This family consists of seven subtypes in mice, rats, and humans, and
their regulation is governed by ELOVL-encoded genes.

ELOVLs catalyze the condensation of acyl-CoA and malonyl-CoA, which is responsi-
ble for elongating fatty acids and determining their carbon chain length, thereby influencing
the cell’s fatty acid composition and signaling. ELOVLs exhibit variation in substrate speci-
ficity, tissue distribution, and regulation [288]. Based on their final products (see Figure 5),
ELOVLs are classified into groups: ELVOLs that elongate saturated and monounsaturated
fatty acids (ELOVLL, 3, 6, and 7), ELVOLSs that produce very long-chain polyunsaturated
fatty acids (ELOVL2 and 4), ELVOLS5, which acts on a wide range of substrates with carbon
chains ranging from 16 and 22, and ELOVLS, which acts on a wide range of substrates with
carbon chains ranging from 16 to 20. ELOVLS is a distinct subtype that has been recently
discovered but is believed to be specific to fish [289]. It is widely acknowledged that these
genes are primarily regulated at the transcriptional level; however, additional regulatory
mechanisms may exist, including allosteric inhibition. In mammals, ELOVLA4 is the sole
enzyme capable of catalyzing the formation of fatty acids with more than 26 carbons [290].
These polyunsaturated fatty acids with more than 28 carbon atoms are primarily found in
the retina, brain [291-294], testis [295,296], spermatozoa [297], epidermis [298], meibomian
gland [299,300], and Vernix caseosa [301].

An additional pathway for elongating fatty acids occurs in non-cytosolic fatty acid
synthesis, especially in the mitochondria. Both animals and yeasts possess mitochon-
dria that contain FAS II enzymes (mtFAS II), which appear to interact with ACP-linked
molecules [302,303]. It should be noted that the ACC enzyme has not been identified in the
mitochondria of most mammalian species, including humans. However, a recent isoform
of ACC1 has been identified in the mitochondria of mice [304]. Thus, isoforms of ACC1,
and potentially mitochondrial propionyl-CoA carboxylase [305], are believed to regulate
the decarboxylation of acetyl-CoA to yield malonyl-CoA within mammalian mitochondria.
Nevertheless, these reactions occur at a limited rate, suggesting that imported malonate
may play a role in mitochondrial fatty acid synthesis.

Mitochondrial fatty acid elongation relies on nicotinamide adenine dinucleotide phos-
phate (NADPH)-dependent enoyl-ACP reductase, with acetyl-ACP and acyl-ACP serving
as substrates [306]. This pathway appears to be energetically unfavorable and represents a
minor pathway in eukaryotes [278], primarily contributing to the generation of fatty acids
used in the lipogenesis of mitochondrial membranes and cellular respiration. Unlike ani-
mals, where thioesterase-mediated termination is involved, mitochondrial termination en-
tails channeling the mitochondrial acyl-ACP into the lipid biosynthetic pathway [307]. The
primary generated product of mtFAS II activity is an octanoyl chain, which serves as a sub-
strate for lipoic acid synthesis—a vitamin that acts as a scavenger for free radicals [308-310]
and enhances energy metabolism as a cofactor [311]. Although this pathway can also gen-
erate medium and long fatty acids [312], their exact biological roles remain uncertain.
However, studies by Nowinski et al. [264] and Angerer et al. [313] have suggested that
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these mitochondrial long-chain fatty acids are involved in the electron transport chain
(ETC) complex assembly.

Furthermore, a similar pathway for fatty acid elongation is proximal fatty acid elon-
gation, which is characterized by reversible 3-oxidation. In this pathway, acetyl-CoA acts
as the carbon donor, and peroxisomal trans-2-enoyl-CoA reductase substitutes acyl-CoA
dehydrogenase to facilitate a thermodynamically favorable reaction [314]. It is important
to emphasize that CoA is implicated in the fatty acid catabolism of the reversible pathway,
while ACP plays a role in mitochondrial fatty acid elongation. However, the precise func-
tions of fatty acid elongation within peroxisomes remain insufficiently characterized from
a scientific standpoint. In practice, the extent of elongation is typically assessed using the
elongase estimated index, which is determined by the ratio of C16:0 to C18:0.

3.1.2. Desaturation of Fatty Acids

Within the context of de novo fatty acid synthesis, a process characterized by the
removal of two hydrogen atoms to create a double bond often intersects with the fatty
acid elongation pathway. This synergy ensures the production of long-chain and very
long-chain unsaturated fatty acids, both mono- and polyunsaturated. Notably, the enzymes
responsible for fatty acid desaturation, known as fatty acid desaturases, are ubiquitous
across all domains of life with the exception of archaea, where they are notably absent [315].
However, it is of significant importance to underscore that the synthesis of polyunsaturated
fatty acids can also occur independently of the classical series of desaturase and elongase
enzymes. Several studies, including those conducted by Smith and Tsai [316], Kaulmann
and Hertweck [317], Napier [318], and Metz et al. [319], have extensively documented
an alternative pathway for the biosynthesis of long-chain polyunsaturated fatty acids in
both prokaryotes and lower eukaryotes. This alternative route relies on semi-fatty acid
synthesis systems, specifically known as polyketide synthases (PKS). PKS employs the
same four fundamental reactions as FAS. However, the PKS cycle is frequently condensed,
resulting in the formation of highly modified carbon chains featuring numerous keto and
hydroxy groups, along with trans-configured double bonds that exhibit various functional
roles [320,321].

Among the plethora of desaturase families found in different species, researchers have
categorized them into three distinct types, as described by Cerone and Smith [322]. The
first family, acyl-acyl carrier protein desaturase, is exclusive to plastids of higher plants.
The second family, acyl-lipid desaturases, is found in the ER membranes of higher plants
and cyanobacteria. The third family is the family of acyl-CoA desaturases, which can be
present in both eukaryotes and prokaryotes, and these enzymes use a cytochrome b5-like
system during oxygen reactions [323]. Within the context of this review, with a primary
emphasis on mammals, the discussion will be specifically on the acyl-CoA desaturase
families. In mammals, a critical in vivo biosynthetic route for the production of long-chain
polyunsaturated fatty acids is known as the ‘Sprecher pathway’ [324]. This pathway relies
on two fatty acid desaturase enzymes, two ELOVLs, and a peroxisomal 3-oxidation process.

The desaturase pathway encompasses diverse enzyme families, such as stearoyl-CoA
desaturase (SCD) [325] and fatty acid desaturase enzymes (FADS) [326]. Each of these
enzymes acts on distinct substrates. For example, FADS primarily targets polyunsaturated
substrates, while SCD predominantly acts on saturated substrates. SCD, also referred to as
delta-9 desaturase (A9-desaturase, or D9D), is an ER enzyme that catalyzes the formation
of monounsaturated fatty acids, including palmitoleic (C16:1 n7) and oleic (C18:1 n9) acids,
from saturated fatty acids, such as palmitic and stearic acids, respectively. These enzymes
exhibit varying specificities and can work on a range of fatty acids with different carbon
chain lengths, from 16 to 26 carbon chains. This variation hinges on the specific isoform
present, with some species harboring multiple homologues of D9D. For instance, two
homologues (D9D-1 and D9D-2) have been identified in marine copepods [327].

Basically, within the D9D reaction, a double bond is introduced at the 9th position from
the carboxyl group of the fatty acid. In addition, a multitude of desaturase enzymes present
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in plants, bacteria, and insects perform the initial double bond introduction on saturated
fatty acids at various positions, including A3, A5, A7, and A11 [328-332]. The activity of
D9D is modulated by dietary fatty acid intake and is subject to up-regulation by the expres-
sions of SCD gene isoforms [333]. Since Bloch’s 1960 pioneering discovery of SCD [315],
a plethora of gene isoforms have come to light. In mice, the SCD exhibits four distinct
isoforms (SCD-1-4) [334], whereas in humans, only two isoforms (SCD-1 and SCD-5) have
been identified [335]. These gene isoforms can vary in substrate preference, A position, and
double bond conformation [336]. SCD-1 is the most studied isoform among them [325].
The importance of the SCD pathway is underscored by its involvement in cellular stress,
lipid metabolism, inflammation, and autoimmunity. Among the isoforms, SCD-1 is the
most extensively studied and is associated with various physiological processes [337-342].

Fatty acids featuring a A9 double bond are eligible for elongation, but it is important
to note that these fatty acids may also be derived from the diet. However, DID activity is
indirectly determined by assessing the ratio between C18:0 and oleic acid. Notably, the de
novo elongation of oleic acid results in the formation of longer chains of monounsaturated
fatty acids. Furthermore, oleic acid, in particular, may undergo a desaturation process
often followed by elongation, where the double bond is introduced before the A9 position.
Nevertheless, unlike in plants and a limited number of animal species, mammals lack the
enzymatic capability to catalyze the introduction of the second double bond in oleic acid,
particularly not after the A9 position.

Fatty acid desaturase genes (FADs) comprise a gene family responsible for encoding
a variety of desaturase enzymes. These enzymes play a significant role in catalyzing the
synthesis of polyunsaturated fatty acids by introducing multiple double bonds at positions
within fatty acids. Among the genes involved in fatty acid desaturation, mammals have
been identified with four distinct FADs [335]: (1) FAD-1, (2) FAD-2, (3) FAD-3, and (4)
FAD-6. Each of these FAD types tends to have alternative transcriptions [343-345], which
can express distinct desaturase activities at different A-positions. Generally, FAD enzymes
can be categorized into FAD-1, responsible for generating omega-3 (n3) fatty acids; FAD-2,
involved in generating omega-x (nx) fatty acids; and FAD-3, which contributes to the
formation of omega-6 (n6) fatty acids. While little is known about the substrates of FAD-6
and their major roles have not yet been defined, it appears to be homologous to human
FAD-2 [346-348] and likely plays a role in the synthesis of polyunsaturated fatty acids.

The transcription factor FAD-6 has been described to possess A4-, A5-, and A8-
desaturation activities, with a notable impact on docosahexaenoic acid (C22:6 n3, or
DHA) synthesis from n3-docosapentaenoic acid (C22:5 n3, or DPA-n3) in golden pompano
fish [349]. On the other hand, Park et al. [345] detailed the existence of nine alterna-
tive transcriptions for FAD-3, potentially arising from splicing events. Initially identified
through cloning efforts by Marquardt et al. [350], FAD-3 has been traditionally classi-
fied as a non-polyunsaturated desaturase, primarily due to its limited substrates, namely,
vaccenic acid (C18:1 trans-11) and sphingoid bases. In this regard, it should be noted that
FAD-3 may facilitate the unanticipated A13-desaturation of trans-vaccenate [351]. These
limited substrates give rise to the production of 11E,13Z-octadecadienoic acid [352] and
4E,14Z-sphingodienine [353], respectively.

In contrast to FAD-3, FAD-1 and FAD-2 are the principal contributors to the biosynthe-
sis of polyunsaturated fatty acids in mammals. Nevertheless, mammals lack two crucial
desaturases, namely delta-12 desaturase (A12-desaturase, or D12D) and delta-15 desaturase
(A15-desaturase, or D15D) [354-356]. These enzymes are often referred to as “methyl-end
desaturases” due to their ability to introduce a new double bond between an existing
unsaturated bond and the methyl terminus (-CH3) of the fatty acid. Thus, mammals are
de novo incapable of introducing a new double bond after the A9 position of oleic acid.
Hence, mammals must obtain polyunsaturated fatty acids from their diet, leading to the
concept of essential fatty acids. These essential fatty acids, such as linoleic acid (C18:2 n6,
or LA) and «-linolenic acid (C18:3 n3, or ALA), cannot be endogenously synthesized by
mammals and must be sourced from dietary intake [357-359]. Nonetheless, the enzyme
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activities of FAD-1 (A5-desaturase, or D5D) and FAD-2 (A6-desaturase, or D6D) have been
identified in mammals. These enzymes are responsible for introducing double bonds at
the A5 and A6 positions, respectively [360,361]. Notably, both D6D and Dé6D are highly
expressed in the liver, with D6D exhibiting particularly high expression levels [362].

In mammals, dietary LA, ALA, and other unsaturated fatty acids, whether from the
diet or synthesized endogenously, serve as substrates for the generation of polyunsaturated
fatty acids characterized by an increased number of double bonds and longer carbon chains.
The enzyme D6D plays a crucial role in the initial steps of synthesizing arachidonic acid
(C20:4 n6, or AA), eicosapentaenoic acid (C20:5 n3, or EPA), and DHA by catalyzing the
conversion of LA and ALA into y-linolenic acid (C18:3 n6) and stearidonic acid (C18:4
n3), respectively [362]. However, the biosynthesis of AA and EPA, in particular, involves
an additional desaturase enzyme, delta-5 desaturase (D5D), which utilizes the substrates
dihomo-y-linolenic acid (C20:3 n6, or DGLA) and eicosatetraenoic acid (C20:4 n3) to
yield AA [360] and EPA [363], respectively. According to Vagner and Santigosa [364],
the substrate affinities of D6D appear to exhibit contrasting and debatable characteristics.
Consequently, further investigations are imperative to substantiate a definitive conclusion.
It is essential to emphasize that the distinctive substrate affinities of D6D play a critical role
in determining the ratio of n6- to n3-polyunsaturated fatty acids (referred to as n6/n3 or
n6:n3). The role of FAD-6 in determining the ratio of n6/n3-polyunsaturated fatty acids
and its influence on the metabolic flux of these fatty acids have been highlighted [365,366].

Remarkably, D6D and D5D are also involved in the synthesis of n9-polyunsaturated
fatty acids, specifically, Mead acid (C20:3 n9), which is produced in the absence of LA and
ALA [367], when only monounsaturated fatty acids are available as substrates. Elevated lev-
els of Mead acid are matched with the proportional depletion of n6- and n3-polyunsaturated
fatty acids and serve as a biomarker for LA and ALA deficiency in diets. For instance, the
ratio between trienoic and tetraenoic acids (such as Mead acid:AA) functions as a biomarker
for the lack of dietary essential fatty acids [368,369]. Park et al. [370] have identified two
pathways for Mead acid production, involving D6D and D5D. These pathways vary in
substrates of D6D, which can either utilize oleic acid or gondoic acid (C20:1 n9) to yield
C18:2 n9 and C20:2 n9, respectively. D5D catalyzes the direct conversion of C20:2 n9 into
Mead acid by introducing a double bond at the A5 position. Furthermore, authors have
also reported the novel activity of A7-desaturase (D7D, regulated by FAD-1), leading to the
formation of C20:2 n9 from C20:1 n9.

Notably, AA, EPA, and DHA are biologically essential fatty acids with enormous
contributions to membrane phospholipids. In the Sprecher pathway, the primary fatty
acid synthetic pathway in mammals, the biosynthesis of DHA from EPA is not direct but
rather involves a series of reactions: (1) elongation to a 24-carbon chain, (2) desaturation
via D6D, and (3) peroxisomal (3-oxidation for chain shortening. However, the synthesis
of n6-docosapentaenoic acid (C22:5 n6, or DPA-n6) and DHA in eukaryotes also occurs
through A4-desaturase (D4D) pathways, depending on the species. In lower eukaryotes,
marine vertebrates, and humans, D4D (encoded by the FAD-2 gene), which is expressed
to a lesser extent, plays an essential role in introducing a double bond at position A4,
directly producing DPA-n6 and DHA from docosatetraenoic acid (C22:4 né, or adrenic acid)
and DPA-n3 substrates, respectively [371-374]. It is noteworthy that this reaction bears
resemblance to that facilitated by FAD-6 expression, suggesting the possibility of FAD-6
up-regulating D4D activities.

A further marked expression of FAD-2 identified within mammalian cells is A8-
desaturase (D8D). This enzyme establishes an autonomous pathway distinct from D6D,
introducing an additional double bond to substrates like ALA, LA, and their elongated
polyunsaturated fatty acids, resulting in the formation of very long-chain polyunsaturated
fatty acids [375,376]. For instance, the emergence of D8D was observed when DGLA and
eicosatetraenoic acid were derived from eicosadienoic acid (C20:2 n6) and eicosatrienoic
acid (C20:3 n3), respectively [377]. In a study conducted on mouse liver, D8D expressed
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low activity, which is primarily associated with n3-unsaturated fatty acids, such as eicosate-
traenoic acid (C20:4 n3), EPA, DPA-n3, DHA, and nisinic acid (C24:6 n3) [375].

In general, more than a hundred FAD-2-related desaturase enzymes have been identi-
fied in various animal species, although they are notably absent in mammals. For instance,
the A17 (17-desaturase, or D17D) and A19 (19-desaturase, or D19D) desaturases have been
identified in lower animal families (excluding mammals) and algae [378,379]. These en-
zymes play an essential role in the production of EPA and docosapentaenoic acid-n3 (C22:5
n3, or DPA-n3) from AA and adrenic acid, respectively. The activities of enzymes involved
in lipogenesis are subject to intricate regulation by a matrix of genes and exogenous fac-
tors. Notably, polyunsaturated fatty acids have been shown to inhibit the transcription of
hepatocellular genes responsible for encoding lipogenic enzymes [380,381]. It is a common
practice to assess desaturase enzyme activity indirectly by determining their coefficients
based on the ratio of the fatty acids generated to the substrates utilized.

Desaturase enzymes exhibit a broader scope of activities beyond their involvement
with fatty acid substrates incorporated into phospholipids, as they are also active in
SLs. Ordinarily, SLs are characterized by their predominantly very long saturated or
monounsaturated nature. The determination of fatty acid chain length within SLs is in-
tricately governed by the activities of the CerS type [382]. However, it is worth noting
that polyunsaturated fatty acids show a slight accumulation in SLs within testes and
spermatozoa [383,384] as compared to phospholipids within the same tissues. The classi-
fication of desaturases responsible for introducing double bonds into Cer structures has
been presented by Nachtschatt et al. [385]. This classification delineates three distinct
categories of desaturases: (1) x-hydroxylases [386], (2) D4D and C4-hydroxylases [387],
and (3) D8D [388]. These desaturases play a pivotal role in diversifying the composition
of SLs, particularly in terms of the introduction of double bonds, which contribute to the
functional and structural heterogeneity of these important lipid molecules.

3.2. Incorporation of Fatty Acids into Lipids of Biomembranes

Fatty acid synthesis and their subsequent incorporation into biomembranes represent
critical processes in the life of all organisms. The one exception to this rule is the archaea
domain, which employs isoprenoids as membrane lipid side chains rather than fatty
acids [389]. Understanding how fatty acids are incorporated into membrane lipids is of
paramount importance. Fatty acids may become part of phospholipids either through
acylation of glycerol-3-phosphate during the biosynthesis of phospholipids or through the
action of lysophosphatidic acyltransferases and phospholipases that remodel the structure
of pre-existing phospholipids [390,391] (which can be seen in Figure 6).

The vital nature of these processes is underscored by the coexistence of diverse fatty
acid structures within complex biomembrane lipids [392]. This structural diversity arises
from various factors, including the preferences of sn-positions for particular fatty acids, the
substrate preferences of biosynthetic enzymes, and the dynamic lipid remodeling program.
Notably, studies by Shindou et al. [393] and Coleman et al. [394] have elucidated the
preferences of specific enzymes for distinct fatty acids. For instance, acyl-CoA synthetase
long-chain family members 3 and 4 demonstrate preferences for AA and EPA, while 1-
acylglycerol-3-phosphate O-acyltransferase-o prefers myristic acid, palmitic acid, and LA.
Meanwhile, 1-acylglycerol-3-phosphate O-acyltransferase-f3 exhibits a preference for AA.
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Figure 6. Schematic representation of (A) fatty acids incorporated into various lipids and (B) the
origins of fatty acid pool formation (the de novo pathway and dietary sources). The depiction
employs color coding to symbolize distinct metabolic pathways. The yellow box designates the fatty
acid pool, signifying its integration into diverse membrane lipids. The brown shade denotes processes
related to non-membrane and non-polar lipid formation. The red color represents the metabolic
routes responsible for sterol production. Additionally, the green color signifies the integration of fatty
acids into various phospholipids, while the blue hue corresponds to the incorporation of fatty acids
into diverse sphingolipids.

In the context of lipid remodeling, the replacement of fatty acids within existing phos-
pholipids plays a central role. For instance, the incorporation of C20 fatty acids generally
takes place post-de novo synthesis, necessitating the employment of the remodeling path-
way [395]. Hence, this process involves the conversion of one distinct phospholipid into
another [85], highlighting the importance of the Lands cycle in this process. The Lands
cycle [396,397] is a central component of the remodeling process, enabling the attainment of
specific structural configurations required for the generation of particular cellular signals.
In this pathway, phospholipases initiate cleavage (deacylation) of fatty acids from phospho-
lipids, resulting in the formation of free fatty acids and lysophosphatidate. On the other
hand, acyltransferases function in a contrasting manner, acylating the requisite fatty acids
into lysophosphatidate to generate phospholipids. This process is CoA-dependent, which
is primarily due to the extensive utilization of CoA intermediates as substrates. Other
remodeling pathways include the CoA-independent transacylation pathway and the direct
transacylation pathway, which are specifically suited for highly unsaturated fatty acids
such as AA, EPA, and DHA. In these pathways, transacylases catalyze the migration of
fatty acids between molecular species of phospholipids. Remarkably, these remodeling
pathways exhibit substantial variability across different tissues [395], as comprehensively
reviewed [390].

Additionally, it is noteworthy that fatty acids are predominantly incorporated into
SLs by the rate-limiting enzyme CerS. However, a remodeling mechanism can also come
into play, modulating specific signaling and functional roles. For example, the work
of Markham et al. [398] suggests that the accumulation of very long-chain fatty acids
contributes to the formation of microdomains through increased hydrophobicity, membrane
leaflet interdigitation, and the transition from a fluid to a gel phase. These structural
transformations have significant implications for cellular function and signaling within
membranes.

The movement of membrane phospholipids between bilayers involves the activities
of various transmembrane lipid transporter proteins, namely, flippase, floppase, and
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scramblase. These proteins play distinct roles in the translocation of lipids and exhibit
differential mechanisms of action. For instance, flippase facilitates the translocation of lipids
from the exo-leaflet to the inner-leaflet, contrasting with the activity of floppase, which
operates in the opposite direction, moving lipids from the inner-leaflet to the exo-leaflet.
Notably, both flippase and floppase depend on ATP as an energy source for their functions.
Conversely, scramblase functions as an ATP-independent transporter and orchestrates the
bidirectional movement of lipids across membranes in a non-specific manner, allowing for
the concurrent translocation of lipids from the inner to the outer leaflet and from the outer
to the inner leaflet. Comprehensive insights into these membrane fatty acid transporters
have been provided by the extensive reviews conducted by Samovski et al. [399] and Glatz
et al. [16]. These reviews offer a detailed discussion of the mechanisms and significance of
these proteins in lipid translocation processes within biological membranes.

3.3. Fatty Acid Composition in Biomembranes

The fatty acid composition of biomembranes plays a critical role in maintaining cellular
homeostasis and ensuring proper functionality. It is worth noting that this composition
is not static but can be modified/remodeled in response to homeoviscous adaptation.
This process was initially described in algae [400] and has been later extended to non-
homeothermic animals. In contrast, mammals are generally considered to have stable
biophysical properties and lipid order within cellular membranes, but they can respond to
changes in their dietary fatty acid compositions. Furthermore, certain mammalian cells
potentially exhibit a lower degree of homeoviscous adaptation in response to the membrane
curvature elastic stress [401]. The fact that there is not a single standardized composition for
fatty acids in biomembranes should not be viewed as a flaw but rather as an indication of
the intricate and dynamic nature of biological systems. The complexity and adaptability of
fatty acid composition in biomembranes underscore the potential evolutionary advantage
conferred by the ability to alter lipid structures.

The available literature, which will be discussed in subsequent sections, provides
extensive data regarding the proportions of specific fatty acids in various lipid complexes
within biomembranes. This section merely focuses on the major fatty acids identified in
phospholipids and SLs, as these fractions are the central aspects of this review. Regardless,
the length and degree of saturation of fatty acyl side chains in CHOL-esters can vary
between different cells. This variation is primarily influenced by dietary factors and cell
metabolism, and it has a direct impact on the stability and fluidity of the cellular membrane.

3.3.1. Fatty Acid Profile of Phospholipids

Commonly, the acyl chains of phospholipids found at the sn-1 and sn-2 positions of
the glycerol backbone are typically composed of a saturated fatty acid (such as C16:0 or
C18:0) and an unsaturated fatty acid (with carbon chains of 18, 20, 22, or 24), respectively.
Furthermore, these acyl chains exhibit variations in terms of their length, the number
of double bonds, and the position of hydrogen atoms adjacent to these double bonds
(whether in cis or trans configuration). It is important to note that trans-double bonds
are relatively rare within mammalian membranes, while cis-double bonds are frequently
abundant. In fact, the occurrence of trans-double bonds in mammals is far less frequent
than in bacteria [402,403]. In some instances, identical acyl chains can be found at both
sn-1 and sn-2 positions of glycerol [404,405]. It is worth highlighting that even when the
number of carbons is the same, a slight mismatch may occur due to the sn-positions. This
mismatch is a consequence of the sn-2 chain bending perpendicular to the membrane’s
plane [406,407].

In the case of PA, the composition of the two fatty acids can vary across different cell types
and constituents. Typically, dietary fatty acids and metabolic disorders play a substantial role
in determining the composition of these acyl chains. PA is primarily composed of saturated
and monounsaturated fatty acids, with carbon chains ranging from 14 to 24. Concerning
PG, this class exhibits variations in the length and number of unsaturation of its fatty acids,
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depending on the cell type and the dietary fatty acids involved. In the PG of rat lungs,
palmitic acid is the most abundant fatty acid, with unsaturated fatty acids constituting
a smaller portion [408]. PG is unique among phospholipids due to its higher degree of
unsaturation, with unsaturated fatty acids more likely to occupy the sn-1 position. Research
by Xie et al. [409] suggests that the degree of unsaturation in PG may have varying effects on
mouse keratinocyte proliferation.

Commonly, the fatty acid composition of PCs is typically determined post-synthesis,
with various events, such as deacylation and reacylation, taking place during its remodel-
ing [396,397]. These events, part of the Lands cycle, can also impact the composition of other
phospholipids due to homeostatic mechanisms or metabolic implications [410]. Generally,
PC exhibits variations in its fatty acid composition across species and cell types [411-416].
Saturated fatty acids, like palmitic or stearic acids, are typically abundant at the sn-1 posi-
tion, while C18 unsaturated chains or longer polyunsaturated fatty acids like AA and DHA
are more prevalent at the sn-2 position.

The fatty acid composition of PE is highly dependent on the particular cell, tissue,
and physiological conditions. In contexts like chicken egg, rat liver, and brain, palmitic
and stearic acids tend to occupy the sn-1 position, while AA, oleic, and DHA are more
common at the sn-2 position [411,412,417]. Notably, PE in the erythrocyte membrane
exhibits a greater tendency for the accumulation/recruitment of polyunsaturated fatty acids
compared to PC [418]. Consequently, PE in this context contains more polyunsaturated
fatty acids, primarily AA and DHA, at the sn-2 position, despite its diacyl structure bearing
similarities to that of PC.

The composition of fatty acids in PS differs depending on the tissue type. Nonetheless,
lipid remodeling and selective insertion of fatty acids are common processes that occur
along the biosynthetic pathway. Therefore, the fatty acid composition of newly synthesized
PS differs from that of its precursors, PE and PC. When PS was isolated from rat liver
and cow brain and analyzed regiospecifically [412,414], it was observed that stearic acid
was more abundant at the sn-1 position, while the proportion of palmitic acid was lower
here. These data underscore the distinct fatty acid incorporation pattern exhibited by PS
in comparison to PC and PE. Furthermore, the acylation of fatty acids at the sn-2 position
has been shown to be tissue-specific, with high proportions of AA and DHA in the livers
of rats and the brains of bovines, respectively. Similar findings regarding DHA in brain
regions of mice and rats have been reported by Kim et al. [419] and Hamilton et al. [420].
However, stearic acid was the most abundant fatty acid at the sn-1 position in these cases.
Remarkably, the incorporation of these unsaturated fatty acids into PS appears to be more
extensive than in the case of PC, as revealed by these studies. The fatty acid composition of
PS at its sn-positions plays a crucial role in determining its functional properties to varying
degrees [93,421].

In mammalian cells, the composition of PI is characterized by the presence of stearic
acid and AA in the sn-1 and sn-2 positions, respectively, as consistently demonstrated in
various studies [411,412,422,423]. These two fatty acids collectively account for a substantial
portion of PI acyls, typically ranging from 50% to 80% in the brain and liver. Additionally,
oleic acid is frequently identified as the third most abundant fatty acid in the rat brain, while
palmitic acid and DHA exhibit lower levels of acylation in this phospholipid. However,
it is worth noting that Ulmann et al. [424] reported a distinct fatty acid composition in
the rat brain, where oleic acid was the most prevalent, followed by stearic and palmitic
acids. This variability in PI composition across studies may be attributed to a range of
factors, including dietary influences and genetic variations. In general, PI exhibits a strong
preference for AA in its acyl composition. Remodeling processes can lead to the deacylation
of pre-existing PI, resulting in the formation of lyso-PI via the action of phospholipases. The
incorporation of AA into lyso-PI is facilitated by lysophosphatidylinositol acyltransferase
1[425].

The structure of fatty acids within CL greatly influences its shape and properties. Satu-
rated chains tend to produce lamellar forms of CL, whereas unsaturated chains contribute
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to non-lamellar structures [38]. Thus, the distinctive fatty acid composition of CL is believed
to play a critical role in its diverse biological functions across different cellular and subcel-
lular membranes. CL remodeling is an essential process for CL formation, during which
LA and DHA are primarily incorporated, influencing susceptibility to oxidation [426—429].
LA has been reported as the majority of CL fatty acids, often accounting for 80-90% of
the composition [430]. Although C18 polyunsaturated fatty acids are the predominant
constituents of CL, dietary fatty acid intake can influence its composition. Increased dietary
supplementation levels of C20 polyunsaturated fatty acids and DHA have been shown to
elevate their proportions in mammalian CL, as indicated by Berger et al. [431] and Wolff
and Entressangles [432].

The structure of BMP exhibits variations in chain length and the degree of fatty
acid unsaturation. Oleic acid is frequently identified as the most abundant fatty acid in
BMP [126,132,433]. However, in certain cell types, polyunsaturated fatty acids such as LA
and/or EPA and DHA have been reported to be highly accumulative [434-437]. In alveolar
macrophages, for instance, Holbrook et al. [438] noted that oleic acid predominates along
with either AA or DHA.

In intact tissues (e.g., neural tissue), palmitic acid typically represents the most abun-
dant fatty acid within the alkyl group of PAF. Stearic and oleic acids may also be present
but to a relatively lesser extent. The sn-2 position of PAF is often esterified with the acetyl
group or other short-chain fatty acids [439]. However, in rat nervous tissue, sn-2 is predom-
inantly occupied by unsaturated fatty acids, primarily AA and adrenic acid (C22:4n6) [440],
indicating the profound impact of sn-2 composition on PAF activities. These longer né6-type
fatty acids serve as potent precursors for eicosanoids.

3.3.2. Fatty Acid Profile of Sphingolipids

In general, SLs exhibit a prevalent composition of very long-chain saturated and/or
monounsaturated fatty acids, typically ranging from 18 to 34 carbon chains. Notably,
some sphingolipid structures have been reported to contain odd-numbered fatty acid
chains [201,441], suggesting a possible proportional elevation of these chains in the tissues
of ruminants and coprophagous species. Despite the fact that the enzyme SPT utilizes
palmitoyl-Coenzyme A to produce SA, it has the capability to utilize various other fatty-
CoA substrates as well [442]. Sphingoid bases within SLs predominantly feature saturated
aliphatic chains, with some instances of mono- and di-unsaturated chains. SO possesses
a fixed trans-double bond between carbons 4 and 5. The chain length of sphingoid bases’
fatty acids typically falls within the range of 14 to 32 carbons [443].

Within the context of Cer, the variability in chain length is attributed to the diversity
of CerS isoforms. In most scenarios, CerS5 and CerS6 predominantly provide chains
with 14-18 carbons, CerS1, CerS4, and CerS2 contribute chains with 18-24 carbons, and
CerS3 supplies chains with up to 34 carbons [382]. Cer features an acyl chain linked to
an amide that is frequently saturated and considerably longer compared to those found
in SLs containing sugar moieties [240]. The length of the Cer fatty acid is determined by
ER elongase and desaturase complexes, rather than the Golgi apparatus, which produces
complex SLs. Cer and SM are primarily acylated by palmitoleic and oleic acids, in addition
to long and very long-chain fatty acids. In most organisms, including mammals, Cer can
contain 2-hydroxylated fatty acids [444,445], which is a characteristic favoring interaction
with SMS2 over SMS1 [446].

SM structures are characterized by long fatty acids with relatively high chain length
inequality, leading to their interdigitation sensitivity. The cause of interdigitation is not
fully understood but may involve the regulation and/or induction of proteins in response
to specific fatty acids within SM under certain membrane constituents. In comparison to
PC, SM typically contains more saturated and longer acyl chains, typically ranging from
16 to 24 carbons [415,447], and may include odd-numbered fatty acids [448]. The palmitic,
stearic, behenic (C22:0), lignoceric (C24:0), and nervonic (C24:1 n9) acids are among the
most frequently occurring fatty acids in SM [415,447-450]. Mammalian germ cells, in
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particular, are abundant in very long-chain fatty acids with up to 34 carbons [297,451],
some of which may exist in a 2-hydroxylated form in certain mammals [452]. Double bonds
are relatively rare in SM fatty acids, and, when present, they are often located at a distance
from the membrane-water interface [447].

GSLs exhibit a greater variation in the chain length of their fatty acids compared to
phospholipids, with some GSLs containing fatty acids with more than 16 carbons [453].
Although it is challenging to detect long and/or unsaturated fatty acids in GSL, a few
studies have reported the presence of high proportions of long and very long fatty acids. For
instance, stearic acid has been found to be more dominant than palmitic acid in the GSLs of
the mouse brain [454]. Furthermore, the majority of GalCer in the brain is composed of
very long fatty acids [455]. In gangliosides, lignoceric acid (C24:0) is the most abundant
acyl chain, constituting up to 70% of total fatty acids in myelin [456], while stearic acid is
the predominant component, making up 80% of total fatty acids in the human brain [457].

4. Fatty Acids and Cellular Functionality

The different chemical structures, physicochemical properties, and physiological
functions of various fatty acids exhibit remarkable diversity. These distinctions have led
to various categorizations, depending on the specific scientific focus. Traditionally, fatty
acids have been recognized for their dual biological functions: as structural components
of biomembranes and as sources of energy. However, contemporary perspectives on
fatty acids have expanded to encompass their roles as bioactive molecules that contribute
significantly to overall health. Pioneering work by Burr and Burr [458] and von Euler [459]
underscored the diverse biological functions of fatty acids, particularly LA and ALA,
highlighting their crucial roles in cellular signaling processes. This section focuses on
fatty acids’ impact on membrane properties and avoids delving into their role in energy
provision via -oxidation (primarily relies on TAGs), which is a subject beyond the scope
of this review.

4.1. Influence of Fatty Acids on Bilayer Properties

Fatty acids play an essential role as constituents in cellular membrane assembly, pro-
foundly influencing the physicochemical attributes of these membranes. Biomembranes
exhibit a discerning preference for incorporating specific fatty acids, particularly favor-
ing long and very long polyunsaturated fatty acids that contribute to the formation of
fluidic membranes. A study by Rodriguez-Estrada et al. [460] has associated long-chain
lipid metabolites derived from LA and ALA with the preservation of membrane prop-
erties. Sensor proteins typically monitor and regulate the physicochemical properties of
membranes [7,461,462]. Fatty acids exhibit variations in chain length and degree of unsat-
uration across different cellular contexts, catering to specialized functions. For instance,
the study of Matveyenka et al. [463] has highlighted the correlation between the rate of
insulin aggregation and the length and degree of the unsaturation of fatty acids. Therefore,
maintaining equilibrium among various fatty acid species (saturated, monounsaturated,
and polyunsaturated) within membranes holds a position of critical importance, as any
deviations from this equilibrium could lead to modifications in membrane integrity and
cellular metabolic signaling. Notably, Baccouch et al. [464], Hashimoto et al. [465], and
Ibarguren et al. [466] have reported the effects of fatty acid composition on various aspects
of membrane behavior, including fluidity /viscosity /rigidity, thickness, permeability, phase
transitions, fusion, lateral pressure, flip-flop dynamics, and structural integrity.

The optimal functionality of membrane-bound enzymes, ion channels, and receptors
is intrinsically linked to membrane rigidity and permeability, influencing the diffusion of
biomolecules within the lipid bilayer. Incorporating higher proportions of long saturated
fatty acids enhances membrane rigidity, as these fatty acids are notably stable, having higher
melting points than unsaturated fatty acids [467], and tend to form close clusters [468],
particularly at physiological temperatures, resulting in heightened membrane rigidity. In
contrast, polyunsaturated fatty acids contribute to greater conformational flexibility in
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membranes, which is a trait dependent on their chain length, degree of unsaturation, and
the positioning of hydrogen atoms relative to the double bond. The presence of unsaturated
fatty acids introduces curves/bends (also known as “kinks”) in the hydrocarbon chains,
leading to the formation of less densely packed lipids and more fluidic membranes [469].
However, the influence of polyunsaturated fatty acids on membrane fluidity may vary,
particularly in different bilayer states [470]. For instance, EPA and DHA have demon-
strated negligible effects on fluidity in liquid-crystalline states [471]. In contrast, within
different membrane models, polyunsaturated fatty acids with four or more double bonds,
specifically AA, EPA, n6-DPA, and DHA, have been reported to decrease membrane thick-
ness [464,472-474], increase the tilt angle [472], and elevate membrane fluidity [475,476].
The degree of rigidity contributed by double bonds within fatty acids is contingent on
various factors, including their conformation (cis or trans), the degree of unsaturation, and
their relative positioning concerning the carboxyl group. According to Roach et al. [477],
the membrane properties of fatty acids associated with cis-unsaturated fatty acids were
markedly different from those of saturated and trans-unsaturated fatty acids. Typically,
cis-isomers exhibit greater polarity and possess relatively higher boiling points compared to
trans-isomers, although not as high as those of saturated fatty acids. Notably, the position
of the double bond exerts a more substantial impact on boiling points than the number
of double bonds [478]. Cis-double bonds have been identified as expanding the spatial
area occupied by the fatty acid, thereby increasing membrane fluidity [479,480] and perme-
ability. Moreover, phospholipids containing long-chain n3-fatty acids have shaped more
disordered and flexible membrane structures compared to LysoPLs containing n6-fatty
acids, underscoring the significant role of n3-fatty acids in shaping membrane integrity.

Unsaturated fatty acids influence biomembrane rigidity not only through their intrinsic
molecular structure but also by modifying the proportions of other membrane constituents
that contribute to rigidity. For instance, Schumann et al. [481] and Stillwell [482] investi-
gated the role of polyunsaturated fatty acids in modulating raft characteristics, including
size, stability, and distribution. Notably, polyunsaturated fatty acids have a reduced affinity
for cholesterol (CHOL) compared to their saturated counterparts. Consequently, an in-
creased incorporation of unsaturated fatty acids within biomembranes can result in loosely
packed lipid structures. This, in turn, leads to the displacement of raft-associated proteins
and the removal of SM and CHOL from lipid rafts. These alterations result in shifts in
membrane rigidity and permeability [483-492]. Therefore, the degree of unsaturation
plays a crucial role in modulating the flip-flop rate and the asymmetry/distribution of
membranes. Cheng et al. [493] and Armstrong et al. [494] have substantiated a positive
correlation between the trans-membrane flip-flop rate and the proportion of unsaturated
fatty acids. In assessing membrane rigidity, ratios such as phospholipid/CHOL, PC/PE,
and PC/SM (the unsaturation index) have been routinely employed.

It is rational to posit that membranes characterized by inadequate lipid packing cor-
respondingly exhibit elevated permeability. Indeed, a considerable body of research has
established a link between polyunsaturated fatty acids and heightened membrane permeabil-
ity, reflecting the rate at which molecules traverse biomembranes. It has been observed that
the incorporation of long and very long polyunsaturated fatty acids, such as ALA, AA, EPA,
and DHA, increases the permeability and elasticity of biomembranes [464,469,495-500].
This augmentation facilitates the translocation of ions and molecules across the membrane.
Mondal et al. [469] attribute the elevated membrane elasticity to the disruption of the robust
hydrogen-bond network surrounding the charged lipid head groups by the polyunsatu-
rated fatty acids. The effects of polyunsaturated fatty acids, particularly EPA and DHA, on
elasticity (and consequently permeability) can exhibit variability within the same cell [501],
depending on the presence of other cellular constituents. Notably, the presence of CHOL
can modulate membrane properties [495]. DHA, in particular, elevates permeability more
significantly than its precursor, ALA [502], underscoring the pivotal role of the degree
of unsaturation and its elevated incorporation levels in the functions of vital cells. DHA
promotes heightened hydration within the head group and inter-chain regions, thereby
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increasing permeability. This is primarily attributed to the elevated number of double bonds.
As elucidated by Mitchell and Litman [503], the presence of water within the hydrocarbon
bilayer region exhibits a positive correlation with the high number of double bonds.

In addition to its effects on membrane rigidity and permeability, the incorporation of
DHA profoundly impacts various aspects of biomembrane dynamics. DHA remarkably
alters lipid packing, phase behavior, curvature, elasticity, interleaflet lipid flip-flop rates,
lipid phase separations, membrane fusion, and vesicle formation [464,494,504-508]. Ac-
cording to Mitchell and Litman [509], the packing-free volume increases in the following
order: 16:0-18:1PC has a lower relative abundance than 16:0-22:6PC, which, in turn, has
a lower relative abundance than 22:6-C22:6PC. The potential effect of highly unsaturated
fatty acids on phospholipids, which are characterized by loose packing, appears to be
closely linked with the promotion of membrane elasticity, vesicle exfoliation (the formation
of “blebs”), fusion, and flip-flop processes. In this regard, fatty acids actively participate
in the processes of cell fusion and modulate cell phase behavior. During cell fusion, two
distinct lipid bilayers merge, resulting in the formation of a continuous bilayer structure
and the mixing of the internal contents of the lipid bilayers. Consequently, alterations in
fusion processes have been associated with curvature stress in membranes [510,511]. The
impact of the degree of unsaturation on membrane fusion has been previously demon-
strated by Ahkong et al. [512], Meers et al. [513], Ehringer et al. [502], and, more recently,
Li et al. [504]. The configuration of double bonds plays a critical role in determining the
extent of biomembrane fusion. According to Creutz [514], AA and oleic acid are particularly
effective fusogens, whereas saturated and trans-unsaturated fatty acids exhibit negligible
fusogenic activity.

In terms of phase behavior, different fatty acid compositions contribute to various
phase transitions, including gel-to-fluid, hexagonal, and liquid phases. Short-chain sat-
urated fatty acids and mono- and polyunsaturated fatty acids result in lower viscosities,
contributing to the formation of more fluid membranes compared to long-chain saturated
fatty acids [466]. The impact of unsaturated fatty acids is particularly evident in thermal
hysteresis, especially the transition between the fluid and hexagonal phases in PE, which is
reportedly impeded by oleic acid, LA, and ALA [515,516]. Stearic acid and hydroxylated
fatty acids induce a modest shift toward a higher melting temperature (the gel-to-fluid
phase transition temperature) in bilayers containing C14:0/C14:0-PC [517]. On the other
hand, PCs containing DHA exhibit higher melting points than those containing ALA and
AA [518]. Despite DHA's loose packing property [507], the presence of a saturated fatty
acid at the sn-1 position in a PC molecule may affect its packing stability by altering both
intra- and intermolecular van der Waals interactions.

4.2. Relative Functional Significance of Polyunsaturated Fatty Acids

The multifaceted role of fatty acids within various membrane lipids, particularly
n3-fatty acids, has been documented over the past century. Diets rich in n3-fatty acids have
been extensively associated with elevating the proportions of n3-fatty acids in biomem-
branes, thereby contributing to the maintenance of cardiovascular, vascular, and neural
health [519,520]. Moreover, these dietary choices have shown promise in ameliorating con-
ditions such as atherosclerosis, hypercholesterolemia, and cancer [487,521,522]. Fatty acids
exhibit a multitude of physicochemical properties that serve diverse purposes by modify-
ing the characteristics of bilayer lipids, thus influencing signal transduction. Notably, the
length of a fatty acid exerts a marked influence on cellular signaling and metabolic pro-
cesses. For instance, SLs containing short-chain fatty acids have been observed to augment
susceptibility to apoptosis [523]. Membrane lipids enriched with monounsaturated fatty
acids also play specific functional roles. Cao et al. [524] have reported that palmitoleate
can function as a lipid-regulating hormone, often referred to as a ‘lipokine’, by enhancing
sensitivity to glucose and inhibiting lipogenesis and hepatic inflammation. Furthermore,
the well-documented antitumor and apoptotic properties of C18-monounsaturated fatty
acids in carcinoma cells [525] underscore their potential utility in anticancer medications.
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The acyl chain length of SLs, particularly Cers, significantly influences TAG accu-
mulation and the hepatic uptake of fatty acids, which is attributed to the disruption of
CD36/FAT expression [526]. This discovery underscores the role of CerS2 in catalyzing the
generation of very long-chained Cers. In a cardiac context, long-saturated and polyunsat-
urated fatty acids have been shown to up-regulate voltage-dependent calcium release in
cardiac myocytes [527], implicating their involvement in cardiac damage. Sassa and Kihara
(2014) have presented a comprehensive review detailing the metabolism of very long-chain
fatty acids and their contributions to the health and pathophysiology of various tissues,
including the skin, meibum, retina, testis, and brain. The extensive body of available
literature underscores the remarkable significance of polyunsaturated fatty acids, which
have been the subject of substantial research due to their diverse bio-functional roles across
various cell types.

The essentiality of LA and ALA in mammals transcends their role as diet-derived
fatty acids; they are also fundamental precursors for the synthesis of long and very long
polyunsaturated fatty acids. However, it is imperative to note that not all absorbed dietary
LA and ALA are available for elongation and desaturation processes, as a fraction of these
fatty acids are utilized for generating the energy source ATP during the 3-oxidation process.
Therefore, a prolonged deficiency in LA and/or ALA can lead to severe consequences,
often manifesting as clinical symptoms [528-532]. LA, specifically, serves as a critical
substrate for the biosynthesis of arachidonic acid (AA) and adrenic acid, both of which
play crucial roles in early brain development [533-535]. Furthermore, LA is indispensable
for the formation of n-hydroxyceramides, which covalently bond with epidermal proteins,
thereby curtailing water loss and bolstering the skin’s barrier function [536]. In addition,
it has been demonstrated that LA exhibits antibiotic-like properties, manifesting as an
antibacterial effect that inhibits microbial adhesion to cells, a characteristic shared by
numerous polyunsaturated fatty acids [537-540].

In general, polyunsaturated fatty acids exert substantial influence over the epidermis
and its barrier properties. Notably, dietary supplementation of y-linolenic acid has demon-
strated anti-inflammatory properties [541] and has proven effective in enhancing skin
characteristics in a dry skin model by reinforcing the skin’s barrier function and limiting
dehydration [542]. Similar observations have been made with the supplementation of
EPA and DHA [543], where an increase in the production of specific Cer families with
anti-inflammatory properties was evident. It is worth noting that the effects of these fatty
acids varied across distinct skin regions, including the epidermis, dermis, and hypoder-
mis [543]. It is of particular interest that, among né6-fatty acids, y-linolenic acid and DGLA
have gained recognition for their anti-inflammatory attributes, similar to those of EPA and
DHA (n3-fatty acids). Notably, y-linolenic acid is found in inflammatory cells at relatively
modest concentrations, and increasing its dietary intake does not necessarily lead to a
proportional increase in its intracellular levels [544,545]. Given the efficient conversion of
v-linolenic acid to DGLA in mammals, it is conceivable that DGLA-derived lipid mediators
play a role in mediating the anti-inflammatory effects associated with y-linolenic [546].

The essentiality of ALA initially became apparent through observations of its ability to
alleviate symptoms related to LA deficiency [547]. Its significance grew further when it was
established that ALA serves as a precursor for EPA and DHA [548,549]. These C20 and C22
n3-polyunsaturated fatty acids are known to constitute a significant portion of the mem-
brane lipids in critical tissues such as the brain [550], retina [551], and testis [552], reflecting
their involvement in neurotransmission, visual excitation, and spermium maturation. The
implications of n3-polyunsaturated fatty acids, especially DHA, on these tissues have been
extensively documented in numerous studies [467,553-566]. These studies have proposed
numerous biological functions for n3-polyunsaturated fatty acids, including the modulation
of membrane proteins, gene expression, neurogenesis, enhancement of microcirculation,
learning processes, and cellular protection. Notably, in neural tissue, the selectivity of
PS declines under DHA deficiency [420]. The role of n3-fatty acids incorporated into PS
in improving memory [567] and protecting against age-related lipid metabolic disorders,
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especially in the presence of DHA-enriched PC [567], is well acknowledged. For instance,
DHA inhibits the production of amyloid-beta (Af) peptides associated with cognitive
impairments, thereby mitigating amyloidogenesis, oxidative stress, and apoptosis [520].
The overall impact of polyunsaturated fatty acids on oxidative stress remains a subject of
debate, as Shefer-Weinberg et al. [568] found that exposure to polyunsaturated fatty acids
elevated oxidative stress biomarkers levels. In this context, it is plausible to hypothesize
that the diverse polyunsaturated fatty acids may elicit distinct effects. Nonetheless, DHA
has been reported to enhance the fluidity of the synaptic plasma membrane and induce
the expression of other memory-related proteins [465]. Consequently, n3-fatty acids, par-
ticularly DHA, have gained significant scientific interest, leading to the development of
nutraceuticals in the form of dietary supplements that incorporate these fatty acids.

In the preceding sections, the various roles of DHA in the physicochemical prop-
erties of membranes have been described. However, DHA also has crucial biological
functions within membranes. DHA-enriched membranes have been suggested to influence
membrane proteins by inducing curvature stress [569-571], affecting membrane thick-
ness [473,570,572], and modulating fatty acid packing free volume [565]. These alterations
in membrane properties can lead to modifications in the activity of most cellular proteins,
affecting signal propagation. For instance, unsaturated fatty acids have been reported to
interact with various proteins, including rhodopsin, ion channels (L-type Ca®* and Na™),
protein kinase C (PKC), apoptosis-associated proteins, PPAR-y, nuclear receptor Nur77,
G-protein coupled receptor 40, mitogen-activated protein kinase, toll-like receptors, and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) [573-585]. However,
the major relationships between DHA and cellular protein activities remain ambiguous due
to the vast diversity of proteins, the complexity of protein interactions, and the limited num-
ber of studies. Despite being highly unsaturated (with six double bonds), DHA exhibits
antioxidant properties in the liver [586], brain [587,588], and skeletal muscles [465]. This
property is of particular significance for fertility, as Roqueta-Rivera et al. [589] observed
that DHA supplementation effectively restored impaired spermatogenesis in male mice.

Both EPA and DHA have demonstrated the ability to counteract pro-inflammatory
cytokines by down-regulating the NF-kB signaling pathway [590-592], a transcriptional
pathway that regulates both innate and adaptive immune responses. In contrast, AA levels
have been found to correlate positively with lipid peroxidation [593] and activation of the
NEF-«B signaling pathway [594], thereby promoting pro-inflammatory stimuli. AA can
also up-regulate SMase activity [595], leading to increased levels of Cers, molecules that
trigger apoptotic signals, which are derived from SM hydrolysis. Thus, AA is a biologically
essential fatty acid, contributing to a wide array of functions either directly or through its
bioactive metabolites. Hashidate-Yoshida et al. [596] demonstrated that AA facilitates the
transportation of triglycerides to the lumen of the ER in hepatocytes and enterocytes.

The ratio between fatty acids within cellular membranes serves as a reflection of
universal cellular signaling and inflammatory responses. Notably, EPA and DHA exhibit
distinct signaling profiles compared to AA. Consequently, the ratio of EPA and DHA
to AA can serve as an indirect indicator for assessing the inflammatory response and
lipid peroxidation. It is worth emphasizing that these fatty acids serve as precursors for
numerous bioactive mediators, contributing to a wide array of physiological functions.
However, it is also important to recognize that many of the reported findings are likely
attributed to the direct alterations of membrane physicochemical properties and membrane-
associated proteins [481], along with the unidentified bioactive metabolites they generate.
Polyunsaturated fatty acids can undergo chemical reactions with various molecules and
cellular components, resulting in the formation of novel compounds with biological activity.
Heshmati [597] has described interactions between n3-fatty acids and specific transcription
factors in genes. Furthermore, an intriguing observation is the interaction of nitric oxide
(NO) with polyunsaturated fatty acids, leading to the formation of nitroalkene derivatives.
These plasma-identifiable derivatives have been demonstrated to promote vascular relax-
ation, inhibit neutrophil cell degranulation and superoxide production, and hinder platelet
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activation [598-600]. Nitroalkene derivatives possess inherent PPAR ligand activity and
are known to degrade into NO in the bloodstream. These observations underscore the
capacity of polyunsaturated fatty acids to engage in reactions with other non-lipidous
cellular constituents, resulting in the formation of novel compounds with specific biological
activities.

4.3. Bioactive Lipid Mediators Derived from Fatty Acids

Numerous classes of lipids, including LysoP, SLs, PA, DAG, inositol phosphate, N-
acylethanolamine, fatty acids, and oxylipins, are renowned for their bioactive intracellular
and extracellular signaling properties, acting as messengers/mediators. On the other hand,
certain functions of polyunsaturated fatty acids necessitate their conversion into lipid
mediators. These mediators serve as signaling molecules that modulate various biological
processes, including the inflammatory response, gene transcription, and signal transduction
pathways. For instance, the tissue hormone-like lipids referred to as “eicosanoids”, which
were initially identified in the prostate [601], possess the ability to regulate the function of
various transcription factors, thus inducing alterations in gene expression. To comprehend
the mechanisms underlying the generation of lipid mediators derived from fatty acids, this
section elaborates on the cleavage mechanism of membrane fatty acids, the oxygenation
mechanisms of deacylated fatty acids, and the biological functions of lipid mediators
derived from fatty acids.

4.3.1. Enzyme-Mediated Cleavage of Fatty Acids from Membranes

Polyunsaturated fatty acids are abundant in biomembranes but can be enzymatically
cleaved from sn-positions and N-acyl linkages of membrane lipids by lipase-type enzymes.
These enzymes encompass PLA2, phospholipase B (PLB, an enzyme with both PLA1 and
PLA2 activities), diacylglycerol lipase [602,603], CDase [604], glucosylceramide deacy-
lase [605,606], and sphingomyelin deacylase [605,607]. Other phospholipase enzymes,
such as PLA1, PLC, and PLD, play a lesser role in the generation of polyunsaturated fatty
acid-derived mediators, as they cleave the highly saturated chains at the sn-1 position [608],
the phosphate group at the sn-3 position [609], and the head group from the phosphorus
group [610], respectively.

Among these enzymes, PLA2 has received considerable attention due to the biological
importance of its substrates. Over recent decades, six isoforms of PLA2, which hydrolyze
the ester bond at the sn-2 position, have been identified [611]. Each of these isoforms exhibits
selectivity for specific fatty acids on phospholipids. For example, cytosolic PLA2ox (cPLA2«)
acts on phospholipids rich in AA [612], calcium-independent PLA2 (iPLA2{) acts on
phospholipids rich in DHA [613,614], and secretory PLA2 (sPLA2) acts on phospholipids
containing various fatty acids, including AA, EPA, and DHA [615,616]. On the other hand,
PLB possesses both hydrolase activity, cleaving ester bonds on the sn-1 and sn-2 positions
of phospholipids, and acyltransferase activity, acylating fatty acid to form LysoP, and, as a
result, may contribute less to the production of oxylipins compared to PLA2. Following the
removal of fatty acids from complex membrane lipids, various events, including reacylation
and/or oxidation, may occur.

4.3.2. Fatty Acid Oxygenation

CHOL and liberated polyunsaturated fatty acids can undergo oxidation through
enzymatic processes and non-enzymatic agents, such as reactive oxygen species (ROS). This
oxidative transformation leads to the production of oxysterols and oxylipins, respectively.
Notably, these compounds may also originate from dietary sources. It is of particular
significance that polyunsaturated fatty acids frequently engage in metabolic competition
with each other, a phenomenon specifically mediated by enzymes such as PLA2 and
oxidative enzymes. The extent of competition among different fatty acids depends on
their respective concentrations within the cell and their relative affinities for oxidative
enzymes and reactive molecules [617,618]. These oxidized lipid metabolites serve as
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pivotal mediators in cell signaling. For instance, oxysterols have the capacity to interact
with nuclear receptors and, as a consequence, modulate gene expression [619,620]. This
section primarily focuses on the enzymatic pathways involved in generating these bioactive
lipid mediators.

Numerous bioactive oxylipins have been identified as products of enzymatic path-
ways, including those facilitated by cyclooxygenase (COX) and subsequent synthases,
lipoxygenase (LOX), and cytochrome P450 (CYP) mixed-function oxidase enzymes [621].
These oxylipins are further categorized based on the chain length of their respective sub-
strates (see Figure 7), resulting in octadecanoids (derived from C18 fatty acids), eicosanoids
(derived from C20 fatty acids), docosanoids (derived from C22 fatty acids), and elovanoids
(derived from C32 or C34 fatty acids).
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Figure 7. Diagram illustrating the various lipid mediators (including octadecanoids, eicosanoids,
docosanoids, and elovanoids) synthesized from fatty acids such as LA, ALA, DGLA, Mead acid,
AA, EPA, DPA-n3, DHA, C32:6n3, and C34:6n3. Abbreviations: COX, cyclooxygenase; EDPA,
epoxy-docosapentaenoic acid; EECTA, epoxy-ecosatetraenoic acid; EEDA, epoxy-eicosadienoic
acid; EETA, epoxy-eicosatrienoic acid; ELV, elovanoids; EOCA, epoxy-octadecenoic acid; EODA,
epoxy-octadecadienoic acid; CYP, cytochrome P450; HDHA, hydroxy-docosahexaenoic acid; HDPA,
hydroxy-docosapentaenoic acid; HEPA, hydroxy-eicosapentaenoic acid; HETA, eicosatetraenoic
acid; HETRA, hydroxy-eicosatrienoic acid; HODA, hydroxy-octadecadienoic acid; HOTA, hydroxy-
octadecatrienoic acid; LOX, lipoxygenase; LX, leukotrienes; ODPA, oxodocosapentaenoic acid; OETA,
oxoeicosatetraenoic acid; PG, prostaglandin; PGI, prostacyclins; PLAs, phospholipases; THODA,
trihydroxy-octadecenoic acid; TX, thromboxane.

In mammals, COXs, also known as housekeeping enzymes, comprise three isoforms
as follows: COX-1, COX-2, and COX-3 isoforms [622], with COX-3 being considered a
variant of COX-1 [623]. These enzymes are heme-containing and possess the dual capacity
to function as both oxygenases and peroxidases. Notably, these enzymes are constitutively
expressed and are subject to modulation by inflammatory signals. Their main role involves
catalyzing the oxygenation of various unsaturated fatty acids, culminating in the genera-
tion of bioactive end-products collectively referred to as prostanoids. These prostanoids
encompass the prostaglandin series (PGD, PGE (dinoprostone), PGF (carboprost), and PGI
(prostacy-clins)), thromboxanes, hydroxy fatty acids, resolvins (series 13), and oxo-fatty
acids [624,625].

LOXs, which comprise six genes within the human genome, represent a class of non-
heme iron-containing dioxygenases. These enzymes possess the capability to oxygenate a
broad range of unsaturated fatty acids. It is noteworthy that LOX enzymes typically exist
in an inactive form at their base state, necessitating activation facilitated by hydroperoxides.
Subsequently, they act on a diverse array of substrates and engage in various modes of
action, including dioxygenase activity, functioning as catalysts in processes characterized
by the involvement of free radicals [626,627]. These catalytic actions lead to the formation
of bioactive end-products recognized as hydroperoxyl fatty acids and their metabolites,
including leukotrienes, lipoxins, resolvins, protectins, maresins, and elovanoids [628,629].
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On the other hand, CYPs are enzymes encoded by an extensive set of up to 57 genes
within the human genome, representing a class of monooxygenases widely distributed in
mammals. These enzymes exhibit elevated activity levels in numerous tissues, including
but not limited to the liver, brain, kidneys, and lungs [629,630]. CYPs are renowned for their
involvement in various modes of action, including hydroxylation, heteroatom oxidation, al-
lylic oxidation reactions, group migration, and various other enzymatic reactions [631-633].
They display the capability to act on a diverse range of unsaturated fatty acids and
sterols [629], thereby generating a wide array of lipid mediators. In particular, these
lipid mediators consist of hydroxyl and epoxy fatty acids, which play critical roles in the
induction of various signaling pathways.

4.3.3. Functions of Bioactive Lipid Mediators

Bioactive lipid mediators go beyond being inert components of cellular membranes.
Instead, they serve as dynamic signaling agents and are capable of modulating a wide range
of signaling pathways, gene regulation, and immune responses. The unique characteristics
and functions of these mediators have led to extensive research efforts aimed at harnessing
their therapeutic potential for developing innovative treatment/preventive approaches.
Therefore, comprehending the functions of bioactive lipid mediators holds great importance
in the domains of biological and medical research.

Octadecanoids

Essential fatty acids and their extended metabolites have well-documented diverse
biological effects and implications in various disease mechanisms. The effects of lipid
mediators can vary depending on the type of cells and metabolic factors, leading to both
beneficial and detrimental metabolic outcomes (see Figure 8).
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Figure 8. Illustration of the influence of bilayer-cleaved fatty acids on cellular signaling pathways

and inflammation responses. Abbreviations: 8, 3-oxidation; COX, cyclooxygenase; CYP, cytochrome
P450; LOX, lipoxygenase; PLAs, phospholipases; ROS, reactive oxygen species.

LA and ALA play an essential role in the generation of lipid mediators. As essential
fatty acids, dietary levels of LA and ALA contribute to their proportions within cellular
membranes, potentially playing a crucial role in modulating the extent/degree/severity
of inflammation development. Epoxy-octadecadienoic acid and hydroxy-octadecatrienoic
acid are lipid mediators derived from ALA through the enzymatic actions of LOX and CYP,
respectively [624]. However, further research is needed to fully comprehend the bioactive
functions of octadecanoids derived from ALA. Notably, Kumar et al. [634] have suggested
that these mediators primarily exert anti-inflammatory effects. On the other hand, oxidized
LA metabolites, including hydroxy, trihydroxy, and epoxy fatty acids, are produced under
the effects of LOXs and CYPs [546,624]. These metabolites have been implicated in various
biological pathways, including brain dysfunction [635], the inhibition of platelet adhesion
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in endothelial cells [636], the induction of inflammation signals [637-639], the maintenance
of skin barrier integrity [536], the inhibition of pain thresholds [640,641], and the promotion
of metabolic syndromes and cancer [638,642]. Consequently, these LA-derived mediators
may greatly contribute to the inflammatory processes and the progression of diseases.

Both LA and ALA serve as essential fatty acids and precursors for extended polyun-
saturated fatty acids. Thus, their dietary concentrations can alter the levels of long and very
long chain polyunsaturated fatty acids within cellular biomembranes. However, the extent
of this influence may vary depending on the specific substrate and metabolic pathways.
Notably, a high dietary intake of LA tends to not significantly elevate the proportion of AA
or the associated inflammatory cascades in humans [643]. In contrast, a high dietary intake
of ALA has been shown to increase EPA and DHA concentrations [644]. Nevertheless,
it is essential to recognize that the de novo pathways for elongating essential fatty acids
exhibit variations among species. For instance, the conversion rate of ALA to its extended
polyunsaturated fatty acids is lower in humans [645] than in marine species. These find-
ings underscore the potential variability in the biological functions of ALA, with specific
implications in distinct species to fulfill particular physiological functions.

Eicosanoids

Eicosanoids are bioactive lipid mediators primarily derived from unesterified fatty
acids and are characterized by their autocrine/paracrine hormone activities. They mediate
local signals and reactions, including processes related to homeostasis, inflammation, and
anti-inflammation. Eicosanoids comprise various structures, such as PGs, thromboxanes,
leukotrienes, lipoxins, and resolvins. Despite the fact that most mammalian cells are capable
of synthesizing eicosanoids, the specific pathways and responses can vary by cell type [646].
DGLA, rapidly extended from vy-linolenic acid, serves as a substrate for enzymes such
as COX, which yields series 1 prostaglandins and thromboxanes, 15-LOX, which yields
5-hydroxyeicosatrienoic acid, and CYP, which yields epoxy-eicosadienoic acid. Eicosanoids
derived from DGLA are generally considered to be anti-inflammatory [647,648].

On the other hand, beyond the role of AA as a polyene fatty acid, it is unquestion-
ably crucial in biomembranes as it is the primary target for most membrane-modifying
effects. The activation of the PLA2 enzyme, which is responsible for cleaving AA from
membrane phospholipids, often leads to membrane injury. According to Samuelsson [649],
this enzyme rapidly (within seconds to minutes) responds to acute stimuli, releasing AA
from membrane lipids. Liberated AA can be utilized as a precursor for the production
of eicosanoids under the effects of COX (generating series 2 prostaglandins, prostacy-
clins, and thromboxanes), LOX (generating leukotrienes, lipoxins, eoxins, hepoxilins, and
trioxilins), and CYP (generating hydroxyeicosatetraenoic acid and epoxyeicosatrienoic
acid) [546,624]. AA-derived eicosanoids, often referred to as arachidonate or eicosanoid
cascades, are involved in multiple systems, including vascular, inflammatory, renal, and
neuronal signaling, as well as angiogenesis [650]. For instance, AA-derived eicosanoids
have been shown to increase the permeability of the blood-brain barrier in humans [651],
revealing the potential for drug modulation of this barrier.

Eicosanoids derived from Mead acid have displayed anti-inflammatory properties.
For instance, oxygenated products of Mead acid via 5-lipoxygenase are produced dur-
ing inflammation, providing potent activities [652]. However, the exact roles of this
fatty acid are not yet clearly defined [652-655], necessitating further research. On the
other hand, LOXs oxidize EPA to produce resolvins [656], which are renowned for their
anti-inflammatory properties. EPA can also undergo oxygenation via COXs (yielding
hydroxy-eicosapentaenoic acid and epoxy-eicosatetraenoic acid) and CYPs (yielding series
3 prostaglandins and leukotrienes) [624,657]. Overall, EPA-derived eicosanoids exhibit
anti-inflammatory stimuli, such as the inhibition of platelet aggregation [658].

Eicosanoids play a remarkable role in the regulation of inflammatory responses by
modulating pro-inflammatory cytokines, chemokines, and other signaling molecules. They
have the potential to influence the recruitment, activation, and function of immune cells.
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However, it is essential to recognize that eicosanoids can exhibit both pro-inflammatory
and anti-inflammatory effects, with the ultimate effect determined by various factors,
including mediator concentrations, timing of production, and the sensitivity of targeted
cells/tissues [460,659]. Commonly, eicosanoids derived from different fatty acids, such as
AA, Mead acid, and EPA, exhibit strikingly distinct biological effects, despite their closely
resembling molecular structures.

Eicosanoids derived from n3-fatty acids are well-recognized for their anti-inflammatory
properties, while those originating from né-fatty acids are generally considered to be pro-
inflammatory [660,661]. However, it is important to note that not all né-fatty acids exert
pro-inflammatory effects. Some prostanoids (PGs and thromboxanes), n6-fatty acid-derived
lipoxins, as well as mediators derived from y-linolenic and DGLA, along with adrenic
acid, have been found to express anti-inflammatory properties and cytoprotective ac-
tions [662-669]. Imbalances in the production of eicosanoids have been implicated in
numerous pathological processes, including inflammation, autoimmunity, allergy, cancer,
atherosclerosis, and metabolic and degenerative diseases [650], by disrupting the normal
lipid signaling pathways. In light of this, strategies that involve the suppression of COX,
LOX, and CYP enzymes, which are responsible for the synthesis of active lipid mediators,
may hold therapeutic potential for the management of disease-related inflammation and
oxidative stress.

Docosanoids

DHA, likely the reason for the biological necessity of ALA, is a very long polyunsat-
urated fatty acid that accumulates abundantly in crucial tissues such as the brain, retina,
and testis. Though EPA is known to produce pre-resolving mediators (resolvins), it is
DHA that serves as the major precursor for these compounds [656,670]. Specialized pro-
resolving mediators (SPMs), known as docosanoids, are primarily derived from the LOX
oxidation of DHA and DPA-n3 [670-673]. However, COX activity on DPA-n3 can also
generate SPMs [672], and CYP activity on DHA yields hydroxy-docosapentaenoic acid
and epoxy-docosapentaenoic acid [624]. The pre-resolving family comprises various struc-
tures, including resolvins, docosatrienes, maresins, and protectins, all of which exhibit
anti-inflammatory and pro-resolving properties, countering the effects of pro-inflammatory
cascades [659,666,667,671-682]. These docosanoids, which are derived from DPA-n3 and
DHA, play pivotal roles in the regulation of leukocyte trafficking, suppression of cytokine
expression, inhibition of brain ischemia-reperfusion injury, maintenance of cellular home-
ostasis, mitigation of potential DNA oxidation, normalization of brain-derived neurotrophic
factor levels, and promotion of the clearance of apoptotic cells and cellular debris by phago-
cytes. Thus, these mediators represent a promising therapeutic approach for resolving
cellular inflammation and associated diseases.

Furthermore, EPA and DHA are known to limit pro-inflammatory cytokines and
reduce inflammation, potentially by increasing peroxisome proliferator-activated receptor
alpha (PPAR-«) mRNA and protein activities [683]. Remarkably, alternative lipid mediators
with resembling impacts to resolvins have been identified. According to Dalli et al. [684],
DPA-n3, an intermediate fatty acid during DHA synthesis, is transformed into novel
immunoresolvents similar to resolvins in mice and human leukocytes during inflammation.
However, it is important to acknowledge that the resolution of inflammation mediated by
docosanoids is characterized by its complexity in restoring cellular homeostasis [656].

Elovanoids

In response to unmitigated oxidative stress, elovanoids exhibit a remarkable ability
to enhance the intracellular synthesis of pro-survival signals, owing to their distinctive
molecular structures. This class of bioactive lipids, initially discovered by Bazan’s research
group in the retinal pigment epithelium in 2017 [685], is derived from mono-hydroxyl-
very long polyunsaturated fatty acids formed through the enzymatic activity of ELVOL4
and LOX. It is important to emphasize that very long polyunsaturated fatty acids are
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prominent constituents of critical tissues such as the brain, testis, and spermatozoa [686].
This observation suggests the potential formation of elovanoids in these tissues, where they
might serve as mediators of specific signals. However, while the retina has been a focal point
of research on elovanoids, studies examining neural signaling are comparatively limited.

Elovanoids play an indispensable role in the functions of the retina and neural sig-
naling [290,685,687-691]. The protective effects of elovanoids in these tissues are most
likely attributed to their role in mitigating the effects of oxidative stress. In events where
oxidative stress remains unresolved, elovanoids serve as critical survival signals [685].
These authors have reported that dihydroxylated derivatives of C32:6n-3 and C34:6n-3
effectively protect retinal pigment epithelial cells from apoptosis induced by hydrogen
peroxide. These derivatives have been shown to up-regulate the expression of pro-survival
proteins, including Bcl-2 and Bcl-xL, while concurrently down-regulating the expression of
pro-apoptotic proteins, such as Bax, Bim, and Bid. These findings underscore the ability of
elovanoids to mitigate the cytotoxic effects of ROS on photoreceptor cells and contribute to
their survival.

5. Conclusions and Future Perspectives

This review intends to provide an in-depth overview of the lipids of eukaryotic cell
membrane lipids, with a particular emphasis on fatty acids. It introduces the extensive
array of lipids present in biomembranes and delves into their composition within healthy
organisms, thereby illustrating the intricate nature of lipid metabolism and its fundamental
role within cells. This perspective underscores the remarkable adaptability and flexibility
inherent in the fatty acid profiles of biomembranes, enabling organisms to rapidly respond
to various stimuli, including alterations in environmental temperature, dietary factors,
inflammatory processes, or diseases. Thus, the absence of a universally defined “physio-
logically normal fatty acid composition” underscores the natural variability in fatty acid
composition. This natural phenomenon is, likewise, a continuous process of adaptation.
This review further provides an in-depth exploration of fatty acid biosynthesis and post-
synthetic modifications, such as elongation and desaturation. In addition, it highlights
the preferences of fatty acids for incorporation into diverse complex membrane lipids
and their roles in biological systems, encompassing both physicochemical properties and
the regulation of biological signaling. This understanding holds significant implications
across various disciplines, including lipid-based drug delivery, cell membrane engineering,
and the advancement of lipid-based biomaterials. Nevertheless, further research remains
essential to unveil the intricate mechanisms and regulatory pathways governing eukaryotic
lipid metabolism and fatty acid composition. This includes investigations into the mecha-
nisms underpinning cellular membrane adaptability, with the potential to shed light on
the molecular foundations of cellular processes, diverse diseases, and the development of
therapeutic strategies for lipid-related disorders.

Evidently, the pivotal role of fatty acids in biomembranes is ascending and is poised
to exert a substantial influence across various disciplines, notably within the realms of
nutrition and medicine. This review serves to illuminate the multifaceted roles and contri-
butions of distinct membrane lipids, along with their associated fatty acids, with a specific
focus on matters pertaining to health and the intricate aspects of inflammatory responses.
Enhancing our comprehensive comprehension of the diverse repertoire of membrane lipids
stands to be invaluable for assessing the overall health of organisms. The trajectory of the
field nutrition is set to emphasize progressively specific fatty acids that are indispensable
for organism health. In this context, the n3 and n6-fatty acids are assuming paramount
significance due to their critical roles as precursors for bioactive lipids that play a pivotal
role in the modulation of inflammatory processes. They also contribute indispensably to
the development and sustenance of vital organ functions, exemplified by the brain, heart,
lungs, liver, and kidneys. Elevated levels of these fatty acids have been consistently corre-
lated with to the regulation of chronic maladies, encompassing diabetes, cardiovascular
disorders, and certain forms of cancer. However, it is crucial to recognize that the opti-
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mization of fatty acid biosynthesis, the preservation of their stability, and a comprehensive
understanding of their various roles in biological systems continue to remain areas ripe
for exploration. Thus, the unwavering dedication to research and development in this
domain holds the promise of unveiling the unlocking of novel approaches to incorporate
these essential nutrients into the diets of organisms, thereby fostering enduring health and
well-being.
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Abstract: Early life exposure lays the groundwork for the risk of developing cardiovascular-kidney—
metabolic (CKM) syndrome in adulthood. Various environmental chemicals to which pregnant
mothers are commonly exposed can disrupt fetal programming, leading to a wide range of CKM
phenotypes. The aryl hydrocarbon receptor (AHR) has a key role as a ligand-activated transcription
factor in sensing these environmental chemicals. Activating AHR through exposure to environmental
chemicals has been documented for its adverse impacts on cardiovascular diseases, hypertension,
diabetes, obesity, kidney disease, and non-alcoholic fatty liver disease, as evidenced by both epidemi-
ological and animal studies. In this review, we compile current human evidence and findings from
animal models that support the connection between antenatal chemical exposures and CKM program-
ming, focusing particularly on AHR signaling. Additionally, we explore potential AHR modulators
aimed at preventing CKM syndrome. As the pioneering review to present evidence advocating for
the avoidance of toxic chemical exposure during pregnancy and deepening our understanding of
AHR signaling, this has the potential to mitigate the global burden of CKM syndrome in the future.

Keywords: cardiovascular disease; dioxins; metabolic syndrome; chemical; chronic kidney disease;
aryl hydrocarbon receptor; developmental origins of health and disease (DOHaD); prenatal exposure;
hypertension

1. Introduction

Numerous epidemiological and experimental findings have established that early life
exposure to adverse environmental conditions can significantly impact the likelihood of
developing adult-onset diseases [1,2]. This phenomenon, now recognized as developmental
programming or the developmental origins of health and disease (DOHaD), elucidates
the adaptations made by a developing fetus in response to cues during early life. These
adaptations result in morphological and functional adjustments that may prove detrimental
in later life stages, thereby increasing the susceptibility to adult diseases.

A myriad of early life factors can trigger developmental programming, including
maternal malnutrition, maternal illnesses, complications during pregnancy, substance
abuse, medication usage, or exposure to chemicals during pregnancy [1-6]. Environmental
chemicals possess the ability to traverse the placental barrier, and it is widely acknowledged
that the prenatal stage is particularly vulnerable to chemical disruptions and subsequent
health ramifications compared to later developmental stages [7]. Concurrent exposure to
multiple chemicals can exacerbate health consequences either through additive or synergis-
tic effects [8]. Notably, the scale of chemical production has expanded significantly over
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the last six decades [9], with nearly 8000 chemicals now being manufactured or imported
in substantial quantities.

Cardiovascular-kidney—-metabolic (CKM) syndrome has surfaced as a significant and
pressing global public health issue [10]. The impact of CKM syndrome is thought to affect
approximately 40% of the adult population in the United States [10]. In 2023, the American
Heart Association initially recognized CKM syndrome as a systemic ailment defined by
complex physiological interconnections among metabolic disorders, chronic kidney disease
(CKD), and cardiovascular health [11]. The likelihood of adverse consequences is height-
ened as a result of the interplay of these factors, leading to multiorgan dysfunction [11].
CKM syndrome is categorized into four discernible stages, ranging from stage 0 to stage
4, each representing a different degree of advancement and severity across the intricate
spectrum of this condition. Across the complex range of CKM syndrome, different pivotal
components emerge at various stages, contributing to the nuanced evolution and severity
observed. Of paramount importance to emphasize is that prioritizing early prevention,
rather than solely focusing on treatment, holds the potential to improve the global burdens
associated with CKM syndrome.

The DOHaD theory establishes a connection between early life programming and various
recognized facets of CKM syndrome, including cardiovascular disease (CVD) [6], metabolic
disease [12], hypertension [13], CKD [14], and obesity [15]. Several molecular mechanisms
linked to CKM programming have been discovered, such as an aberrant renin—angiotensin
system (RAS), epigenetic dysregulation, deficient nitric oxide (NO), disturbances in nutrient-
sensing signals, oxidative stress, and gut microbiota dysbiosis [16-21]. Conversely, by tar-
geting these pivotal mechanisms, there is a shift in focus from managing diseases during
adulthood to intervening in disease processes before they clinically manifest, known as
reprogramming, which holds promising potential as a preventive strategy.

The aryl hydrocarbon receptor (AHR) is a pivotal ligand-activated transcription factor
recognized for its capacity to sense environmental chemicals and regulate various physio-
logical processes, including fetal development [22-24]. Extensive research over the years
has elucidated how activation of AHR by environmental chemicals or microbial-derived
uremic toxins impacts the cardiovascular, renal, and metabolic systems, thus contributing
to the development of different facets of CKM syndrome [25-27].

Although the detrimental effects of AHR activation due to adult exposure to envi-
ronmental chemicals on cardiovascular-kidney—metabolic health are well-established, our
understanding of its involvement in the chemical-induced programming of CKM syn-
drome remains limited. Therefore, this review aims to delineate the impact of prenatal
chemical exposures on CKM programming by synthesizing the available epidemiological
and experimental evidence, with a particular emphasis on AHR signaling. Furthermore,
we discuss potential interventions targeting AHR for reprogramming purposes to mitigate
the onset of CKM syndrome.

A comprehensive search of scientific databases, including MEDLINE, SCOPUS, Em-
base, and the Cochrane Library, was conducted to elucidate the intricate relationship
between AHR, CKM syndrome, and developmental programming. This exploration en-
compassed various keywords and their permutations, including “cardiovascular disease”,

Zam

“chronic kidney disease”, “obesity”, “fatty liver”, “metabolic syndrome”, “diabetes”, “hy-

pertension”, “hyperlipidemia”, “pregnancy”, “gestation”, “lactation”, “progeny”, “off-
/s V/a

spring”, “mother”, “developmental programming”, “DOHaD”, “reprogramming”, “aryl

Y7? ”oou

hydrocarbon receptor”, “endocrine-disrupting chemicals”, “organophosphate flame re-
tardants”, “phthalates”, “microplastics”, “heavy metals”, “air pollution”, and “PM,5".
Additionally, supplementary investigations were selected and evaluated based on relevant

references identified in eligible papers. The final search was concluded on 20 March 2024.
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2. Aryl Hydrocarbon Receptor
2.1. The Structure of AHR

Belonging to the basic helix-loop-helix Per—ARNT-SIM (bHLH-PAS) family is the
AHR, with its structure comprising an N-terminal bHLH domain, a central PAS domain
(A and B), and a C-terminal transactivation domain [22] (Figure 1). The N-terminal bHLH
domain of AHR undergoes dimerization, resulting in the formation of a four-helical bundle.
This configuration serves as the DNA-binding domain and facilitates dimerization [28].
Governing DNA recognition, ligand binding, and chaperone interactions are the roles of
the PAS domain [29]. Additionally, this domain, in conjunction with the bHLH domain,
aids in mediating the heterodimerization of AHR with the aryl hydrocarbon receptor
nuclear translocator (ARNT) [30]. Diverse ligands are accommodated by the ligand-binding
domain (LBD) situated within the PAS B domain [31]. Within the C-terminal transactivation
domain (TAD), the Q-rich subdomain takes precedence in the transcriptional activation of
xenobiotic response elements (XRE) in the DNA [32]. Moreover, binding to coactivators
during transcription exhibits a broad spectrum of diversity and tissue-specific effects [33].

Chaperone interaction

Dimerization

DNA binding Ligand binding Coactivator binding

AN

Basic helix-loop-helix domain Per-ARNT-SIM domain Transactivation domain

Figure 1. Schema outlining the structure of the aryl hydrocarbon receptor.

2.2. AHR Ligands

Environmental pollutants, as well as dietary- and microbiota-derived metabolites,
are the major sources of AHR ligands. These ligands can be delineated as either exoge-
nous or endogenous. The former category includes dietary compounds like polyphenols,
environmental contaminants such as dioxins, pharmaceuticals like omeprazole, and a
variety of synthetic compounds like SP600125. Endogenous AHR ligands include com-
pounds synthesized within the human body (e.g., tryptamine) and those generated by the
gut microbiota (e.g., indoles). The activation of AHR by these distinct classes of ligands
precipitates context-dependent positive and negative consequences.

2.3. AHR Signaling

The activation of AHR and its subsequent downstream signaling transduction com-
prises both canonical and non-canonical pathways [34] (Figure 2). Within the canonical
pathway, AHR forms complexes with molecular chaperones, remaining inert in the cy-
tosol [35]. Included among these molecular chaperones are heat shock protein 90 (Hsp90),
AHR-interacting protein (AIP), also known as ARA9 and XAP2, and p23 [36]. Upon bind-
ing with a ligand, AHR undergoes a structural alteration, leading to the release of the
AHR/ligand complex from the chaperone proteins. Following this, AHR translocates to the
nucleus, where it forms a heterodimer with ARNT. Subsequently, this AHR/ARNT com-
plex binds to xenobiotic response elements (XREs) located within the regulatory regions of
target genes, thus modulating their expression. Noteworthy AHR target genes encompass
those encoding members of the cytochrome P450 superfamily enzymes (such as CYP1A1,
CYP1A2, and CYP1B1), as well as the AHR repressor (AHRR), which have a critical role
in detoxifying environmental chemicals and negatively regulating AHR-dependent gene
expression, respectively [37].
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AHR ligands
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Figure 2. Classical and non-classical AHR signaling pathways.

In the non-canonical signaling pathway, once AHR is activated, it interacts with
different transcription factors inside the nucleus, thereby facilitating its attachment to
non-XRE DNA elements, consequently regulating the expression of target genes [38]. For
instance, the interaction of AHR binding to transcription factors (e.g., NFkB) triggers
specific downstream gene expression [39]. In light of the fact that the promoters of most
AHR-regulated genes do not contain identifiable XREs [40], there is speculation that AHR
could potentially cooperate with a multitude of other nuclear factors to control gene
expression following exposure to diverse exogenous and endogenous ligands.

3. AHR and CKM Syndrome

AHR elicits varied physiological effects contingent upon its localization within dis-
tinct tissues. AhR is expressed ubiquitously, while its distribution changes significantly
with age [41]. During fetal development, AhR demonstrates distinct distribution in the
liver, kidneys, lungs, pancreas, thymus glands, testicles, and epithelial cells, with fairly
diminished levels observed in the heart, aorta, and brain. In adulthood, AHR exhibits
elevated expression in the placenta, lungs, spleen, pancreas, and liver, while displaying
comparatively reduced abundance in the brain, heart, and skeletal muscles [42]. For a
number of years, AHR was primarily investigated for its involvement in organ toxicity
induced by environmental chemicals, given that many of these chemicals contain ligands
for AHR. Increasing evidence suggests that AHR is involved in triggering pathogenesis in
various components of CKM syndrome [25-27].

3.1. Cardiovascular Disease and Hypertension

Despite its low expression in the fetal heart, the AHR signaling pathway is critical for
cardiac development. Genetic deficiency in AHR is associated with cardiac hypertrophy
and developmental vascular defects in the heart, kidney, and liver [43,44]. Additionally,
the process of cardiomyocyte differentiation is meticulously controlled by AHR signaling.
Activation, inhibition, or suppression of AHR can all potentially impact the differentiation
of cardiomyocytes derived from mouse embryonic stem cells [45].
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AHR s also involved in the regulation of the vascular microenvironment [46]. Ischemia-
induced angiogenesis was noticeably augmented in AHR knockout (KO) mice compared
with that in wild-type animals, which was associated with enhanced ARNT [47]. Another
study revealed that ischemic insult increases AHR expression and its transcriptional activ-
ity in neurons in vitro and in vivo, while ablation of AHR by pharmacological or genetic
loss-of-function approaches leads to neuroprotection [48]. In addition, acute kynurenine
administration, an AHR ligand, causes vascular dysfunction accompanied by oxidative
stress [49]. Moreover, exposure to environmental chemicals containing ligands of AHR
(e.g., dioxins, PAH, and benzo[a]pyrene) is reported to promote the development and
progression of atherosclerosis [25].

Although the exact mechanism has yet to be fully determined, AHR is involved in the
complex networks that control blood pressure (BP). AHR KO mice developed hypoten-
sion at low altitudes and hypertension at modest altitudes, which might be related to
elevated plasma endothelin-1 levels [50]. In the administration of captopril (an angiotensin-
converting enzyme (ACE) inhibitor) to heterozygous and homozygous AHR KO mice, it
was observed that the heterozygous group exhibited a significantly greater reduction in
blood pressure compared to the homozygous group [51], accompanied by higher plasma
renin and ACE activity in the heterozygote AHR KO mice. These findings suggest the
interplay between AHR and vasoconstrictors in the regulation of BP.

3.2. Kidney Disease

In CKD, the buildup of uremic toxins within the body poses significant risks to all
tissues and organs. Among these toxins, the AHR plays a pivotal role, acting as a receptor
for many uremic toxins [26]. Notably, tryptophan-derived uremic toxins such as indoxyl
sulfate and indole acetic acid are known AHR ligands, contributing to kidney inflammation
and the progression of CKD [26].

AHR signaling holds crucial importance in maintaining the delicate balance between
regulatory T (Treg) cells and T helper type 17 (Th17) cells in CKD. However, this pathway
can be dysregulated by environmental chemicals, leading to aberrant activation [52]. De-
pending on the specific ligand and cellular context, AHR activation can either exacerbate or
mitigate inflammation. Aberrant activation of AHR signaling may trigger inflammation by
promoting monocyte adhesion, increasing the expression of pro-inflammatory cytokines,
and reducing the bioavailability of nitric oxide (NO) [53,54]. Conversely, AHR can also
exert anti-inflammatory effects. Additionally, AHR interacts with other pathways such as
Nrf2, peroxisome proliferator-activated receptor-y (PPAR-y), and NF-kB, contributing to
the diverse responses of AHR during different stages of CKD progression [55].

Moreover, AHR competes with hypoxia-inducible factor 1-alpha (HIF-1«) in binding
to ARNT, influencing pro-inflammatory responses [56]. Furthermore, AHR antagonizes
transforming growth factor beta 1 (TGF-f1) signaling in fibrogenesis, suggesting the
potential of targeting AHR to attenuate CKD progression [57].

3.3. Diabetes, Obesity, and NAFLD

AHR KO mice displayed low plasma insulin, imbalanced glucose homeostasis, and
impaired glucose intolerance [58], indicating the significance of AHR expression in the
regulation of glucose balance.

The involvement of AHR/CYP1A1 activation is suggested in the development of
non-alcoholic fatty liver disease (NAFLD) and the consequent onset of diabetes [59]. AHR
activation leads to decreased levels of PPAR«, consequently impacting (3-oxidation. This
reduction is associated with diminished expression of PEPCK and G6Pase, both recognized
for their roles in controlling hyperglycemia and insulin resistance [27]. Additionally, given
the circadian variation in PPAR«, it modulates the levels of CLOCK and BMALI, thereby
impacting glucose tolerance and disturbing the regulation of specific metabolic genes [60].

AHR plays a role in regulating adipocyte differentiation by modulating the PPAR
signaling pathway, which is essential for regulating fatty acid oxidation and glucose
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metabolism [61]. Dioxins like TCDD bind to AHR, triggering inflammation in adipocytes
and consequently leading to impairment in insulin sensitivity. Additionally, the assembly
of AHR-ARNT complexes interferes with several signaling pathways. The activation of
AHR by TCDD additionally disrupts lipoprotein lipase activity in adipose tissue, thus
regulating adipocyte differentiation and interfering with the PPAR signaling pathway
crucial for fatty acid oxidation and glucose metabolism [62]. Furthermore, the upregulation
in TNF-« expression induced by TCDD exacerbates dysfunction in insulin signaling and
insulin resistance.

4. Epidemiological Evidence: The Link between Chemical Exposure and CKM Syndrome

Presented in Table 1 are the principal sources and documented detrimental impacts
associated with CKM syndrome in human research, attributable to various environmental
chemicals encountered during routine consumer activities. Numerous adverse effects
on cardiovascular-kidney—metabolic health are posed by a plethora of environmental
chemicals. Subsequent sections will delve into a discussion of each of these chemicals.

Table 1. Major sources of environmental chemicals and their associated CKM syndrome in human studies.

Environmental Common . Exposure-Associated CKM
. Substances Major Sources
Chemicals . Phenotypes
or Derivatives
Consumption of animal . .
R .. Cardiovascular disease [63],
products rich in fat, pesticide diabetes [64], metabolic
Dioxins TCDD, PCDEF, PCDD, PCB production, wood pulp ’ .
. syndrome [65], hypertension,
bleaching, and the process of . .
.. . and kidney disease [66,67]
waste incineration
Cardiovascular disease [68],
. Plastic containers, lenses, diabetes [69], obesity [69],
Bisphenol A BPA medical tubing, and apparatus NAFLD [70], hypertension,
and kidney disease [66,67]
Cardiovascular disease [71],
Vinyl plastics, cosmetics, diabetes [72], metabolic
Phthalates DEHP, DBP shampoos, medical devices, syndrome [73], NAFLD [74],
and food packaging hypertension [67], and kidney
disease [66,67]
Plastics, rubbers, textiles, Cardiovascular disease [75],
Organophosphate flame upholstered furniture, metabolic syndrome [76],
retardants DPHP, TPHP, TDCPP building materials, and kidney disease [77], and
electronic equipment hypertension [78]
Various foods, including
Microplastics MPs drinking water, seafood, milk, Cardiovascular disease [79]
sugar, and salt
Firefighting foams, non-stick
Per- and cookware, stain-resistant Obesity, diabetes,
polyfluoroalkyl PFOA, PFOS fabrics, water-repellent NAFLD [80], hypertension,
substances coatings, and food packaging and kidney disease [66,67]
materials
Polycyclic Vehicle exhaust, industrial Cardlovagcular disease [81],
. metabolic syndrome [82],
aromatic BaP processes, tobacco smoke, and .
. NAFLD [83], and kidney
hydrocarbon grilled food .
disease [66]
Factories and manufacturing Cardiovascular disease [84],
Air pollution PMyq, PMa 5 plants, transportation, diabetes [85], NAFLD [86],

agriculture, and waste
management

hypertension [67], and kidney
disease [67]
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Table 1. Cont.

Environmental Common Exposure-Associated CKM

Chemicals Subs.tanc.es Major Sources Phenotypes
or Derivatives

Manufacturing processes,
emissions from vehicles,
combustion of fossil fuels,
Heavy metals Pb, Cd, Hg improper disposal of
electronic waste and batteries,
and contaminating soil, water,
and air

Cardiovascular disease [87],
kidney disease [88],
obesity [89], diabetes [89],
and hypertension [89].

TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; PCDE, polychlorinated dibenzo-p-furan; PCDD, polychlorinated
dibenzo-p-dioxin; PCB, dioxin-like polychlorinated biphenyl; BPA, bisphenol A; DEHP, di-2-ethylhexylphthalate;
DBP, di-n-butyl phthalate; DPHP, diphenyl phosphate; TPHP, triphenyl phosphate; TDCPP, Tris-(1,3-
dichloroisopropyl)phosphate; MPs, microplastics; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic
acid; BaP, benzo(a)pyrene; PMyq (particulate matter < 10 mm in diameter), PM; 5 (particulate matter < 2.5 mm);
Pb, lead; Cd, cadmium; Hg, mercury.

4.1. Dioxins

Dioxin, the most extensively researched and toxic variant, is formally known as 2,3,7,8-
tetrachlorodibenzo-pdioxin (TCDD). “Dioxins” typically refers to a group of closely related
chemical compounds, including polychlorinated dibenzo-p-dioxins (PCDDs), dioxin-like
polychlorinated biphenyls (PCBs), and polychlorinated dibenzofurans (PCDFs), which
share similar chemical structures and properties. Dioxins are predominantly released from
anthropogenic activities such as pesticide manufacturing, wood pulp bleaching, and waste
incineration [90]. Accumulating in the food chain within the environment and persisting
for extended periods in the body’s fat tissue [91], dioxins can be encountered by pregnant
mothers through the consumption of diets high in animal fat or via occupational exposure.
Elevated exposure to dioxins has been linked to several facets of CKM syndrome, including
cardiovascular disease [63], diabetes [64], metabolic syndrome [65], kidney disease [66,67],
and hypertension [67].

4.2. Plastic Chemicals

The proliferation of plastic waste presents a significant environmental predicament,
with a substantial portion of plastic being non-recyclable. Consequently, it infiltrates
our surroundings, polluting oceans and disrupting ecosystems. Comprising a carbon
backbone and augmented with numerous additional chemicals to form polymers, plastics
harbor a plethora of toxic compounds including neurotoxicants, carcinogens, and endocrine
disruptors such as Bisphenol A (BPA), di-2-ethylhexyl phthalate (DEHP)—the most preva-
lent phthalate, and organophosphate flame retardants (OPFRs). Furthermore, as plastics
degrade, they fragment into microplastics (0.1-0.5 mm in diameter) and nanoplastics
(1-1000 nm in diameter), exacerbating their detrimental impact on human health.

BPA has a characteristic structure that mimics estrogens by binding to their recep-
tors [92], which causes it to be classified as an endocrine-disrupting chemical (EDC). Human
exposure to BPA occurs primarily via the hydrolysis of polycarbonate plastics utilized in
food and liquid containers, and medical devices. Several recent epidemiological studies
suggest that BPA exposure is connected to the risk of developing cardiovascular disease [68],
diabetes [69], obesity [69], NAFLD [70], hypertension, and kidney disease [66,67]. Impor-
tantly, evidence from mother—child cohort studies revealed that childhood obesity [93] and
hypertension [94] could be related to maternal exposure to BPA.

People are constantly exposed to phthalates via plastic containers, food packaging,
and medical devices. Similar to BPA, phthalates are recognized as EDCs and have been
linked to all facets of CKM syndrome [66,67,71-74]. Another notable plastic compound
is organophosphate flame retardant (OPFR), predominantly utilized as flame retardant
plasticizers in engineering plastics [95]. OPFRs have been detected in indoor environments
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and are extensively employed in consumer goods like plastics, rubbers, construction
materials, and electronic devices [95]. Emerging research has underscored the connections
between OPFR metabolites and various components associated with CKM syndrome in
humans, as outlined in Table 1 [75-78].

Microplastics (MPs) resulting from the environmental degradation of plastic waste
are pervasive across diverse ecosystems, although the precise health risks to humans
remain indeterminate [96]. Human exposure to MPs can range between 74,000 and 121,000
particles annually [96]. Accumulation of MPs has been observed in human blood, feces,
breast milk, and certain organs [97]. A recent investigation involving 304 patients with
carotid artery disease revealed that those with detectable MPs within atheroma were at
heightened risk for cardiovascular events compared to those without such detection [79].
Nonetheless, there remains a dearth of information regarding the potential associations
between MP exposure and other components of CKM syndrome.

4.3. Per- and Polyfluoroalkyl Substances (PFAS)

Per- and polyfluoroalkyl substances (PFAS) constitute a class of chemicals utilized in
the production of fluoropolymer coatings and products engineered to resist water, heat, oil,
and grease [98]. Epidemiological investigations have unveiled correlations between expo-
sure to certain PFAS and a spectrum of CKM manifestations, encompassing obesity [80],
diabetes [80], NAFLD [80], hypertension [67], and kidney disorders [99]. A longitudinal
study on birth cohorts unearthed a positive relationship between prenatal PFAS exposure
and subsequent obesity [100]. Additionally, maternal PFAS exposure has been associated
with specific DNA methylation alterations, with these PFAS-linked CpG sites mapping
to gene regions pertinent to cardiovascular health and renal function [101]. These reve-
lations prompt consideration of the potential linkage between PFAS exposure and other
components of CKM syndrome, warranting further elucidation.

4.4. Polycyclic Aromatic Hydrocarbon

With their intrinsic characteristics, polycyclic aromatic hydrocarbons (PAHs) persist
as pollutants, displaying a diverse array of biological toxicities [102]. PAHs emerge during
the refining of coal, crude oil, and natural gas [102]. Human studies have found a rela-
tionship between PAH exposure and cardiovascular disease [81], metabolic syndrome [82],
NAFLD [83], and kidney disease [67,103]. As PAHs can pass through the placental barrier,
studies have shown that exposure to PAHs during pregnancy can result in developmental
toxicity [104]. Benzo(a)pyrene (BaP), a major example of PAHs, has shown epigenetic
actions, such as inhibiting the activity of DNA methyltransferases and increasing histone
deacetylases (HDACs) [105]. Considering the crucial role of epigenetic regulation in de-
velopmental programming [106], the interplay between PAH exposure and epigenetic
regulation behind CKM programming deserves further evaluation.

4.5. Air Pollution

Air pollution, one of the greatest threats to global health, is also a risk factor for CKM
syndrome. Airborne pollutants, encompassing carbon monoxide (CO), ozone (O3), nitrogen
oxides (NOx), sulfur dioxide (5O,), volatile organic compounds (VOCs), and respirable
particulate matter, exhibit variances in their chemical compositions [107]. Particulate matter
is generally categorized by its mean aerodynamic diameter as PM10 (<10 um in diameter),
PM, 5 (<2.5 pm), or ultrafine particles (UFPs, <0.1 pum). PM; 5 and PMy are frequently
studied particulate matter indices, and both have been linked to various components of
CKM syndrome, including cardiovascular disease [84,108], diabetes [85], NAFLD [86],
kidney disease [67,109], and hypertension [108]. Highlighted in certain observational
studies within exposed populations is the correlation between maternal exposure to PM; 5
and negative outcomes in offspring, notably hypertension [110] and diabetes [111].
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4.6. Heavy Metals

Considered the most significant threat to human health among all forms of pollution
in drinking water and food are heavy metals, owing to their persistence in the environment
and their bioavailability [112]. Epidemiological data indicate that chronic exposure to heavy
metals, including cadmium (Cd), mercury (Hg), and lead (Pb), escalates the risks of cardio-
vascular disease [87], kidney disease [88], obesity [89], diabetes [89], and hypertension [89].
A meta-analysis comprising 13 studies demonstrates substantial links between Cd, Hg,
Pb, and arsenic exposure during pregnancy and heightened risks of specific congenital
heart diseases in offspring [113]. Additionally, a study revealed that elevated selenium
levels are associated with an increased risk of congenital anomalies of the kidney and
urinary tract (CAKUT) [114]. Reported in another investigation is an inverse relationship
between maternal blood lead levels and kidney function in children aged 8-12 years who
are overweight [115]. Furthermore, a study examining mother—infant pairs evaluates the
impact of antenatal heavy metal exposures on childhood BP [115]. Although Cd shows
no association with systolic BP overall, the inverse correlation between manganese and
systolic BP is more pronounced at higher Cd levels [116].

5. Evidence from Animal Models: The Role of AHR in CKM Programming

While epidemiological observations suggest a correlation between environmental
chemical exposures and CKM syndrome, there remains a scarcity of comprehensive infor-
mation regarding antenatal chemical exposure and the manifestation of CKM syndrome
in adulthood. It is important to note that these observational studies alone cannot defini-
tively establish a causal relationship between antenatal chemical exposure and adult CKM
syndrome. Moreover, these human studies fail to elucidate the molecular mechanisms
underlying the development of CKM syndrome or provide strategies for reprogramming.

To delve into the role of the AHR in antenatal chemical exposure-induced CKM pro-
gramming, animal models serve as invaluable tools. They facilitate the understanding of
mechanisms and aid in the development of preventive strategies. Table 2 outlines animal
studies that demonstrate the association between maternal chemical exposure and subsequent
CKM syndrome in offspring, with a particular focus on AHR signaling. This review exclu-
sively focuses on chemical exposures occurring during pregnancy and/or lactation, with an
emphasis on reporting offspring outcomes commencing from childhood onwards.

Table 2. Overview of animal models of antenatal chemical-induced programmed CKM syndrome
related to AHR signaling.

Age at
Chemical Exposure Dose and Period Species Evaluation CKM Phenotypes Refs.
(Weeks)
200 ng/kg orally on gestational days 14 .
TCbb and 21 and days 7 and 14 after birth SDrats/M 12 Hypertension [117]
200 ng/kg in four once-weekly oral doses .
TCDD fhroughout pregnancy and lactation SD rats/M 12 Hypertension [118,119]
200 ng/kg in four weekly oral doses .
Tcbb throughout pregnancy and lactation SDrats/M 16 Hypertension [120]
Cardiovascular
. C57BL/6N dysfunction and
TCDD 6.0 ug/g orally on gestational day 14.5 mice/M 12 Kidney [121]
malformation
10 or 100 mg/kg/day throughout OF1 mice/ . .
BPA gestational days 916 M and F 5 Kidney dysfunction [122]
BPA 50 ug/kg/day throughout gestation and SD rats,/F 7 Obesity [123]

lactation
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Table 2. Cont.

Age at
Chemical Exposure Dose and Period Species Evaluation CKM Phenotypes Refs.
(Weeks)
BPA 50 ug/kg/day throughout gestation and SD rats/F v NAFLD [124]
lactation
BPA 50 mg/kg/day throughout gestation and SD rats/M 16 Hypertension [125]
lactation
10 or 100 pug/kg/day throughout Insulin resistance
BPA gestational days 9-16 SD rats/F 16 and hyperlipidemia [126]
DEHP 0.25 or 6.25 mg/kg/day throughout Wistar rats/ 2 Kidney dysfunc.hon [127]
pregnancy Mand F and hypertension
pprp  10ms8/kg/day throughout pregnancy and gy o /np 12 Hypertension [128]
lactation
Abnormal
DEHP 02,2, or 20 mg/kg/day throughout 10p 0/ 12 adipogenesis and [129]
pregnancy and lactation .
glucose metabolism
850 mg/kg/day throughout gestational Kidney dysfunction
DBP days 14-18 SDrats/M 8 and renal fibrosis [130]
33, 66, or 132 mg/kg/day from gestational .
bBP day 7 throughout postnatal day 21 SDrats/F 12 Obesity [131]
50 ng/mL from gestational day 4 until SD rats/ .
PFOS delivery M and F 16 Hypertension [132]
600 or 1200 mg/kg/day throughout LEH rats/ .
BaP gestational days 14-17 MandF 8 Hypertension [133]
Cd chloride 2.0 or 2.5 mg/kg/day on . .
Cd gestational days 8, 10, 12, and 14 SDrats/M 7 Kidney injury [134]
cd Cd chloride 0.5 mg/kg/day throughout Wistar rats/ 8 Kidney dysfunction [135]
pregnancy Mand F
Obesity,
cd 500 ppb CdCl, in drinking water CD-1 mice/ 17 hyperlipidemia, [136]
throughout pregnancy to postnatal day 10 Mand F insulin resistance,
and steatosis in F
. C57BL/6N
PMy 5 PMy 5 exposure fo.r 16 weeks prior to mice/M and 12 Hypertension [137]
delivery F
C57BL/6N
PM; 5 exposure 300 pg/ m? for2h/ day . .
PM; 5 throughout mice /11:\/[ and 12 Cardiac hypertrophy [138]
Oropharyngeal drip of PM; 5 (1.0 mg/kg) .
PMy 5 on gestational days 8, 10, and 12 SD rats/M 14 Hypertension [139]
. C57BL/6N
Concentrated ambient PM; 5 exposure . .
PM; 5 throughout gestation and lactation mlce/li\/[ and = Obesity [140]
Diesel exhaust PM; 5 8.6 ug/day C57BL/6N Glucose intolerance
PMy 5 intratracheal instillation throughout mice/M and 22 and pancreatic islet [141]
pregnancy and lactation F dysfunction

TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; BPA, bisphenol A; DEHP, di-2-ethylhexylphthalate; DBP, di-n-
butyl phthalate; PFOS, perfluorooctane sulfonic acid; BaP, benzo(a)pyrene; Cd, cadmium; PM, 5 (particulate
matter < 2.5 mm); SD, Sprague-Dawley rat; LEH, Long-Evans Hooded; OF1, Oncins France 1; M, male; F, female.

Table 2 illustrates that rodents are the predominant animal species utilized, with large
animals not currently employed for studying similar exposures. The programming effects
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of environmental chemicals have been documented in rats aged between 7 and 21 weeks,
corresponding to human ages from childhood to young adulthood [142].

The earliest AHR agonists identified were typically constituents of environmental
chemicals including dioxins, BPA, phthalates, and PFOS, as well as polycyclic aromatic
hydrocarbons [143]. Various chemicals have been assessed, including TCDD [117-121],
BPA [122-126], DEHP [127-129], DBP [130,131], perfluorooctane sulfonic acid (PFOS) [132],
BaP [133], Cd [134-136], and PM; 5 [137,141]. Maternal exposure to the AHR ligand TCDD
induces hypertension in offspring, correlated with AHR/CYP1A1 induction and TH17-
mediated renal inflammation [118]. Additionally, cardiovascular dysfunction and kidney
malformations have been observed in rat offspring prenatally exposed to TCDD [121].

Similarly to TCDD, BPA acts as an AHR ligand [35]. Exposure during pregnancy and
lactation induces various components of CKM syndrome in rats, including kidney disease,
obesity, NAFLD, hypertension, insulin resistance, and hyperlipidemia [122-126]. In a
rat model of maternal BPA exposure, adult offspring developed hypertension alongside
increased protein levels of AHR and mRNA expression of AHRR, CYP1A1, and ARNT in
the offspring kidneys [125].

DEHP and DBP, two widely used phthalates acting as endocrine disruptors and AHR
ligands, exhibit detrimental effects on offspring when maternally exposed. These effects
include kidney dysfunction, hypertension, abnormal adipogenesis, and glucose metabolism
alterations [127-131]. Maternal exposure to DBP is also implicated in offspring exhibiting
kidney dysfunction, renal fibrosis, and obesity [130,131].

PFOS, another investigated environmental chemical, induces hypertension in both
male and female rat offspring at 16 weeks of age when the dams are exposed during gesta-
tion [132]. Despite being known to activate AHR, PFOS’s mechanism in this study remains
unclear [144]. BaP, a polycyclic aromatic hydrocarbon, contributes to cardiovascular disease
via AHR activation [145], and gestational exposure leads to offspring hypertension [133].

Maternal heavy metal exposure studies indicate Cd is the primary cause of adverse
cardiovascular-kidney-metabolic outcomes programmed by early life exposure [134-136].
Prenatal Cd exposure in rats leads to kidney disease features in some studies, and obesity,
hyperlipidemia, insulin resistance, and steatosis in a sex-specific manner [134-136].

Moreover, prenatal exposure to PMj 5 has been linked to hypertension, cardiac hyper-
trophy, obesity, glucose intolerance, and pancreatic islet dysfunction in rodents [137-141].
Notably, AHR is implicated in PM; 5's prooxidative and pro-inflammatory effects [146].

6. Reprogramming Strategies Targeting AHR Signaling

In CKM programming, the pivotal roles played by the AHR underscore its significance
as a potential therapeutic target. Indeed, the pharmacotherapy of numerous diseases
has explored the targeting of the AHR, as extensively reviewed elsewhere [25,147-149].
Functioning as a ligand-driven receptor, the AHR exhibits complex pharmacology wherein
its activation is contingent upon the type and concentration of ligands [147]. Ligands
for the AHR can be categorized into three distinct groups: full agonists, partial agonists,
and antagonists. Both agonists and antagonists bind to the receptor, yet only agonists
induce a response. Partial agonists, on the other hand, stimulate a sub-maximal response
despite occupying all the receptor sites; when paired with a full agonist, partial agonists
act as functional antagonists [150]. Moreover, the activity of the AHR can be modulated by
mechanisms independent of ligand binding [148].

Significantly, AHR facilitates developmental programming not only during gestation but
also in the early stages of postnatal ontogenesis. This is crucial as interventions targeting AHR
can be employed as reprogramming strategies during both pregnancy and the early postnatal
period. Presently, various compounds that interact with the AHR have been identified as
potential interventions for reprogramming to prevent CKM syndrome, including tryptophan
metabolites, resveratrol, and butyrate. Each of these will be discussed sequentially.
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6.1. Tryptophan Metabolites

Tryptophan undergoes conversion into a series of metabolites, many of which have
been identified as ligands for the AHR (e.g., indole and tryptamine) [143]. In the gut,
tryptophan metabolism traverses three principal pathways, encompassing the kynurenine
pathway, the indole pathway, and the serotonin pathway [151]. Within a maternal CKD-
induced hypertension model, the therapeutic efficacy of tryptophan in lowering BP is
associated with its modulation of the AHR signaling pathway [152].

So far, the focus of research on microbial-derived metabolites involved in AHR modula-
tion has primarily centered on tryptophan metabolites. While numerous microbial-derived
tryptophan metabolites have demonstrated the ability to bind to and regulate AHR activity,
only a few have been thoroughly investigated for their potential to reprogram AHR-related
inflammatory responses and mitigate CKM syndrome. Nonetheless, additional studies are
warranted to further elucidate their mechanisms and potential therapeutic applications.

Kynurenine, an AHR ligand, emerges through the degradation of tryptophan cat-
alyzed by the enzyme indoleamine 2,3-dioxygenase (IDO). In the context of CKD, elevated
kynurenine levels indicate activation of the IDO-kynurenine pathway [153]. IDO exhibits
the capacity to foster the differentiation of Treg cells while impeding the differentiation
of TH17 cells. TH17 cells, known for their production of interleukin 17 (IL-17), play a
role in inflammation and tissue damage. Given kynurenine’s potential to incite AHR-
mediated inflammation, inhibitors of IDO present themselves as promising targets for the
treatment of cardiovascular disease [154]. Considering the regulatory influence of AHR
on both Treg and TH17 cells [52], and the participation of several microbial tryptophan
catabolites as AHR ligands in the developmental programming of kidney disease and
hypertension [155], further investigation is warranted to comprehensively understand the
protective role of tryptophan metabolites and IDO inhibitors in modulating CKM syndrome
of developmental origin.

6.2. Resveratrol

Studied for their AHR modulatory potential, polyphenols have garnered attention
as compounds capable of reaching cells and potentially influencing AHR activity across
the gut and other organs [149]. Among these polyphenols, several have been identified as
AHR ligands, exhibiting either agonistic or antagonistic properties [143]. Despite numerous
published studies highlighting the anti-inflammatory effects of various polyphenol types
in the prevention and treatment of diverse diseases [156], investigations into the beneficial
actions of resveratrol specifically in AHR-related inflammation in various animal models
of CKM programming remain limited.

Resveratrol, a natural polyphenol abundant in grapes, is renowned for its antioxidant,
anti-inflammatory, and prebiotic properties, and its ability to modulate AHR [157]. Resvera-
trol has been characterized as an antagonist of the AHR, capable of inhibiting the activation
of members of the CYP1 family by impeding the recruitment of the transcription factors
AHR and ARNT to XREs within the enhancer regions of CYP1 family genes [158,159].

It has been proposed as a reprogramming strategy to forestall cardiovascular disease,
kidney disease, and metabolic syndrome [160,161]. Previous research has shown that
TCDD-induced hypertension correlates with AHR activation and TH17-induced renal
inflammation [118]. Conversely, supplementation with resveratrol during gestation and
lactation can counteract TCDD-induced AHR signaling activation and TH17 responses. Sim-
ilarly, perinatal resveratrol therapy restores maternal BPA exposure-induced increases in
AHR protein levels and mRNA expression of AHRR, CYPA1A1, and ARNT [125]. Further-
more, resveratrol has been documented to function as an antagonist of the AHR, showing
efficacy in mitigating offspring hypertension in alternative models of the developmental
origins of hypertension [120,162].

Despite its advantages, the challenge of translating basic scientific findings into clinical
practice is posed by the limited bioavailability of resveratrol [163]. To address this hurdle,
previous efforts have centered on esterifying resveratrol with butyrate, thereby producing
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resveratrol butyrate esters (RBEs) with the aim of enhancing efficacy [164]. An improvement
in hyperlipidemia and obesity in female progeny and hepatic steatosis in male offspring,
both induced by maternal exposure to BPA, have been demonstrated in studies through the
administration of low-dose RBEs (30 mg/L) [123,124]. In a maternal DEHP exposure model,
low-dose RBE treatment significantly shielded adult rat offspring against hypertension,
accompanied by a reduction in renal mRNA expression of CYP1A1 and ARNT [128].

6.3. Butyrate

Butyrate, a prevalent short-chain fatty acid (SCFA) derived from gut microbiota, exerts
its effects through various mechanisms, including acting as a histone deacetylase (HDAC)
inhibitor, signaling via SCFA receptors, or functioning as a postbiotic [165,166]. Reports
indicate that butyrate can activate the AHR and enhance the functions of AHR activated by
ligands [148]. While butyrate itself does not directly bind to AHR, it can induce the nuclear
translocation of AHR and activate AHR independently of its HDAC activity and SCFA
receptors [167]. Given that perinatal supplementation with butyrate has demonstrated
protective effects against offspring hypertension and metabolic dysfunction in various
developmental programming models [168-170], further investigation is warranted to
elucidate the potential role of the AHR signaling pathway in these protective actions.

6.4. Others

AHR is a pivotal player in orchestrating epigenetic regulations impacting transcriptome
alterations, chromatin architecture adjustments, and involvement in crucial signaling path-
ways [171]. Epigenetic mechanisms such as aberrant DNA methylation, histone modification,
and microRNAs can drive changes in gene expression, potentially leading to developmental
programming [172]. Chemical exposure-related developmental programming implicates
various molecular pathways including oxidative stress, dysregulated nutrient-sensing signals,
aberrant RAS, reduced nephron numbers, and dysbiotic gut microbiota, all intertwined with
epigenetic programming [172-177]. Given the interconnectedness of these mechanisms with
AHR signaling, there exists significant potential for cross-talk among them in the context of
CKM programming. Consequently, targeting AHR-related epigenetic modifications within
these pathways could offer promising avenues for intervention.

Despite the identification of numerous AHR ligands across diverse chemical structural
classes [143,147,148], only a subset of them has been scrutinized for their effects on devel-
opmental programming. Therefore, further investigation is warranted to comprehensively
understand the impact of AHR agonists/antagonists on key molecular pathways. This
deeper understanding is essential for developing AHR-targeted reprogramming therapies
aimed at mitigating CKM syndrome.

Furthermore, previous research has indicated that genetic variability in response to AHR
ligands may highlight specific genes that could be under the regulation of AHR [178,179].
Identifying these genes has the potential to enhance comprehension of the AHR's involve-
ment in developmental programming and could potentially pave the way for therapeutic
interventions targeting adverse AHR-mediated CKM phenotypes.

7. Conclusions and Perspectives

The reviewed literature collectively suggests the impact of early developmental expo-
sure to environmental chemicals on offspring’s cardiovascular-kidney-metabolic health,
culminating in CKM syndrome. The emerging concept from animal studies posits the
intimate involvement of the AHR signaling pathway in CKM programming, induced by
antenatal chemical exposure. Despite indications from animal models proposing that
early interventions targeting AHR modulation could avert CKM syndrome, there persists
a scarcity of human trials exploring their clinical translation. The relationship between
antenatal chemical exposure and CKM programming and reprogramming via AHR links is
depicted in Figure 3.
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Figure 3. The AHR connects antenatal chemical exposure to CKM programming and reprogramming.

The impact of chemical exposure across various developmental stages can exhibit
notable variations. Exposure during the initial phases of fetal development has the potential
to interfere with organogenesis, while exposure later in development could impact the
growth and functionality of organs that have already formed. By taking into account the
timing of exposure and the vulnerability of organs, distinct effects on CKM programming
can arise. Further exploration through animal studies is imperative to gain deeper insights
into how exposure to different chemicals at various developmental stages can contribute to
specific components of CKM syndrome later in life and to what extent. Another unresolved
aspect pertains to the predominant use of mother—child cohorts in epidemiological studies,
which pose challenges in extending observations into adulthood. There is a pressing need
for additional long-term follow-up studies to comprehensively elucidate the chronic effects
of antenatal chemical exposure mediated through AHR.

There exists an urgent imperative for multidisciplinary endeavors to undertake inves-
tigations discerning hazardous chemicals within the environment. Throughout pregnancy
and early childhood, it is crucial to prioritize avoiding exposure to harmful substances and
toxins in various settings such as the home, workplace, and recreational activities, as this
is essential for promoting cardiovascular-kidney-metabolic well-being. While numerous
environmental chemicals have been identified thus far, proactive efforts should persist in
uncovering additional potentially harmful chemicals.

The growing spectrum of individual compounds that bind to and influence AHR-
mediated responses and genes is continuously broadening [35,180,181]. This includes a
wide range of structurally diverse synthetic chemicals, microbial metabolites, phytochemi-
cals, and endogenous biochemicals. The potential exists within some of these compounds
to serve as selective modulators of AHR for reprogramming strategies [147]. However,
a significant caveat in the development of selective AHR modulators is the inability to
readily predict their response selectivity as agonists or antagonists. The double-edged
sword effects of AHR necessitate comprehensive testing to identify the optimal ligand for
specific clinical applications.

In conclusion, antenatal exposure to environmental chemicals serves as a significant
pathogenetic link in the developmental programming of CKM syndrome. With an enhanced
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comprehension of AHR'’s role in CKM programming, AHR modulators show promise in
maximizing benefits without exacerbating toxicity, thereby averting maternal chemical-
induced CKM syndrome.
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Abstract: Polybrominated diphenyl ethers (PBDEs), commonly used as synthetic flame retardants,
are present in a variety of consumer products, including electronics, polyurethane foams, textiles,
and building materials. Initial evidence from epidemiological and experimental studies suggests that
maternal PBDE exposure may be associated with a higher BMI in children, with disturbance of energy
metabolism and an increased risk of Type 2 diabetes. However, the causality between early exposure
to real-life PBDE concentrations and increased weight as well as mechanisms underlying impaired
metabolic pathways in the offspring remain elusive. Here, using a mouse model we examined the
effect of maternal exposure to 2,2’ 4,4'-tetrabrominated diphenyl ether (BDE-47), the most abundant
congener in human samples, on offspring weight gain and energy homeostasis using a mouse model.
Maternal exposure to BDE-47 at low dose resulted in weight gain in female offspring together with
an impaired glucose and insulin tolerance in both female and male mice. In vitro and in vivo data
suggest increased adipogenesis induced by BDE-47, possibly mediated by DNA hypermethylation.
Furthermore, mRNA data suggest that neuronal dysregulation of energy homeostasis, driven via a
disturbed leptin signaling may contribute to the observed weight gain as well as impaired insulin
and glucose tolerance.

Keywords: BDE-47; overweight; metabolism; leptin; pregnancy; sex-specific effect; epigenetics

1. Introduction

Childhood overweight and obesity has reached pandemic proportions in most de-
veloped countries and continues to increase worldwide. Recent reports suggest that
overweight and obesity affect up to a third of the child population in Europe and North
America [1,2]. In addition to genetic predisposition and high-caloric food intake, which
is often associated with predominantly sedentary behavior and physical inactivity, envi-
ronmental factors were found to contribute to and/or worsen the onset of overweight and
obesity [3-5]. It has been shown that environmental influences like chemical exposures
during critical time windows, such as fetal development, leads to disruptions in physio-
logical, endocrine, and metabolic signaling, resulting in long-lasting health effects [6,7].
Epigenetic changes such as altered DNA methylation have been described to play a critical
role as mediators between exposure and early developmental programming of disease [8,9].
Synthetic chemicals that disrupt the endocrine system are endocrine disrupting chemicals
(EDCs), some of which, known as obesogens, have already been shown to contribute
to developmental programming towards obesity following exposure in the perinatal pe-
riod [9,10]. EDCs can be found in a variety of everyday products, to which they have been
added, for example as plasticizers, preservatives, or stabilizers [11,12]. Exposure to EDCs is
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ubiquitous and inevitable. These chemicals can enter the body through food and water in-
take, skin absorption, or inhalation [4]. One group of chemicals with suspected obesogenic
effects are polybrominated diphenyl ethers (PBDEs), which are widely used as synthetic
flame retardants in consumer products, including electronics, polyurethane foams, textiles,
and building materials [13], and are absorbed through, for example, contaminated food
and drinking water [14].

There is initial evidence from epidemiological studies that maternal PBDE expo-
sure may be associated with a higher BMI in children [15], with disturbance of energy
metabolism and an increased risk of Type 2 diabetes [16]. Experimental studies in rat
models have also shown that exposure to PBDEs may be associated with weight gain
in offspring [17,18]. However, the mechanisms of early exposure to PBDEs leading to
increased weight and impaired energy metabolism in offspring remain elusive.

In the present study, we examined the effects of maternal exposure to 2,2,4,4’-tetrabro-
modiphenyl ether (BDE-47), the dominant congener in human samples, at a very low
concentration relevant to daily life, on weight gain and metabolic parameters in the off-
spring. Using an in vivo mouse model, we hereby demonstrate that maternal exposure
to BDE-47 resulted in weight gain in females and impaired glucose and insulin tolerance
in both female and male offspring. The weight gain induced by BDE-47 was associated
with increased adipogenesis mediated by DNA hypermethylation. Furthermore, our
data suggest that neuronal dysregulation of energy homeostasis, potentially via dis-
turbed leptin signaling, may contribute to the observed weight gain and altered insulin/
glucose tolerance.

2. Results
2.1. Maternal BDE-47 Exposure Resulted in Sex-Specific Weight Gain and Impaired Insulin and
Glucose Tolerance in the Offspring

Using a cross-generational mouse model (Supplementary Figure S1), female offspring
from dams exposed to BDE-47 showed a significantly higher weight than control animals
over the entire observation period (Figure 1A, left column). The increased body weight
became noticeable shortly after birth and was associated with higher fat and lower lean
mass, as measured by whole-body composition analysis using nuclear magnetic resonance
technology (Figure 1B). In contrast, the weight of the male offspring of BDE-47-exposed
dams was not significantly affected by maternal exposure to BDE-47 and no difference
in lean muscle and fat mass was observed (Figure 1A,B, right column). However, both
female and male offspring of dams exposed to BDE-47 developed an impaired insulin and
glucose tolerance; showing significant differences in ITT and GTT compared to control
mice (Figure 1C,D). Since the generationally mediated weight-increasing effect of BDE-47
was mainly observed in the female offspring, gene expression analyses were performed in
adipose tissue of female mice at the end of the observation period of 12-weeks. The results
revealed an increased mRNA expression of peroxisome proliferator-activated receptor
gamma (ppar-y), a transcription factor important for lipid uptake and adipo-genesis,
caveolin-1 (cav-1), and perilipin-1 (plin-1), both of which regulate the metabolism of lipid
droplets and glucose transporter 4 (glut4, slc2a4) in the offspring of BDE-47-exposed dams
(Figure 2A). In addition, transcript of sterol regulatory element-binding transcription factor
1 (scrbfl), which plays a key role in lipogenesis, is augmented in adipose tissue and liver.
In the liver, expression of insulin receptor 1 (insr-1) and glucose transporter 2 (slc2a2)
was also increased compared to the offspring of control mice (Figure 2B). While serum
leptin levels were significantly increased in the female offspring of BDE-47-exposed dams
when compared to the controls, adiponectin, resistin, and ghrelin concentrations were not
affected (Figure 2C). Quite remarkable is that a direct exposure of adult female mice to
low-dose BDE-47 had no effects on weight, insulin, and glucose tolerance, or serum leptin
levels (Figure 3A—C). These data demonstrate the importance of the developmental period
as a particularly vulnerable time for chemical exposure, which affects disease development
later in life.
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Figure 1. Maternal exposure to BDE-47 and weight development and glycose metabolism in the
offspring. (A) Bodyweight development and (B) body composition are shown for female (left) and
male offspring (right) from BDE-47-exposed dams, (C) insulin tolerance test (ITT), and (D) glucose
tolerance test (GTT) were performed in 9-week- and 10-week-old offspring, respectively. Data are
expressed as mean £ SEM, n > 12. Significant differences were derived by two-way ANOVA (A) or
Mann-Whitney test (B-D) with * p < 0.05.
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Figure 3. Effect of BDE-47 exposure to adult mice on weight development, glycose metabolism and
leptin serum levels. (A) Bodyweight development, (B) ITT, (C) GTT and (D) leptin serum levels are
shown from adult female mice exposed to BDE-47. Data are expressed as mean & SEM, n > 10.

2.2. Impact of BDE-47 Exposure on Murine and Human Adipocyte Development In Vitro

To better understand the mechanistic pathways underlying the observed obesogenic
effects, we next evaluated the potential effect of BDE-47 on adipocyte differentiation. For
this, we employed 3T3-L1 mouse preadipocytes and treated them with different BDE-47
concentrations from 10 pM to 1 uM during culture. Interestingly, both the very low and
the higher BDE concentrations showed an increased amount of triglyceride storage, while
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the medium concentrations had no effect (Figure 4A,B). These results indicate a U-shaped
influence of BDE-47 on adipogenesis.
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Figure 4. Effect of BDE-47 exposure on adipocyte differentiation. (A) Representative Oil Red
O-stained pictures after differentiation of 3T3L1 mouse preadipocytes in the presence of BDE-47
(scale bar: 100 um). (B) Triglyceride storage of mouse adipocytes assessed via Oil Red O staining.
(C) Representative Oil Red O-stained pictures after differentiation from human MSCs in the presence
of BDE-47 (D) Representative Oil Red O-stained pictures after adipocyte differentiation from MSC in
the presence of BDE-47 (scale bar: 100 pm). (E) Triglyceride storage of human adipocytes assessed via
Oil Red O staining. Data are expressed as mean + SEM ofn = 3 experiments. Significant differences
were derived by ANOVA with * p < 0.05.

To evaluate a possible involvement of epigenetic modifications in mediating the
adipogenic effect of BDE-47 a global DNA methylation assay based on detection and quan-
titation of 5-methylcytosine (5-mC) was used in the 3T3L1 cells. Here, BDE-47 treatment at
a very low concentration (10 pM) induced an increased DNA methylation (Figure 4C).

In order to translate the murine results of BDE-47 in adipocyte differentiation to the
situation in humans, an established differentiation assay for human mesenchymal stem
cells (MSC) was applied [9]. Similar to the results observed for the murine cells, BDE-47
treatment already at low concentration of 10 pM increased adipocyte differentiation of
human MSC, assessed by the amount of triglyceride storage (Figure 4D). These results
underline the potential obesogenic causality of BDE-47 driven effects.
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2.3. Maternal BDE-47 Exposure Induced a Disturbed Regulation of Energy Homeostasis in
Female Offspring

To additionally investigate whether BDE-47 exposure during the prenatal and lac-
tational period also affects the central regulation of satiety and hunger in the offspring
immediately after weaning, an analysis of the genes involved in this regulation in the
hypothalamus was carried out. Data show that melanocortin type 3 and 4 receptor
(mc3r, mcdr) expression was significantly downregulated in 4-week old offspring from
BDE-47-exposed dams, as was forkhead transcription factor-1 (foxol) and neuropeptide
Y (npy, Figure 5A). Other genes, such as agouti-related neuropeptide gene (agrp), pro-
opiomelanocortin (pomc), insulin receptor substrate 2 (irs2), and the leptin receptor (lepr)
also seemed to have a reduced expression, but this was not significant. Investigating the
feeding behaviour directly after weaning revealed a higher food intake in the offspring
from BDE-47-exposed dams compared to control mice from unexposed dams (Figure 5B). It
should be noted that gene expression in fat and liver remained unaffected in the offspring
of BDE-47-exposed dams directly after weaning (Supplementary Figure S3A,B). These
results suggest that early weight gain is due to impaired central satiety regulation, followed
by increased adipogenesis manifesting at a later stage.
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Figure 5. Maternal BDE-47 exposure and expression of key genes in hypothalamus and food intake of
4-week-old female offspring. (A) The mRNA expression levels of selected target genes investigated
in hypothalamus of 4-week-old female offspring. (B) Food intake of 4-6-week-old female offspring
from BDE-47-exposed dams compared to control mice. Data are expressed as mean + SEM, n > 5.
Significant differences were derived by Mann-Whitney test with * p < 0.05.

2.4. Offspring Weight Gain Caused by Maternal BDE-47 Exposure Is Associated with
DNA Hypermethylation

The results obtained with BDE-47 in the in vitro differentiation of adipocytes suggest
the involvement of DNA hypermethylation. To assess whether this also applies in vivo
with regard to maternal BDE-47 exposure and the development of overweight in the off-
spring, one-week-old pups from BDE-47-exposed dams were treated with the DNA methyl-
transferase inhibitor 5-aza-2'-deoxycytidine (Aza) for two weeks until weaning [9,19].
Treatment of the offspring with Aza reduced the body weight and increased the lean mass
(Figure 6A,B). Although Aza treatment had an increasing effect on fat mass in control
animals, Aza also reduced fat mass in the offspring of BDE-47-exposed dams, but not signif-
icantly (Figure 6B). Leptin levels after Aza treatment were diminished but without reaching
significance (Figure 6C). Furthermore, it is very interesting that Aza treatment had no effect
on the altered insulin and glucose tolerance in the offspring of dams exposed to BDE-47
(Figure 6D). These results suggest an important role of the DNA hypermethylation in the
observed BDE-47-induced weight gain, but not in the altered insulin and glucose tolerance.

3. Discussion

This study applied a cross-generational mouse model as well as murine und human
in vitro adipocyte differentiation assays to investigate the effects of maternal exposure to
the flame-retardant BDE-47 on offspring weight development. In vivo, maternal exposure
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of mice to BDE-47 resulted in weight gain in the female offspring together with an altered
glucose and insulin tolerance. Impaired glucose and insulin tolerance was also observed
in males; however, this was not accompanied by weight gain. Furthermore, it is difficult
to assess the extent to which delayed glucose metabolism has a physiological relevance.
The observed weight gain appears to be due to increased adipogenesis induced by BDE-47,
additionally driven via an impaired satiety regulation in the hypothalamus of the offspring.
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Figure 6. Offspring weight gain caused by maternal BDE-47 exposure is reversed by treatment with
a DNA methyltransferase inhibitor. After treatment of F1 mice with the DNA methyltransferase
inhibitor Aza, weight development (A), body composition (B), leptin serum levels (C), and ITT and
GTT (D) were evaluated. Data are expressed as mean £ SEM, n > 7. (Significant differences were
derived by two-way ANOVA or Mann-Whitney test with * p < 0.05, BDE-47 or CON + Aza vs. CON,
#p <0.05, BDE-47 vs. BDE-47 + Aza.

Since there is evidence from some epidemiological studies that maternal PBDE expo-
sure may be associated with higher BMI in children [15] and may also lead to impaired
energy metabolism and an increased risk of type 2 diabetes [16], it is particularly important
to verify and deepen these results using in vivo disease models to proof a causal relation-
ship between exposure and disease. To do so, the use of relevant exposure concentrations
in the experimental model is a crucial point. The dose of BDE-47, the most abundant
PBDE in both the environment and human bodies [20], was determined from an acceptable
daily human intake of 0.02 pg kg~! body weight based on no observed adverse effect
levels (NOAELSs) (0.002 mg kg~! body weight/day) reported in intrauterine exposure
studies [17,21]. In previous work, where we examined the health effects of other EDCs,
such as phthalates or parabens, we found that exposure to ADI concentrations in mice
resulted in comparable serum concentrations to those measured in highly exposed mothers
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included in our prospective mother—child cohort study LINA [9,19]. Notably, the used
BDE-47 dose had no direct impact on weight or other metabolic parameters in adult female
mice, confirming that only exposure during the critical period of pregnancy and lactation
resulted in weight gain in offspring. This highlights the importance of developmental expo-
sures in disease risk later in life. Interestingly, the effect on weight was sex-specific, as it was
only observed in females. This is in contrast to another experimental study investigating
the effect of perigestational BDE-47 exposure in Sprague-Dawley rats. Here, the authors
describe a weight gain in male but not in female offspring [18]. However, the BDE-47
concentration in that approach was many times higher than the one used in the present
study. Different concentrations of hormonally active chemicals can probably not only lead
to different sex-specific effects but can also be mediated via other mechanisms. This is
particularly interesting because effects of EDCs often follow non-monotonic dose-response,
such as a U-shaped curve [22,23]. We also obtained such a u-shaped curve in our in vitro
experiments in which broad ranges of different concentrations were used during murine
adipocyte differentiation. Both very low concentrations (10 pM) and higher concentrations
(1 uM) showed an impact on triglyceride storage, while at the intermediate concentra-
tions there was no effect. While BDE-47 has previously been shown to promote adipocyte
differentiation at higher concentrations [24,25], an effect of ultra-low concentrations, as
presented in the current project, has not been documented before. Furthermore, we were
even able to confirm an adipogenic effect of low-dose BDE-47 in both mice and humans,
which suggests that our results could indeed be of general (patho)physiological relevance.
Another interesting finding is that altered DNA methylation was only observed at the low
BDE-47 concentration, although higher concentrations had a similar effect on triglyceride
storage. This could suggest different underlying mechanisms of the concentration ranges
applied. An epigenetic regulation of adipogenesis has already been described in previous
work [26], as has modulation of DNA methylation by BDE-47 [27].

The increased triglyceride storage induced by BDE-47, as we observed during adipocyte
differentiation, is consistent with the increased expression of transcripts in adipose tis-
sue of the female offspring of BDE-47-exposed dams involved in adipogenesis and lipid
metabolism (Ppary, Cav-1, Plin-1, Scrbfl). In addition, there is enhanced expression of
glucose transporters in adipose tissue (Slc2a4) and liver (Slc2a2), which may be a (so far
unsuccessful) compensating response to the elevated blood glucose levels: glucose levels
in the offspring of BDE-47-exposed dams are elevated in both ITT and GTT compared
to control animals, with no detected differences in basal glucose levels. These findings
indicate an impaired insulin sensitivity that may point to an early development of type 2
diabetes. In fact, there are initial indications from epidemiological studies that exposure
to BDE-47 [28] or other PBDEs [16] may be associated with increased diabetes prevalence.
In contrast to the weight increase in the female offspring of BDE-47-exposed dams, the
impaired insulin sensitivity in GTT and ITT affects both sexes. Why this imbalance in
the glucose/insulin metabolism is not associated with weight gain in the male offspring
requires further research but suggests different initial molecular events of BDE-47, in terms
of weight and metabolism, and reinforces the need to include both biological sexes in
risk assessment of chemicals. As expected, serum leptin levels are only increased in the
weight-/fat-accumulating female offspring. However, the expected satiety signal of leptin
via the following signal transduction in the hypothalamus obviously was not sufficient due
to the higher food intake already shown of the young female offspring. Potentially a leptin
resistance could contribute to the impaired weight gain and insulin sensitivity, as such an
association has been previously considered [29]. This hypothesis was supported by our
mRNA expression analyses of the hypothalamus of 4-week-old female offspring of mothers
exposed to BDE-47. Here we found significantly reduced expression of Mc3r and Mc4r
compared to control mice. Both receptors are indeed linked with leptin resistance [30]. In
general, the leptin-associated central regulation of satiety and hunger appears to be affected
by BDE-47 with a downregulation of orexigenic genes such as Foxol or Npy. Foxol was
shown to be involved in the hypothalamic control of energy homeostasis, as its ablation in
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hypothalamic Pomc neurons reduced food intake and body weight. Furthermore, Foxol
was shown to interfere with both adipogenesis and glucose/insulin metabolism [31]. How-
ever, although Foxol was downregulated, exposure to BDE-47 was rather associated with
an increased weight and fat mass, together with an early increased food intake, underlining
the disturbance of the central regulation in this context. It should be noted that all RNA
expression data shown in the current study still needs to be verified at the protein level.
However, due to the limited organic material available per animal (particularly for the
hypothalamus) we chose gene expression analyses for broader hypothesis generation rather
than confirmatory protein levels when conceptualizing the experimental setup and the
analytical protocol. Therefore, our interpretation remains hypothesis-driven and partly
speculative. We must also acknowledge the small sample size as a limitation for the hy-
pothalamic data as well as the lack of analysis of specific regions of the hypothalamus.
Further experiments and analysis are required to better evaluate the hypothesis proposed
in the present study. Nevertheless, the reduced expression of genes in the hypothalamus in
our study is consistent with gene expression data from female offspring of dams exposed to
a PBDE mixture that also contained BDE-47 [32]. In line, the authors saw a downregulation
of genes such as Agrp, NPY, or Mc4r. However, they did not observe any weight gain in
this study [32]. This could be due to an interaction of the different PBDEs in the mixture.

Early life exposure and the above-mentioned gene expression changes might be me-
diated via epigenetic modifications [9]. Although several studies have rather shown a
BDE-47-induced hypomethylation [25,27], results from our in vitro differentiation of mouse
adipocytes as well as results from other studies [33,34], suggest the involvement of an
increased DNA methylation in mediating the BDE-47-induced effects. Interestingly, hyper-
methylation was only observed at very low BDE-47 concentrations, suggesting different
mechanisms that led to increased adipocyte differentiation at low or at higher concentra-
tions. In the present analyses, treating pups with the DNA methyltransferase inhibitor
Aza reduced the BDE-47-induced weight gain and leptin serum levels and increased the
lean mass. However, it is noteworthy that Aza-induced hypomethylation alone resulted
in increased weight and fat mass in unexposed control animals. This could be because
hypomethylation can lead to increased expression of genes involved in adipogenesis, such
as PPARg [25]. Based on that observation, it is even more surprising that Aza can still
reverse the BDE-47-driven effect on weight development, probably by increasing the ex-
pression of anti-adipogenic genes, which still have to be identified. It is also interesting that
Aza has no effect on impaired insulin sensitivity in the offspring of BDE-47-exposed dams.
As indicated above, there seem to be different underlying mechanisms/molecular initial
events of BDE-47 in terms of weight and metabolism. Anyhow, further investigations are
needed to clarify the epigenetic alterations more specifically. We also cannot exclude that
additional epigenetic regulations, like histone modifications, as shown, e.g., for Mc4r [35]
or other pathways, might be involved in mediating the BDE-47-induced changes in weight
development and energy homeostasis.

In summary, our study results show that maternal exposure to very low concentrations
of BDE-47 results in overweight development in the female offspring. The effect is mediated
by an enhanced adipogenesis and might be promoted by a disturbed neuronal regulation
of food intake. Perinatal BDE-47 exposure also led to an impaired insulin sensitivity in
both sexes that might be associated with an observed disturbed leptin signaling. Our
results draw attention to the great importance of exposure to EDCs, even at very low
concentrations, during pregnancy and breastfeeding, for disease susceptibility in later life.

4. Materials and Methods
4.1. Mice

Balb/cBy] mice (6-8 weeks of age) were purchased from the Elevage Janvier Labora-
tory (Le Genest St Isle, France) with a 7-day adaption period before the start of experiments.
Animals were maintained in groups of 3-6 mice per cage in the animal facility at the
University of Leipzig (Germany) under conventional conditions with 21.5-23 °C room
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temperature, an average of 55% humidity, and a 12-h day/night rhythm. Exposed and
control dams as well as the offspring of exposed and control mice were housed separately.
All mice were kept in multiple sealed cages with HEPA filters by Sealsafe® and bedded
with LIGNOCEL® bedding material. Dams and pups received a phytoestrogen-free diet
(C1077 from Altromin, Lage, Germany) and water ad libitum. All animal experiments were
performed at least 2 times with at least 3 dams per group with a maximum of 4 pups per
sex per dam. All animal experiments were conducted in accordance with institutional and
state guidelines. Animal protocols used in this study were approved by the Committee on
Animal Welfare of Saxony/Leipzig (Permit Number: TVV01/15, 14/18).

4.2. Low-Dose Exposure to BDE-47

To evaluate the impact of an exposure during the prenatal and lactational period on
weight development in the offspring we exposed female Balb/c mice to BDE-47 (0.02 ng/kg
body weight/day) orally administered by gavage in 200 pL corn oil twice per week. The
intervention lasted from one week before mating with BALB/c males until weaning of the
pups at 4 weeks. Female mice received a BDE-47 concentration estimated from a calculated
human acceptable intake based on earlier intrauterine exposure studies [21]. Control
dams received the vehicle by gavage. To investigate a possible involvement of epigenetic
alterations, offspring were treated i.p. with Aza (160 ng/kg body weight, Sigma-Aldrich,
Munich, Germany) dissolved in PBS 3 times per week starting 1 week after birth until
weaning [9,19]. Food intake was monitored after weaning until week 6.

4.3. Weight Assessment, Insulin and Glucose Tolerance Test and Metabolic Serum Proteins

Body weight of the pups was measured twice a week, and a mean weight per week
was calculated for each mouse. At the end of the observation period (12 weeks), whole-body
composition (fat mass and lean mass) was determined in awake mice based on nuclear
magnetic resonance technology using an EchoMRI700™ instrument (Echo Medical Systems,
Houston, TX, USA) in the offspring of control and BDE-47 exposed dams. An insulin
tolerance test (ITT) was performed in the offspring 9 weeks after birth. Insulin (0.75 U/kg
body weight) was injected intraperitoneally (i.p.). For glucose measurements blood from
the tail vein was taken at four time points at 0, 15, 30 and 60 min after insulin injection. For
the glucose tolerance test (GTT), glucose (2 g/kg body weight) was injected i.p. into fasting
mice (10 weeks after birth), and the glucose measurement was performed equally to ITT.
Adiponectin, leptin, resistin, and acetylated ghrelin serum concentrations were determined
by ELISA using mouse standards according to the manufacturer’s guidelines (mouse
adiponectin, leptin, resistin ELISA; R&D Systems, Minneapolis, MN, USA), (mouse/rat
acylated ghrelin ELISA; BioVendor, Karasek, Czech Republic).

4.4. In Vitro Adipocyte Differentiation

For adipocyte differentiation, 3T3L1 mouse preadipocytes were used according to Ruiz-
Ojeda et al. [35]. In brief, for differentiation, 3T3-L1 cells were passaged onto 12-well plates at
a concentration of 6000 cells/cm2 and were allowed to confluent for 48 h in basal media (BM;
90% DMEM, 10% FBS, 1% Ala/GlIn, 0.1% Pen/Strep). After another 48 h in BM, cells were
placed into differentiation medium (BM + 1 uM dexamethasone, 0.5 mM IBMX, 1 ug/mL
Insulin) along with 50 uL of exposure solution (BDE-47: 10~!1-10~® M in maximal 0.05%
ethanol or respective solvent control) for another 48 h. Finally, they were placed in maintenance
medium (BM + 1 ug/mL Insulin) with the same 50 pL of exposure solution. The medium
was changed every 2-3 days for another 8 days until they were harvested and processed for
further analyses. For Oil Red O staining, cells were stained with Oil Red O for triglyceride
depots and quantified via absorbance measurement at 510 nm.

Human adipose-derived mesenchymal stem cells derived from a female donor (MSC;
ATCC®, PCS-500-011; #59753760) and appropriate culture media were purchased from
LGC Standards (Wesel, Germany). Cells were cultured under standardized conditions
at 37 °C, 5% CO,, and 95% humidity according to the manufacturer’s instructions, as
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described previously [10]. In brief, for adipocyte differentiation, MSC passages 3-5 were
seeded at 9.000 cells/cm? in a 96-well plate and grown to 70% confluence. For initiation
of differentiation, cells were fed with adipocyte differentiation initiation medium (ADIM;
ATCC Adipocyte Differentiation Toolkit PCS-500-050). ADIM was changed to adipocyte
maintenance medium (ADMM; ATCC® Adipocyte Differentiation Toolkit PCS-500-050)
after 4 days and changed regularly. Cells were treated with BDE-47 at different concentra-
tions during the entire differentiation period. After a total of 16 days, cells were stained
with Oil Red O for triglyceride depots.

4.5. RNA Extraction, cDNA Synthesis, and gPCR

Dissection of the hypothalamus was conducted from the ventral side of the brain.
The optic chiasm was removed away from the anterior portion of the hypothalamus.
The mammillary nuclei were dissected from the posterior of the hypothalamus. The
entire hypothalamus was prepared, including the arcuate, ventromedial, dorsomedial,
and paraventricular nuclei. Total RNA was extracted from adipocytes of humans, 3T3-
L1 cells, visceral adipose tissue, liver, and hypothalamus of mice by using QIAzol Lysis
Reagent (QIAGEN, Hilden, Germany) and RNAeasy Plus Mini Kit (QIAGEN) following
the manufacture’s instructions; 200 ng were used for cDNA synthesis by RevertAid™
H Minus Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Primers
(Supplementary Table S1) were designed using the web-based Primer3Plus package (www.
primer3plus.com assessed on 3 April 2024). The semi-quantitative PCR was performed on
the Biomark HD system (Standard BioTools, San Francisco, CA, USA) using EvaGreen DNA
binding dye with BioMark™ 48.48 Dynamic Array Integrated Fluidic Circuits according
to the manufacture’s recommendations. Gene expression was determined via the 284¢T
method [36,37]. Data were normalized to geometric mean of the four reference genes ATP
synthase subunit b (atp5f1), eukaryotic elongation factor 2 (eef2), retention in endoplasmic
reticulum sorting receptor 1 (rer1), and ribosomal protein 113a (rpl13a). Stability of reference
genes was checked with the geNorm algorithm implemented in the open-source gbase+
data analysis software (www.gbaseplus.com assessed on 6 May 2024).

4.6. Statistical Analysis

Experimental data sets from in vivo mouse studies and in vitro experiments were
processed and analyzed in GraphPad PRISM 7.02 for Windows (GraphPad Software, Inc.,
Boston, MA, USA). Data were expressed as mean £ SEM or min to max, and p values of
less than 0.05 were considered significant by Wilcoxon-Mann-Whitney test or ANOVA.
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Abstract: ETV6::RUNX1-positive pediatric acute lymphoblastic leukemia frequently has
a prenatal origin and follows a two-hit model: a first somatic alteration leads to the
formation of the oncogenic fusion gene ETV6::RUNX1 and the generation of a preleukemic
clone in utero. Secondary hits after birth are necessary to convert the preleukemic clone
into clinically overt leukemia. However, prenatal factors triggering the first hit have
not yet been determined. Here, we explore the influence of maternal factors during
pregnancy on the prevalence of the ETV6::RUNX1 fusion. To this end, we employed
a nested interventional cohort study (IMPACT-BCN trial), including 1221 pregnancies
(randomized into usual care, a Mediterranean diet, or mindfulness-based stress reduction)
and determined the prevalence of the fusion gene in the DNA of cord blood samples at
delivery (n = 741) using the state-of-the-art GIPFEL (genomic inverse PCR for exploration
of ligated breakpoints) technique. A total of 6.5% (n = 48 of 741) of healthy newborns
tested positive for ETV6::RUNX1. Our multiple regression analyses showed a trend toward
lower ETV6::RUNX1 prevalence in offspring of the high-adherence intervention groups.
Strikingly, corticosteroid use for lung maturation during pregnancy was significantly
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associated with ETV6::RUNX1 (adjusted OR 3.9, 95% CI 1.6-9.8) in 39 neonates, particularly
if applied before 26 weeks of gestation (OR 7.7, 95% CI 1.08-50) or if betamethasone (OR
4.0,95% CI 1.4-11.3) was used. Prenatal exposure to corticosteroids within a critical time
window may therefore increase the risk of developing ETV6::RUNX1+ preleukemic clones
and potentially leukemia after birth. Taken together, this study indicates that ETV6::RUNX1
preleukemia prevalence may be modulated and potentially prevented.

Keywords: ETV6::RUNX1; childhood leukemia; cord blood; prenatal; corticosteroids

1. Introduction

Childhood B-cell acute lymphoblastic leukemia (B-ALL) is the most frequent pedi-
atric cancer and one of the leading causes of childhood mortality in developed countries,
with increasing incidence in the past years [1-3]. Although advances in molecular risk-
stratification, diagnosis, and targeted treatments have significantly improved survival rates,
B-ALL remains a health priority that fits the standards for primary prevention [4-6].

The most prevalent subtypes of B-ALL frequently have a prenatal origin, following a
two-hit model: (1) Somatic acquisition of oncogenic fusion genes (such as ETV6::RUNX1
or TCF3::PBX1) or aberrant chromosome numbers (e.g., high hyperdiploidy) occurs in
hematopoietic stem or progenitor cells as a first genetic alteration arising during prenatal
life. (2) Secondary oncogenic hits after birth convert the preleukemic clone into clini-
cally overt leukemia [7-9]. Retrospective analyses of Guthrie cards from children who
subsequently developed leukemia demonstrated the presence of such first-hit molecu-
lar lesions at birth [10,11]. Such molecular lesions have subsequently been detected in
healthy newborns [12-14].

The reported prevalence of the ETV6::RUNX1 fusion was about 100 x higher than the
actual leukemia incidence, indicating that the fusion gene is only mildly oncogeneic.

In twins with concordant ETV6::RUNXI-positive leukemia, ALL develops at different
times, and postnatal latency can be protracted [15]. Most frequently, ETV6::RUNX1+ B-ALL
harbors deletions of the second, non-translocated ETV6 allele [16], implying that the initial
gene fusion predisposes individuals to leukemia, while subsequent ETV6 deletion acts
as a promoting factor. While the postnatal triggers of leukemia have been extensively
investigated [8], few studies have focused on the association between prenatal factors
and preleukemic lesions. Parental age, ethnicity, maternal diet, folate intake, alcohol
consumption, X-ray exposure, pesticides, perinatal infections, and fetal growth may play
arole [17].

The investigation of prenatal determinants of childhood leukemia is limited by the
technical challenge of evaluating a wide spectrum of preleukemic lesions in large sample
sizes [18]. Cord blood (CB) biobanks from well-characterized large cohorts would be the
most obvious source for this research, but sample sizes are commonly small and rarely
suitable for this type of investigation. First, the reported frequency of cells in healthy
newborns with preleukemic lesions at birth is estimated to range from 1 in 10% to 10%,
making them undetectable by most available laboratory methods. Moreover, the detection
of these lesions has been optimized for RNA rather than DNA owing to patients’ unique
genomic DNA breakpoints, often occurring in extensive genomic regions not targetable
by conventional techniques. Unfortunately, RNA samples are very rarely available in
CB biobanks, are very unstable, and are susceptible to contamination, making them non-
amenable for these studies.
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Fueller et al. recently designed a new laboratory technique called “Genomic in-
verse PCR for exploration of ligated breakpoints” (GIPFEL) [19], which allows for the
sensitive detection of recurrent chromosomal translocations. This technique relies on PCR-
based quantification of unique DNA sequences that are created by circular ligation of
restricted genomic DNA from translocation-bearing cells. Therefore, prior knowledge of
the individual-specific interchromosomal breakpoints is not required. Recently, GIPFEL
analysis allowed the assessment of the prevalence of preleukemic lesions in a Danish cohort
of 1000 CBs from healthy newborns, and yielded a prevalence of 5% for ETV6::RUNX1 and
0.6% for TCF3::PBX1 [20,21].

Previous studies evaluating prenatal risk factors for childhood leukemia were mostly
retrospective case-control studies, and CB samples were rarely available [17]. However,
in the IMPACT-BCN (Improving Mothers for a better PrenAtal Care Trial BarCeloNa)
randomized trial, CB samples were collected at delivery, and CB-derived mononuclear
cells were stored as part of the study design. The study evaluated the impact of lifestyle
interventions (Mediterranean diet and stress reduction) in 1221 pregnant women and
demonstrated benefits on several perinatal outcomes [22].

In the present study, we evaluated the association between prenatal interventions,
maternal and perinatal factors, and the emergence of neonatal preleukemic ETV6::RUNX1
lesions in the well-characterized cohort of CB samples from the IMPACT-BCN trial.

2. Results

2.1. High Adherence to Mediterranean Diet and Stress Reduction Intervention Is Associated with a
Trend Toward Lower Prevalence of the ETV6::RUNX1 Fusion

The ETV6::RUNX1 fusion gene was screened using GIPFEL in n = 741 cord blood
samples (Figure 1) in a blinded fashion (1 = 245 without intervention, n = 250 Mediterranean
diet intervention, and n = 246 stress reduction intervention). The ETV6::RUNX1 fusion
was detected in 48 cord blood samples (6.5%) of the study population, as determined by
GIPFEL analysis (Table S1).
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Figure 1. Study design depicting the study population, the intervention arms, and performed
laboratory and statistical analyses. In the nested interventional cohort study (IMPACT-BCN trial).
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High adherence to the Mediterranean diet intervention was defined as an improve-
ment of at least 3 points in the final score of the 17-item dietary screener compared with the
baseline score. Adherence to the stress reduction intervention was considered high if at
least 6 of 9 stress reduction sessions were attended.

Regarding the intervention group, there were no differences in the prevalence of neona-
tal ETV6::RUNX1 fusion gene among the three groups. However, when only considering
participants who demonstrated a high adherence to the intervention, a non-significant
trend toward lower neonatal ETV6:RUNX1 prevalence was detected in both interventions
(prevalence of 7.0% for usual care versus 5.9% for stress reduction (OR 0.8; 95% CI 0.3-2.0)
versus 5.3% for Mediterranean diet (OR 0.7; 95% CI 0.3-1.7) (Figure 2A, Table 1).
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Figure 2. High adherence to a Mediterranean diet and stress reduction interventions, as well as ex-
ogenous glucocorticoid application, is associated with a lower prevalence of the ETV6::RUNX1 fusion
as determined by the GIPFEL method. (A) The bar graphs present the percentage of ETV6::RUNX1
fusions considering only participants with high adherence to the interventions showing a non-
significant trend toward lower prevalence (stress reduction (OR = 0.8, p = 0.683) and mediter-
ranean diet (OR = 0.7, p = 0.482)). (B) The bar graph presents the prevalence of ETV6::RUNX1 in
newborns whose mothers received exogenous corticosteroids during pregnancy (1 = 39 in total;
ETV6:RUNX1+ n =7 of 48; ETV6::RUNXI1— n = 32 of 693; OR = 3.5, p = 0.005).
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Table 1. Prevalence of the neonatal ETV6::RUNX1 fusion in the intervention groups, including only
participants with high adherence to the intervention.

Neonatal Neonatal
Intervention Group ETV6:RUNX1+ ETV6:RUNX1— OR (95% CI) p-Value
No. (%) No. (%)
Usual care 17 (7.0) 227 (93.0) reference NA
Stress reduction 8(5.9) 128 (94.1) 0.8 (0.3-2.0) 0.683
Mediterranean Diet 9 (5.3) 162 (94.7) 0.7 (0.3-1.7) 0.482

2.2. Univariate Analysis Identifies Corticosteroid Application During Pregnancy as Significantly
Associated with the Presence of ETV6::RUNX1 Fusions

Maternal and pregnancy characteristics of the study population were evaluated us-
ing univariate analyses based on the presence of the neonatal ETV6::RUNX1 fusion gene
(Table 2 and Table S2). Considering baseline characteristics, univariate analysis identified
Maghreb ethnicity (OR 12.8, p < 0.001) and study class (OR for secondary/technological
studies compared to primary/no studies 0.3, p = 0.046; OR for university studies compared
to primary/no studies 0.7, p = 0.525) as significantly associated with the appearance of
preleukemic lesions. Among perinatal characteristics, the administration of exogenous cor-
ticosteroids during pregnancy was significantly associated with the preleukemic status (OR
3.5, p = 0.005) (Figure 2B), while folate supplementation showed a non-significant preven-
tive tendency (OR 0.6, p = 0.056). No specific dietary component or key food was identified
as significantly associated with the neonatal ETV6::RUNX1 fusion gene (Tables S3 and 54).

Table 2. Univariate analysis of the association between maternal and prenatal characteristics with
neonatal ETV6-RUNX1 positivity.

Crude Odds Ratio for Neonatal

No. (%) ETV6:RUNX1+
Neonatal ETV6::RUNX1 Neonatal ETV6::RUNX1 o
Positive (n = 48) Negative (1 = 693) OR (95% CD) p-Value
Maternal Baseline Characteristics
Maternal age (years) 36.8 (5.0) 36.8 (5.1) 1.00 (0.95-1.06) 0.969
BMI before pregnancy
23.6 (4.0 24.1 (4.8 0.97 (0.9-1.04 0.427
Ethnicity
White 34 (70.8) 544 (78.5) Reference Reference
Black 0 (0) 14 (2.0) NA NA
Asian 1(2.1) 15 (2.2) 1.1 (0.1-8.3) 0.951
Indian 0 (0) 5(0.7) NA NA
Latin American 9 (18.8) 110 (15.9) 1.3 (0.6-2.8) 0.489
Maghreb 4 (8.3) 5(0.7) 12.8 (3.3-49.9) <0.001
Study class
Primary/no studies 5(10.4) 43 (6.2) Reference Reference
Secondary/technological 9 (18.7) 247 (35.6) 0.3 (0.1-0.98) 0.046
University 34 (70.8) 403 (58.2) 0.7 (0.3-1.9) 0.525
Socioeconomic status ¥
Low 5(10.4) 43 (6.2) Reference Reference
Medium 12 (25.0) 270 (39.0) 0.4 (0.1-1.1) 0.084
High 31 (64.6) 380 (54.8) 0.7 (0.3-1.9) 0.485
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Table 2. Cont.

Crude Odds Ratio for Neonatal

No. (%) ETV6:RUNX1+
Nepu FVGIUNYT Nepnaal TV omsicp pate
Nulliparous 27 (56.3) 399 (57.6) 0.95 (0.5-1.7) 0.857
Pregestational diabetes 5(10.4) 38 (5.5) 2.0 (0.8-5.4) 0.165
Thyroid disorder 4 (8.3) 90 (13.0) 0.6 (0.2-1.7) 0.353
Autoimmune disease 6 (12.5) 112 (16.2) 0.7 (0.3-1.8) 0.504
Chronic hypertension 1(2.1) 29 (4.2) 0.5 (0.1-3.7) 0.484
Chronic kidney disease 1.1) 17 (2.5) 0.8 (0.1-6.5) 0.872
Obesity ¢ 3(6.3) 85 (12.3) 0.5 (0.1-1.6) 0.223
Pregnancy and prenatal characteristics
Intervention group
Usual care 17 (35.4) 228 (32.9) Reference Reference
Stress reduction 16 (33.3) 230 (33.3) 0.9 (0.5-1.9) 0.847
Mediterranean Diet 15 (31.3) 235 (33.9) 0.85 (0.4-1.8) 0.671
Cigarette smoking 2(4.2) 54 (7.8) 0.5(0.1-2.2) 0.367
Alcohol intake 0 (0) 17 (2.5) NA NA
Recreational'drug 0(0) 3(04) NA NA
consumption
Folate supplementation 31 (64.6) 532 (76.8) 0.6 (0.3-1.2) 0.059
COE;‘I‘C’E:;‘;;S . 7 (14.6) 32 (4.6) 3.5 (1.5-8.5) 0.005
Gestational diabetes 3(6.3) 81 (11.7) 0.5 (0.2-1.7) 0.259
Preterm birth 4 (8.3) 37 (5.3) 1.6 (0.5-4.7) 0.386
Preeclampsia 0 (0) 57 (8.2) NA NA
Small for gestational age 7 (14.6) 27 (3.9) 0.8 (0.3-1.8) 0.591
iﬁfjgfy“?&ggﬁ;t 39.2 (1.9) 39.4 (1.7) 0.9 (0.8-1.1) 0.404
Neonatal sex
Female 20 (41.7) 335 (48.4) Reference 0.367
Male 28 (58.3) 357 (51.6) 1.3 (0.7-2.4)

Results are displayed as n (%) or mean (SD). BMI denotes body mass index. ¥ Socio economic status defined
as low if participants reported having never worked or being unemployed for more than 2 years and having a
partner with unqualified work or who was unemployed; high if they reported university studies regardless of
whether they were working; and medium if any other situations. ¢ Obesity is defined as body mass index above
30. ¥ Small for gestational age is defined as birthweight below the 10th centile according to local standards.

2.3. Multivariate Regression Models Report a Higher Probability of ETV6::RUNX1 Occurrence for
Corticosteroid Administration Before 26 Weeks of Gestation and Use of Betamethasone
Multivariate regression analysis confirmed the administration of exogenous corticos-
teroids as significantly associated with the ETV6::RUNX1 fusion gene (Table 3).
Regarding the use of exogenous corticosteroids, a subanalysis according to gestational
age reported a higher estimated probability in those participants receiving corticosteroids
before 26 weeks of gestation (estimated probability of neonatal ETV6::RUNX1 appearance
of 0.50 (95% CI 0.1-0.9)) compared to those who received the treatment over 26 weeks of
pregnancy (estimated probability 0.11 (95% CI 0.01-0.23); OR for administration before
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26 weeks 7.7 (95% CI 1.08-50), p = 0.04). Betamethasone (1 = 25) was the corticosteroid class
most commonly used (with most participants receiving 2 doses for fetal lung maturation
purposes), followed by methylprednisone (n = 1), prednisone (n = 11), and topical use
(n =2). GR:MR refers to the glucocorticoid receptor (GR) to mineralocorticoid receptor
(MR) activity ratio for each exogenous corticosteroid listed (Table 4 and Table S5).

Table 3. Multivariate regression models for maternal and prenatal risk factors for neonatal
ETV6:RUNXI positivity.

Model 1 Model 2 Model 3
Towicn VAN oRiomcy VA gRamcy  pValue
Maghreb ethnicity (322_98 9) <0.001 (3'41116&;9) <0.001 (24245; &) 0.002
Exogenous corticosteroids (1. 53—58 5) 0.005 (1j_§ 1) 0.007 (12’_99 8) 0.003
' Study class ' Reference Reference Reference
Seg)r;?:g//tzgfrt%;cal (0.10-'3.98) 0.0367 (0.2451.9) 0.03 (0.?451.9) 0.306
University 0.7 1.4 1.4
(0.3-1.9) (0.4-4.6) (0.4-4.4)
Folate supplementation (0'??;61'2) 0.059 (O.§;61.1) 0.10 (0'??;61_1) 0.083

Model 1 is unadjusted. Model 2 is adjusted for ethnicity and corticosteroids, study class, and folate supplementa-
tion. Model 3 is adjusted for variables in model 2 plus neonatal sex, pregestational diabetes, and smoking habit.

Table 4. Prevalence of neonatal ETV6::RUNX1 positivity according to the class of exogenous corticosteroid.

Exogenous Corticosteroid Class EWG::IT:I?\?}?;T =7 ETV6::R1\£Ie;)7;(;t—al (= 32) OR (95% CI)  p-Value
Betamethasone (GR:MR = 25:1) 5 20 4.0 (1.4-11.3) 0.008
Metilprednisone (GR:MR = 11:1) 1 0 NA NA
Prednisone (GR:MR = 5:1) 1 10 1.6 (0.2-12.9) 0.653
Topical corticosteroids
(GR:MR = 10-100:1, according 0 2 NA NA

to steroid class)

CI denotes confidence interval; NA, not applicable. GR:MR refers to the glucocorticoid receptor (GR) to mineralo-
corticoid receptor (MR) activity ratio for each exogenous corticosteroid listed.

3. Discussion

This study identified prenatal exposure to corticosteroids as a potential risk factor
for prenatal ETV6::RUNX1 fusions and, thus, for leukemia development later in life. In
addition, Maghreb ethnicity was associated with ETV6::RUNX1 fusions, although absolute
numbers were small. There were no other statistically significant associations between
maternal lifestyle interventions and the prevalence of preleukemic ETV6::RUNX1 lesions
revealed in our study.

Previous studies have evaluated the association of prenatal risk factors [23-34] that
suggest maternal age, ethnicity, some dietary components, folate supplementation, alcohol
consumption, X-ray exposure, pesticide exposure, perinatal infections, and fetal growth
as probable risk factors. Nevertheless, most available evidence is based on retrospective
case-control studies that used self-reported questionnaires, which are susceptible to recall
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and underreporting bias. These studies were also unable to differentiate prenatal from
postnatal exposures for most risk factors.

Our current study adds to previous evidence by reporting the analysis of 741 cord
blood samples from a well-phenotyped cohort of pregnant women included in the IMPACT-
BCN randomized trial. Maternal and prenatal factors were determined prospectively
during the trial by the use of medical records by a trained medical doctor, avoiding recall
bias related to self-report [35]. Additionally, assessment of maternal diet was prospectively
performed by an expert nutritionist in a prospective manner during pregnancy, with
proven validity [31]. Likewise, the use of biomarkers to confirm adherence to interventions
enhances the reliability of results. The prevalence of ETV6::RUNX1 was large enough to
allow statistical comparisons.

The neonatal ETV6::RUNX1 positivity prevalence of 6.5% (48 out of 741) is in line with
previously published papers on healthy newborns in the USA, Europe, and Japan, ranging
from 0.01 to 7% [14].

There was a significant association between maternal Maghreb ethnicity and neonatal
preleukemic fusion genes. Although differences in the incidence of childhood leukemia
between ethnicities had been previously described, an association with Maghreb ethnicity
has not been reported. Concerning the ETV6::RUNX1 fusion gene, Western countries and
Hispanics have consistently described as presenting higher rates [36] compared with Black
and Asian ethnicities. Genomic profiles [37] and folate metabolism polymorphisms [4]
have been hypothesized as underlying factors. The difference in Maghreb ethnicity could
be explained by genetic polymorphisms or by lifestyle or environmental determinants not
recorded during the randomized trial. However, the small number of samples hampered
the analysis of dietary components in this specific subpopulation.

Regarding corticosteroids, the main indications for their use in our cohort were fetal
lung maturation in cases at risk of preterm birth and maternal autoimmune or dermatolog-
ical conditions. To address the potential confounding effect of the indication for steroid
administration, we conducted additional analyses adjusting for clinical conditions that war-
ranted steroid use. These adjustments confirmed that the association between corticosteroid
exposure and ETV6::RUNX1 positivity remained significant, independent of the underlying
indication for treatment. This suggests that the effect is more likely attributable to the drug
itself rather than the condition requiring its administration. Prenatally, corticosteroids im-
prove fetal lung maturation but have strong effects on fetal somatic and brain growth. This
study identified exogenous corticosteroids as risk factors for preleukemic ETV6::RUNXT le-
sions. To our knowledge, this association has not previously been reported. Most cases had
two doses of betamethasone under 26 weeks of gestation. In fact, glucocorticoids represent
a key drug in the treatment backbone of B-ALL [38]. However, frequent secondary lesions
in ETV6::RUNX1-positive ALL may directly affect the glucocorticoid response (e.g., by
mutation of the glucocorticoid receptor NR3C1), the cell death pathway induced via its
signaling, or components of the mismatch repair pathways [39]. One speculation on the
effect of glucocorticoid treatment on the increased incidence of ETV6::RUNX1 lesions in our
study may therefore be an expansion of pre-existing minor ETV6::RUNX1-positive clones,
due to secondary mutations that arise under the selective pressure of betamethasone. In
this case, children would be expected to have a higher likelihood of developing leukemia
later in life, which needs to be evaluated in larger studies with long-term follow-up.

Another probable explanation is the generation of the fusion gene itself as a direct
consequence of glucocorticoid treatment. Recently, physiological concentrations of glu-
cocorticoids have been shown to induce DNA double-strand breaks via inhibition of
topoisomerase II. The effect of different glucocorticoids depended on their affinity for the
glucocorticoid receptors (Figure 3) [40]. Betamethasone was significantly associated with an
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increased incidence of ETV6:RUNX1 fusions in our study and has a higher affinity for the
receptor compared to dexamethasone, prednisolone, or endogenous cortisol [40]. Repair of
the DNA double-strand breaks by non-homologous end joining could lead to ETV6::RUNX1
fusion. Interestingly, after glucocorticoid treatment of B-ALL patients, increased numbers
of ETV6::RUNXI-positive lymphocytes have been detected [41].

GC

dsDNA breaks
Non-Homologous End-
\J Joining

Figure 3. Glucocorticoids can inhibit DNA topoisomerase II (Topo II) activity, potentially by down-
regulating its expression or modifying its access to DNA through chromatin remodeling. Reduced
Topo II activity compromises its role in resolving DNA supercoiling, untangling chromatids, and
repairing double-strand breaks (DSBs). One proposed mechanism for leukemia-causing chromo-
somal translocations entails chromosomal breakage by DNA topoisomerase II and recombination
of DNA free ends from different chromosomes through DNA repair. Topo II inhibition increases
the risk of chromosomal translocations, such as those involving the MLL gene rearrangements on
chromosome 11q23, a hallmark of de novo acute leukemia development. Similarly, dysregulated
Topo II activity has been linked to secondary leukemias, particularly therapy-related acute myeloid
leukemia (t-AML) [42].

As recently demonstrated by Kim et al., using bisulfite sequencing of DNA extracted
from bloodspot “Guthrie” cards, glucocorticoids also induce genome-wide methylation
differences following antenatal exposure [43]. Methylation changes have been associated
with prenatal environmental exposures and an increased risk of developing childhood
leukemia [44], and there is also a correlation of methylation changes and specific genetic
subtypes of ALL [45]. Hypomethylated areas are likely transcriptionally active regions
and have a more open chromatin that may lend itself to interchromosomal contacts, DNA
breaks, and aberrant repair [44]. It is tempting to speculate that the ETV6 and RUNX1
genes that recombine with one another so frequently are spatially localized together in
transcriptional or chromatin compartments. The clustering of breakpoints, as seen in
ETV6:RUNXI1-positive ALL, also likely reflects selection for functional rearrangements
during tumorigenesis. Although data from leukemia is lacking, previous studies in prostate
cancer [46,47] show a significantly reduced methylation at breakpoints of specific interchro-
mosomal translocations.

Glucocorticoid administration during pregnancy may also lead to permanent changes
that impact on the risk of developing leukemia after birth (Figure 4). Glucocorticoid ad-
ministration during pregnancy leads to higher plasma cortisol levels throughout adult life,
indicating persistent reprogramming of the hypothalamus—pituitary—adrenal axis in animal
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A

models [48]. In the adrenal hypothesis model proposed by Schmiegelow et al. [49], early
childhood infections result in profound changes in the hypothalamus—pituitary—adrenal
axis that increase plasma cortisol levels and protect from leukemia by direct elimination of
preleukemic cells via immune modulation and promotion of Th1l-cytokine response [49]. As
a possible explanation, it is conceivable that glucocorticoids may work as a double-edged
sword: They may increase the risk of preleukemic fusions arising in utero but may also
reduce the risk of leukemic transformation after birth.
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Figure 4. Potential impact of glucocorticoids on fetal prenatal and early postnatal development, as
well as ALL therapy. (A) Endogenous glucocorticoid (cortisol) levels may increase due to prenatal
stress perception during the second trimester. However, only a limited amount of endogenous GC
crosses the placental barrier as they serve as a good substrate for the placental 113-HSD2 enzyme,
getting inactivated. Hence, exogenous GCs, such as betamethasone, may be administered to promote
fetal lung maturation. These GCs, being steroid compounds, can easily cross the placenta and bind to
the glucocorticoid receptor (GR) with a higher affinity compared to endogenous ones. Particularly,
betamethasone shows a higher affinity for GR than other GCs. Upon binding, GR translocates to the
nucleus, where it acts as either a transcriptional activator or repressor of target genes. Fetal exposure
to high levels of GCs, whether from elevated maternal stress or medical treatment, may promote
myeloid hematopoiesis and bone marrow or bone erythropoiesis by shifting hematopoietic stem cell
(HSC) differentiation toward common myeloid progenitors (CMP) rather than common lymphoid
progenitors (CLP). Additionally, GCs can influence bone marrow stromal cells, such as osteoblasts,
which release soluble factors that regulate HSC differentiation and proliferation. Such changes in
hematopoiesis may correlate with compromised humoral (B cell-derived) immune responses and
perinatal neutrophil (Neu) function. GC excess in the thymus acts as a potent inducer of immature
double-positive (DP) thymocyte apoptosis, as GCs are, in addition, locally produced here toward the
end of the pregnancy, subsequently accelerating the maturation of double-negative (DN) thymocytes
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to occupy the available niche. By inhibiting T-cell receptor signaling (TCR) or autoimmune regulator
(AIRE)-mediated autoantigen transcription, glucocorticoids may mitigate the apoptosis event, allow-
ing autoreactive CD4 and CDS8 single-positive (SP) T cells to circulate. Prenatal GC exposure also
programs CD4 T helper (Th) cells toward a Th2 response. Furthermore, prenatal glucocorticoids may
increase postnatal HPA axis activity, resulting in elevated levels of corticotropin-releasing hormone
(CRH) and arginine vasopressin (AVP). This hyperactivity can enhance both innate and adaptive
immune responses, potentially leading to monocyte (Mo), macrophage, and dendritic cell (DC)
tolerance to pathogens or excessive mast cell degranulation. These prenatal adaptations in immune
function may increase the risk of infections, asthma, and other immune-related disorders in later
life. (B) Exogenous GC, in contrast to endogenous GC, can bypass the placental and fetal 11SS-HSD2
enzyme, and promote fetal lung maturation and preterm survival rate. (C) Increased plasma cortisol
levels resulting from excess GC-induced perturbations to the hypothalamus—pituitary—adrenal axis
may directly eliminate pre-leukemic cells and suppress leukemia-promoting Th1-cytokine responses.
(D) Mechanisms of action of glucocorticoid in ALL therapy. Glucocorticoid-mediated apoptosis is
thought to be induced via the mitochondrial pathway through caspase activation.

Our data indicate that the effects of glucocorticoids in early pregnancy and childhood
need to be carefully studied in larger cohorts, and the pros and cons of their application
need to be deliberated by informed clinicians. Additionally, our study indicates promising
options for potential strategies to prevent leukemia in childhood.

A previous study has reported an association between maternal diet quality and
the risk of childhood leukemia [23]. In the present study, no significant associations
were found between the Mediterranean diet or specific dietary components and the rate
of ETV6::RUNX1. However, there was a trend toward lower rates among pregnancies
with a high adherence to the Mediterranean diet, which deserves further investigation
in larger sample sizes. Foods containing DNA topoisomerase II inhibitors, including
coffee, tea, and other caffeinated beverages, canned food or dried vegetables or legumes,
cocoa, red wine, apples, and berries, have been described as potential childhood leukemia
triggers [50,51]. Concerning vitamins, deficient maternal folate intake during pregnancy
has been extensively described as a risk factor for ALL [4,18,24,27,52,53]. In the present
study, there was a non-significant trend toward lower rates of ETV6::RUNX1 in relation
to folate intake, although we cannot separate the intrinsic effect of other vitamins that are
commonly taken for supplementation during pregnancy. There was no association between
smoking, alcohol, or other toxics and ETV6::RUNX1 fusion gene, but the prevalence of these
risk factors was too low to allow meaningful comparisons. A lower socioeconomic class
has been suggested to have a preventive effect on childhood cancer postnatally [54,55]. In
this study, we observed a non-significant trend toward the opposite effect on ETV6::RUNX1
frequency, which could be related to a lower folate intake in this subgroup of women.

Some limitations of our study should be acknowledged. First, the fact that the popu-
lation of the study was from a single center located in Spain, which, although including
several ethnicities, could hamper the external validation of results. Second, given the
small sample size of ETV6::RUNX1 positive individuals, our findings should be considered
preliminary and require validation in larger studies to confirm their biological and clinical
significance. Third, the variability in reported ETV6::RUNXI1 prevalence in cord blood
across studies may stem from differences in detection methods, sample sizes, and popula-
tion characteristics; however, the rigorous methodology and quality controls in our study
support the credibility of our findings within this context. Fourth, we performed a 4-year
follow-up in which none of the ETV6::RUNX1-positive newborns have been diagnosed
with acute lymphoblastic leukemia. However, given the relatively short follow-up period,
we acknowledge that longer-term monitoring is needed, and child follow-up should be
warranted to confirm or discard the development of overt leukemia.
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4. Material and Methods
4.1. Study Design and Participant Selection

This study represents a secondary analysis of the IMPACT-BCN trial, a randomized
clinical trial conducted at BCNatal (Hospital Clinic and Hospital Sant Joan de Deu, Barcelona,
Spain) from 2017 to 2020 [56]. The trial was approved by the Institutional Review Board
(HCB-2016-0830). All participants provided written informed consent. Participants were
screened for eligibility during routine second-trimester ultrasound scans (19-23.6 weeks of
gestation) for being at high risk of developing small-for-gestational-age newborns [57].

4.2. Interventions

Participants were randomly assigned 1:1:1 to one of the three study groups: a Mediter-
ranean diet intervention, a stress reduction program intervention, or usual care without
any additional intervention (control group).

The Mediterranean diet intervention was adapted from the PREDIMED trial [58].
Registered dietitians conducted group meetings, as well as monthly face-to-face and
additional telephone interviews to ensure adherence to the diet. All participants re-
ceived olive oil (2 L every month) and 15 g of walnuts per day (450 g every month) at
no cost. The participant received dietary training to encourage an increased intake of
whole grain cereals (>5 servings/d); vegetables and dairy products (>3 servings/d); fresh
fruit (>2 servings/d); and legumes, nuts, fish, and white meat (>3 servings/week). A
151-item food frequency questionnaire, a 7-day dietary journal, and a 17-item dietary
assessment score (range, 0-17) were used to assess baseline nutrients and vitamin intake
of all participants and adherence to the Mediterranean diet for the intervention group. A
high adherence was defined as an improvement of at least 3 points in the final score of the
17-item dietary screener compared with the baseline score.

Led by experienced, certified instructors, the stress reduction group received an
8-week-long program of structured intervention (based on mindfulness) tested in clinical
trials [59]. It included weekly 2.5-h sessions, 1 full-day session, and daily home practice,
formal and informal techniques, with the goal of enhancing awareness and reducing anxiety.
The sessions included didactic presentations, formal 45-min meditation practices, yoga,
body awareness, and group discussions. Adherence to the stress reduction intervention
was considered high if at least 6 of 9 stress reduction sessions were attended.

A detailed description of the interventions was previously published [22,56].

4.3. Cord Blood Sample Collection

Cord blood samples were collected at delivery after cord clamping, usually between
30 s to 1 min following international recommendations for delivery, and immediately stored
at4 °C. Ficoll density-gradient centrifugation (GE Healthcare, headquartered in Chicago, IL,
USA) was performed in the following hours by an expert technician who was blinded to the
intervention group. Cord blood components (serum, plasma, and mononuclear cells) were
stored separately at —80 °C. Mononuclear cells were shipped to the University Hospital
Diisseldorf, Department of Pediatric Oncology, Hematology, and Clinical Immunology for
detection of ETV6::RUNX1 fusions by GIPFEL analysis.

4.4. Genomic Inverse PCR for Exploration of Ligated Breakpoints (GIPFEL)

Cryopreserved cord blood samples were screened using the GIPFEL technique to
check the neonatal ETV6::RUNX1 positivity as detailed in the Supplementary Materials
and Methods. In brief, genomic DNA was isolated from cord blood samples and digested
with the restriction enzyme Sacl. After circularization mediated by T4 DNA ligase, ETV6
and RUNX1 joints are ligated if the translocation is present. Circularized/ligated DNA
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was amplified, and ETV6::RUNX1 was detected by real-time PCR, agarose gel electrophore-
sis, and confirmed by Sanger sequencing. Researchers and technicians performing the
laboratory analysis were blinded to the intervention group.

4.5. Predictive Variables

The main outcome was the presence of the neonatal ETV6::RUNX1 fusion gene in
CB samples. All maternal and prenatal variables were considered potential predictive
variables and were obtained prospectively at the beginning or during the trial, including
maternal age, body mass index, ethnicity, level of education, socioeconomic status, parity,
medical conditions, cigarette smoking, alcohol or recreational drug intake during preg-
nancy, folate supplementation, use of exogenous corticosteroids, occurrence of pregnancy
complications (gestational diabetes, preterm birth, preeclampsia, small-for-gestational-age),
and gestational age at delivery. Ethnicity was self-reported by participants among White,
Latin, Afro-American, Maghreb, or others. Maghreb ethnicity was defined as patients
from Western and Central North Africa. Study class was divided into primary/no studies,
secondary/technology, and university studies and was self-reported by participants. So-
cioeconomic status was defined as low if participants reported having never worked or
being unemployed for more than two years and having a partner with unskilled work or
who was unemployed; and high if they reported university studies regardless of whether
they were working; and medium if any other situations. Exogenous use of corticosteroids
was determined according to medical records, which specified the dose, class, and duration
of use. Gestational diabetes was defined as any degree of glucose intolerance with onset
during pregnancy, in our setting diagnosed by the presence of two altered values in a 100-g,
3-h oral glucose tolerance test. Preterm birth was defined as delivery before 37 weeks of
gestation. Preeclampsia was defined as the concurrence of pregnancy-onset hypertension
and proteinuria. Small-for-gestational-age was defined as birthweight below the 10th
centile according to local standards. Steroid use included betamethasone for preterm labor
and oral or topical prednisone for maternal autoimmune and skin conditions that were
administered during the entire pregnancy. Maternal dietary key food and nutrient intake
were obtained by a specialized nutritionist at the beginning and end of the intervention
with several questionnaires validated for the present study population [60].

4.6. Statistical Analysis

Maternal and prenatal data are presented as mean (standard deviation, SD) or number
(percentage), as appropriate. Statistical analysis for comparison of clinical and prenatal
characteristics included the use of the Student’s t-test for continuous variables, the Chi-
square test for categorical variables, and logistic univariate and multivariate regression
analyses. Data were expressed using odds ratios and their corresponding 95% confidence
intervals. Multivariate regression models were adjusted for significant variables in our
study and described confounders. Estimated probability (or estimated marginal means)
was computed with emmeans library version 1.8.6. Differences were considered significant
when the p-value was lower than 0.05. Statistical analyses were conducted using Stata 15.1
(StataCorp LP, Houston, TX, USA) and R version 4.2.1 (Vienna, Austria).

5. Conclusions

Prenatal exposure to corticosteroids within a critical time window may therefore in-
crease the risk of developing ETV6::RUNX1+ preleukemic clones and potentially leukemia
after birth. Taken together, this study indicates that the prevalence of ETV6::RUNX1
preleukemia may be modulated and potentially prevented.
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ALL Acute Lymphoblastic Leukemia
B-ALL B-cell Acute Lymphoblastic Leukemia
CB Cord Blood

CBGs Cord Blood Genomes

CMP Common Myeloid Progenitor

CRH Corticotropin-Releasing Hormone
DNA Deoxyribonucleic Acid

Dpr Double-Positive (thymocytes)

ETV6:RUNX1  Gene fusion associated with preleukemic clones
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GCs Glucocorticoids

GIPFEL Genomic Inverse PCR for Exploration of Ligated Breakpoints
GR Glucocorticoid Receptor

HPA Hypothalamic—pituitary—adrenal (axis)

HSC Hematopoietic Stem Cells

IMPACT-BCN  Improving Mothers for a Better Prenatal Care Trial Barcelona
MLL Mixed-Lineage Leukemia (gene)

Mo Monocyte

Neu Neutrophils

NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1 (Glucocorticoid Receptor Gene)
OR Odds Ratio

PBX1 Pre-B-Cell Leukemia Homeobox 1

PCR Polymerase Chain Reaction

PREDIMED Prevencion con Dieta Mediterrdnea (Prevention with Mediterranean Diet)
RCT Randomized Controlled Trial

RNA Ribonucleic Acid

SGA Small for Gestational Age

SP Single-positive (thymocytes)

TCF3 Transcription Factor 3

Th T-helper Cell

Topo II DNA Topoisomerase II

t-AML Therapy-Related Acute Myeloid Leukemia
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Abstract: The strength of inhibitory neurotransmission depends on intracellular neuronal chloride
concentration, primarily regulated by the activity of cation—chloride cotransporters NKCC1 (Sodium—
Potassium—Chloride Cotransporter 1) and KCC2 (Potassium—Chloride Cotransporter 2). Brain-
derived neurotrophic factor (BDNF) influences the functioning of these co-transporters. BDNF is
synthesized from precursor proteins (proBDNF), which undergo proteolytic cleavage to yield mature
BDNF (mBDNF). While previous studies have indicated the involvement of BDNF signaling in the
activity of KCC2, its specific mechanisms are unclear. We investigated the interplay between both
forms of BDNF and chloride homeostasis in rat hippocampal neurons and in utero electroporated
cortices of rat pups, spanning the behavioral, cellular, and molecular levels. We found that both
pro- and mBDNF play a comparable role in immature neurons by inhibiting the capacity of neurons
to extrude chloride. Additionally, proBDNF increases the endocytosis of KCC2 while maintaining
a depolarizing shift of Egapa in maturing neurons. Behaviorally, proBDNF-electroporated rat
pups in the somatosensory cortex exhibit sensory deficits, delayed huddling, and cliff avoidance.
These findings emphasize the role of BDNF signaling in regulating chloride transport through the
modulation of KCC2. In summary, this study provides valuable insights into the intricate interplay
between BDNF, chloride homeostasis, and inhibitory synaptic transmission, shedding light on the
underlying cellular mechanisms involved.

Keywords: GABA; KCC2 activity; chloride homeostasis; BDNF

1. Introduction

KCC2 (Potassium—Chloride Cotransporter 2) and NKCC1 (Sodium-Potassium—-Chloride
Cotransporter 1) are crucial for maintaining chloride ion balance inside and outside neu-
rons, playing complementary roles in the regulation of GABAergic (gamma-aminobutyric
acid) inhibition and chloride homeostasis in the nervous system. NKCC1 intrudes chloride
ions (Cl7), leading to a higher intracellular chloride concentration ([C1~];), while KCC2
actively extrudes Cl~, establishing a negative CI™ gradient across the cell membrane [1,2].
The Cl1~ gradient created by KCC2 is essential for GABAergic inhibition as it determines
the direction of chloride flow through ionotropic GABA4 receptors (GABAAR). In ma-
ture neurons with functional KCC2, the low [Cl™]; maintained by the transporter ensures
that the influx of Cl™ ions through GABAARs hyperpolarizes the neuron, resulting in
inhibition [1,3]. This mechanism dampens neuronal excitability. During early brain de-
velopment, NKCC1 expression is predominant, resulting in higher [C1™]; in immature
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neurons. Consequently, GABAergic receptor activation leads to depolarizing responses
and contributes to the excitatory actions of GABA during this critical period [1,4]. These
depolarizing responses are essential for synaptic plasticity and the refinement of neural
circuits in response to environmental stimuli. As the nervous system matures, there is
a developmental shift in the relative functional expression of NKCC1 and KCC2. This
shift is vital for the transition from depolarizing to hyperpolarizing responses to GABA.
Increased KCC2 expression promotes Cl~ extrusion from neurons, reducing [C1™]; and
strengthening inhibitory signaling [5-7]. This transition establishes an appropriate balance
between excitation and inhibition, thereby contributing to the closure of the critical period
and normal brain functioning [8]. Changes in the expression or functionality of NKCC1
and KCC2 are associated with a range of neurological disorders. These conditions include
neurodevelopmental disorders (NDDs) like epilepsy, autism spectrum disorder (ASD),
schizophrenia, Down syndrome, and Rett syndrome [9,10] and, more recently, neurode-
generative diseases [11,12]. All these conditions have been linked to disruptions in the
expression or function of these cotransporters. Dysregulated NKCC1 or impaired KCC2
maturation can disrupt chloride homeostasis, leading to neuronal hyperexcitability and al-
tered synaptic plasticity. The expression patterns of NKCC1 and KCC2 are tightly regulated
by various factors, including neurohormones, hormones, trophic polypeptides, and neu-
rotrophins such as BDNF (brain-derived neurotrophic factor) [13-15]. BDNF exists in two
forms: proBDNF (the precursor of mature BDNF) and mature BDNF (mBDNF). These two
forms of BDNF interact with different receptors and elicit distinct cellular responses [16]. In
the neurons of rodents, the expression of proBDNF and p75 neurotrophin receptor (p75NR)
undergoes developmental regulation, with the highest levels observed in the early postna-
tal weeks, followed by a reduction at 6 weeks after birth [17]. This developmental pattern
correlates with increased [Cl™]; and the depolarizing action of GABA. In contrast, mBDNF
is minimally detectable during the first postnatal week but reaches full expression around
the third postnatal week [18,19]. These two forms of BDNF play distinct roles and have
the potential to interact with KCC2. However, the intracellular pathways involving BDNF
receptors and KCC2 remain unclear [15]. Several studies have suggested that proBDNF can
reduce KCC2 protein expression and impair its function in neurons. This downregulation
of KCC2 disrupts chloride ion homeostasis, leading to impaired inhibitory neurotransmis-
sion. Consequently, proBDNF promotes neuronal hyperexcitability and can contribute
to conditions associated with reduced inhibitory signaling, such as epilepsy [20,21]. On
the other hand, mature BDNF has been shown to either upregulate KCC2 expression and
enhance its activity in immature neurons through the BDNF-TrkB-ERK1/2 (extracellular
signal-regulated kinase 1/2) signaling pathway [14,22] or reduce KCC2 function in mature
neurons via the BDNF-TrkB-PIC pathway [13]. This dual effect of mature BDNF can pro-
mote seizure susceptibility and contribute to neuropathic pain [13,23,24]. These findings
collectively support the notion that mBDNF, proBDNEF, and KCC2 interact at different
stages of brain development to regulate neuronal survival, synaptic development and
plasticity, and the balance between excitation and inhibition. The dysregulation of this
interplay, such as an imbalance between proBDNF and mature BDNF or alterations in
KCC2 expression or function, has been implicated in various neurological disorders and
conditions. Therefore, understanding the intricate mechanisms underlying their interac-
tions is crucial for unraveling the role of these factors in normal brain function and their
implications for neurological disorders. In this study, we aimed to investigate the respective
roles of both forms of BDNF in regulating chloride homeostasis and GABAergic inhibitory
strength during early developmental stages. We achieved this by examining the functional
expression of KCC2 in cultured rat hippocampal neurons. Additionally, we explored the
behavioral consequences of proBDNF expression using electroporated rat pups.
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2. Results
2.1. Functional Activity of KCC2 and BDNF Signaling Pathways in Maturing Cultured
Hippocampal Neurons

The developmental excitatory—inhibitory GABA sequence mediated by the upregu-
lation of KCC2 is closely paralleled by the downregulation of proBDNF and p75N™R ex-
pression in cortical regions [4,18]. Furthermore, an interplay between depolarizing GABA,
the KCC2/NKCC1 imbalance, and p75NTR has previously been shown after neuronal
injury [25]. These observations led us to explore whether the developmental expression
of KCC2 was present in our primary cultured hippocampal neurons. We initially investi-
gated the developmental expression of KCC2 by measuring KCC2 fluorescence intensity
from 1 day in vitro (DIV) to 9 DIV. Our findings revealed a very low expression of KCC2
from 1 DIV to 3 DIV, succeeded by a swift and sustained escalation in KCC2 fluorescence
intensity from 5 DIV to 9 DIV (Figure 1A,B). Next, our objective was to confirm the func-
tionality of the TrkB signaling pathway at 6-7 DIV, induced by the exogenous application
of mature BDNF (mBDNF), in comparison to cleavage-resistant proBDNF (CR-proBDNF)
application and control conditions. We quantified the ratio of the phosphorylated form of
the TrkB receptor (pTrkB) to MAP2 intensity in primary cultured hippocampal neurons
(Figure 1C,D). This was achieved by utilizing primary antibodies targeting the phospho-
rylated form relative to the total expression of MAP2 fluorescence intensity in cultures
treated with CR-proBDNF (25 ng/mL, 2 h), mBDNF (25 nM, 2 h), TAT-Pep5 (2 uM, 2 h),
or TrkB-IgG (1 pg/mL, 2 h). We observed a significant increase in the pTrkB/MAP2 ratio
intensity in neurons treated with mBDNF compared to other conditions. (Mean values were
1.87 £ 0.99 a.u. for mBDNF vs. 1.01 &£ 0.66 a.u. for CR-proBDNEF, 0.82 £ 0.63 a.u. for
TAT-Pep5, and 0.81 & 0.44 a.u. for TrkB-IgG when compared to the control condition; see
Figure 1C,D. Here, and throughout the results, all numbers indicate mean + S.D. values.)
These results further suggest the specificity of the signaling pathway activated by mBDNF
compared to CR-proBDNF, as proBDNF failed to activate the TrkB pathway.

To assess the developmental activity of KCC2 in cultured hippocampal neurons, we
performed the NH4* flux assay. This assay offers an estimation of the ion transport efficacy
of KCC2, providing valuable insights into its functionality across different developmental
stages [26,27]. Changes in NH4*-dependent intracellular pH (pH;) were monitored using
the ratiometric fluorescent probe [28] composed of pH-sensitive pHluorine [29] and pH-
insensitive mCherry (Figure 2A,B). The advantage of this genetically encoded pH-sensitive
probe (pH-sensor) is that it allows for visualization exclusively in transfected cells. When
the NH4"-containing media were applied to hippocampal cultured neurons, there was a
progressive acidification of the pH; following a slight and brief (10-30 s) alkalinization event
(Figure 2C,D). We observed higher rates of NH4*-dependent acidification in older (more
mature) neurons (12-13 DIV) compared to their younger counterparts (6-7 DIV), indicating
heightened KCC2 transport activity operating in reverse mode, facilitating the influx of
NH4* (mean values were —173 4 107 a.u. at 6-7 DIV vs. —649 =+ 207 a.u. at 12-13 DIV
for the control condition; see Figure 2E). This effect was diminished in the presence of
70 uM of bumetanide, a diuretic that inhibits KCC2 at this concentration (mean values were
—176 + 114 a.u. at 6-7 DIV vs. —328 + 164 a.u. at 12-13 DIV for the bumetanide condition;
see Figure 2E). Overall, these results align with the progressive increase in KCC2 intensity
and confirm the heightened activity of KCC2 during the early development of neuronal
cell cultures.
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Figure 1. Developmental profile of KCC2 expression and BDNF signaling pathway activation in
maturing cultured hippocampal neurons. (A) Representative images of immunofluorescence showing
MAP2 (green) and KCC2 (purple) expression in hippocampal neurons from 3 DIV to 9 DIV. Scale
bar: 10 um. (B) The graph shows that the fluorescence intensity of KCC2 expression increased over
time from 1 to 9 DIV. N represents the number of cultures = 3; n represents the number of cells = 35
for 1 DIV; n =45 for 3 DIV; n = 32 for 5 DIV; n = 45 for 7 DIV, n = 35 for 9 DIV. For each condition,
the mean + SD was represented. (C) Representative images of immunofluorescence showing MAP2
(green) and pTrkB (purple) expression in neurons from 6-7 DIV in control and Cr-proBDNF-, mBDNE-
, TAT-Pep5-, and TrKB-IgG-treated neurons. Scale bar: 10 um. (D) Box plot showing the quantification
of pTrKB fluorescence intensity in the indicated conditions. N = 3; n = 36 for control; n = 38 for
CR-proBDNF; n = 41 for mBDNF; n = 37 for TAT-Pep5; n = 45 for TrKB-IgG. Box plots show 25th,
50th, and 75th percentiles, minimum and maximum as whiskers, with the mean indicated as “+”.
Compared using the Kruskal-Wallis test followed by Dunn’s post hoc test, *** p = 0.0008 for mBDNF
vs. control, *** p = 0.0001 for mBDNF vs. CR-proBDNF, **** p < 0.0001 for mBDNF vs. TrKB-IgG,
*** p < 0.0001 for mBDNF vs. TAT-Pep5.
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Figure 2. Functional activity of KCC2 in maturing cultured hippocampal neurons. (A) A 3D structure
of the pH sensor, composed of pH-sensitive fluorine in green and pH-insensitive mCherry in red.
(B) Representative images of immunofluorescence illustrating the pH sensor (green) in a transfected
neuron (red). Scale bar: 150 um. (C,D) Graph showing the AF/F of recorded neurons in control and
bumetanide 70 uM conditions at 6-7 DIV (C) and 12-13 DIV (D). Neurons were perfused with a
10 mM NH,Cl-containing solution at t = 0. Swiftly after NH,;Cl application, the intracellular space
alkalized as NH3 diffused through the plasma membrane. KCC2 began to transport NH4* into
the cell, acidifying the intracellular space. The rate of pHi changes during NH4" transportation,
visualized by the fluorescence intensity of pHluorin, was dependent on the ion transportation activity
of KCC2. (E) The acidification rate of neurons in the indicated conditions is visualized as box plots;
N =9 and n = 63 for control 6-7 DIV; N =5 and n = 31 for bumetanide 70 uM 6-7 DIV; N = 5 and
n = 26 for control 12-13 DIV; N = 5 and n = 30 for bumetanide 70 M 12-13 DIV. Box plots show 25th,
50th, and 75th percentiles, minimum and maximum as whiskers, with the mean indicated as “+”.
Compared using Kruskal-Wallis test followed by Dunn’s post hoc test, **** p < 0.0001 for control
6-7 DIV vs. control 12-13 DIV, *** p = 0.001 for control 6-7 DIV vs. bumetanide 70 uM 12-13 DIV,
##3% p < 0.0001 bumetanide 70 pM 6-7 DIV vs. control 12-13 DIV, ** p = 0.0061 bumetanide 70 uM
6-7 DIV vs. bumetanide 70 uM 12-13 DIV, ** p = 0.0012 for control 12-13 DIV vs. bumetanide 70 uM
12-13 DIV.

2.2. proBDNF Maintains a Depolarized GABA Response in Hippocampal Neurons

To investigate the effects of BDNF on GABA polarity shift and neuronal chloride home-
ostasis, we performed the gramicidin-perforated patch-clamp technique to measure the
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GABA reversal potential (Egaga) and calculated the intracellular chloride concentration
([CI™];) in dissociated hippocampal cultures in immature neurons at 6-7 DIV and more ma-
ture neurons at 12-13 DIV. We measured Egaga in neurons transfected with GFP (control),
GFP-BDNF-Cherry (BDNF), or GFP-CR-proBDNEF-Cherry (CR-proBDNF). Because BDNF
has been shown to influence the activity of NKCC1 [30], expressed in neurons and astro-
cytes [31], all measurements of Egapa were performed in the presence of bumetanide, an
inhibitor of NKCC1 at low concentrations (10 uM). As previously described, in our prepara-
tions of cultured hippocampal neurons, 10 uM bumetanide produced a 5 mV negative shift
of Egapa in immature neurons (6-7 DIV) and an 8 mV negative shift in more mature cells
(13-15 DIV) [32]. Our results revealed significant differences in Egapa and intracellular
chloride concentration ([Cl™];) in both immature and mature neurons between the control
condition and CR-proBDNF-transfected cells (mean values were —80.3 £ 8.54 mV and
6.9 &+ 2.11 mM for the control vs. —72.1 £ 6.43 mV and 9.3 &+ 2.4 mM for CR-proBDNF
at 67 DIV and —85.3 + 8.64 mV and 5.8 £ 1.85 mM for the control vs. —79.1 & 3.5 mV
and 6.9 £ 0.95 mM for CR-proBDNF at 12-13 DIV; see Figure 3C-F) and between CR-
proBDNEF- and BDNF-transfected cells (—81.3 & 5.72 mV and 6.5 £ 1.42 mM at 6-7 DIV vs.
—86.3 £7.2mV and 5.4 &+ 1.4 mM at 12-13 DIV for the BDNF condition; see Figure 3C-F).
Conversely, Egapa and [CI™]; in BDNF-transfected neurons showed no significant dif-
ferences in both immature and mature neurons when compared to control conditions.
The absence of significant differences between the control and BDNF conditions could be
attributed to various factors. Firstly, BDNF-transfected neurons are likely to express both
forms of BDNF (pro and mature), potentially obscuring the specific effects of mature BDNF
alone. Additionally, it is important to consider the presence of trophic factors in the culture
media, which could also influence the observed outcomes. Furthermore, these findings
suggest that pro-BDNF may play a role in maintaining Egapa and intracellular chloride
concentration in an immature state.
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Figure 3. CR-proBDNF promotes GABA depolarization polarity in hippocampal neurons.
(A) Gramicidin-perforated patch-clamp recording current-voltage (I-V) relationships for isoguvacine-
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response currents in hippocampal primary cultures at 6-7 and 12-13 DIV transfected with CR-
proBDNF-mCherry. Inserts depict the isoguvacine currents at both ages. Scale bars: 200 ms, 200 pA.
(B) I-V and inserts depict the BDNF-mCherry transfected neurons. Scale bars: 200 ms, 200 pA.
(C,D) Box plots of Egapa for the indicated conditions at 6-7 and 12-13 DIV. (E,F) Box plots of [C1];
for the indicated conditions at 67 and 12-13 DIV. For 6-7 DIV: N = 10 and n = 29 for control; N = 8
and n = 40 for CR-proBDNF; N = 10 and n = 34 for BDNF. For 12-13 DIV: N = 7 and n = 22 for control;
N =5 and n = 26 for CR-proBDNF; N = 8 and n = 25 for BDNEFE. Box plots show 25th, 50th, and
75th percentiles, minimum and maximum as whiskers, with the mean indicated as “+”. Compared
using the Kruskal-Wallis test followed by Dunn’s post hoc test. At 67 DIV: *** p = 0.0002 for Egapa
and [Cl™]; of CR-proBDNF vs. control, **** p < 0.0001 for Egapa and [Cl™]; of CR-proBDNF vs.
BDNF. At 12-13 DIV: * p = 0.0295 for Egapa of CR-proBDNF vs. control, *** p = 0.0008 for Egapa
of CR-proBDNF vs. BDNF. Compared using the one-way ANOVA test followed by Holm-Sidak’s
post hoc test at 12-13 DIV for [CI™];, * p = 0.0104 for CR-proBDNEF vs. control, *** p = 0.0007 for
CR-proBDNF vs. BDNE.

2.3. Effects of Pro- and Mature-BDNF on KCC2 Cell Trafficking

Given that low [CI™]; is KCC2-dependent, we conducted a live-staining analysis to
assess the surface expression and internalization of KCC2-pHext. The stability of KCC2 at
the cell surface is dependent on the process of phosphorylation or dephosphorylation of
amino acid residues in the C-terminal part of the protein. For instance, the activation of
Serine?? (Ser?®) residue increases the stability of KCC2 in the plasma membrane, whereas
the dephosphorylation of Ser? or the phosphorylation of Threonine 906,/1007 (Thr?%6/1007)
residues alter surface expression abilities and promote KCC2 endocytosis [33,34]. We,
therefore, assessed whether CR-proBDNF and BDNF could regulate KCC2 stability at
the cell surface of hippocampal neurons by measuring KCC2 expression in different cell
compartments at 9 DIV. As a tool, we used a KCC2 construct tagged in an external loop
with a fluorescent protein pHluorine (KCC2-pHext) [34]. As detailed in the Methods section,
this construct allowed for the visualization and quantification of KCC2-pHeyt molecules
that were decorated with a specific antibody on the surface of living neurons over two
hours (F,j), the number of molecules labeled and internalized during this period (F;), the
amount of surface-expressed molecules at a given instant (Fy,), and the total amount of
KCC2-pHext overexpressed by a neuron (Fy) (Figure 4A-D). Before proceeding with the live
staining of KCC2-pHext, we co-transfected neuronal cultures at 7 DIV with KCC2-pHext and
BDNF isoform constructs (CR-proBDNF and BDNF). As positive controls, we employed
KCC2 mutant constructs to either retain KCC2 at the neuronal membrane (A /A KCC2
mutant) or prevent its targeting to the neuronal membrane (ANTD-KCC2 mutant) [35].
Our findings indicated a significant increase in all the clusters of KCC2 expression (F,y)
in neurons transfected with A/A or BDNF isoform constructs compared to the control
group (mean values were 1 + 0.5 a.u. for the control vs. 2.01 &+ 1.24 a.u. for A/A,
2.14 +1.11 a.u. for CR-proBDNE, and 1.32 &+ 1.04 a.u. for BDNF; see Figure 4A,B). As
expected, the A/A KCC2 mutant condition led to an increase in the KCC2 membrane pool
(mean values were 2.07 = 1.61 a.u. for A/A vs. 1+ 0.42 a.u. for the control; see Figure 4A,C).
Regarding the ANTD-KCC2 mutant, the multi-step immunolabeling protocol did not detect
any membrane expression (0.013 &= 0.014 a.u. for ANTD; Figure 4A,C) or internalization
(0.01 £ 0.58 a.u. for ANTD vs. 0.99 = 0.7 a.u. for the control; Figure 4A,D), which confirmed
the integrity of the cell membrane during the experiment. In comparison to the control
group, neurons transfected with the CR-proBDNF construct exhibited a significant increase
in the amount of endocytosed KCC2-pHext (Fj) (0.99 £ 0.7 a.u. for control vs. 2.7 £ 1.93 a.u.
for CR-proBDNF; Figure 4A,D), while the amount of KCC2 internalization (F;) remained
similar between the BDNF and control groups (1.73 4= 0.93 a.u. for BDNF; Figure 4A,D).
In summary, our results revealed an elevated rate of KCC2 endocytosis in the presence of

130



Int. J. Mol. Sci. 2024, 25, 6253

CR-proBDNF, underscoring the potential of this immature form of BDNF to trigger the
increased internalization of KCC2.
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Figure 4. CR-proBDNF increases the internalization of KCC2. (A) Representative images of im-
munofluorescence illustrating total (Fi; green) membrane (F,; blue) and internalized (F;; red) pools
of KCC2 with an external tag (KCC2-pHeyt) for the control, CR-ProBDNF-mCherry, BDNF-mCherry,
A/A-KCC2-pHext, and ANTD-KCC2-pHeyt conditions in hippocampal primary culture neurons.
Scale bar: 10 um. Box plots of (B) all clusters (F,;;) and (C) membranes (Fr,) and (D) internalized
pool (F;) fluorescence normalized per cell in cultured neurons of the indicated conditions. N = 4;
n = 27 for control; n = 56 for A/A; n = 39 for ANTD; n = 57 for CR-proBDNF; n = 55 for BDNF.
Box plots show 25th, 50th, and 75th percentiles, minimum and maximum as whiskers, with the
mean indicated as “+”. Compared using the Kruskal-Wallis test followed by Dunn’s post hoc test.
Fan: *** p = 0.0005 for control vs. A/A, *** p = 0.0009 for control vs. ANTD, **** p < 0.0001 for
CR-proBDNF vs. control, ** p = 0.0026 for BDNF vs. control; Fi,: * p = 0.019 for control vs. A/A,
*#* p < 0.0001 for control vs. ANTD; Fj: * p = 0.015 for control vs. A/A, *** p = 0.0003 for control vs.
ANTD, *** p = 0.0001 for CR-proBDNF vs. control, p = 0.074 for BDNF vs. control.

2.4. KCC2-Dependent Ammonium Transport in BDNF-Treated Hippocampal Neurons

To further investigate whether treatment with both forms of BDNF affected the C1~
extrusion capability of the KCC2 transporter, we conducted the NH4" flux assay. As
described before, this assay allows us to assess changes in ion transport efficacy, providing
insights into the modulation of KCC2 function by BDNEFE. Given the potential masking
effects of trophic factors present in the culture media or endogenously secreted BDNF by
the cell cultures, in this set of experiments, we chose to block the p75NTR and TrkB receptor
signaling pathways to uncover the specific action of pro- and mBDNF. Hippocampal
neuronal cultures were treated at 6-7 DIV with either the p75N'R signaling inhibitor
TAT-Pep5 or the mBDNF scavenger TrkB-IgG. These treatments were administered in
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the presence or absence of 70 uM of bumetanide to block the co-transporters NKCC1
and KCC2. Neurons treated with TAT-Pep5 showed a significantly faster NH4"-induced
acidification rate compared to the control group (—484 + 216.2 a.u. for TAT-Pep5 vs.
—173 £ 107 a.u. for the control condition; Figure 5A,C). Notably, the presence of 70 pM
of bumetanide effectively abolished this effect, underscoring the specificity of the p75NTR
signaling pathway’s impact on KCC2 (—201.5 & 161.5 a.u. for + bumetanide 70 pM vs.
—484 £ 216.2 a.u. for the TAT-Pep5 condition; Figure 5C). Interestingly, neurons treated
with TrKB-IgG displayed a similar significant increase in acidification rate compared to
the control (—291 £ 117 a.u. for TrkB-IgG vs. —173 % 107 for the control; Figure 5B,D).
This effect was blocked in the presence of 70 uM of bumetanide (—191 £ 77 a.u. for TrkB-
IgG + bumetanide 70 uM vs. —291 £ 117 a.u. for TrkB-IgG; Figure 5D). Taken together,
these findings suggest that during this specific developmental stage (6-7 DIV), pro- and
mBDNF serve a comparable function through their respective receptors, p75N'R and TrkB,
in diminishing the neuronal cell’s capacity to extrude chloride, thereby resulting in the
maintenance of a depolarizing Egapa.
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Figure 5. The activity of KCC2 is increased with the inhibitors of both forms of BDNEF. (A) Graph
showing the AF/F of recorded neurons at 6-7 DIV for the control and TAT-Pep5 conditions. (B) Graph
showing the AF/F of recorded neurons at 6-7 DIV for the control and TrKB-IgG conditions. (C,D) The
acidification rate of neurons in the indicated conditions at 6-7 DIV is visualized as box plots. N =9 and
n = 63 for control; N = 5 and n = 31 for bumetanide 70 pM; N = 6 and n = 20 for TAT-Pep5; N = 4 and
n = 26 for TAT-Pep5 + bumetanide 70 pM; N = 6 and n = 24 for TrKB-IgG; N = 4 and n = 26 for
TrKB-IgG + bumetanide 70 pM. Box plots show 25th, 50th, and 75th percentiles, minimum and
maximum as whiskers, with the mean indicated as “+”. Compared using the Kruskal-Wallis test
followed by Dunn’s post hoc test, *** p < 0.0001 for TAT-Pep5 vs. control, **** p < 0.0001 for TAT-Pep5
vs. bumetanide 70 uM, *** p = 0.0008 for TAT-Pep5 vs. TAT-Pep5 + bumetanide 70 uM. Compared
using the one-way ANOVA test followed by Holm-Sidak’s post hoc test, **** p < 0.0001 for TrKB-IgG
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vs. control, ** p = 0.0006 for TrKB-IgG vs. bumetanide 70 pM, ** p = 0.0065 for TrKB-IgG vs.
TrKB-IgG + bumetanide 70 uM.

2.5. CR-proBDNE-Electroporated Rat Pups Exhibited Behavioral Deficits

Building upon the data obtained from our in vitro experiments, our investigation
was expanded to in vivo analysis, specifically examining the developmental milestones of
in utero electroporated (IUE) rats with either GFP or CR-proBDNF or BDNF constructs.
Given the known role of BDNF in regulating energy balance and promoting anorectic
signals [36], our initial focus was to analyze the weight of electroporated rats during
the first two postnatal weeks. No weight loss was observed in rats electroporated with
either CR-proBDNF or BDNF (Figure 6A). Furthermore, IUE with BDNF constructs did
not show a significant impact on other physical landmarks, such as eye opening, incisor
eruption, and fur development (Figure 6B). In addition, we aimed to explore meaningful
behaviors indicative of cortical circuit maturation. We observed huddling behavior (as
depicted in Figure 6C,D), a valuable model for studying early social interaction with
peers [37,38]. We fitted our results in a non-linear regression fit model (R? = 0.9184 for
GFP, R2 = 0.9047 for CR-proBDNE, R2 = 0.9066 for BDNF; Figure 6D). Despite no observed
difference between the control group (GFP) and BDNF-electroporated rodents, we noted a
significant decrease in huddling behavior in rats electroporated with CR-proBDNF when
compared to both the control group and the BDNF groups (Figure 6C,D). In summary,
these findings demonstrate that the overexpression of CR-proBDNF in the somatosensory
cortex leads to sensory deficits, as evidenced by the results of the huddling test.
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Figure 6. CR-proBDNF-electroporated rats exhibited normal physical landmarks and behavioral
deficits. (A) Percentage of weight gain from PN1 to PN15 in GFP and CR-proBDNF- and BDNF-
electroporated rats. (B) Physical landmarks: eye pening, fur development, and incisor eruption in the
indicated conditions. n represents the number of pups for each condition = 32 for GFP; n = 30 for
CR-proBDNEF; n = 28 for BDNF. (C) Index of aggregon patterns from PN2 to PN13 in the indicated
conditions. (D) Nonlinear regression fit model of data from (C). N = 3 dams of rats for each condition.
For each group, the mean + SD was represented. **** p < 0.0001 and F = 16.6 for CR-proBDNF vs.
GEFP; $$$$ p < 0.0001 and F = 14.7 for CR-proBDNF vs. BDNE.
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2.6. CR-proBDNF-Electroporated Rats Exhibited Deficits in Sensory—Motor Maturation

To evaluate the influence of CR-proBDNF or BDNF overexpression in the somatosen-
sory cortices of IUE rats on the emergence of developmental reflexes, we conducted the
righting reflex test. Overall, the results revealed that rat pups electroporated with BDNF
plasmid displayed a reduced time to correct positioning compared to the control group
between postnatal ages 8 (PN 8) and 10 (PN 10) (mean values 1.99 £ 0.55,1.97 &+ 0.76, and
1.56 + 0.41 s for the control vs. 1.57 4 0.6, 1.37 4= 0.48, and 1.34 + 0.53 s for BDNF between
PN 8-10; Figure 7A) and to CR-proBDNF rodents at PN 9 (mean values 1.37 £ 0.48 s
for BDNF vs. 1.73 £ 0.57 s for CR-proBDNF; Figure 7A). Additionally, we found that
CR-proBDNF exhibited a reduced time at PN 13 when compared to the control group
(mean values 1.02 £ 0.076 s for CR-proBDNF vs. 1.14 £ 0.21 s for the control; Figure 7A). To
further investigate potential sensory deficits in electroporated rats, we employed the cliff
avoidance test. The results revealed that rat pups electroporated with the CR-proBDNF
construct exhibited lower success rates in completing the test and spent more time turning
away or retracting from the edge compared to both the GFP control group and rodents
electroporated with BDNF (refer to Tables 1 and 2 for cliff avoidance time and score;
Figure 7B,C). These findings suggest an alteration in sensory—motor maturation in the
CR-proBDNF condition.
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Figure 7. CR-proBDNF-electroporated rats exhibited deficits in sensory maturation. (A) Time spent to
complete the righting reflex from PN2 to PN15 for GFP and CR-proBDNF- and BDNF-electroporated
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rats. Compared using the Kruskal-Wallis test followed by Dunn’s post hoc test. PN8: # p = 0.02 for
BDNEF vs. GFP; PNO: ### p = 0.0006 for BDNF vs. GFP, $ p = 0.03 for CR-proBDNF vs. BDNF; PN10:
#p = 0.017 for BDNF vs. GFP; PN13: * p = 0.016 for CR-proBDNF vs. GFP. (B) Score of cliff avoidance
success from PN2 to PN15 in the indicated conditions. (C) Time spent to avoid the cliff from PN2
to PN15 in the indicated conditions. n = 32 for GFP; n = 30 for CR-proBDNF; n = 28 for BDNF. For
each group, the mean + SD is represented. Compared using the Kruskal-Wallis test followed by
Dunn’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 for CR-proBDNF vs. GFP.
#p < 0.05 for BDNF vs. GFP. $ p < 0.05, $$ p < 0.01, $$%$ p < 0.001, and $$$$ p < 0.0001 for CR-proBDNF
vs. BDNE

Table 1. Score of cliff avoidance test.

Days/Condition GFP CR-proBDNF BDNF
2 0.16 £ 0.37 0.23 £0.57 0.18 £ 0.55
3 0.44 £ 0.67 01+04* 0.21 £0.57
4 0.63 £0.7 0.4 £0.72 0.61 £ 0.88
5 0.94 £ 0.88 0.63 £ 0.85 1.54 = 0.74 #
6 1.56 + 0.76 0.7 £ 0.92 *** 1.5 £0.79 $%
7 1.84 +0.45 1.03 = 0.93 *** 1.82 £ 0.48 $$$
8 1.94 +0.25 1.43 +0.82 ** 19+031%
9 1.91+0.3 1.6 £0.62* 1.93 £ 0.26 $$
10 1.97 £0.18 1.7 £ 0.66 * 2+0%$
11 1.88 + 0.34 1.9+04 1.93 +0.26
12 2+0 240 240
13 240 240 240
14 2+0 240 240
15 2+0 240 240

Data are presented as mean & SD, compared using the Kruskal-Wallis test followed by Dunn’s post hoc test.
*p <0.05 ** p <0.01, and *** p < 0.001 for CR-proBDNF vs. GFP. # p < 0.05 for BDNF vs. GFP. $ p < 0.05,

$$ p < 0.01, and $$$ p < 0.001 for CR-proBDNF vs. BDNE.

Table 2. Time spent to accomplish the cliff avoidance test.

Days/Condition GFP CR-proBDNF BDNF

2 30+0 28.7 £5.08 28.96 £+ 4.31

3 28 +6.37 29.6 £2.37 28.54 £ 5.39

4 2753 £6.7 28.23 +£4.75 25.54 £+ 8.24

5 24.5 + 8.67 26.03 £7.62 17.5+£9.68 $$ #
6 174 +£9.23 24.9 £ 8.79 ** 18.54 +10.11
7 15.16 £ 8.15 24.3 +7.95 *** 17.64 £8.63 %
8 12.78 +7.51 19.4+9.77 % 12.61 +8.45%
9 13.5+7.93 21.03 £10.16 * 10.18 = 7.65 $3$$
10 8.7+63 17.5 £ 8.95 **** 7.71 & 4.31 $$$$
11 9.31 £ 8.59 13 £7.27 ** 95+£771%
12 49 £3.07 9.83 £ 6.74 *** 5.32 £2.68 $%
13 44 +247 53+3.01 414 4+237
14 3.31 £1.18 444378 29+£175%
15 2,63 +£1.16 4.23 4+ 345 2.11 4 0.95 $%

Data are presented as mean + SD, compared using the Kruskal-Wallis test followed by Dunn’s post hoc test.
*p <0.05, % p <0.01, ** p <0.001, and **** p < 0.0001 for CR-proBDNF vs. GFP. # p < 0.05 for BDNF vs. GFP.
$p <0.05 $$ p <0.01, and $$%$ p < 0.0001 for CR-proBDNF vs. BDNF.

3. Discussion

In altricial rodents, neonates’ brains display a depolarizing GABA activity that is
particularly evident during the initial postnatal days in vivo or the first two postnatal
weeks in vitro. This efflux of chloride (C17) ions is crucial for spontaneous network activity,
such as giant depolarizing potentials, which play a role in the maturation of functional
networks [4]. Consequently, during this early developmental period, chloride homeostasis
shifts from an initially elevated intracellular chloride concentration ([C1™];) to lower [CI™];.
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This shift subsequently changes GABA polarity from depolarizing to inhibitory. Chloride
homeostasis is primarily regulated by electroneutral secondary active co-transporters,
NKCC1 and KCC2, functioning in opposing directions. Additionally, it is influenced by
both sodium (Na*)-dependent and Na*-independent exchangers [39]. Thus, in healthy ma-
ture neurons, KCC2 activity dynamically regulates the constant cytoplasmic low levels of
chloride ions. In this study, our primary objective was to elucidate how the principal brain
neurotrophic factor (BDNF) regulates the expression and function of KCC2 during the early
developmental period. Our primary findings, as observed in hippocampal neuronal cul-
tures, demonstrate that proBDNF maintains a positive Egapa in both mature and immature
neurons. Additionally, the analysis of KCC2 trafficking correlated with electrophysiological
data, revealing an increased endocytosis rate in CR-proBDNF-expressing neurons. Interest-
ingly, the developmental period of GABAergic maturation during the first few postnatal
weeks, transitioning from depolarizing to inhibitory responses, coincides with a surge in
proBDNF [17,18] and low KCC2 expression [20]. In contrast, BDNF, acting through the TrkB
signaling pathway, promotes the functional maturation of KCC2 [14,22]. Consequently, it is
conceivable that both forms of BDNF play opposing roles in KCC2 expression and function
in maturing neurons. The function of KCC2 is primarily dependent on the trafficking
and targeting processes, which are intricately governed by post-translational regulations
involving the (de)phosphorylation of specific amino acid residues. As mentioned earlier,
Ser” [33] and Thr!%” [32,40] have undergone extensive study, emphasizing their crucial
roles in the regulation of surface stability and internalization, respectively. Our in vitro
results did not demonstrate the capacity of both forms of BDNF to increase the cell surface
expression of KCC2. However, proBDNF enhanced KCC2 turnover, implying a mechanism
that could potentially constrain the functional efficacy of KCC2 while favoring NKCC1
activity. This finding highlights a regulatory dynamic wherein proBDNF may exert a
modulatory influence on chloride homeostasis, potentially impacting neuronal excitability
and synaptic transmission. Further investigations into the specific molecular mechanisms
underlying this effect will be crucial for a comprehensive understanding of how proBDNF
contributes to the intricate balance of chloride ion regulation in the brain. Moreover, a
recent study revealed distinct membrane dynamics for NKCC1 compared to KCC2. NKCC1
tends to be more localized in endocytic zones rather than the membrane and exhibits a
rapid transition from endocytic zones to the membrane [41]. The interplay of these vari-
ous effects may contribute to a reversal of chloride flux in pathological conditions. Both
forms of BDNF activate distinct signaling pathways. ProBDNF activates the RhoA-Rock
pathway through p75NTR [5,20,42], while mature BDNF activates the ERK1/2 or PLC sig-
naling cascade through TrkB [22,43]. To gain a comprehensive understanding of the roles
played by pro- and mBDNF in regulating downstream targets affecting the cell surface
expression or stability of KCC2, further experimentation is warranted. It is established
that the cell surface expression of KCC2 relies on the phosphorylation status of the KCC2
Thr!%” residue, a target of phosphorylation by WNKI1. Several studies, particularly in
hippocampal neuronal cultures in vitro, have demonstrated that the phosphorylation of
these amino acids by the WNKI1 pathway leads to the inhibition of KCC2 transport activity
and increased internalization of the protein [32,44,45]. However, the precise contribution
of mBDNF in facilitating the maturation of C1~ homeostasis and GABA polarity through
the potential downregulation of WNK1 remains to be elucidated. WNKI is a pivotal player
involved in KCC2 endocytosis and NKCC1 activation [46]. Complementary investigations
are essential to unravel the intricate interplay between mBDNF signaling and the regulation
of WNKI activity, providing insights into the mechanisms governing chloride homeostasis
and GABAergic signaling maturation. Additionally, the complexity of this regulatory mech-
anism is compounded by the potential involvement of proBDNF/p75NIR in facilitating
the mBDNF/TrkB signaling pathway [47]. This also suggests a scenario where p75NTR
and TrkB may collaboratively work to regulate the transcriptional and post-translational
amplification of the mBDNF/TrkB pathway. This added layer of intricacy significantly con-
tributes to regulating the expression and function of KCC co-transporters. At the cognitive
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level, both proBDNF and mBDNF are implicated in various neurological disorders and
play a role in modulating learning and memory processes. For example, mBDNF has been
shown to enhance synaptic transmission and promote synaptic plasticity, which is essen-
tial for optimal learning and memory [48-50]. Conversely, increased levels of proBDNF
could potentially impede synaptic plasticity, thereby hindering memory consolidation
and impacting cognitive functions, ultimately leading to deficits in behavioral tasks [51].
Importantly, these effects are age-dependent. The disruption of proBDNF signaling during
the postnatal period has been shown to lead to disrupted spatial memory consolidation and
a reduction in spine density [17]. The role of KCC2 and NKCC1 in maintaining chloride
homeostasis extends beyond brain development, as dysfunctions of these co-transporters
are also observed in various neurodegenerative disorders, including Alzheimer’s disease
(AD), amyotrophic lateral sclerosis, Parkinson’s disease, and Huntington’s disease [10]. No-
tably, in Alzheimer’s disease, alterations in KCC2 activity occur during the presymptomatic
phase and are linked to cognitive deficits [11]. Overall, while the specific mechanisms
linking KCC2 to neurodegenerative diseases are still being elucidated, the dysregulation of
KCC2-mediated chloride homeostasis appears to be a common feature in various neurode-
generative conditions. In this study, our focus was on the developmental period, and, to
understand the impact of both forms of BDNF in a more physiological context, we utilized
in utero electroporation (IUE) as a method to introduce either proBDNF or BDNF into
the somatosensory cortex of rat pups. This approach enabled us to examine the poten-
tial behavioral effects resulting from the targeted introduction of this neurotrophic factor.
During the neonatal period, typically encompassing the first few weeks after birth, the
somatosensory cortex undergoes rapid and intricate development, establishing the neural
foundation for sensory perception and motor control. Studies involving mice lacking BDNF
have revealed significant deficiencies in coordination and balance (ataxia) and sensory
deficits, underlining the critical role of BDNF in these processes [52,53]. Additionally, the
expression of BDNF in the cortex has been identified as crucial for motor learning [54]
and plasticity [55]. In our study, the observed results aligned with cellular-level data,
clearly illustrating the contrasting effects of both forms of BDNE. Specifically, within the
CR-proBDNF condition, we noted a deficit in sensory—motor responses in huddling and
cliff avoidance tasks. These results strongly suggest that an imbalance between pro- and
mature BDNF can potentially alter the functional maturation of cortical circuits during this
critical developmental period.

4. Materials and Methods
4.1. Reagents and Treatments

Isoguvacine was purchased from Tocris Cookson (Bristol, UK). Bumetanide was pur-
chased from Sigma (St-Louis, MO, USA). Human CR-ProBDNF and human mBDNF were
purchased from alomone labs (Jerusalem, Israel). TAT-Pep5 was purchased from Milli-
pore (Molsheim, France). TrkB-IgG was purchased from the R & D system (Minneapolis,
MN, USA).

4.2. Primary Cultures of Rat Hippocampal Neurons

Neurons from 18-day-old rat embryos were dissociated with trypsin and plated at
300,000 cells/mL in a minimal essential medium (MEM) with supplements, as previously
described [56]. On days 7, 10, and 13 of culture (DIV), half of the medium was replaced
with MEM containing 2% B27 (Invitrogen, Carlsbad, CA, USA) and 2 mM L-Glutamine.
For electrophysiology and surface labeling, neurons were plated on 12 mm coverslips in
35 mm dishes coated with polyethyleneimine (10 mg/mL).

4.3. Transfections

Neurons were transfected using 300 uL Opti-MEM, 7 uL Lipofectamine 2000, 1.5 pL
CombiMag (OZ Biosciences, Marseille, France) per ug DNA, and 1.5 ng DNAs of interest,
following the previously described method [35]. After a 15 min incubation at room temper-
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ature (RT), the mix was added to the culture. Dishes were then placed on a magnetic plate
for 2 h at 37 °C with 5% CO,. Transfection was ended by replacing 50% of the solution with
a fresh medium. Cells were used 2448 h post-transfection for immature neurons and 96 h
post-transfection for mature neurons. Generally, one plasmid was used per well, except for
co-transfection with KCC2-pHeyt (0.6 ng) and BDNF constructs (0.9 pg).

4.4. NH*; Flux Assay

Primary hippocampal neurons were transiently transfected using Lipofectamine 2000
and CombiMag with the ratiometric fluorescent probe composed of pH-independent
mCherry and pH-sensitive pHluorine (called a pH sensor) [28,29]. Coverslips were treated
for 2 h with either TAT-Pep5 (2 uM) or TrKB-IgG (1 ug/mL) in the presence or absence of
bumetanide 70 uM and for 1 h with bumetanide 70 pM alone. For recordings, coverslips
were submerged in a recording chamber and perfused with an extracellular Hepes-buffered
solution (HBS) containing (in mM) 150 NaCl, 2.5 KCl, 5 HEPES, 2.0 CaCl,, and 2.0 MgCly,
at pH 7.4 and supplemented with 0.45% glucose and bumetanide 10 M. The ratiometric
fluorescence of pHluorine/mCherry was measured using an epifluorescence imaging setup
on an inverted Olympus IX71 microscope (Tokyo, Japan) with a FITC/CY3 Dualband ET
Filterset and additional single-band filters. pH-sensitive pHluorine fluorescence (F480) was
obtained with a 480/20 excitation filter and 520/40 emission filter, while pH-insensitive
mCherry-KCC2 fluorescence (F577) was obtained with a 577/25 excitation filter and 645/75
emission filter. Fluorescence was sampled at 0.1 Hz using a CoolSNAPHQ CCD camera and
MetaMorph software (Version 7.7.5.0, Molecular Devices, San Jose, CA, USA). Excitation
lasted 100 ms for F480 and 50 ms for F577. Recordings were performed with a 40 x objective
(NA 0.6). Baseline fluorescence was acquired for 5 min, followed by a 6 min perfusion with
10 mM NH4Cl solution and 2-5 min washout imaging. The AF/F ratio was calculated from
the images, and the acidification rate (AR/min) was determined by the change in AF/F
values between 0.5 and 5 min during NH4" presence. For further details, please refer to
the article [28].

4.5. Gramicidin-Perforated Patch-Clamp Recordings

Patch-clamp recordings using gramicidin were conducted on primary hippocampal
neurons transfected with constructs encoding GFP and BDNF-piTracer (GFP-BDNF-mCherry)
or CR-proBDNEF-piTracer (GFP-CR-ProBDNF-mCherry), 1 to 4 days post-transfection (6—7
or 12-13 DIV). Neurons were perfused with an external Hepes-buffered solution (HBS)
containing 150 mM NaCl, 2.5 mM KCl, 5 mM HEPES, 2.0 mM CaCl,, and 2.0 mM MgCl,,
with 0.45% glucose and osmolarity of 300 mOsm. For recording, the external HBS contained
10 uM bumetanide. Recording micropipettes (5 M(2) were filled with a solution containing
140 mM KCl, 5 mM HEPES, and 20 pg/mL gramicidin. Isoguvacine (30 uM) was applied to
recorded cells via a micropipette connected to a Picospritzer. Recordings were performed
in voltage-clamp mode using an Axopatch-200A amplifier (Molecular Devices, San Jose,
CA, USA) and pCLAMP acquisition software (Version 8, Molecular Devices, San Jose, CA,
USA). Data were low-pass filtered at 2 kHz and acquired at 10 kHz. Isoguvacine responses
were recorded at different voltages depending on neuron GABA reversal potential. Linear
regression was used to calculate the voltage dependence of the isoguvacine responses, and
the Nernst equation was used to calculate [C1™];.

4.6. Immunocytochemistry and Confocal Microscopy

Hippocampal cultures were treated as described above and fixed in 4% PFA—sucrose,
followed by PBS or HBS washes and incubation in 0.3 M glycine. Blocking was performed
with 1% BSA, 5% goat serum, and 0.3% Triton X-100 to reduce nonspecific binding. Next,
cultures were incubated overnight at 4 °C with rabbit anti-KCC2 (1:3000, US-K0120-07,
US Biological, Salem, MA, USA) or rabbit anti-phosphoTrkB (1:500, ABN1381, Millipore,
Molsheim, France) along with chicken anti-MAP2 (1:500, ab5392, Abcam, Cambridge,
UK). Primary antibodies were visualized with goat anti-rabbit Alexa-488 (1:500, 4412, Cell
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Signaling, Danvers, MA, USA)) and donkey anti-chicken Alexa-647 (1:500, AP1945A6,
Millipore, Molsheim, France). After washing, coverslips were mounted with Vectashield.
Immunoreactivity was sequentially acquired using a laser-scanning confocal microscope
(Olympus Fluorview-500, Tokyo, Japan) with x 63 oil-immersion objective and adjustments
to avoid saturation. Images were processed with MetaMorph software (version 7.7.5.0,
Molecular Devices, San Jose, CA, USA).

4.7. Surface Immunolabeling on Living Neurons and Analysis of KCC2-pH,y; Proteins

For the immunolabeling of KCC2-pHeyt proteins on living neurons, rabbit anti-GFP
(1:250, Invitrogen, A-6455) antibodies were applied to neurons in culture media for 2 h at
37 °C, with 5% CO;. Neurons were then rinsed three times with HBS at room temperature
(RT) and labeled with goat anti-rabbit Alexa-647 conjugated antibody (1:250, Invitrogen,
A-21244) for 30 min at 13 °C at the surface where KCC2-pHey: was located at the mo-
ment of the cooling down of the cells (Fy,, membrane fluorescence pool). After fixing in
4% PFA-sucrose at 4 °C, cells were permeabilized and blocked with a mixture of 0.3 M
glycine, 0.3% Triton X-100, and 5% GS for 1 h at RT. To reveal all labeled clusters (F,,
surface + internalized fluorescence pool), cells were incubated with goat anti-rabbit Alexa-
555 conjugated antibody (1:400, Invitrogen, A-21428) for 1 h at RT. For visualization of the
total pool of overexpressed KCC2-pHext (Fy, total expression pool), cells were labeled with
chicken anti-GFP antibody (1:500, 1020, Aves lab Davis, CA, USA) and goat anti-chicken
Alexa-488 conjugated antibody (1:1000, A-11039, Invitrogen, Carlsbad, CA, USA) for 1 h
each at RT. Internalized KCC2-pHey: (Fj, internalized fluorescence pool) was quantified
post-hoc using MetaMorph software, considering only Alexa 555-positive molecules. Im-
ages were acquired with an Olympus Fluorview-500 confocal microscope (Tokyo, Japan)
using a 60 x oil immersion objective (NA1.4, zoom 2.5). Each Z-stack included 9 planes
taken with a 0.7 pm distance between planes. Absolute fluorescence values were used for
statistical analysis, normalized by their respective control-KCC2-pHey: mean values.

4.8. In Utero Electroporation

In utero injections and electroporations (IUE) were performed on embryos from timed
pregnant rats at embryonic day 15, as previously described [20]. Briefly, pregnant rats
received buprenorphine (0.03 mg/kg, Buprecare, Axience, Pantin, France) and Rimadyl
(5 mg/Kg, Zoetis, Malakoff, France) followed by anesthesia with Isoflurane (4% for induc-
tion, then 2.5%) after 30 min. Embryos’ lateral ventricles were injected with Fast Green
(2 mg/mL; Sigma, St. Louis, MO, USA) combined with DNA constructs encoding GFP
or BDNF-piTracer or CR-proBDNF-piTracer [20]. Electroporation was carried out using
40 V voltage pulses (BTX ECM 830 electroporator Harvard Apparatus, Holliston, MA,
USA) delivered via tweezer-type electrodes (Nepa Gene Co., Chiba, Japan) across the
uterine wall. IUE was performed at E15, an active period for the radial and tangential
migration of newborn neurons in the neocortex [57]. Successfully electroporated pups
were selected postnatally based on GFP reporter fluorescence. Morphological analysis of
electroporated tissues was conducted using fluorescent stereomicroscopy. No alterations
in cortical layer position or morphology were observed in GFP, BDNF, and CR-proBDNF
conditions. However, approximately 30% of electroporations failed due to the absence of
transfected cells, resulting in exclusion from the study.

4.9. Developmental Landmarks and Behavioral Tests

For all behavioral tests, animals were first acclimated to the behavioral room for
30 min. Control (GFP), CR-pro-, and BNDF rats were assessed by physical landmarks
of rat development, the cliff avoidance test, the huddling behavior test, and the righting
reflex test.

Physical landmarks of rat development. The developmental milestones measured in
this study included weight, eye opening, incisor eruption, and fur development [58].
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Righting reflex evaluation (RR). We assessed the RR by initially placing unrestrained
rodents on their backs (supine position). Then, we examined whether animals restored the
RR (flipped to the prone position). We measured the time it took for the animals to right
themselves. This process was repeated 3 times consecutively and we recorded the average
time for each attempt. We also scored the behavior: 0 if the animal stayed on its back, 1
if laid on its side, and 2 if the animal flipped onto its belly. A maximum time of 30 s was
given for the animals to perform the reflex test.

Cliff avoidance test. Cliff avoidance tests were conducted by placing rat pups on the
edge of a platform (30 cm x 30 cm x 30 cm), with their forepaws and chest extending over
the edge. The latency of the rats to turn away or retreat from the edge was recorded. We
scored the test: 0 for no movement or falling off the edge, 1 for attempts to move away
from the cliff but with hanging limbs, and 2 for successful movement away from the cliff.
A maximum time of 30 s was given for the animals to perform the test.

Huddling behavior test (HBT). Rat pups were carefully removed from their dam
and uniformly spaced in the arena in a radial position at room temperature. They were
free to move and huddle for 10 min. At the end, we hand-scored the aggregon pattern.
Each possible combination of numbers of bodies in contact was an aggregon. We had
15 aggregons that could be formed by seven individuals, and each aggregon pattern
corresponded to an index. The chamber was cleaned and wiped with H,O and 70% ethanol
between each session.

4.10. Statistical Analysis

No statistical methods predetermined sample sizes. We ensured consistency by re-
peating trials in different cell cultures from at least three animals per condition. Using
GraphPad Prism 8, we assessed normal distribution with the Shapiro-Wilk test. For nor-
mally distributed data, we used one-way ANOVA with the Holm-Sidak post-hoc test; for
non-normal data, we used the Kruskal-Wallis test with Dunn’s post-hoc test. The results
are represented as the mean =+ standard deviation (SD). In figure legends, N is the number
of cultures or dams and n is the number of cells or pups per condition. Statistical analyses
were conducted on the data from all cells/pups (n).

5. Conclusions

In conclusion, our findings underscore the critical role of timing and developmental
stages in elucidating how both forms of BDNF influence the regulation of KCC2 cell mem-
brane trafficking. Particularly, our data strongly suggest that proBDNF delays the GABA
shift polarity, thereby maintaining neurons in an immature state. This consequence could
be linked to the behavioral deficits observed in electroporated rats. These actions carry
significant implications for cognitive processes and neural circuitry, providing insights into
the intricate interplay between neurotrophic factors and neuronal functions. Furthermore, a
deeper investigation into the specific mechanisms through which BDNF modulates GABA
function and chloride homeostasis during development is imperative. This understanding
holds potential implications for our comprehension of neurodevelopmental processes and
could pave the way for the development of targeted therapies benefiting individuals with
brain disorders.
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Abstract: Lung branching morphogenesis relies on intricate epithelial-mesenchymal interactions
and signaling networks. Still, the interplay between signaling and energy metabolism in shaping
embryonic lung development remains unexplored. Retinoic acid (RA) signaling influences lung
proximal—distal patterning and branching morphogenesis, but its role as a metabolic modulator is
unknown. Hence, this study investigates how RA signaling affects the metabolic profile of lung
branching. We performed ex vivo lung explant culture of embryonic chicken lungs treated with
DMSO, 1 utM RA, or 10 uM BMS493. Extracellular metabolite consumption/production was evaluated
by using "H-NMR spectroscopy. Mitochondrial respiration and biogenesis were also analyzed.
Proliferation was assessed using an EdU-based assay. The expression of crucial metabolic/signaling
components was examined through Western blot, qPCR, and in situ hybridization. RA signaling
stimulation redirects glucose towards pyruvate and succinate production rather than to alanine
or lactate. Inhibition of RA signaling reduces lung branching, resulting in a cystic-like phenotype
while promoting mitochondrial function. Here, RA signaling emerges as a regulator of tissue
proliferation and lactate dehydrogenase expression. Furthermore, RA governs fatty acid metabolism
through an AMPK-dependent mechanism. These findings underscore RA’s pivotal role in shaping
lung metabolism during branching morphogenesis, contributing to our understanding of lung
development and cystic-related lung disorders.

Keywords: respiratory system; glycolysis; pyruvate; mitochondria; chicken embryo; cystic lung
disease

1. Introduction

Pulmonary branches are formed during the early stages of embryonic lung develop-
ment through an intricate process known as lung branching morphogenesis. Lung branch-
ing shapes the pulmonary airway conducting system and is characterized by epithelial—-
mesenchymal interactions mediated by complex signaling [1,2]. Lung branching is a
highly regulated process and, when disrupted, leads to congenital malformations such as
congenital pulmonary airway malformation (CPAM) [3,4].
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In the chicken embryo (Gallus gallus), the lung arises from the primitive foregut around
day 3 of embryogenesis [5]. The primary bronchus (mesobronchus) grows distally, and the
secondary bronchi (buds) sprout laterally into the surrounding mesenchyme [6]. This lat-
eral/monopodial branching is similar to the domain branching subroutine observed during
mammalian lung development [7,8]. In addition to their structural similarities, the avian
respiratory system shares highly conserved molecular mechanisms with mammals, indicat-
ing comparable functions [9]. For example, FGF (Fibroblast Growth Factor), SHH (Sonic
Hedgehog), WNT (Wingless-related Integration Site), and RA (retinoic acid) play crucial
roles in both chicken and mammalian pulmonary branching morphogenesis [10-13]. These
similarities highlight the embryonic chicken lung as an exceptional model for studying
lung organogenesis and particularly the early branching processes.

RA signaling is fundamental for vertebrate embryonic development and is a major
player in lung organogenesis [14-16]. Intracellularly, RA binds to specific nuclear retinoic
acid receptors (RARs), of which there are three subtypes (RAR«, RAR[3, and RARY). Then,
RARs form a heterodimer with retinoic X receptors (RXRs) that mediate downstream
cellular signaling and the transcription of RA target genes [17]. RA modulates multiple
aspects of embryonic lung development, specifically proximal-distal tissue patterning and
branching morphogenesis [13,18,19].

In addition to intercellular signaling, tissue growth involves energy consumption
processes and the synthesis of biomolecules. In the embryonic lung, it has been recently
described by our group that chicken lung branching morphogenesis gradually adapts to
a glycolytic lactate-based metabolism to sustain the lung’s energetic demands, revealing
the importance of metabolic regulation in this phase [20]. In the adult lung, metabolic
requirements are achieved mainly through the uptake and catabolism of glucose [21-23].
However, how signaling networks and energy metabolism cooperate to shape embryonic
lung development remains largely unexplored.

The interaction between cell signaling and energy metabolism is starting to emerge as a
key concept for understanding developmental processes and developmental abnormalities.
Hence, it is crucial to investigate how metabolism influences cellular and developmental
decisions, and how metabolism is dynamically regulated during development [24-27].
Recent studies have demonstrated that metabolism interacts with conserved signaling
pathways during development. For instance, in Drosophila wing discs, Notch signaling acti-
vates glycolysis and suppresses the Krebs cycle, resembling the Warburg effect. Conversely,
absence of Notch signaling leads to a decrease in glycolytic gene expression [28]. The
Hedgehog signaling pathway can enhance glycolytic ATP production in Drosophila wing
discs [29]. During neural tissue development in Zebrafish, Notch signaling regulates the
expression of glycolysis-related genes in a stage-specific manner [30]. Also, an FGF/Wnt
signaling coordinated glycolytic gradient regulates cell motility and controls specifica-
tion, contributing to presomitic mesoderm development during vertebrate embryo somite
formation [31].

Considering the well-known role of RA as a modulator of lung organogenesis, we
aimed to investigate how the RA signaling pathway modulates the energy metabolism
of early stages of chicken lung development. Our study reveals that RA signaling inhi-
bition decreases lung branching and induces a cystic-like phenotype. At the metabolic
level, RA signaling is involved in the regulation of glycolysis and pyruvate metabolism,
mitochondrial function, and fatty acid metabolism. Here, we show that RA signaling
modulates metabolism during early lung organogenesis and that proper RA levels con-
tribute to an adequate metabolic profile during early lung branching. Overall, this report
reveals new insights on the RA signaling—metabolism interaction during embryonic lung
development that can contribute to understanding the etiology of cystic-related congenital
lung disorders.
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2. Results
2.1. Retinoic Acid Signaling Downregulation Decreases Lung Branching and Induces
a Cystic-like Phenotype

RA signaling stimulation triggers an increase in lung branching in mouse, rat, and
chicken models [13,32,33]. Conversely, the information regarding RA signaling inhibition
on lung branching is scarce, even though it is known that its impairment leads to catas-
trophic effects on the respiratory system development [18]. BMS493 (BMS) is a pan-RAR
inverse agonist used to inhibit RA signaling; it specifically suppresses the RA signaling
pathway by establishing associations between the RARs and transcriptional co-repressors,
thus blocking RA signaling-dependent transcription [14,34].

To determine the impact of BMS on lung branching, we tested several doses that were
selected according to the literature [34-37]. The dose-dependent inhibition effect of BMS
on the RA signaling pathway and lung branching morphogenesis led to the choice of the
10 uM of BMS as the best dose to proceed with the studies (please refer to Figure S1 for
further details).

To compare the effect of RA signaling stimulation versus inhibition on lung branching
morphogenesis, a 48 h ex vivo lung explant culture was performed using stage b2 lungs
(2 secondary buds per bronchus). In vitro lung explants were treated with 1 uM of RA
(stimulation) or 10 uM of BMS (inhibition); DMSO, the solvent, was used as the control.
Afterward, DO (0 h) and D2 (48 h) explants were morphometrically analyzed, and the
results were represented as a D2/D0 ratio. The RA signaling pathway activation status
was assessed by performing in situ hybridization for rarf, a recognized target of this
cascade [13,32,38].

RA treatment increased rarf expression, suggesting an activation of the RA signal-
ing cascade (Figure 1A). On the other hand, BMS treatment decreased rarf expression
(Figure 1A), implying a downregulation of the RA pathway. To evaluate branching mor-
phogenesis, the lung’s epithelial compartment was outlined and analyzed, as shown in
Figure 1A. There was an increase in the epithelial perimeter of RA-treated lungs compared
to DMSO, whereas BMS treatment induced a significant decrease compared to the DMSO
(Figure 1B). The changes in the epithelial perimeter were due to alterations in branching
morphogenesis since no variations were detected regarding the epithelial area (Figure 1C).

RA is a known stimulator of lung branching morphogenesis, and these results are
in agreement with previous RA supplementation studies that have used the embryonic
lung [13,32,33]. Furthermore, we show here that BMS treatment downregulates the RA
signaling pathway and decreases branching morphogenesis of the embryonic chicken lung.
While RA-treated lungs maintained proper branching morphology, BMS-treated lungs
displayed a wider primary bronchus (Figure 1A; arrow) and larger epithelial pouches
(Figure 1A; asterisk), resembling cystic-like structures. This phenotype is comparable to rat
and mouse cystic malformations [3,4].

2.2. High Proliferation Is Associated with Active Branching Regions

Considering the effect of RA signaling stimulation vs. inhibition on lung branching
morphogenesis, we wondered whether RA signaling modulation could influence the pro-
liferation status of lung branching morphogenesis. For that purpose, we assessed EAU
incorporation into new DNA strands using Alexa Fluor 488 (Green) in the three experimen-
tal conditions. The nuclei were counterstained with Hoechst 33342 (Red) (Figure 2).

146



Int. J. Mol. Sci. 2024, 25, 5054

DMSO (D2)

05

g : g ..
E 25 X is * o
58 + 58 iy
ag - 58 :
58 : £€
£ o 2
£ 20 w
Q.
w

5 0

DMSO 1uMRA 10 uM BMS DMSO 1yMRA 10 uM BMS

Figure 1. Effect of RA signaling stimulation versus inhibition on lung branching morphogenesis.
(A) Representative examples of b2 lungs at 0 h (D0) and after 48 h (D2) of explant culture (DMSO,
1 uM of RA or 10 uM of BMS) (upper panel); probed for rarp (lower panel) (n > 4/condition).
Scale bar: 500 um. Red line: epithelial compartment outline. Arrow: wider primary bronchus.
Asterisk: larger epithelial pouches. The epithelial compartment was outlined (0 h and 48 h DMSO
examples) and the epithelial perimeter and area determined. Results are expressed as D2/D0 and
represented as mean £ SEM (1 = 10/ condition) for (B) epithelial perimeter and (C) epithelial area.
One-Way ANOVA and Fisher’s LSD tests were performed. Significantly different results are indicated
as * p < 0.05; **** p < 0.0001.

DMSO-treated explants revealed high proliferative areas in the trachea region (ar-
rowhead), in the distal area of the lung (arrow), and at active branching sites (asterisk)
(Figure 2B). These results match the previous data described in [20]. Moreover, the pro-
liferation pattern remained unaltered for the 1 uM of RA and 10 uM of BMS conditions
(Figure 2B,E]). Since RA stimulation increases lung branching, and high proliferation is
characteristic of active branching sites (asterisk), the regions of high proliferation expand
substantially (Figure 2F). In contrast, 10 uM of BMS decreases lung branching morphogen-
esis and induces a cystic-like phenotype. Thus, in this condition, high proliferation levels
are restricted to the branching structures (asterisk) and generally decrease compared to
other conditions (Figure 2J).
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Figure 2. Proliferation analysis of lung branching morphogenesis upon RA signaling stimula-
tion/inhibition. Representative confocal microscopy fluorescence images of b2 lung explants after
48 h in culture (D2), supplemented with (A-D) DMSO, (E-H) 1 uM of RA, and (I-M) 10 uM of BMS.
(A,E,I) Nuclei were stained with Hoechst 33342 (Red). (B,F,J) Proliferation assessed through EAU
incorporation in DNA, followed by detection using Alexa Fluor 488 (Green). (C,G,L) Merged images.
(D,H,M) Lung explants after 48 h of culture and before Hoechst 33,342 staining or EdU incorporation
protocols; it is worth mentioning that tissue size reduces after undergoing the proliferation procedure
protocol (1 > 4/condition). Scale bar: 500 um. Arrowhead: trachea region. Asterisk: active branching
sites. Arrow: distal tip.

2.3. Retinoic Acid Signaling Stimulation Requires Less Glucose Consumption

Recent data associate intercellular signaling with energy metabolism processes dur-
ing the tissue growth of embryonic systems [28-31]. In this sense, we explored potential
metabolic alterations induced by RA signaling stimulation versus inhibition. Since both
embryonic and adult lungs preferentially use glucose as the primary energy source [20-23],
we started by focusing on glucose metabolism (Figure 3A). For that purpose, lung explants
were exposed to one of the following conditions: DMSO, 1 uM of RA, or 10 uM of BMS.
The explant culture was performed for 48 h and refreshed at D1 (24 h). The medium
was collected at DO (0 h; reference/control), D1, and D2 and analyzed by using TH-NMR
spectroscopy. Extracellular metabolite production/consumption was calculated following
the mathematical formula |(D1-D0) + (D2-D0) |, as described in [20], and expressed in
fold variation to DMSO. D2 lung tissues were collected to perform qPCR for phospho-
fructokinase 1 (pfk1), glucose-6-phosphate dehydrogenase (g6pd), and 6-phosphogluconate
dehydrogenase (pgd).
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Figure 3. Impact of RA signaling modulation on glucose metabolism during lung branching mor-
phogenesis. (A) Schematic representation of glucose metabolism through the glycolytic and pentose
phosphate pathways. Blue labeling indicates the molecular targets analyzed; 'H-NMR analysis of (B)
glucose consumption (17 > 8/condition) during 48 h of lung explant culture (DMSO, 1 uM of RA,
or 10 uM of BMS). Metabolite consumption/production was calculated following the mathematical
formula | (D1-D0) + (D2-D0) | and represented in fold variation to DMSO. D2 lung mRNA relative
expression levels of (C) pfk1 (n > 4/condition) and (D) pgd (1 > 7/condition). All results are expressed
as mean = SEM. One-Way ANOVA and Fisher’s LSD tests were performed. Significantly different
results are indicated as * p < 0.05.

The 'H-NMR analysis revealed that both RA signaling stimulation and inhibition
do not alter lung glucose consumption compared to the control (Figure 3B). Neverthe-
less, glucose consumption is significantly lower under RA stimulation compared to RA
inhibition (Figure 3B). We have previously shown that the embryonic chicken lung has
the molecular machinery for the transport and uptake of glucose, and that the glucose
consumption profile adjusts to cope with specific energy and nutrient requirements to
sustain proper branching morphogenesis [20]. To assess the main enzyme controlling
glycolysis [39], we measured pfk1 expression. pfk1 expression levels remained unaltered in
the three experimental conditions (Figure 3C), meaning that RA signaling modulation does
not impact the pfk1 transcript levels. However, pfk1 expression displays minimal variations
throughout the early stages of lung branching [20].

The main catabolic fate of glucose 6-phosphate is the glycolytic breakdown into
pyruvate through glycolysis. However, part of glucose 6-phosphate can be oxidized into
pentose phosphates by the pentose phosphate pathway (PPP) (according to the cell needs
or NADP+/NADPH concentrations) [39]. To study how RA signaling modulation affects
PPP, the expression levels of g6pd and pgd were evaluated. Both transcripts encode enzymes
responsible for the oxidative reactions of PPP that produce NADPH. In the embryonic lung,
g6pd expression levels are very low, regardless of RA stimulation or inhibition conditions.
As for the pgd, the expression levels decrease from DMSO to BMS-treated lungs, and RA
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stimulation displays the same tendency but without statistically significant differences
(Figure 3D). According to our results, PPP is not favored under RA signaling stimulation or
inhibition, which indicates that glucose 6-phosphate is available to be used by glycolysis. To
conclude, under RA signaling stimulation, lung explants seem to adapt to make better use
of glucose or to utilize other metabolic substrates, since RA signaling stimulation increases
lung branching morphogenesis (Figure 1A,B) with less glucose consumption (Figure 3B).

2.4. Retinoic Acid Signaling Controls Pyruvate Metabolism

Since glucose consumption between RA signaling stimulation and inhibition was
different, we searched for additional glycolysis-related products and further investigated
other metabolite alterations promoted by RA signaling modulation. In the 'H-NMR spectra,
it was possible to detect the final product of glycolysis, pyruvate, and pyruvate-derived
metabolites, namely alanine, lactate, acetate, and succinate (Figure 4A).
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Figure 4. Extracellular metabolite changes induced by RA signaling modulation during lung branch-
ing morphogenesis. (A) Schematic representation of pyruvate-derived metabolites. Blue labeling
indicates the metabolites detected and quantified in the 'H-NMR spectra; 'H-NMR analysis of
(B) pyruvate production; (C) alanine production, (D) lactate production; (E) acetate production;
and (F) succinate production during 48 h of lung explant culture (DMSO, 1 uM of RA, or 10 uM of
BMS). Metabolite consumption/production was calculated following the mathematical formula
[(D1-D0) + (D2-D0)| and represented in fold variation to DMSO. Results are expressed as
mean + SEM (n > 8/condition). One-Way ANOVA and Fisher’s LSD tests were performed. Signifi-
cantly different results are indicated as * p < 0.05; ** p < 0.01; **** p < 0.0001.

RA signaling stimulation promotes a sharp increase in pyruvate production compared
to the DMSO (~111% increase) and BMS-treated groups (Figure 4B). In addition, under
BMS treatment, pyruvate production is lower than in the DMSO group (~45% decrease)
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(Figure 4B). These data suggest that RA signaling stimulation promotes pyruvate pro-
duction and its accumulation in the extracellular space because it may not be used by
mitochondria and may have other metabolic or signaling functions.

No differences were detected in alanine production compared to the DMSO con-
dition; yet, 1 uM of RA produces less alanine than in the 10 pM of BMS-treated group
(Figure 4C). This decrease in alanine production is similar to the decrease observed in
glucose consumption (Figure 3B).

Furthermore, pyruvate can be inter-converted into lactate through an enzymatic re-
action catalyzed by lactate dehydrogenase (LDH), which regenerates NAD* [39]. The
conversion of pyruvate to lactate is crucial for lung branching morphogenesis [20]. More-
over, it facilitates the uptake and incorporation of nutrients to form new biomass and
sustain active tissue growth [20,40]. Here, we showed that RA signaling stimulation leads
to a decrease in lactate production compared to the control and the BMS groups (Figure 4D).
This lactate decrease seems to follow the decrease in glucose consumption promoted by
RA signaling stimulation (Figure 3B).

After entering the mitochondria, pyruvate is converted into acetyl-CoA, which can
be shuttled into acetate or directly fuel the Krebs cycle. Acetate can be used as a substrate
for lipid synthesis and might incorporate new cellular membranes to sustain embryonic
lung growth [20]. However, no alterations were observed in acetate production among
the experimental groups (Figure 4F). Citrate was not detected in the 'H-NMR spectra, but
succinate production greatly increased upon RA signaling stimulation compared to the
control (~193% increase) and the BMS-treated group (Figure 4F). Succinate is the only direct
link between the Krebs cycle and the mitochondrial respiratory chain. During oxidative
phosphorylation, the electrons obtained from the succinate/fumarate oxidation through
mitochondrial complex II/Succinate dehydrogenase (SDH) are used to reduce ubiquinone
to ubiquinol [39]. In addition, the export of succinate from the mitochondrial matrix to the
cytosol can act as a signal of mitochondrial status and might contribute to regulating overall
metabolic homeostasis [41]. Nevertheless, succinate accumulation can trigger numerous
cellular events and act as a metabolic signaling molecule [41,42]. We conclude that upon
RA signaling stimulation, there is an increase in the amount of glucose that is directed
into pyruvate production rather than into the alanine or lactate branches. In addition,
mitochondrial succinate seems to increase at the expense of pyruvate availability.

2.5. Retinoic Acid Signaling Modulates Lactate Dehydrogenase Expression

Since RA signaling stimulation promotes a decrease in lactate production during lung
branching (Figure 4D), we hypothesized that RA signaling controls lactate dehydrogenase
(LDH) expression during branching morphogenesis. To further explore the molecular
mechanism underlying lactate production, we analyzed LDHA and LDHB isoforms under
RA signaling modulation. The treated explants were processed for in situ hybridization to
analyze Idha and [dhb spatial localizations and relative expression levels. D2 whole lungs
were also collected to assess LDHA and LDHB protein expression levels using Western blot.

The ldha transcript is limited to the ventral region of the lung (Figure 5A; arrow), and
its expression levels are dependent on RA signaling. RA pathway stimulation considerably
increases the expression levels of Idha compared to DMSO (Figure 5A). Conversely, the
BMS treatment decreases Idha expression compared to both the DMSO and RA-treated
lungs (Figure 5A). Regarding Idhb, its expression pattern is restricted to active branching
sites (Figure 5B; asterisk). Upon exposure to 1 uM of RA, the expression pattern of Idhb is
maintained, but its expression levels increase significantly (Figure 5B). On the other hand,
lung explants treated with 10 uM of BMS displayed a decrease in Idhb expression levels
compared to DMSO and RA-exposed lungs (Figure 5B). These results match previous data
from our team, wherein both Idha and Idhb isoforms were present at earlier stages of lung
branching and were expressed in a region-specific manner [20]. Moreover, Idhb transcript
localization was previously associated with active branching regions [20].
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Figure 5. LDHA and LDHB expression alterations induced by RA signaling modulation during
lung branching morphogenesis. Representative examples of b2 lung explant culture at DO and D2,
treated with DMSO, 1 uM of RA, and 10 uM of BMS. D2 lungs were probed for (A) Idha and (B)
Idhb (n > 4/condition). Scale bar: 500 um. Arrow: ventral region. Asterisk: active branching sites;
D2 lungs were analyzed for (C) LDHA and (D) LDHB protein expression levels. LDHA and LDHB
immunoblots and total protein are presented in Figure S2. Results are represented in fold variation to
DMSO. Results are expressed as mean + SEM (n > 3/condition). One-Way ANOVA and Fisher’s
LSD tests were performed. Significantly different results are indicated as * p < 0.05.

LDHA and LDHB protein expression changes are not as pronounced as in the tran-
scripts and this can be explained since Western blot samples comprise whole lungs rather
than specific tissue regions (Figure 5C and 5D, respectively). LDHA and LDHB protein
levels increase between DMSO and RA-treated lungs, but without statistically significant
differences; protein expression levels decrease between RA signaling stimulation and RA
signaling inhibition conditions in both isoforms (Figure 5C,D). Here, we describe how LDH
expression is modulated by RA signaling and that both Idha and Idhb isoforms are down-
stream targets of the RA signaling pathway. Furthermore, high proliferation sites match
ldhb expression localization when the RA signaling pathway is stimulated (Figure 2B).
In this sense, we conclude that high proliferation is associated with active branching re-
gions and that, by modulating lung branching, RA signaling influences the overall lung
proliferation rates.

2.6. Retinoic Acid Signaling Downregulation Increases Mitochondrial Function

Pyruvate and succinate metabolite data (Figure 4) suggest a potential role of RA sig-
naling in regulating mitochondria function during lung branching morphogenesis. To test
this hypothesis, we assessed mitochondrial respiration upon RA signaling stimulation and
inhibition. In detail, 48 h lung explant tissues were processed for the real-time measure-
ment of oxygen consumption rate (OCR), and the results were expressed in pmol/min/mg
protein (Figure S3).

Regarding basal respiration, the OCR from BMS-treated lungs increased compared to
the DMSO and RA-treated lungs (Figure 6A). Similarly, for ATP production, the 10 uM of
BMS condition displayed higher OCR levels than for DMSO and 1 uM of RA (Figure 6B).
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Likewise, the maximal respiration component revealed an increase in the OCR levels of
the RA inhibition group compared to DMSO and 1 uM of RA (Figure 6C). These results
point towards RA signaling stimulation presenting an overall mitochondrial respiration
profile similar to DMSO, whereas the BMS-treated lungs display increased mitochondrial
function. Overall, these results point to a more oxidative metabolism when RA signaling is
inhibited compared to control and RA-treated lungs.
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Figure 6. Mitochondrial oxygen consumption of lung explants upon RA signaling stimulation/
inhibition. Real-time measurement of oxygen consumption rate (OCR) corresponding to (A) basal
respiration; (B) component of OCR corresponding to ATP production; (C) component of OCR
corresponding to maximal respiration after 48 h of lung explant culture (DMSO, 1 uM of RA, or
10 uM of BMS). Results are represented in pmol/min and normalized to the total amount of protein.
Results are expressed as mean + SEM (n > 13/condition). One-Way ANOVA and Fisher’s LSD tests
were performed. Significantly different results are indicated as ** p < 0.01; *** p < 0.001.

To assess if these differences were due to changes in mitochondrial biogenesis, mtDNA
copy number and transcription factor A mitochondprial (tfam) expression levels were eval-
uated by qPCR [43,44]. No differences were observed in mtDNA copy numbers among
the three experimental conditions (Figure S4A). Similarly, the expression levels of tfam re-
mained unaltered between conditions (Figure S4B). These results suggest the same number
of mitochondria among experimental groups, meaning that RA signaling does not affect
mitochondprial biogenesis during lung branching morphogenesis.

2.7. Retinoic Acid Signaling Controls Fatty Acid Metabolism through AMPK

Considering that RA signaling inhibition promotes mitochondria function and mi-
tochondria plays a pivotal role in lipid metabolism, we decided to investigate how RA
signaling modulation impacts lipid metabolism during lung branching. In fact, RA is a
known modulator of lipid metabolism [45-47]. Moreover, AMP-activated protein kinase
(AMPK) is a master regulator of metabolism and a sensor of cellular energy status. AMPK
can restore energy balance, modulate glucose and lipid metabolism, and aid mitochondria
homeostasis [48,49]. In this sense, we explored whether AMPK and lipid metabolism could
be affected by RA signaling modulation during lung branching morphogenesis.

Our results revealed that RA stimulation upregulated the AMPK pathway through
increased pAMPK/AMPK protein expression levels (Figure 7A). Still, under RA signaling
inhibition, pAMPK/AMPK protein expression increased even more (Figure 7A). These
results suggest that during lung branching morphogenesis, AMPK is activated by RA
signaling under stimulation or inhibition conditions. Moreover, the increased activation of
AMPK under RA signaling inhibition might be due to a compensatory mechanism used to
re-establish tissue homeostasis due to the cystic-like phenotype.
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Figure 7. Impact of RA signaling modulation on AMPK pathway and lipid metabolism in early

oo

lung branching morphogenesis. D2 lungs were analyzed for (A) pAMPK/AMPK protein expression
levels (n > 3/condition), after 48 h of lung explant culture (DMSO, 1 uM of RA, or 10 uM of BMS).
pAMPK and AMPK immunoblots blots and total protein are presented in Figure S5. Results are
represented in fold variation to DMSO; mRNA relative expression levels of (B) srebf1, (C) fasn, and
(D) cpt1 (n > 7/condition), after 48 h of lung explant culture (DMSO, 1 uM of RA, or 10 uM of BMS).
Results are expressed as mean &+ SEM. One-Way ANOVA and Fisher’s LSD tests were performed.
Significantly different results are indicated as * p < 0.05; *** p < 0.001. (E) Proposed molecular
mechanism involving RA and AMPK signaling pathways, and respective impact on lipid synthesis
machinery during lung branching morphogenesis. The symbols refer to increase (1), decrease ({),
bigger increase (11), or bigger decrease (/).

Lipogenesis is, in part, regulated by sterol regulatory element-binding protein 1
(SREBP1). Our results showed that regulatory element-binding transcription factor 1
(srebfl) is present in the embryonic lung, with the expression levels decreasing from DMSO
to RA-exposed and BMS-treated conditions (Figure 7B). Fatty acid synthase (FAS) is a
rate-limiting enzyme of fatty acid synthesis; it converts acetyl-CoA and malonyl-CoA into
palmitate [39]. In the chicken lung, fatty acid synthase (fasn) expression decreased from the
DMSO to BMS-treated lungs (Figure 7C). Together, our data suggest a potential mechanism
during early lung branching, in which RA signaling modulation activates the AMPK
pathway, which in turn downregulates srebfl. The downregulation of srebf1 decreases the
expression of the downstream target fasn and, consequently, fatty acid synthesis is reduced.
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Fatty acid 3-oxidation is the process by which fatty acids are oxidized to acetyl-CoA
to produce energy. Carnitine palmitoyltransferase I (CPT1) catalyzes the rate-limiting step
of long-chain fatty acid oxidation; it promotes the translocation of fatty acids from the
cytosol to the mitochondrial matrix [39]. In the embryonic chicken lung, cpt1 expression
levels remained unaltered between the three experimental conditions (Figure 7D). These
data indicate that RA signaling does not modulate fatty acid oxidation during embryonic
lung branching.

3. Discussion

Growing evidence suggests that signaling—metabolism interactions are essential dur-
ing animal development [28,30,31]. In this study, we asked whether RA signaling, a
well-known modulator of lung organogenesis, could regulate the energy metabolism of
lung development during branching morphogenesis.

Our work revealed that RA signaling inhibition, upon BMS treatment, affects lung
development by decreasing lung branching morphogenesis and inducing a cystic-like
phenotype. This phenotype is comparable to rat overexpression of fgf10, which induces
cystic malformations similar to human CPAM [4]. Likewise, mouse DICER mutant lungs
display an upregulation of mesenchymal fgf10 accompanied by branching arrest and the
formation of large epithelial pouches [3]. An inhibition of FGF10 signaling is also associ-
ated with cystic appearances in early pulmonary branching [11]. During lung branching
morphogenesis, a gradient of RA is produced from the pleura region to the periepithelial
mesenchyme that surrounds the distal region of the growing bud [18]. RA availability
regulates fgf10 expression levels in the mesenchymal compartment surrounding the distal
bud tips of the developing lung [11,13,50,51]. Our data indicate that cystic-like structures
result from defective RA signaling impairing lung branching. Conversely, and as previously
demonstrated, RA signaling stimulation increases lung branching morphogenesis with
proper morphology [13,32,33].

After establishing the RA /BMS experimental model, we explored the metabolic alter-
ations induced by RA signaling modulation on lung branching morphogenesis. We took
advantage of ex vivo lung explant culture to study the whole organ and precisely assess
metabolic and associated molecular alterations in a controlled environment [20,52,53]. Our
work revealed that RA signaling stimulation is associated with less glucose consumption
than BMS-treated lungs despite increasing lung branching. Thus, RA signaling stimulation
promotes a better use of glucose or alternative metabolic substrate utilization. Additionally,
other glycolysis-related products were studied, revealing that RA signaling stimulation
increases pyruvate production and decreases lactate production in the embryonic lung.
Alanine production follows the same tendency as glucose consumption. These findings
point to an increase in the amount of glucose directed into pyruvate rather than into alanine
or lactate under RA signaling stimulation. Moreover, this also suggests an upregulation of
the glycolytic pathway under RA stimulation conditions and without variations in pfk1 at
the transcript level. However, PFK-1 can be modulated by many metabolites, including
fructose-2,6-bisphosphate, ATP, AMP, and hormones, potentially suggesting an indirect
regulation by RA at the protein/enzyme activity level [39].

Both Idha and Idhb are downstream targets of the RA signaling cascade. At the protein
level, we have noticed the same tendency for LDHA and LDHB but without pronounced
differences, which can be explained since we used whole lung tissues rather than isolated
tissues from specific regions in the Western blot. Such findings show that RA signaling
modulates LDH reaction, namely at active branching sites.

In the 'H-NMR spectra, no changes were observed in acetate production, and citrate
was not detected. However, there was a significant elevation in succinate levels, which
could have had significant effects on various cellular events. This increase in succinate
suggests that it may serve as a metabolic signaling molecule, triggering important signaling
pathways within the cells [41,42].
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In this report, we also showed that proliferation regions are associated with active
branching sites and expand substantially upon RA signaling stimulation since this condi-
tion increases lung branching. On the contrary, the BMS-treated lungs displayed decreased
branching and cystic morphology and were associated with less proliferation overall. No-
tably, the high proliferation sites match Idhb spatial localization upon RA signaling stimulation.

In order to test if RA signaling stimulation promotes pyruvate production to supply
mitochondria, we assessed mitochondrial respiration. Curiously, RA signaling stimulation
presented an overall respiration profile similar to the control. However, BMS-induced
inhibition modulated mitochondria. BMS treatment promoted mitochondrial function,
inducing a more oxidative metabolism without influencing mitochondrial biogenesis.

During lung branching morphogenesis, the AMPK pathway is activated by RA sig-
naling under stimulation and inhibition conditions. While AMPK stimulation could be
beneficial to a certain extent, in the case of RA signaling stimulation, an overactivation
of AMPK by RA signaling inhibition might be related to a compensatory mechanism
used to re-establish tissue homeostasis. Similarly, RA inhibits neointimal hyperplasia and
suppresses vascular smooth muscle cell proliferation and migration through AMPK signal-
ing activation [54]. Moreover, RA activates the AMPK signaling pathway and sensitizes
hepatocellular carcinoma cells to apoptosis induced by sorafenib [55]. RA also activates
AMPK in skeletal muscle cells [56]. Our analysis revealed a molecular mechanism in which
RA signaling modulation activates the AMPK pathway, downregulating the downstream
target srebfl. Consequently, the downregulation of srebfl decreases the expression of fasn,
and fatty acid synthesis might be reduced (Fig. 7E). Likewise, in human liver cells, AMPK
activation is associated with SREBP-1c inhibition [57]. SREBP influences genes that control
epithelial development, proliferation, and cell death, and plays a role in controlling the
lung lipid transcriptional network [58]. Moreover, RA treatment inhibits lipid biosynthesis
in mice livers [45]. RA signaling does not affect lung branching fatty acid oxidation, which
is in contrast to what occurs in other systems [45-47].

In conclusion, this study describes the metabolic changes produced by RA signaling
modulation on lung branching morphogenesis. RA signaling inhibition decreases lung
branching and induces a cystic-like phenotype that is accompanied by an increase in mito-
chondrial function. Since lung branching relies on glycolytic lactate-based metabolism [20],
the opposite metabolic profile, the OXPHOS-based BMS-induced metabolism, might ex-
plain the observed disease phenotype. On the other hand, RA signaling stimulation
increased lung branching while maintaining proper morphology. RA signaling stimulation
required less glucose consumption and produced less lactate. Nonetheless, RA stimulation
displayed a similar OCR mitochondrial profile as the control lungs. Such data support the
extracellular accumulation of pyruvate and succinate, which are not used to fuel OXPHOS.
Still, pyruvate and succinate might exert additional metabolic or signaling roles (Figure 8).
We hypothesize that RA signaling stimulation might promote optimal growth conditions,
while RA signaling inhibition promotes a less efficient metabolism for branching morpho-
genesis. Moreover, an RA-AMPK-dependent molecular mechanism seems to regulate lipid
synthesis in the embryonic lung.
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Figure 8. Schematic representation of the metabolic profile of early lung branching morphogenesis
upon RA signaling stimulation vs. inhibition. Left panel: Upon RA signaling stimulation there is a
metabolic remodeling compared to control lungs. There is a decrease in lactate production and an
extracellular accumulation of pyruvate and succinate, which are not used to fuel mitochondria but
might exert additional metabolic or signaling roles. In this condition, lung branching morphogenesis
is increased and lung tissues display proper lung morphology. Right panel: RA signaling inhibition
decreases pyruvate production and increases mitochondrial function, resulting in a more OXPHOS-
based metabolic profile. In this condition, lung branching morphogenesis is decreased and lung
tissues display a cystic-like phenotype. The symbols refer to increase (1), decrease (].), proper lung
morphology (), or impaired lung morphology (X).

4. Materials and Methods
4.1. Ethical Statement

Under the European Parliament Directive 2010/63/EU of 22 September 2010 and the
Portuguese Directive 113/2013 of 7 August 2013 on the protection of animals used for
scientific purposes, no ethical approval was required to carry out this work, which was
performed at the early stages of chicken embryonic development.

4.2. Tissue Collection

Fertilized chicken eggs, Gallus gallus, were incubated between 4.5 and 5.5 days (Em-
bryonic day 4.5-5.5) in an incubator with a 49% humidified atmosphere at 37 °C (Termaks
KB400, Fjards, Sweden). Stage b2 lungs (two secondary buds formed per bronchus) were
micro-dissected using a stereomicroscope (Olympus SZX16, Tokyo, Japan) [11]. The dis-
sected lung tissues were processed for ex vivo lung explant culture.

4.3. Ex Vivo Lung Explant Culture

Lungs were dissected in PBS and placed on 8 um nucleopore polycarbonate mem-
branes (Whatman, Marlborough, MA, USA). The lung explants were cultured in 200 pL of
medium 199 containing 5.5 mM glucose (Sigma, St Louis, MI, USA),supplemented with 1%
(v/v) L-glutamine (Invitrogen, Waltham, MA, USA), 0.25 mg/mL of ascorbic acid (Sigma),
5% (v/v) heat-inactivated fetal calf serum (Invitrogen), 10% (v/v) chick serum (Invitrogen),
and 1% (v/v) penicillin 5000 IU/mL plus streptomycin 5000 IU/mL (Invitrogen). The
lung explants were exposed to increasing doses of BMS (BMS493, Sigma): 0.1 uM, 1 uM,
or 10 uM; or to a different experimental setting with 1 uM of RA (Sigma) or 10 uM of
BMS. DMSO 0.1% was used as the control. The lung explants were incubated for 48 h at
37 °C with 5% CO, (Heraeus HeraCell CO; incubator, Hanau, Germany). At 24 h, the
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culture medium was replaced by a fresh supplemented medium. The lung explants were
photographed at 0 h (D0), 24 h (D1), and 48 h (D2) (Olympus U-LH100HG coupled to
Olympus SZX16) and then morphometrically analyzed (AxioVision, Carl Zeiss Microscopy,
Oberkochen, Germany). Media samples were collected at DO, D1, and D2 for IH-NMR
spectroscopy. D2 tissues were collected for RNA, DNA, and protein extraction. D2 explants
were also collected for in situ hybridization, proliferation assay, and seahorse analysis.

4.4. RNA Probes

Total RNA was extracted from D2 lung explants using the TripleXtractor directRNA
kit (Grisp, Porto, Portugal). Subsequently, 1 ug of RNA was treated with DNase I (Thermo
Fisher Scientific, Waltham, MA, USA) and reverse transcribed into cDNA using the GRS
c¢DNA Synthesis kit (Grisp). rarp [59], Idha, and Idhb [20] RNA probes were produced as
previously described. Antisense digoxigenin-labeled RNA probes were produced using T3
(rarp) or SP6 (Idha and Idhb) RNA polymerase, according to the manufacturer’s instructions
(Roche, Mannheim, Germany).

4.5. Whole-Mount In Situ Hybridization

After explant culture, the lungs were fixed in PBS solution with 4% formaldehyde and
2mM EGTA, pH 7.5, at 4 °C overnight. Afterward, the lung explants were dehydrated in a
methanol series and stored at —20 °C. The tissues were rehydrated in a methanol /PBT series
and processed for whole-mount in situ hybridization (1 > 4 per gene/condition) [60]. The
tissues were permeabilized with proteinase K solution (PBT with 0.05% proteinase K) (Roche).
Next, the tissues were incubated in a post-fixing solution (PBT with 10% formaldehyde and
0.4% glutaraldehyde). Subsequently, the tissues were incubated with hybridization solution
containing 50% formamide; 6.5% SSC; 1% EDTA, 0.5 M, pH 9.8; 0.5% CHAPS; 0.25% t-RNA;
0.2% heparin; and 0.2% Tween 20; at 70 °C. Then, the tissues were incubated overnight
with specific RNA probes in the hybridization solution at 70 °C. The next day, washes were
performed with preheated hybridization solution, hybridization solution with MABT (50:50)
(5.8% C4H40O4, 4.4% NaCl, 7% NaOH, 1% Tween 20, pH 7.5), and MABT. Next, the tissues
were treated with blocking solutions [MABT with 20% blocking reagent (Roche); MABT with
20% blocking reagent plus 20% goat serum (Invitrogen)]. Then, the lungs were incubated in
MABT, 20% goat serum, 20% blocking reagent, and anti-digoxigenin antibody (1:2000) (Roche)
solution overnight. We committed day 3 to performing MABT solution washes. On the last
day, the tissues were washed in NTMT solution (0.1 M Tris-HCI, 0.1 M NaCl, 50 mM MgCl,,
1% Tween 20) and then incubated in a developing solution (NTMT with BCIP and NBT)
(Roche), protected from light, at 37 °C. The reaction was stopped at the same time for each
group of lungs/probes. Lastly, the lung explants were photographed (Olympus U-LH100HG
coupled to Olympus SZX16).

4.6. "TH-NMR Spectroscopy

Explant culture media samples (200 uL) were collected at DO, D1, and D2 and analyzed
by using 'H-NMR spectroscopy (1 > 8/condition) according to [61]. Spectra were accessed
at 25 °C by using a Bruker Avance 600 MHz spectrometer with a 5 mm QXI probe and z-
gradient (Bruker Biospin, Ettlingen, Germany). Solvent-suppressed !H-NMR spectra were
acquired with 6 kHz spectral width, 14 s inter-pulse, 3 s water pre-saturation, 45-degree
pulse angle, 3.5 s acquisition time, and 128 scans (minimum). Sodium fumarate 10 mM
(singlet, at 6.50 ppm) was used as an internal reference. The following metabolites were
detected and quantified: H1-« glucose (doublet, 5.22 ppm), pyruvate (singlet, 2.35 ppm),
alanine (doublet, 1.46 ppm), lactate (doublet, 1.33 ppm), acetate (singlet, 1.9 ppm), and
succinate (singlet, 2.39 ppm). The relative areas of 'H-NMR resonances were quantified
by using the NUTSpro™ NMR spectral analysis program (Acorn NMR, Livermore, CA,
USA). D0 media samples were used as the reference/control. Metabolite consumption or
production was calculated using the mathematical formula | (D1-D0) + (D2-D0) | [20] and
normalized to the total amount of protein.
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4.7. Quantitative PCR

Total RNA and cDNA were obtained from stage b2 lungs as previously described. A
qPCR method was performed as described in [20]. Specific exon—exon spanning primers
were designed for the amplification of the targets (pfk1, g6pd, pgd, tfam, srebf1, fasn, and
cptl) and housekeeping transcripts (18s and actin-p) (Table S1). Primers were optimized for
annealing temperature and PCR cycles by using NZY Taq 2x Green Master Mix (NZYTech,
Lisboa, Portugal). Afterward, primers were optimized for the efficiency range. Each qPCR
was performed in duplicate using 1 puL of cDNA and the SYBR method with the NZY
qPCR Green Master Mix (2x) (NZYTech). The 18s and actin- housekeeping genes were
used to normalize the mRNA expression levels. Data on the relative expression levels were
calculated using the mathematical model 2°(-ACt) [62].

4.8. Western Blot

Pooled samples of 10 lungs/pool of D2 lung explants were processed for Western blot
as described in [12]. Protein was extracted and quantified according to [63]. Then, 40 ug
of protein was loaded onto 10% acrylamide minigels and electrophoresed at 100 V in a
Mini-PROTEAN Tetra Cell (Bio-Rad, Hercules, CA, USA). Blotting was performed using
low-fluorescence PVDF membranes (Bio-Rad) and a Trans-Blot Turbo Transfer System (Bio-
Rad). After that, membranes were incubated with AzureRed Fluorescent Total Protein Stain
(Azure Biosystems, Dublin, CA, USA) according to the manufacturer’s instructions. Im-
munoblots were probed with primary antibodies for LDHA (1:40,000; #3582, Cell Signaling,
Danvers, MA, USA), LDHB (1:10,000; #ab240482, Abcam, Cambridge, UK), AMPK« (1:2000;
#2532, Cell Signaling), and Phospho-AMPKa (Thr172) (1:2000; #2531, Cell Signaling). Sub-
sequently, the blots were incubated with anti-rabbit IgG HRP-linked secondary antibody
(1:5000; #7074, Cell Signaling) or anti-goat secondary IgG (H+L) HRP cross-adsorbed an-
tibody (1:5000; #R-21459, Invitrogen). The membranes were developed with Clarity or
Clarity Max Western ECL substrate (Bio-Rad). To capture the chemiluminescent signal, a
Sapphire Biomolecular Imager (Azure Biosystems) was used. Western blot quantifications
were performed using AzureSpot Analysis Software (Version 2.2.167) (Azure Biosystems)
and normalized to the total protein. Two or more independent experiments were performed
per pool of tissue (n > 3/condition).

4.9. Proliferation Assay and Confocal Microscopy

A proliferation assay (1 > 4/condition) was performed as described in [20]. After 48 h
of lung explant culture, half of the explant’s media was replaced by fresh media containing
EdU (150 pM final concentration). Explants were incubated with the EAU solution for
90 min at 37°C with 5% CO, (Heraeus HeraCell CO, incubator). Then, the tissues were
fixed in PBS with 3.7% formaldehyde. Afterward, the tissues were washed in PBS with
3% BSA and permeabilized in PBS with 0.5% Triton X-100 for 90 min. The issues were
washed and processed for the Click-iT Plus EAU reaction according to the manufacturer’s
instructions (Click-iT™ Plus EAU Cell Proliferation Kit for Imaging, Invitrogen). Alexa
Fluor 488 was used to detect EAU, and the nuclei were counterstained with Hoechst 33342
(1:2000). Image acquisition was performed by using an Olympus LPS Confocal FV3000
microscope (Olympus).

4.10. Seahorse Analysis

After 48 h of in vitro lung explant culture, D2 lungs were processed for real-time
measurement of oxygen consumption rate (OCR) (n > 13/condition) using a Seahorse
XFe24 (Agilent, Santa Clara, CA, USA). The seahorse Mito Stress Test was performed
according to the manufacturer’s instructions (Agilent, USA). On the previous day, the
Seahorse sensor cartridge (Agilent) was hydrated overnight in Seahorse XF calibrant
(Agilent) in a non-CO, incubator with humidity at 37 °C. On the protocol day, the Seahorse
assay medium was freshly prepared with medium 199 without phenol red (Sigma) and
supplemented with 1 mM pyruvate (Sigma) and 1% (v/v) L-glutamine (Invitrogen), pH
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7.3, and warmed at 37 °C until use. Drugs were freshly prepared in the Seahorse assay
medium and sequentially loaded into the sensor cartridge injection ports with oligomycin
15 uM (Sigma), FFCP 20 uM (Sigma), and rotenone/antimycinn A 8 pM (Sigma) as the
final concentrations. After the explant culture, D2 lungs were washed in PBS and placed on
the Seahorse assay media. Islet capture microplates (Agilent) were prepared with 500 pL of
the Seahorse assay medium; then, D2 tissues were placed on the wells’ inner depression,
and the islet capture screens (Agilent) were placed into the wells. After preparation, both
the islet capture microplates (tissues) and the Seahorse sensor cartridge (drugs) were pre-
warmed and calibrated at 37 °C. The Seahorse protocol cycles (5;5;5;8) and moment of
injections are represented in Figure S3. Each OCR measurement was performed with 3 min
of mixing, 2 min of waiting, and 3 min of measuring. In the end, tissues were collected,
washed in PBS several times, and processed for protein extraction and quantification. OCR
data (pmol/min) were normalized to the total amount of protein.

4.11. mtDNA Copy Number

A gPCR method was performed to evaluate the mtDNA copy number as described
by [64], with minor modifications. Total DNA was extracted from D2 lungs using a GRS
Genomic DNA kit (Grisp). DNA integrity was assessed by using electrophoresis in a 0.6%
agarose gel. Specific primers were designed for mitochondrial NADH dehydrogenase 1 (nd1)
and Nuclear Angiotensin II receptor type 1 (agrt1), and the primers were produced according
to [65] (Table S1). The primers were optimized for annealing temperature and PCR cycles by
using NZY Taq 2x Green Master Mix (NZYTech). Then, the primers were optimized for the
efficiency range. qPCR was performed in duplicate (n > 8/condition), using 20 ng of DNA
per reaction, and the SYBR method was performed by utilizing the NZY qPCR Green Master
Mix (2x) (NZYTech). Ct value differences between nd1 and agrt1 were used to quantify the
mtDNA copy number using the mathematical model 2°(-ACt) [62].

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software,
Boston, MA, USA). The normality of distribution was tested using the Kolmogorov-Smirnov
test. One-Way ANOVA was performed and followed by a post hoc Fisher’s Least Sig-
nificant Difference (LSD) test for multiple comparisons. All the data are presented as
mean = standard error of the mean (SEM) with a statistical significance level of 5% (p < 0.05).

5. Conclusions

RA signaling modulation induces metabolic alterations at the transcript, protein, and
metabolite levels. This report unveils novel insights into the signaling-metabolism inter-
action during embryonic lung development and highlights the importance of metabolic
regulation in this phase. Furthermore, our data may contribute to understanding the
etiology of congenital lung disorders, namely cystic-related disorders. This is a new and un-
explored topic, and several questions requiring additional mechanistic understanding have
been raised. Still, this study lays the groundwork for future studies in this emerging field.
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LDHB full-length blots and total protein; Figure S3: Seahorse OCR profile; Figure S4: Mitochondrial
biogenesis in lung branching morphogenesis; Figure S5: AMPK and pAMPK full-length blots and
total protein; Table S1: Primers and qPCR conditions.
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Abstract: The growing recognition of the association between maternal chronic kidney disease
(CKD) and fetal programming highlights the increased vulnerability of hypertension in offspring.
Potential mechanisms involve oxidative stress, dysbiosis in gut microbiota, and activation of the
renin-angiotensin system (RAS). Our prior investigation showed that the administration of adenine
to pregnant rats resulted in the development of CKD, ultimately causing hypertension in their adult
offspring. Citrulline, known for enhancing nitric oxide (NO) production and possessing antioxidant
and antihypertensive properties, was explored for its potential to reverse high blood pressure (BP)
in offspring born to CKD dams. Male rat offspring, both from normal and adenine-induced CKD
models, were randomly assigned to four groups (8 animals each): (1) control, (2) CKD, (3) citrulline-
treated control rats, and (4) citrulline-treated CKD rats. Citrulline supplementation successfully
reversed elevated BP in male progeny born to uremic mothers. The protective effects of perinatal
citrulline supplementation were linked to an enhanced NO pathway, decreased expression of renal
(pro)renin receptor, and changes in gut microbiota composition. Citrulline supplementation led to a
reduction in the abundance of Monoglobus and Streptococcus genera and an increase in Agothobacterium
Butyriciproducens. Citrulline’s ability to influence taxa associated with hypertension may be linked to
its protective effects against maternal CKD-induced offspring hypertension. In conclusion, perinatal
citrulline treatment increased NO availability and mitigated elevated BP in rat offspring from uremic
mother rats.

Keywords: chronic kidney disease; citrulline; nitric oxide; developmental origins of health and
disease (DOHaD); asymmetric dimethylarginine; gut microbiota; hypertension

1. Introduction

Hypertension affects one in three adults worldwide, and its roots may begin in early
life [1,2]. Identifying and addressing hypertension early on could be a cost-effective strategy
to globally reduce its burden. The connection between early-life environmental influences
and later-life diseases is known as the “developmental origins of health and disease (DO-
HaD)” [3]. Adverse maternal conditions during gestation can impact fetal programming,
potentially resulting in offspring hypertension [4]. Previous research demonstrated that
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pregnant rats fed adenine exhibited reduced kidney function along with glomerular and
tubulointerstitial damage, hypertension, and increased uremic toxins [5]. These charac-
teristics closely mirror the complex nature of human CKD. Maternal adenine-induced
CKD affects fetal programming, leading to offspring hypertension. This hypertension is
associated with deficient nitric oxide (NO) signaling, abnormal activation of the renin—
angiotensin system (RAS), and alterations in the composition of gut microbiota [5].

Dietary antioxidants play a significant role in the treatment and prevention of various
human diseases [6]. Citrulline, a non-essential amino acid initially identified in watermelon,
has emerged as a potential antioxidant supplement that contributes to the improvement of
cardiometabolic health [7,8]. Evidence suggests that citrulline derived from watermelon
serves as an antioxidant by supporting the synthesis of NO along with arginine [9]. Orally
ingested citrulline is absorbed by enterocytes and efficiently transported to the kidneys,
where it is transformed to arginine. Citrulline supplementation offers pharmacokinetic
advantages over arginine by bypassing hepatic first-pass metabolism, leading to increased
NO production [10]. As NO is a well-known vasodilator, oral supplementation of arginine
or citrulline is believed to effectively reduce blood pressure (BP) [11].

Evidence suggests that early-life oxidative stress increases the future risk of hyperten-
sion [12]. Conversely, the perinatal use of dietary antioxidants has been shown to protect
adult offspring from hypertension in various animal models [13]. Previously, we found that
supplementing citrulline during pregnancy in rats with NO deficiency improved offspring
hypertension by enhancing NO production [14]. Nevertheless, the impact of perinatal
citrulline supplementation on offspring hypertension programmed by maternal uremia is
still unknown.

The objective of this study was to investigate the protective role of citrulline in hy-
pertension with developmental origins. In vivo, this was accomplished by administering
perinatal citrulline supplementation in a maternal uremia rat model to delve into potential
underlying mechanisms, including NO, the RAS, and gut microbiota.

2. Results
2.1. Body Weight and BP

Figure 1 depicts that at 12 weeks of age, there were no discernible differences in body
weight (Figure 1A) and the kidney weight-to-body weight ratio (Figure 1B) among the
four groups. Additionally, the plasma creatinine levels, serving as an indicator of kidney
function in the CKD group, were comparable to those in the remaining groups (Figure 1C).
BP measurements were conducted longitudinally from weeks 3 to 12 (Figure 1D). Notably,
during weeks 8-12, maternal CKD resulted in an increase in offspring’s systolic BP, which
was reversed by perinatal citrulline treatment (Figure 1D).

2.2. NO Pathway

Table 1 presents the findings regarding NO parameters in the plasma, including cit-
rulline, arginine, asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine
(SDMA). Following perinatal citrulline supplementation, the citrulline concentration ex-
hibited a significant increase in the NC group as opposed to the CKD and CKDC groups.
Plasma concentrations of arginine were notably higher in the NC and CKDC groups when
compared to the CKD group. The levels of ADMA and SDMA were elevated due to mater-
nal CKD, and citrulline supplementation mitigated the increase in ADMA in the CKDC
group. A noteworthy reduction in the arginine-to-ADMA ratio was observed in the CKD
group, which was a trend that was counteracted by citrulline treatment (Table 1).
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Figure 1. (A) Offspring body weight, (B) ratio of kidney weight-to-body weight, and (C) plasma
creatinine concentration at 12 weeks of age. (D) Systolic blood pressure in offspring from 3 to
12 weeks of age with a sample size of n = 8 per group. * p < 0.05 vs. N; # p < 0.05 vs. CKD.

Table 1. NO parameters in the plasma of 12-week-old offspring.

Groups N CKD NC CKDC
Citrulline, uM 65.6 4 3.1 634419 741 4+ 3 # 633+ 1.8+
Arginine, uM 173.6 + 153 154.3 + 3.5 1917 +7.64 1724 + 3.7 #t

ADMA, uM 2.04 =+ 0.09 2.65 =+ 0.09 * 1.81£0.19#  2.07 «+ 0.04 #t
SDMA, uM 1.5 + 0.08 216 +0.12* 17 +0.16# 1.91 =+ 0.09
Ratio of 84.6 +5.3 57.7 +32* 11114+ 75%  83.6 +2.9#t

arginine-to-ADMA
N =8/group. * p <0.05 vs. N; # p <0.05 vs. CKD; t p <0.05 vs. NC.

We next analyzed protein levels of dimethylarginine dimethylaminohydrolase-1 and
-2 (DDAH1 and DDAH2; ADMA-metabolizing enzymes), endothelial NOS (eNOS), and
neuronal NOS (nNOS) by Western blot. Their expression in the offspring’s kidneys is
illustrated in Figure 2. Maternal rats with CKD led to a decrease in renal protein levels of
eNOS and nNOS, which is an effect that was prevented by maternal citrulline treatment
(Figure 2B,C). Figure 2D,E show that the renal expression of ADMA-metabolizing enzymes
DDAH-1 and -2 was comparable across the four experimental groups.

The findings suggest that maternal CKD hinders the NO pathway by reducing eNOS
and nNOS protein levels, the ratio of arginine to ADMA, and by elevating ADMA and
SDMA concentrations. Maternal citrulline supplementation appears to counteract these
effects, restoring NO availability by increasing arginine, the ratio of arginine to ADMA,
eNOS, and nNOS, and decreasing ADMA.
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Figure 2. The results of Western blot analyses for (A) endothelial nitric oxide synthase (eNOS),
neuronal NOS (nNOS), dimethylarginine dimethylaminohydrolase-1 (DDAH1), and -2 (DDAH2)
in the offspring’s kidneys, with Ponceau S staining employed as a loading control. The relative
abundance of (B) eNOS, (C) nNOS, (D) DDAHI, and (E) DDAH2 was quantified and presented.
*p<0.05vs. N; #p <0.05vs. CKD.

2.3. RAS

Quantitative real-time polymerase chain reaction (QPCR) was employed to analyze
various components of the RAS system. The components assessed included (pro)renin
receptor (PRR), renin, angiotensin-converting enzyme (ACE), angiotensinogen (AGT), and
angiotensin II type 1 receptor (AT1R). Renal mRNA content of renin, PRR, AGT, ACE, and
ATIR did not differ between the N and CKD groups (Figure 3). Among the four groups,
CKDC rats exhibited the lowest renal expression of PRR.
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Figure 3. Renal mRNA expression of RAS components. * p < 0.05 vs. N; # p < 0.05 vs. CKD; t p < 0.05
vs. NC.

2.4. Gut Microbiota Composition

Alpha diversity, representing the species richness and evenness within each sample,
was assessed using Pielou’s evenness and the Shannon index. Both alpha-diversity indices
exhibited no notable differences among the four groups (Figure 4A,B).
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Figure 4. (A) Pielou’s evenness and (B) Shannon index, illustrating alpha diversity across the four
groups. (C) The Partial Least Squares Discriminant Analysis (PLS-DA) plots depict the clustering of
fecal microbiota from the four groups. Each dot represents an individual’s microbiota, with color
indicating the respective group.

The Partial Least Squares Discriminant Analysis (PLS-DA) revealed distinct clustering
of gut samples in the N group compared to the other groups. This indicated differences in
gut microbiota between the N group and CKD group (p = 0.001 by ANOSIM), between the
N group and NC group (p = 0.02 by ANOSIM), and between the N group and CKDC group
(p = 0.016 by ANOSIM) (Figure 4C). However, when comparing the CKD group with the
CKDC group, the observed differences did not reach statistical significance (p = 0.069 by
ANOSIM).

To further assess the distinctions in gut microflora among the four groups, linear
discriminant analysis effect size (LEfSe) analysis was conducted (Figure 5). CKD offspring
rats exhibited a noteworthy rise in the abundance of genera Turicibacter, Alistipes, and Ne-
glectibacter. Citrulline treatment led to an increased level of genera Murimonas, Faecalimonas,
Sinanaerobacter, and Breznakia in the NC group. Additionally, Figure 5 highlighted that the
genus Peptococcus was overrepresented in the CKDC group. Among these, certain taxa
were found to be correlated with hypertension, including Turicibacter, Alistipes, Faecalimonas,
and Peptococcus [14,15].

168

Group

[ ]

Ei

]
CKD



Int. J. Mol. Sci. 2024, 25,1612

s__Robinsoniella_peoriensis -
g__Robinsoniella-
s__Amedibacillus_dolichus -
g__Amedibacillus -
c__Erysipelotrichia-
o__Erysipelotrichales -
s__Turicibacter_sanguinis -
f__Turicibacteraceae -
g__Turicibacter-
f__Rikenellaceae -
g__Alistipes -
s__Alistipes_putredinis -
p__Actinobacteria-

*

000 00N

- o Group
¢__Coriobacteriia- W
o__Eggerthellales - -
f__Eggerthellaceae - NE
s__Neglectibacter_timonensis - CKOC

g__Neglectibacter -
s__Murimonas_intestini-
¢g__Murimonas-
s__Faecalimonas_umbilicata-
g__Faecalimonas-
f__Unassigned-
s__Sinanaerobacter_chloroacetimidivorans -
g__Sinanaerobacter -
s__Breznakia_pachnodae -
g__Breznakia-
s__Alistipes_communis -
s__Peptococcus_niger-
g__Peptococcus -

*

*

2 3
LDA score

Figure 5. Linear discriminant analysis effect size (LEfSe) illustration. Different colors denote groups of

O«
-

microbes that have significant effects in different groups with linear discriminant analysis (LDA) > 3.
* indicates taxa that are linked to hypertension.

To test further whether certain microorganisms are involved in the protective role of
citrulline against maternal CKD-primed offspring hypertension, we examined different
compositions and abundance between the CKD group and CKDC group. At the genus
level, compared with the CKD group, the proportions of Monoglobus and Streptococcus were
lower in the CKDC group (Figure 6A,B). Species-based comparison showed the abundance
of Agothobacterium Butyriciproducens was amplified by maternal citrulline supplementation
in the CKDC rats in comparison to the CKD rats (Figure 6C).
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Figure 6. Relative abundance of (A) Monoglobus (genus), (B) Streptococcus (genus), and (C) Agothobac-
terium Butyriciproducens (species) between the CKD and CKDC group. * p < 0.05; ** p < 0.01;
*** p < 0.005.

3. Discussion

Early-life oxidative stress serves as a critical mechanism in the developmental pro-
gramming of hypertension, and antioxidant therapy emerges as a potential preventive
strategy [12,13]. Our study presents the first evidence that offspring hypertension induced
by maternal CKD can be prevented through perinatal citrulline supplementation. Key
findings include: (1) maternal CKD induces offspring hypertension, which is a condition
prevented by perinatal citrulline treatment; (2) hypertension in offspring primed by ma-
ternal CKD is linked to an inhibited NO pathway characterized by reduced eNOS and
nNOS protein levels, a diminished ratio of arginine to ADMA, and increased ADMA
and SDMA concentrations; (3) maternal citrulline treatment safeguards adult offspring
from hypertension by restoring NO, decreasing renal PRR expression, and influencing gut
microbiota; (4) the protective action of citrulline aligns with a decreased abundance of the
genera Monoglobus and Streptococcus and an increase in Agathobacterium Butyriciproducens.

Previous research suggests that citrulline, functioning as an antioxidant, modulates
NO and prevents oxidative stress-induced cardiovascular disease [8-10]. Our study ex-
tends the application of citrulline during gestation and lactation to mitigate offspring
hypertension associated with maternal CKD. In alignment with previous studies involving
models of maternal NO deficiency [16] and prenatal dexamethasone exposure [17], our
data suggests that maternal citrulline supplementation enhances NO availability, averting
offspring hypertension.

Our study’s results demonstrate that maternal CKD diminishes eNOS and nNOS
protein levels in offspring kidneys, reduces the ratio of arginine to ADMA, and increases
ADMA and SDMA, thus limiting NO production. Maternal citrulline therapy effectively
reverses the inhibitory effects on NOS protein abundance and restores the balance be-
tween arginine and ADMA to enhance the NO pathway. Considering the dysregulated
ADMA /NO pathway as a mediator of oxidative stress in hypertension [13], the beneficial
action of citrulline may be linked to its ability to improve NO availability.

An activated classic RAS axis is known to increase BP through increased oxidative
stress [18]. While the imbalance between NO and RAS is closely linked to hypertension
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pathophysiology [19], little is known about whether citrulline treatment can modulate the
RAS to control BP. Activating PRR promotes vasoconstriction [20], and maternal citrulline
supplementation reduces PRR, favoring lower BP. Although not statistically significant,
our results suggest that citrulline treatment tends to reduce most classic RAS compo-
nents. Future studies may explore whether citrulline’s protective effect against offspring
hypertension correlates with RAS blockade.

Another potential protective mechanism of citrulline against maternal uremia-
programmed hypertension may be associated with alterations in gut microbiota. The
redox status influences gut health [21], and dietary antioxidants may benefit health by
modulating gut microbiota [22]. Citrulline has been demonstrated to contribute to the
maintenance of both the integrity of the intestinal barrier and the balance of microbiota [23].
However, there are no reports on the impacts of citrulline on gut microbiota in hypertension.

The PLS-DA analysis in our study did not reveal distinct clustering patterns between
the CKD and CKDC groups, suggesting that citrulline supplementation may have a limited
role in shaping offspring’s gut microbiota compared to maternal CKD. Nevertheless, cit-
rulline still contributes to the low relative abundance of Monoglobus and Streptococcus and a
high proportion of Agathobacterium Butyriciproducens in the gut microbiota of the CKDC
group. The genus Monoglobus has been associated with hypertension [24], and Streptococcus
spp., opportunistic pathogenic taxa, are often found in hypertensive gut microbiomes [25].
Our findings indicate that the protective effects of citrulline against hypertension in the
offspring of uremic dams may be associated with its capacity to impact taxa associated with
hypertension. Agathobaculum butyriciproducens, a butyrate-producing probiotic, has shown
beneficial effects on cognitive deficits and Alzheimer’s disease pathologies [26]. Butyrate, a
short-chain fatty acid (SCFA), can regulate BP through the activation of its receptors [27].
Previously, we observed that butyrate supplementation throughout gestation and lactation
prevented offspring hypertension programmed by maternal CKD [28]. Citrulline likely
has the potential to enhance SCFA-producing probiotics and, consequently, reduce BP.
A previous study identified Peptococcus as bacteria depleted in subjects with metabolic
syndrome [29]. Based on our LEfSe analysis, citrulline supplementation, which enhances
Peptococcus abundance, may be attributed to its beneficial action in preventing hypertension.

Several limitations of the present study need acknowledgment. Firstly, we did not
analyze gut microbiota and derived metabolites in offspring rats at different developmental
stages and their dams. Gut microbial alterations in adult offspring rats may be attributed
to postnatal plasticity rather than primary programmed processes responding to early-life
environmental cues. Secondly, while we understand that the mechanisms mentioned may
not entirely cover the antioxidant actions of citrulline against maternal CKD-programmed
hypertension, a comprehensive examination of the complete mechanisms involved would
aid in the development of novel antioxidant preventive therapies. Finally, our data, al-
though useful in demonstrating that citrulline treatment has beneficial effects on male
rat offspring’s BD, is limited to experimentation in this model. The beneficial effects of
citrulline supplementation were associated with the restoration of the NO pathway and
modifications in gut microbiota, yet additional underlying mechanisms remain to be fully
elucidated. While dietary antioxidants present a promising strategy for oxidative-stress-
induced hypertension, conclusive results in humans are still pending [30,31]. Further
investigations are required in other models of programmed hypertension and in humans
before clinical translation.

4. Materials and Methods
4.1. Animals

We procured female Sprague-Dawley (SD) rats aged 6-8 weeks from BioLASCO
Taiwan Co., Ltd. (Taipei, Taiwan) and housed them in our AAALAC-accredited animal
facility. All procedures adhered to the regulations set by the Institutional Animal Care and
Use Committee (IACUC) at our hospital with the permit number 2022091601.
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Figure 7 illustrates the experimental protocol. Eight-week-old female rats (n = 12)
were randomly divided into two groups. The rats were assigned to either a normal diet or a
0.5% adenine diet for a duration of 3 weeks, as previously described [5]. Individual females
were paired overnight with a proven fertile male until the identification of a copulatory
plug. Pregnant rats were then randomized into four groups: rats receiving a normal
diet (N), adenine-treated rats (CKD), control rats receiving citrulline supplementation
(0.1% citrulline in drinking water) throughout gestation and lactation (NC), and CKD rats
receiving citrulline supplementation (CKDC). The citrulline dosage followed a previously
established protocol [16]. Litter sizes at birth were reduced to eight pups. Given the higher
prevalence of hypertension in males compared to females [32], only male offspring from
each litter were selected for subsequent experiments.

Induced CKD Mating Birth Weaning
{  3weeks | 3weeks | 3weeks J 9 weeks
Mother Male Offspring
R
r2 cko [SHREENRENNGTEIGE
or3 e

0.1% citrulline in drinking water

ore coc

0.1% citrulline in drinking water

Figure 7. Experimental protocol used in the current study. N = dams received a normal diet;
CKD = dams treated with an adenine diet; NC = dams received a normal diet and received citrulline
supplementation; CKDC = adenine-treated dams received citrulline supplementation.

Rat offspring were assigned to four groups (8 animals each): N, CKD, NC, and CKDC.
To acclimate the rats, we utilized the CODA BP system (a tail-cuff method, Kent Scientific
Corporation, Torrington, CT, USA) for BP measurements every four weeks. At 12 weeks
of age, blood draws and sacrifices were performed to assess kidney weights. Kidney
tissues were snap-frozen and stored accordingly. Prior to sacrifice, fecal samples from each
offspring were stored in a —80 °C freezer. The creatinine concentrations in rat offspring
blood were determined using high-performance liquid chromatography (HPLC, HP Agilent
1100, Agilent Technologies Inc., Santa Clara, CA, USA).

4.2. NO Parameters

The HPLC method was employed to analyze plasma levels of NO-related parameters.
The measurements were made on an Agilent 1100 HPLC (Agilent Technologies Inc.) by
using O-phthalaldehyde/3-mercaptopropionic acid (OPA /3-MPA) as a derivatization agent
with fluorescence detection. The ratio of arginine to ADMA was calculated, which provides
information on NO availability [33].

4.3. Western Blot

Equal amounts of 200 pg of kidney cortical proteins were loaded per lane onto a
polyacrylamide gel and subjected to electrophoresis. Following separation, the proteins
were transferred onto nitrocellulose membranes. Membranes underwent treatment with a
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0.1% Ponceau S solution (Sigma-Aldrich, St. Louis, MO, USA) for 10 min on a shaker, which
was followed by rinsing with distilled water to eliminate background staining. Ponceau S
staining served for total protein normalization.

The transferred proteins were then probed using specific antibodies, including a mouse
eNOS antibody (1:250; BD610297BD, Biosciences, San Jose, CA, USA), a mouse nNOS
antibody (1:200; SC-5302, Santa Cruz, CA, USA), a mouse DDAH1 antibody (1:500; SC-
271337, Santa Cruz), or a rabbit DDAH?2 antibody (1:2000; Ab184166, Abcam, Cambridge,
UK). Subsequent to washing, the blots were incubated with the corresponding secondary
antibody conjugated to horseradish peroxidase. Immunopositive bands were scanned
using an imaging densitometer (Quantity One, Bio-Rad, Hercules, CA, USA) to quantify
integrated optical density (IOD). Protein abundance was expressed as IOD normalized
by Ponceau S stain (PonS, representing the total protein loaded). Complete blots and
corresponding images of Ponceau S staining can be found in Supplementary Material.

4.4. Analysis of RAS Components Using gPCR

Total RNA was isolated from renal cortical tissues for qPCR analysis on a thermal
cycler (iCycler, Bio-Rad, Hercules, CA, USA) in duplicate. The internal control utilized
in this study was the 18S ribosomal RNA (R18S). PCR primers for both RAS components
and R18S are detailed in Table 2. Relative quantification was determined through the
comparative 2~22T method.

Table 2. Primers for qPCR.

Gene Accession No Sense Antisense

AGT XM_032887807.1 5 gcccaggtcgegatgat 3 5 tgtacaagatgctgagtgaggcaa 3
Renin J02941.1 5 aacattaccagggcaactttcact 3 5 acccccttcatggtgatctg 3
ACE U03734.1 5 caccggcaaggtctgcett 3 5 cttggcatagtttcgtgaggaa 3
PRR AB188298.1 5 gaggcagtgaccctcaacat 3 5 ccctectcacacaacaaggt 3
ATIR NM_030985.4 5 gctgggcaacgagtttgtct 3 5 cagtccttcagctggatcttca 3
R18S X01117 5 gecgeggtaattccagetcea 3 5 cecgeecgeteccaagate 3

4.5. 165 rRNA Sequencing

Microbial community DNA was extracted from fecal samples and subsequently un-
derwent 16S rRNA sequencing at Biotools Co., Ltd. (New Taipei City, Taiwan) [5]. The
amplification of the V1-V9 region of the 16S rRNA gene with barcoded primers was
prepared for a multiplexed SMRTbell library (PacBio, Menlo Park, CA, USA) and the se-
quencing procedure. To construct a phylogenetic tree, QIIME2 phylogeny fast tree utilized
a set of sequences representing the amplicon sequence variants (ASVs) [34,35]. Alpha diver-
sity analysis, evaluating microbiota richness and evenness within a single sample, utilized
the Shannon index and Pielou’s evenness. Beta diversity analysis relied on ANOSIM and
PLS-DA. Significantly differential taxa were identified using LEfSe analysis with an LDA
score exceeding 3.

4.6. Statistics

The data are expressed as means =+ standard error of the mean (SEM). Group distinc-
tions were evaluated utilizing either one-way ANOVA or two-way ANOVA, depending on
the context. Subsequent to the ANOVA, Tukey post hoc analysis was conducted to elucidate
differences between specific groups. A significance level of p < 0.05 was employed to
determine statistical significance. All statistical analyses were carried out using SPSS 17.0
software (SPSS, Inc., Chicago, IL, USA).

5. Conclusions

This study represents one of the initial observations highlighting the potential of
citrulline supplementation during gestation and lactation to prevent offspring hypertension
complicated by maternal uremia. Given the reversible nature of offspring hypertension
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through citrulline, a deeper understanding of its extent and the involved mechanisms could
contribute to the development of optimal antioxidants as preventive therapies, thereby
mitigating the health burden imposed by elevated BP on future generations.

Supplementary Materials: The following supporting information can be downloaded at https://
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Abstract: Tick bites and tick-related diseases are on the rise. Diagnostic tests that identify
well-characterised tick-borne pathogens (TBPs) possess limited capacity to address the
causation of symptoms associated with poorly characterised tick-related illnesses, such as
debilitating symptom complexes attributed to ticks (DSCATT) in Australia. Identification
of local signals in tick-bitten skin that can be detected systemically in blood would have
both clinical (diagnostic or prognostic) and research (mechanistic insight) utility, as a blood
sample is more readily obtainable than tissue biopsies. We hypothesised that blood samples
may reveal signals which reflect relevant local (tissue) events and that the time course of
these signals may align with local pathophysiology. As a first step towards testing this
hypothesis, we compared molecular signatures in skin biopsies taken from the tick-bite
location of human participants, as published in our previous study, together with peripheral
blood signatures obtained concurrently. This approach captures differentially expressed
molecules across multiple omics datasets derived from peripheral blood (including cellular
and cell-free transcriptomics, proteomics, metabolomics, and DNA methylation), and skin
biopsies (spatial transcriptomics). Our original data revealed that extracellular matrix
organisation and platelet degranulation pathways were upregulated in the skin within
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72 h of a tick bite. The same signals appeared in blood, where they then remained elevated
for three months, displaying longitudinally consistent alterations of biological functions.
Despite the limited sample size, these data represent proof-of-concept that molecular
events in the skin following a tick bite can be detectable systemically. This underscores the
potential value of blood samples, akin to a liquid biopsy, to capture biomarkers reflecting
local tissue processes.

Keywords: emerging diseases; MULTI-OMICS; systems biology; tick-borne diseases

1. Introduction

The escalating prevalence and public health threat posed by tick bites calls for inno-
vative approaches that would enhance our understanding of disease processes [1]. The
need for suitable biomarkers is underscored by the difficulty of diagnosing tick-borne
diseases (TBDs) since patients may exhibit a wide range of symptoms yet show ‘normal’
test results using current diagnostic methods [2]. Starting from the assumption that TBDs
ultimately arise from the tick bite site, we hypothesised that samples such as blood may
allow the detection of biological signals that reflect the pathophysiological events originat-
ing from the tissue at that site. Such liquid biopsy methods have revolutionised disease
detection and monitoring in prenatal testing and cancer diagnostics [3-6]. Importantly,
interrogating and analysing molecular biomarkers present in a bodily fluid such as blood
have allowed for the identification of biomarkers as promising monitoring tools, offering
minimally invasive access to diseased tissue and near real-time insights into disease status
and progression [3-6]. We reasoned that applying liquid biopsy methodologies could
potentially lead not only to improved understanding and earlier diagnosis of TBDs but
also to improved treatment outcomes [1,5].

We designed a multi-omics study to identify both single omics that capture the most
expressed differences as well as an integrative method that enables different omics to
complement each other to enhance the robustness of our findings. To assess the feasibility
of a liquid biopsy approach to capture disease progression for TBDs, tick-bitten skin
biopsies (solid biopsies) and their contralateral controls were collected concurrently with
peripheral blood samples (liquid biopsies) at time points of; (i) enrolment, (ii) one week,
and (iii) three months after tick bite. Multi-omics analysis of blood samples was performed
at all three time points, encompassing cellular and cell-free transcriptomics, proteomics,
metabolomics, and epigenetics (DNA methylation) to ascertain the most informative omics
capable of capturing disease progression. The multi-omics data generated in this study were
compared with the spatial transcriptomics data we reported previously (Lee. et al., 2024) [7].
Notably, two of these—cell-free transcriptomics and proteomics—hold particular potential
as liquid biopsy modalities as they are known to be capable of detecting perturbations
from within cancerous tissue [8]. Specifically, four genes—LRIG3, WIF1, LIN7B and
RRM2—associated with processes such as cell growth regulation, signalling pathways,
and immune responses [9] were identified as differentially expressed in both skin and
blood samples.

2. Results

Six participants were recruited in Perth, Western Australia, in accordance with the
inclusion criteria previously described [7]. Participant details (Table S1) (post quality
assurance and control, processing, and normalisation) (Figure S1) are described in Lee
et al., 2024. All participants had been bitten by ticks identified as Amblyomma triguttatum
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(the ornate kangaroo tick), with instars recorded (1 X larva, 3 X nymphs, and 2 x adults
(1 x male and 1 x female)). This native Australian tick is well known to feed on humans
opportunistically [10].

2.1. Local (Solid Biopsy) Signatures with Spatial Transcriptomics

We have previously published the analysis of the spatial (tissue) transcriptomic data [7].
We here include these data but amended to support integration with the systemic blood-
based (liquid biopsy) data sets.

There were 1380 differentially expressed genes (DEGs) identified (Figure 1a);
1018 were downregulated and 362 were upregulated when the transcripts in all tick-bitten
skin sections were compared to those obtained from contralateral control skin sections. All
DEGs and adjusted p-values are listed in Table S1. The most significant downregulated
spatial DEGs were ELOVLS5 (which translates to a membrane protein localised to the endo-
plasmic reticulum associated with elongation of the long-chain polyunsaturated fatty acids)
with an adjusted p-value of 4.82 x 10~1% and TOMMs (a component of the mitochondrial
outer membrane translocase complex) with an adjusted p-value of 2.02 x 10~°. Among
the downregulated spatial DEGs, olfactory receptor activity (GO I1D:0004984) was the most
prominent molecular function, with the detection of chemical stimulus involved in sensory
perception of smell (GO ID:0050911) as the most significant of the biological processes
and intermediate filament cytoskeleton (GO ID:0045111) as the most significant cellular
compartment these DEGs were localised to (Figure 1b). All GO results and the adjusted
p-values are listed in Table S2. The pathway analysis with the identified downregulated spa-
tial DEGs identified four significant pathways. “Expression and translocation of olfactory
receptors” and “olfactory signalling pathway”, both comprising 70 DEGs, were identified
as the top two most significant pathways derived from the downregulated DEGs, with
adjusted p-values of 1.03 x 10~ and 1.75 x 10~1, respectively (Figure 1c). All pathways
identified and the adjusted p-values are listed in Table S3.

For spatially upregulated DEGs, the most significant molecular function was asso-
ciated with extracellular matrix structural constituent (GO 1D:0005201) with an adjusted
p-value of 6.96 x 10~1°, while cadherin binding (GO ID:0045296) with an adjusted p-value of
7.80 x 1078 had the highest gene count of 27 (Figure 1d). The most prominent biological pro-
cess implicated was epidermis development (GO ID:0008544), and the collagen-containing
extracellular matrix (GO ID:0062023) was the most significant cellular compartment where
these DEGs were localised (Figure 1d). The most significantly upregulated spatial DEGs
were CXCL14 (a cytokine gene involved in inflammatory and immune processes) and GSN
(coding for an actin-binding protein with multiple isoforms) with adjusted p-values of
5.69 x 1072 and 6.46 x 1077, respectively. An overexpression analysis (ORA) was carried
out with the upregulated spatial DEGs and identified 67 significant pathways, listed in
Table S3. The most significant pathways were “extracellular matrix organisation” compris-
ing 29 DEGs and “ECM proteoglycans” comprising 15 DEGs, both with adjusted p-values
of 1.49 x 107 (Figure 1e).

2.2. Peripheral Blood Cell-Free Transcriptomics

In the comparison between T1 and T0, we identified 1442 DEGs in the cf compartment
of peripheral blood, 909 upregulated and 533 downregulated (Figure 2a). The most sig-
nificant upregulated DEGs identified were PPP1R3C (associated with carbohydrate and
glycogen metabolism) and COLEC11 (associated with immunological processes), with
adjusted p-values of 2.59 x 102 and 2.11 x 10~!, respectively. All cfDEGs, their fold
change, and the adjusted p-values are listed in Table S1. The most downregulated DEGs
at T1 were identified as POSTN (associated with heparin-binding molecular function in
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cellular adhesion biological processes) and TNFRSF17 (a cell-membrane receptor associ-
ated with adaptive immunological processes), with adjusted p-values of 2.30 x 10~!¢ and
1.60 x 1074, respectively. While 1105 pathways at T1 were identified (based on p-value),
such as ‘GPCR ligand binding’ comprising 45 DEGs (p-value of 2.92 x 10~%), none of the
pathways retained significance after adjustment of the p-value.
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Figure 1. Differential expressed gene analysis comparing transcripts of tick-bitten skin to contralateral
controls. (a) Volcano plot of differentially expressed genes (DEGs), identified with p-value < 0.05 and fold
change of 1.5 in either direction. Grey: Not significant or under a log2(FC) < 0.5; Yellow: p-value < 0.05;
Cyan: False discovery rate adjusted p-value < 0.05; Blue: False discovery rate adjusted p-value < 0.001;
(b) Dotplot of downregulated spatial DEGs in terms of significance in cellular compartment, molecular
function, and biological processes. The size of the dots represents the number of genes within the
enriched pathways while the dot colour represents the enrichment scores based on adjusted p-values;
(c) Enriched pathway analysis of downregulated spatial DEGs in terms of significance based on adjusted
p-value represented with the bar colour; (d) Dotplot of upregulated spatial DEGs in terms of significance
in the cellular compartment, molecular function, and biological processes. The size of the dots represents
the number of genes within the enriched pathways while the dot colour represents the enrichment
scores based on adjusted p-values; (e) Enriched pathway analysis of upregulated spatial DEGs in terms
of significance based on adjusted p-value, represented with the bar colour.
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Figure 2. Differential gene expression analysis of cell-free transcriptomics. Volcano plot of DEGs at T1
(a) and T2 (b), when compared to intake sample at TO, identified with p-value < 0.05 and fold change
of 1.5 in either direction. Grey: Not significant or under a log2(FC) < 0.5; Yellow: p-value < 0.05; Cyan:
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plot of the significant pathways in when T2 was compared to T0, ranked according to significance;
(d) Functional enrichment visualisation of pathways found when T2 was compared to TO.

180



Int. ]. Mol. Sci. 2025, 26, 1520

When T2 and TO were compared, 1676 cfDEGs were identified, 493 upregulated
and 1183 downregulated (Figure 2b). The most significant upregulated DEGs at T2 were
AGMAT (a hydrolase for arginine metabolism) and ZNF391 (a DNA-binding zinc finger
transcription factor), with adjusted p-values of 1.31 x 1071 and 2.01 x 10~4, respectively.
The most significant downregulated T2 DEGs identified were SMARCA1 (associated with
transcription regulation) and BRSK1 (a kinase associated with DNA damage and cell cycle),
with adjusted p-values of 7.69 x 10732 and 7.57 x 10~%/, respectively. Additionally, seven
distinct pathways at T2 were identified with adjusted p-values below 0.05 (Figure 2c).
Notably, "‘Neurexins and neuroligins’, comprising 15 DEGs, and ‘Neuronal System’, consist-
ing of 51 DEGs, were among the pathways showing significant alterations, with adjusted
p-values of 2.02 x 1073 and 3.98 x 1073, respectively (Figure 2c). From the functional
enrichment plot (Figure 2d), the three most significant pathways identified on Figure 2c,
can be observed clustering together.

When the upregulated and downregulated DEGs within the cell-free RNA (cfRNA)
dataset were analysed separately, only the 1183 downregulated cfRNA at T2 yielded signifi-
cant findings, in particular the 13 pathways, including “Neuronal System” with an adjusted
p-value of 4.71 x 1073, comprising 41 DEGs, identified as most significant (Table S3). Most
downregulated T2 cfRNA DEGs were located in the collagen-containing extracellular matrix
(GO ID:0062023), while the most significant molecular activity was symporter activity (GO
ID:0015293). Biological processes most downregulated at T2 included sensory perception of
light stimulus (GO ID:0050953) and visual perception (GO ID:0007601) (Figure S2).

2.3. Peripheral Blood Cellular Transcriptomics

The comparison of T1 and T2 time points with TO yielded few DEGs (Figure 3a,b).
When T1 was compared to TO, three downregulated DEGs were identified (Figure 3a). All
cellular DEGs, their fold change, and the adjusted p-values are listed in Table S1. With
an adjusted p-value of 1.87 x 1079, heparin-binding, LAMC2, associated with cell adhe-
sion, was identified as the most significant downregulated DEG. RSAD2 and IFIT3, both
involved in processes such as anti-viral defence, innate immunity, and general immunity,
with adjusted p-values of 1.21 x 1072 and 4.15 x 103, respectively, were also identified as
downregulated when at T1 when compared to T0. Enriched pathway analysis identified
14 significant pathways, with ‘Interferon alpha/beta signalling’ and ‘Interferon Signalling’
as the two most significant with adjusted p-values of 1.91 x 1072 and 7.37 x 1073, respec-
tively, and associated with RSAD2 and IFIT3 (Figure 3c.) While these two most significant
pathways were linked to only each other, dense connections were observed in the other
12 pathways identified (Figure 3d). When T2 was compared to T0, there were no DEGs
(Figure 3b), nor pathways identified.

2.4. Peripheral Blood Plasma Proteomics

The comparison of T1 and T2 time points with TO yielded an abundance of differen-
tially expressed proteins (DEPs) (Figure 4a,b). When T1 was compared to T0, 79 DEPs
were identified, 33 upregulated and 46 downregulated (Figure 4a). The most significantly
upregulated T1 DEPs were RL12 (RNA-binding ribonucleoprotein) and TIMP-1 (a secreted
growth factor and enzyme inhibitor), with adjusted p-values of 1.39 x 10~ and 3.85 x 1073,
respectively. The most downregulated DEPs were CX3CL-1 (a cytokine associated with
cell inflammatory responses) and ITA5 (an integrin receptor), with adjusted p-values of
8.23 x 107° and 1.84 x 1073, respectively, both pathways associated with cell adhesion
and host-virus interactions. Pathway analysis of the T1 DEPs identified three pathways,
with ‘Platelet degranulation” and ‘Response to elevated platelet cytosolic Ca2+ as the most
significant, both with adjusted p-values of 2.51 x 1073 and comprising six DEPs (Figure 4c).
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Among the 46 downregulated T1 DEPs identified, cytokine receptor binding (GO
ID:0005126) was the most prominent molecular function, comprising six DEPs and an
adjusted p-value of 5.22 x 102 (Figure S3a). There were no significant pathways identified
for T1 downregulated DEPs (Table S3). For 33 upregulated T1 DEPs (Figure S3b), the most
significant molecular function was associated with endopeptidase inhibitor activity (GO
ID:0004866), the most significant biological process affected was the positive regulation of
mononuclear cell migration (GO ID:0071677) and the platelet alpha granule (GO ID:0031091)
was the most significant cellular compartment these DEPs were localised at (Supplemental
Figure S2b). ORA pathway analysis was carried out with the upregulated T1 DEPs and
identified eight significant pathways (Figure S3c), listed in Table S3. The most significant
pathways were “Platelet degranulation” and “Response to elevated platelet cytosolic Ca2+”
both comprising six DEPs, both with adjusted p-values of 5.50 x 10~° (Figure S3c).

When T2 was compared to TO, 1031 DEPs were identified, 636 upregulated and
395 downregulated (Figure 4b). The most significantly upregulated T2 DEPs were SMAC
(associated with the apoptosis process) and NRBF2 (associated with the autophagy and
transcription regulation processes), with adjusted p-values of 2.30 x 10~% and 4.40 x 1074,
respectively. The most significantly downregulated T2 DEPs were identified as LRFN2
(a leucine-rich protein domain associated with postsynaptic cellular membranes) and
DPYL4 (a dihydropyrimidinase-related protein) with adjusted p-values of 3.78 x 10~*
and 4.40 x 10~4, respectively. Pathway analysis of T2 DEPs identified 12 significant path-
ways, with ‘Signalling by Interleukins” (comprising 66 DEPs) and ‘Platelet degranulation’
(comprising 27 DEPs) as the most significant with adjusted p-values of 9.11 x 10~% and
5.61 x 107, respectively (Figure 4d). From the functional enrichment plot (Figure 4e) at T2,
it can be observed that the five significant interleukin signalling pathways shared multiple
common DEPs. Apart from a handful of DEPs, the three haemostasis-related pathways
shared common DEPs among one another that were different to the interferon signalling
ones (Figure 4e,f).

In the 395 downregulated T2 DEPs, cytokine receptor binding (GO ID:0005126) was
again identified as the most significant molecular function with an adjusted p-value of
2.29 x 10~° and comprising 23 genes (Figure S4a). The external side of the plasma mem-
brane (GO ID:0009897), comprising 28 genes, was identified as the most significant cellular
compartment and the most significant biological process was leukocyte proliferation (GO
ID:0070661), with a gene count of 26 (Figure S4a). The most significantly downregulated
T2 DEP pathways were “Regulation of Complement cascade” with an adjusted p-value
of 1.35 x 1072 and “Complement cascade” with an adjusted p-value of 1.88 x 1072, both
comprised five DEPs (Figure S4b).

The 636 upregulated T2 DEPs were localised most significantly in platelet alpha
granules (GO ID:0031091) with an adjusted p-value of 1.21 x 10~'% and platelet alpha
granule lumen (GO ID:0031093) with an adjusted p-value of 1.88 x 1071, comprising
21 and 18 DEPs, respectively (Supplemental Figure S3c). The most significant molecular
activity identified was growth factor activity (GO ID:0008083) and four significant biological
processes associated with peptidyl tyrosine (GO 1D:0050731, 0018108, 0018212, 0050730)
were identified (Table S2 and Figure S4c). “Platelet degranulation” and “Response to
elevated platelet cytosolic Ca2+”, the same two pathways identified at T1, were even more
significantly upregulated at T2, both with 24 DEPs and adjusted p-values of 1.24 x 10~/
and 1.42 x 1077, respectively (Figure S4d).
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2.5. Integration

Data Integration Analysis for Biomarker discovery using the Latent cOmponent (DI-
ABLO) identified markers that exhibited the highest correlation across our multi-omics
datasets (Figure S5) and then singled out a minimal number of markers with the greatest
predictive value (Table S4). These selected markers were then used to construct molecular
signatures for distinguishing between different time points. Fine-tuning the performance
of the final DIABLO model revealed that employing two components (Figure S6) achieved
the lowest classification error rate, taking into account prediction distance, and enabled
the selection of variables across the datasets derived from disparate types of biological
measurements (Supplemental Material). Component one comprised 15 ¢fRNAs, 10 cellular
RNAs, 20 proteins, six metabolites and 10 epigenetic methylation sites, while component
two comprised 10 cfRNAs, five cellular RNAs, 10 proteins, nine metabolites and 20 epi-
genetics methylation sites (Table 54). Within the six participants, component one from all
omics datasets is highly correlated (Figure S7), with the lowest correlation between mRNA
and proteomics at 0.81 and the highest correlation between mRNA and metabolomics at
0.95. For component two, the highest correlation was between cfRNA and epigenetics at
0.97, while the lowest was between proteomics and metabolomics at 0.7 (Figure S8).

Visualising correlations, both within and between omics datasets using a cut-off set
at 0.85, the circos plot displays a blend of positive and negative correlations among the
selected features across components one and two (Figure 5a). Notably, these correlations
span different omics datasets, with the majority of these associations being observed with
the proteomics variables. The pseudogene ENSG00000203414, exhibiting a variance value of
—0.89 (Table S4), displayed a negative correlation with three selected proteins: seq.3506.49
(lymphotoxin LTA /LTB), seq. 3199.54 (Kallikrein-12), and seq. 2871.73 (DNA repair protein
RADS1) (Figure 5a). Using a pair-wise similarity matrix, a relevance network was con-
structed to offer insights into the interactions and connections between the selected features
across the different omics datasets using a predefined cut-off threshold of 0.75. The features
selected for the biomarker panel constituted five interconnected clusters on the network
(Figure 5b). The Group 4 cluster, visualised as a green cluster in Figure 5b, contained the
most features, comprising 32 variables, namely one mRNA, 19 proteins, four metabolites,
three cfRNAs, and five methylation sites. Pathway analysis of the Group 4 cluster identified
three pathways associated with the TCA cycle, namely ‘pyruvate metabolism’, ‘pyruvate
metabolism and the citric acid (TCA) cycle’ and ‘the citric acid (TCA) cycle and respiratory
electron transport” in order of significance based on adjusted p values.

The loading plots reveal which variables contribute more for each omic type in each
component, highlighting distinctive patterns (Figure 6a,b). The most significant molecular
variances across all omics datasets when comparing the three time points (T0, T1, and T2)
reveal that molecules at T2, featuring negative coefficients, contribute the most discrim-
inative features in component one, effectively segregating T2 from the other time points
(Figure 6a). In component two, discriminant features are evident across datasets, with
molecular variances at T1 displaying negative coefficients, while the molecular variances
at TO exhibit positive coefficients, effectively distinguishing TO from T1 (Figure 6b). For a
comprehensive list of the molecular features identified by DIABLO and featured in both
the loading plots and clustered image maps see Table S4.
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Figure 5. A multi-omics expression signature has been established by examining the correlations
among selected features across multi-omics datasets over two components. (a) A DIABLO circos
plot was generated using a correlation cut-off set above 0.85. The plot encompasses multiple omics
datasets, which are distinguished by colour: cellular mRNA (purple), proteomics (red), metabolomics
(yellow), cfRNA (green), and epigenetics (blue), organized in respective quadrants. Within the
plot, the internal lines connecting the selected variables are indicative of positive (brown) or nega-
tive (black) correlations. The external lines represent the expression activity of the corresponding
variable at different time points, where T0 is denoted in blue, T1 in orange, and T2 in grey; (b) A
relevance network has been constructed to illustrate the associations among selected features on
components 1 and 2. This network is based on a pairwise similarity matrix derived from multiple
omics datasets, with each dataset node represented by colour: cellular mRNA (purple), proteomics
(red), metabolomics (yellow), cfRNA (green), and epigenetics (blue). Within the network, the colour
of the edges serves as a visual indicator of the relationships between the nodes. Positive correlations
are represented by orange edges, while negative correlations are denoted by black edges.
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Figure 6. (a) Loading plot of DIABLO selected discriminant features on component one; (b) Loading
plot of DIABLO selected discriminant features on component two. For a and b, from left to right,
the loading plot shows the most variable molecular features (y-axis) across time points in mRNA,
proteomics, metabolomics, cfRNA, and epigenetics datasets, with the length of the bar representing
the contribution weight; (c) Hierarchically clustered image map for DIABLO-selected variables, where
the rows represent the time points, TO (blue), T1 (orange), and T2 (grey), and the columns represent
the dataset the selected feature belongs to cellular mRNA (blue), proteomics (green), metabolomics
(red), cfRNA (orange), and epigenetics (purple).

Hierarchical clustering employing the Euclidean method was conducted for compo-
nent one features, revealing distinct molecular patterns associated with each timepoint
across datasets (Figure 6¢). Within these patterns, a consistent set of discriminant features
was observed, reflecting a similar expression profile across time points. In the clustered
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image heatmap (Figure 6¢), all samples, except for participant AHL at T2 (AHLT2), exhib-
ited clustering based on their respective time points. This clustering was indicative of the
presence of overexpression signatures in the majority of T2 samples (Figure 6c). Participant
AHL at T2 failed to exhibit the same overexpression signatures observed in the other T2
samples. Instead, this particular sample loosely clustered with other TO samples (Figure 6c¢).
It is of note that serological analysis of participant AHL indicated seroconversion to Coxiella
burnetii, the causative agent of Q-fever, at T2 (Table S1).

Pathway analysis of the DIABLO selected features in component one identified
eight pathways, with four TCA cycle associated pathways identified as the most
significant—namely ‘pyruvate metabolism and citric acid (TCA) cycle’ (comprising 10 fea-
tures), “citric acid (TCA) cycle and respiratory electron transport’ (comprising 10 features),
‘pyruvate metabolism’ (comprising six features), and “citric acid cycle (TCA cycle)’ (com-
prising four features), with adjusted p-values of 1.37 x 10712,9.79 x 10-%,9.79 x 10~8,
and 5.73 x 107>, respectively. (Figure 7a). Component two of DIABLO selected features
identified the same four TCA cycle-associated pathways as the most significant in the
same order (Figure 7b), comprising 10, 11, 6, and 4 features, with adjusted p-values of
3.13 x 10713,1.08 x 1077, 4.57 x 1078, and 3.70 x 107>, respectively (Table S4).
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Figure 7. Pathway analysis of DIABLO selected features. (a) DIABLO component 1 pathways, ranked
according to significance; (b) DIABLO component 2 pathways, ranked according to significance;
(c) Comparison of DIABLO pathways with pathways identified in single omics analysis.
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The pathways derived from DIABLO selected features were compared to the pathways
identified with single omics analysis (Figure 7c), revealing different profiles of biological
pathways. DIABLO component one, made up of the most predictive features of T2, com-
prised 44 selected features. In comparison, 659 proteins and 732 cfRNA were discriminative
of T2 in single omics. DIABLO component two, represents the most distinctive features
that can discriminate between T1 and T2, comprising 38 features. In contrast, three cellular
RNAs and 45 proteins were discriminative of T1.

2.6. Correlational Analysis of Local (Solid Biopsy) and Systemic (Liquid Biopsy) Signals

The data from local events (skin tissue) [7] and peripheral blood samples were com-
pared and contrasted to investigate the intersections between local and systemic signals.
Out of the 1380 DEGs identified in the skin, 1177 (85%) occurred uniquely in the skin
(Figure 8). Similarly, cfRNA T1(645 DEGs), cfRNAT?2 (824 DEGs), proteomics T1(21 DEGs),
and proteomics T2 (861 DEGs) sample sets had DEG/DEPs that were not common in
the other (tissue) data set (Figure 8). However, local (tissue) samples shared several com-
mon DE molecules with systemic (liquid) samples (blue columns), namely proteomics T2
(52 DEGs), cfRNA T1(47 DEGs), and c¢fRNA T2 (47 DEGs).
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Figure 8. Upset plot comparing the DEGs from local skin (horizontal orange bar) samples set to
systemic blood (horizontal purple bars) sample sets, comprising differentially expressed cell-free
RNA and proteomics derived from peripheral blood drawn at three time points (T0, T1, and T2).
DEGs present only in one type of sample were presented in grey, in more than one systemic sample
type in green and in both local and systemic sample types in blue.

The extracellular matrix (ECM) organisation (R-HSA-1474244) pathway experienced
an upregulation in the tick-bitten skin on intake at TO when compared to the contralateral
control, comprising 29 DEGs (Figure le). Four proteins at T1 and 27 proteins at T2,
that were part of the ECM organisation pathway, were upregulated in comparison to
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TO. Interestingly, 31 downregulated cfRNA DEGs, that were part of the ECM organisation
pathway, were observed at T2. The other consistently identified pathways across time
points were “Platelet degranulation” (R-HSA-114608) and “Response to elevated platelet
cytosolic Ca2+” (R-HSA-76005) which were observed to comprise 16 upregulated DEGs
locally in the skin (Figure le), followed by 6 DEPs at T1 (Figure S3c), and 24 DEPs at T2
(Figure S4d) when compared to TO.

Enrichment analysis carried out with GO on the DEGs showed that the heparin-
binding (GO ID:0008201) molecular function exhibited an initial upregulation locally
(Figure 1d) with 18 DEGs and concurrently within the first-week post-intake, display-
ing an upregulation in proteomics at T1 (Figure S3b) with a further increase of three
DEGs. However, its expression was subsequently downregulated in both T2 samples
when compared to TO, namely proteomics (Figure S3a) with 11 DEPs downregulated and
cfRNA (Figure S2) with 18 DEGs. Furthermore, 31 DEGs were downregulated in the skin
(Figure 1b) which was part of the cytokine receptor binding (GO ID:0005126) molecular
function, which experienced a further downregulation of 6 proteins at T1 (Figure S3a). For
the cytokine receptor binding function at T2, 23 proteins were downregulated (Figure S4a)
while a set of 26 proteins from the same molecular function were upregulated (Figure S4c).

Gene ontology also pinpointed the cellular compartment, collagen-containing extra-
cellular matrix (GO ID:0062023), across data sets with 41 upregulated DEGs from the skin
identified (Figure 1d), followed by an additional upregulation of 5 plasma proteins at T1.
Localised at the collagen-containing extracellular matrix at T2, were 32 upregulated plasma
proteins (Figure S4c) and 48 downregulated c¢fDEGs (Figure S2). Biological processes
observed across sample types include upregulated processes such as negative regulation
of peptidase activity (GO ID:0010466), negative regulation of endopeptidase activity (GO
ID:0010951), and regulation of peptidase activity (GO ID:0052547) and 15 DEGs, respec-
tively identified in the skin (Table S2). These three biological processes identified went on
to experience further upregulation in DEPs at T1 and T2.

3. Discussion

The diverse symptomology experienced by humans following a tick bite may impede
the timely diagnosis of TBDs, and this has consequently hindered insight into the early
underlying pathophysiological mechanisms [11,12]. This study aimed to address this
knowledge gap by correlating local with systemic signals. Spatial transcriptomics of paired
skin biopsies [7] enabled the identification of local tick-bite signals on the day of enrolment.
As we show here, concurrent (i.e., at the time of skin biopsy) and subsequent, longitudinal
sampling of peripheral blood after tick bite allowed systemic signals to be observed and
compared to the time of enrolment, at one week, and at three months, offering a glimpse
into the trajectory of perturbations of the local biological processes.

Our previous investigation [7] revealed an abundance of local skin signatures that, as
expected, exhibited a larger range of DEGs and enriched pathways than systemic blood
signatures described in this study. This is consistent with comparable research where
tissue biopsies demonstrated superior detection rates of clinically significant perturbations
compared to liquid biopsies [13-15]. Nonetheless, liquid biopsies retain their value in
scenarios where tissue testing is challenging, such as in cases necessitating sequential
sampling [13-15]. Comparisons between tick-bitten and contralateral control skin collected
upon enrolment (T0) revealed an upregulation in DEGs that are part of extracellular
matrix (ECM) organisation and platelet degranulation pathways [7]. Importantly, as we
demonstrated here, these pathways also share a pattern of increased activity in the systemic
(blood) proteomics dataset, at one week and three months post tick bite. These signals,
in both the local and systemic data, could reflect the active involvement of the platelet
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degranulation pathway in haemostasis and the ECM organisation pathway in the repair of
the cutaneous wound inflicted by tick bites [16].

In the proteomics dataset, the ECM organisation pathway demonstrated a marginal
increase in activity from TO to T2. Conversely, the cfRNA data did not detect any per-
turbations in the ECM organisation pathway between T0 and T1 but exhibited a marked
downregulation of ECM organisation pathway activity at T2, potentially indicating the con-
clusion of the wound repair process as the participants approached the three-month mark
post tick bite. In cases of unresolved tick-associated conditions, it is suggested that these
signals may align with dermatological lesions in these patients and may persist [17-19].
Similarly, changes to haemostasis post tick bite, as demonstrated in this study, can also
lead to coagulopathies like thrombocytopenia from the over-consumption of coagulation
mediators such as platelets [20,21]. Therefore, monitoring of these signals post-treatment
could provide prognostic insight into the persistence or resolution of symptoms.

Fluctuating expression patterns of gene ontologies across different types of samples
(local and systemic) and over multiple time points were demonstrated in heparin binding
and cytokine receptor binding molecular functions. A tick bite not only initiates haemostasis
and antimicrobial activities via heparin-binding activities but also introduces pathogen-
associated molecular patterns from the pathogens inoculated and the release of damage-
associated molecular patterns by injured host cells, both of which are recognised and can
bind to host pattern recognition receptors [1,22]. The engagement of these receptors can
trigger a cascade of molecular mechanisms within the host, including the activation of
inflammasomes and fluctuating cytokine activities [1,23]. These fluctuations in cytokine
binding activities often reflect the dynamic and complex interplay of the human response
following a tick bite [23,24].

This pilot study suggests that shared signals between local and systemic datasets in
tick-bitten individuals exist and, more importantly, can be measured and tracked through
serial peripheral blood samples. To further validate the potential of this approach as being
capable of detecting local molecular perturbations discernible at a systemic level for TBDs,
and to expand this methodology to a broader range of applications, including other vector-
borne diseases [5,6], it is now reasonable to design larger follow-up studies around this
proof-of-concept platform.

While the experimental design translates into a robust workflow, the sample size in
this study is a limitation. Furthermore, power calculations were not undertaken due to
the absence of a clinical endpoint or phenotype. Other limitations include the sex ratio of
the cohort and the relatively short duration of tick attachment in many cases. The cfRNA
investigation conducted here is a relatively new technique [4,25,26]. With strict adherence
to transcriptomics analysis guidelines, an abundance of cfRNA DEGs was detected at all
follow-up time points when compared to intake at T0. However, downstream analysis of
the identified cfRNA DEGs by querying publicly available, curated databases, yielded a
paucity of results in terms of enriched pathways or gene ontogeny. This limitation may
stem from the recency of gene annotations within these databases and the untargeted
list of input genes utilised in this analysis, primarily due to the lack of prior knowledge
concerning mRNA associated with TBDs [25-27]. Future iterations of these databases can
potentially be employed to analyse historical samples, such as the one generated from this
study, to derive additional insights.

Despite these limitations, the results of this study represent the success of a “proof-
of-concept technical pilot” that attests to the feasibility of this liquid biopsy approach. We
emphasise that this pilot was not intended for biological interpretations of human tick bite
cases. Yet, despite the small sample size, these data demonstrate that identifying local
molecular signals common to local tissue and systemic alterations in blood is possible. Con-
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ceptually, this study shows that systemic signals, particularly liquid biopsy signals derived
from peripheral blood can capture local skin-based tick-associated signals. This provides
a novel avenue to detect and investigate tick-associated illnesses that were undetectable
with current methods. In the long term, these findings will also need to be compared to the
effects of other bites (for example, bites from fleas, spiders, and mosquitoes) in contrast to
purely mechanical damage to the skin.

4. Materials and Methods
4.1. Overview

The experimental study design, detailed in Figure 9, included sample processing that
adhered to guidelines set by the Murdoch University Human Research Ethics Committee
(permit 2019/124) as part of a broader research effort investigating human tick-associated
diseases in Australia [28]. Written informed consent was obtained from all participants
before enrolment and collection of their samples.

Main-cohort
) LEGEND
Day of tick @ skin EDTA
bite biopsy ] blood
G PAXgene Heparin
;Ig & ] blood ] blood
é d ¢ é
Day 0 Day 3 Week 1 Month 3
TO T T2
Contralateral [0 = = =
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TO vs T1 systemic > Compare
signals
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Figure 9. Tick-bitten participant sample collection schedule. On enrolment (TO = within 72 h (up
to Day 3) from tick bite), two skin biopsies and a set of blood samples were collected from study
participants. On subsequent follow-up time points (T1 = one-week post enrolment and T2 = three
months post enrolment), only venous blood samples were collected. Created with BioRender.com.

4.2. Data Selection Criteria and Extraction

Each participant contributed a set of samples, including the tick responsible for the
bite, two skin biopsies (one extracted from the tick bite site, the other from the contralateral
(control) site), whole blood samples collected into PAXgene® Blood RNA tubes (PreAna-
lytiX GmbH; Hombrechtikon, Switzerland), EDTA, and lithium heparin tubes (Figure 9).
Inclusion criteria comprised participants (a) who were enrolled and sampled within 72 h of
tick bite and (b) were able to provide samples for at least one of the cohort aims (local or
systemic studies). Exclusion criteria include (a) children under 18 years of age; (b) current
pregnancy; (c) previous diagnosis of chronic fatigue syndrome, fibromyalgia, myalgic
encephalomyelitis, Lyme disease (LD) or chronic “LD-like” illness); and patients with
coagulopathy or on anticoagulant therapy (except aspirin) [28]. All participants except one
(AHP, who declined consent for the contralateral control biopsy) provided the full sets of
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samples. As such, participant AHP was omitted from the spatial analysis due to a lack of a
control sample but was included in the whole blood systemic analysis.

4.3. Participant Details

A set of clinical information pertaining to the selected participants was extracted,
encompassing both participant metadata and processing metadata, including quality assur-
ance and control, processing, and normalisation details (Table S1).

4.4. Spatial Transcriptomics

Spatial transcriptomics data for each participant (from Lee et al., 2024) were down-
loaded for analysis using R v4.3.1 (R Foundation for Statistical Computing, Vienna, Aus-
tria) [29]/Bioconductor packages v3.18.0 and NanoString-validated packages (NanoString
Technologies, Inc., Seattle, WA, USA) for R, namely GeoMxWorkflows (v1.6.0) [30] and
GeoMxTools (v 3.5.0) [31,32] as previously described [7]. DEGs were ascertained by employ-
ing a linear mixed-effect model (LMM) with a random slope, where genes with an observed
fold change of 1.5 in either direction and adjusted p-value of 0.05 (Benjamini-Hochberg).

4.5. Cell-Free Transcriptomics

Whole blood, collected via venepuncture directly into EDTA Vacutainer tubes (Becton
Dickinson, NJ, USA), was centrifuged at 1000x g at room temperature for 15 min to
obtain platelet-rich plasma (PRP). The cell-depleted PRP was meticulously collected via
an RNase-free micropipette and was centrifuged at 2500 x g at room temperature for
15 min to obtain platelet-poor plasma (PPP) and stored at —80 °C until further usage for
cfRNA extraction. Haemolysis scoring on the PRP was measured at 414nm using the
NanoDrop 2000 (Thermo Fisher Scientific; Waltham, MA, USA) and cfRNA was extracted
using the Qiagen miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany) in
accordance with manufacturer’s instructions (Figure S1). Extracted cfRNA was checked for
genomic DNA (gDNA) contamination with SsoAdvanced Universal SYBR Green Supermix
(BioRad, Hercules, CA, USA) via qPCR on C1000 TouchTM Thermal Cycler (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and CFX Real-Time PCR Detection Systems (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), and RNA quality was assessed via electrophoresis
using the Eukaryote Total RNA Pico assay on the 2100 bioanalyzer (Agilent Technologies
Inc., Santa Clara, CA, USA). The [llumina RNA Prep with Enrichment (L) Tagmentation
kit (Illumina; San Diego, CA, USA) was used to construct a library with index adapters
from IDT for [llumina DNA /RNA Index Set A (Illumina; San Diego, CA, USA) and exome
panel with enrichment oligos (Illumina; San Diego, CA, USA). High output (50-60 Gb)
RNA sequencing of 75 bp paired-end reads was carried out on the Illumina NextSeq
500/550 platform (Illumina; San Diego, CA, USA) at Norgen BioTek Corp (Figure S1).
Initial quality control checks were conducted using FastQC v0.12.0 (Babraham Institute,
Cambridge, UK) and MultiQC v1.13 (Seqera Labs, Barcelona, Spain) [33]. To facilitate
transcript alignment, STAR v2.7.10b (Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY, USA) [34] was used to create a reference genome utilising the hg38 human genome
(Ensembl GRCh38.86) [35] (Figure S1). Subsequently, the untrimmed FASTQ sequences,
including adapters and indexes, were aligned to hg38 transcripts using STAR (Figure S1).
The resulting binary alignment map (BAM) files were indexed using Samtools 1.16.1
(Genome Research Ltd., Hinxton, UK), yielding sequence alignment map (SAM) files [36].
Read counts were then computed from the SAM files using HTseq v2.0.2 [37], leading to
the generation of raw RNA count files.

Differential gene expression analysis was conducted using the DESeq2 version
1.38.3 [38] package within R v4.3.1 [29], Bioconductor packages v3.18.0 (Figure S1). Genes
with a normalised count of under five in less than three samples as well as globin genes
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(specifically “ENSG00000206172”, “ENSG00000188536”, and “ENSG00000244734”) were
bioinformatically excluded [39]. DEGs were defined as genes exhibiting a fold change of at
least 1.5 in either direction using the Wald test and an adjusted p-value of 0.05 (Benjamini-
Hochberg). Pathway analysis was carried out using ReactomePA (v1.44.0) [40].

4.6. Cellular Transcriptomics

Whole blood samples collected via venepuncture directly into PAXgene blood RNA
tubes (PreAnalytiX GmbH; Hombrechtikon, Switzerland) were inverted 10 times immedi-
ately after collection and left to incubate at room temperature for at least 2 h before being
stored at —80 °C until RNA extraction. Cellular RNA was manually extracted from whole
blood collected in PAXgene blood RNA tubes using a PAXgene blood miRNA kit (Pre-
AnalytiX GmbH; Hombrechtikon, Switzerland) following the manufacturer’s instructions
(Figure S1). Total cellular RNA was quantified on the NanoDrop 2000 (Thermo Fisher
Scientific; Waltham, MA, USA) and the RNA quality was assessed via electrophoresis
using the LabChip GX nucleic acid analyser (PerkinElmer; Waltham, MA, USA). The pure
RNA samples obtained were used to generate libraries using the Illumina stranded mRNA
Library Prep (Illumina; San Diego, CA, USA), perform qPCR quantification for further
quality control and perform RNA sequencing of 150 bp paired-end reads at a sequencing
depth of 50 million on the Illumina NovaSeq 6000 platform (Illumina; San Diego, CA,
USA) at Australian Genome Research Facility. The raw FASTQ data were transferred via
RSYNC into a Linux virtual machine for pre-processing. FASTQ sequence reads with more
than one file were concatenated and initial quality control was performed using FastQC
v0.12.0 and MultiQC v1.13 [33]. STAR v2.7.10b was used to generate a reference genome
with Ensembl GRCh38.86 [35] and align the untrimmed FASTQ sequences (inclusive of
adapters and indexes) to hg38 transcripts. The BAM files generated by STAR were indexed
by Samtools 1.16.1 and SAM files [36]. HTseq v2.0.2 [37] was used to perform read counts
on the SAM files and generate raw RNA count files. Differential gene expression analysis
was performed as described above.

4.7. Plasma Proteomics

Whole blood samples collected via venepuncture directly into lithium heparin
Vacutainer® tubes (Becton Dickinson, Franklin Lakes, NJ, USA) were centrifuged at 1000 x g
at room temperature for 10 min. The plasma collected via a sterile micropipette (while
ensuring the red cells remain untouched) was aliquoted and stored at —80 °C until further
analysis. The plasma samples were then analysed in one batch on the SomaScan® platform
by SomaLogic Inc. (Boulder, CO, USA) (Figure S1). Single-stranded DNA aptamers, known
as SOMAmers®, were used to target approximately 7000 proteins in each plasma sample

and the measurement of these SOMAmers®

was performed using microarray for relative
protein quantification. The raw data was normalised against hybridisation controls and
pooled calibrator replicates and analysis was carried out using R v4.3.1 [29] with the Dif-
ferential expression testing with linear mixed models for repeated measures (Dream) [41]
using a LMM. DEPs were determined as proteins with an observed fold change of 1.5 in

either direction with an adjusted p-value of 0.05 (Benjamini-Hochberg).

4.8. Plasma Metabolomics

Whole blood, collected via venepuncture directly into lithium heparin Vacutainer®

tubes (Becton Dickinson, Franklin Lakes, NJ, USA) was centrifuged at 1000x g at room
temperature for 10 min. The plasma layer free of blood cells was collected as described
above, aliquoted, and stored at —80 °C awaiting further analysis. The plasma samples
were then analysed in one batch on the untargeted metabolomics platform at Metabolon
Inc. (Durham, NC, USA) (Figure S1). The extraction of metabolites from the plasma
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samples was carried out via methanol precipitation on the automated MicroLab STAR®
system (Hamilton Company, Reno, NV, USA) and divided into five aliquots to be run
on four separate methods. The HD4 Waters ACQUITY method of ultra-performance
liquid chromatography (UPLC) (Waters Corporation, Milford, MA, USA) was carried
out in tandem with a Q-Exactive mass spectrometry (MS/MS) (Thermo Fisher Scientific,
Waltham, MA, USA) with a heated electrospray ionization (HESI) coupled to an Orbitrap
mass analyser (Thermo Fisher Scientific, Waltham, MA, USA) set at 35,000 mass resolution
to identify and provide a relative quantification of approximately 5400 metabolites in
all methods. Aliquot one was run on a reverse-phase (RP) UPLC-MS/MS coupled to
a positive ion mode HESI optimised for hydrophilic compounds, aliquot two was run
on RP/UPLC-MS/MS coupled to a positive ion mode HESI optimised for hydrophobic
compounds, aliquot three was run on RP/UPLC-MS/MS coupled to a negative ion mode
HES], aliquot four was run on HILIC/UPLC-MS/MS coupled to a negative ion mode HESI
and aliquot five was reserved as a spare. The raw data was batch-normalised, imputed and
log-transformed for analysis on R v4.3.1 [29]. Metabolites were considered differentially
expressed based on an observed change of 1.5-fold in either direction using a linear model
with an adjusted p-value of 0.05 (Benjamini-Hochberg).

4.9. Whole Blood Cell DNA Methylation

Whole blood, collected via venepuncture directly into lithium heparin Vacutainer
tubes (Becton Dickinson, Franklin Lakes, NJ, USA), was centrifuged at 1000 x g at room
temperature for 10 min. The plasma was removed using a sterile micropipette, leaving the

®

packed red cell pellet and the white cell buffy coat untouched. The cell pellet was then
resuspended and stored at —80 °C until gDNA extraction. The gDNA was extracted using
the automated Chemagic™ 360 instrument (Revvity, Waltham, MA, USA) and Chemagic™
DNA Blood 400 Kit H96 (cat# CMG-1901, Revvity, Waltham, Massachusetts, USA), in
accordance with manufacturer instructions (Figure S1). The concentrations of the purified
gDNA samples were then quantified using the Qubit™ dsDNA High Sensitivity kit and
NanoDrop 2000 (both from Thermo Fisher Scientific; Waltham, MA, USA) as part of a
quality control step. Methylation assay was conducted using the Illumina MethylationEPIC
v2.0 BeadChip kit (Illumina; San Diego, CA, USA) to interrogate the methylation of more
than 935,000 CpG sites of the human methylome. This assay was performed by the
Australian Genome Research Facility in Melbourne. Minfi v3.17 [42] was used to pre-
process the raw .iDAT files, incorporating control probes to assess sample quality. This
process included between-array normalisation, evaluation of the P-detection call rate and
the removal of probes exhibiting off-target effects. Analysis was carried out using R
v4.3.1 [29] with Dream [41] using a LMM. Differentially methylated genes (DMGs) were
determined with an observed fold change of 1.5 in either direction with an adjusted p-value
of 0.05 (Benjamini-Hochberg).

4.10. Data Integration

The multi-variate DIABLO approach, a module in the MixOmics R package [43], was
used to provide insight into the progression of tick bites from five highly-dimensional,
discrete datasets, namely, cellular transcriptomics, cell-free transcriptomics, proteomics,
metabolomics, and whole blood DNA methylation. The data sets were processed in R
v4.3.1 [29] to remove zero values and low counts (defined as cumulative methylation under
0.1 and a cumulative count of under 10 across all samples for all other omics). A multinomial
generalised linear model was used to perform LASSO regression for feature selection
of the most variable features. The final processed datasets were normalised (z-score
normalisation), centred and log-transformed to obtain input matrices for integration [44,45].
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Sparse projection to latent structures-determinant analysis (sSPLS-DA) [44] was used to
perform the integration of input matrices and build components with DIABLO. The time
points (T0, T1, and T2) were set as response variables, and DIABLO was used to maximise
the covariance between the input matrices and response variables to identify the main
determinants to differentiate time points. A basic DIABLO model was constructed with
a design matrix with a correlation of 0.1 to identify correlated variables across data sets
for 10 components. Hyperparametric performance tuning was carried out to ascertain
the optimal number of components (based on the classification error rates after 5-fold
of 20-n repeats) and features (based on 5-fold of 2-n repeats cross-validation) to run the
final DIABLO model. The performance of the final DIABLO model was assessed with
a diagnostic plot for each relevant component and the correlation as well as clustering
quality of the selected features from each dataset was assessed with DIABLO (Supplemental
Materials). Pathway analysis on the features selected by the DIABLO model was performed
by ReactomePA (v1.44.0) [40] and the p-values adjusted with the Benjamini-Hochberg
method [46].

4.11. Correlation Analysis and Visualisation

All differentially expressed proteins or transcripts were mapped to common gene iden-
tifiers using biomaRt (v 2.58.0) [47] and the genome-wide human annotation org.Hs.eg.db
(v3.18.0) on Bioconductor [48]. Enrichment analysis of DEGs was carried out with gene on-
togeny (GO) [49,50] to categorise subontologies of biological domains using clusterProfiler
(v.4.10.0) [51] and enrichplot (v. 1.22.0) [52]. Over-representation analysis (ORA) to identify
pathways was carried out using ReactomePA (v1.44.0) [40].
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