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ARACHIDONIC ACID

Introduction to Arachidonic Acid

Arachidonic acid (AA), scientifically designated as 5,8,11,14-eicosatetraenoic acid, stands as a
critical component in mammalian physiology, fundamentally serving as a long-chain
polyunsaturated fatty acid (PUFA) essential for cellular function and signaling. Its profound
importance stems from its dual role: acting as a structural lipid integral to the architecture of
virtually all cell membranes and simultaneously functioning as the primary precursor molecule for a
vast array of potent local hormones known collectively as eicosanoids. This unique combination of
structure and signaling capability places AA at the nexus of inflammatory responses,
neurotransmission, and overall cellular homeostasis. While certain fatty acids can be synthesized
de novo within the body, AA is often classified as a conditionally essential fatty acid, derived
primarily from linoleic acid (an essential omega-6 fatty acid) via a series of elongation and
desaturation steps, emphasizing the critical link between dietary intake and systemic AA
availability. The precise regulation of AA levels and its subsequent metabolic fate is paramount, as
imbalances can significantly contribute to various pathological states, particularly those involving
chronic inflammation and cardiovascular dysfunction.

The initial understanding of AA centered on its structural integration within the phospholipid bilayer
of the cell membrane. Here, AA molecules are typically esterified, meaning they are chemically
linked within the internal structure of the membrane phospholipids, such as phosphatidylcholine
and phosphatidylethanolamine. This localization is not merely passive; the presence of AA
significantly influences the fluidity, permeability, and overall physical characteristics of the
membrane, factors crucial for maintaining cellular integrity and facilitating transmembrane protein
function. Moreover, the specific distribution of AA within different cellular compartments allows for
highly localized signaling events, ensuring that the release and subsequent metabolism of this fatty
acid can be precisely targeted in response to external stimuli or internal regulatory signals, such as
hormones, growth factors, or neurotransmitters, providing a rapid-response mechanism essential
for tissue adaptation and repair.

The transition of AA from a structural component to an active signaling molecule is arguably its
most critical function. This shift is initiated by specific enzymatic cleavage, a highly regulated
process that liberates the AA molecule from the membrane phospholipid backbone. Once freed
into the intracellular space, AA immediately enters the complex metabolic cascade that generates
eicosanoids, a group that includes some of the most powerful lipid mediators known in biology.
These compounds act predominantly in a paracrine or autocrine fashion, meaning they exert their
effects locally on neighboring cells or the cell that produced them, thereby orchestrating immediate,
localized responses to injury, infection, or physiological stress. The tightly controlled sequence of
liberation and subsequent transformation underscores why AA metabolism is a prime target for
therapeutic intervention, especially in pain management and the treatment of inflammatory
diseases like arthritis and asthma, where blocking specific steps in the cascade offers significant
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clinical benefits.

Chemical Structure and Nomenclature

Chemically, arachidonic acid is defined by its long hydrocarbon chain consisting of twenty carbon
atoms, characteristic of the eicosanoid family of molecules. Its specific structure includes four
unsaturated double bonds, giving it the systematic name 52,82,117,14Z-eicosatetraenoic acid.
These double bonds are located at the fifth, eighth, eleventh, and fourteenth carbon atoms when
counting from the carboxyl end, and all are in the cis (Z) configuration, which introduces
characteristic kinks into the molecule's structure. This specific geometry is vital for its optimal
interaction with membrane phospholipids and, crucially, for the stereochemistry required by the
enzymes--cyclooxygenases (COXs) and lipoxygenases (LOXs)--that subsequently metabolize it
into biologically active compounds. The precision of these bond placements dictates the final
shape of the eicosanoids produced, influencing their binding affinity to specific cellular receptors
and thus their ultimate biological potency.

As an omega-6 polyunsaturated fatty acid (PUFA), AA is categorized based on the position of
the final double bond relative to the methyl (omega) end of the chain, which, in this case, is located
six carbons from the terminus. This classification is significant in nutritional science, as the balance
between omega-6 fatty acids like AA and omega-3 fatty acids (such as EPA and DHA) is believed
to profoundly influence the overall inflammatory potential of the cellular environment. While the
body has the capacity to synthesize AA from the dietary essential fatty acid linoleic acid (LA), the
efficiency of this conversion pathway can vary significantly among individuals due to genetic
polymorphisms and is often limited by the activity of key desaturase enzymes. Therefore, dietary
sources or supplementation are often necessary to maintain optimal tissue concentrations,
particularly in rapidly developing tissues like the brain and muscle, which rely heavily on AA for
growth and specialized function.

The unique length and unsaturation profile of AA confer upon it specific physical properties that are
indispensable for its biological roles. The presence of four double bonds makes AA highly
susceptible to oxidation, a characteristic that is both a functional necessity--allowing it to participate
in enzymatic cascades by accepting oxygen molecules--and a potential liability, contributing to
oxidative stress if not adequately managed by cellular antioxidant systems, such as glutathione
and vitamin E. Furthermore, the molecular shape induced by the cis double bonds affects how
tightly AA packs within the membrane bilayer. This structural feature dictates AA's ability to
influence membrane fluidity, enabling cells to maintain the necessary mechanical resilience and
flexibility required for functions such as migration, phagocytosis, and the maintenance of the cell's
definitive shape, a critical process for tissue integrity and cellular communication.
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Membrane Integration and Structural Role

The foundational role of arachidonic acid is structural, anchoring it within the interior leaflet of the
phospholipid bilayer of virtually all eukaryotic cell membranes. AA is preferentially incorporated into
the sn-2 position of the glycerol backbone in membrane phospholipids, a location that exposes the
molecule both to the hydrophobic core of the membrane and to the regulatory enzymes poised to
cleave it. This strategic integration is crucial because the concentration of AA within specific
membrane domains determines the potential magnitude of the subsequent eicosanoid response.
Cells with high metabolic activity or those primarily involved in signaling, such as neurons, immune
cells, and muscle tissue, typically exhibit higher concentrations of AA in their membranes,
effectively priming them for a rapid and robust inflammatory or signaling response upon activation
by an appropriate stimulus.

Beyond merely occupying space, AA actively participates in maintaining the physical integrity and
dynamic properties of the cellular enclosure. As a highly unsaturated lipid, its presence prevents
the tight, crystalline packing of saturated and monounsaturated fatty acids, thereby significantly
increasing the overall fluidity and flexibility of the membrane. This enhanced fluidity is vital for
numerous cellular processes, including receptor clustering, endocytosis, exocytosis, signal
transduction via G protein-coupled receptors, and the lateral diffusion of membrane proteins.
Furthermore, the structural contribution of AA helps cells to maintain their characteristic shape and
mechanical stability, providing the necessary elasticity to resist external shearing forces and
facilitating the necessary conformational changes required for complex cellular functions like cell
division, migration, and stable interaction with the extracellular matrix.

The regulation of AA incorporation into the membrane is a sophisticated, energy-dependent
process mediated by transacylase enzymes. These enzymes ensure that AA, once synthesized or
acquired from external sources, is efficiently esterified into the proper phospholipid species. This
continuous process of membrane remodeling, often referred to as the Lands cycle, allows the cell
to constantly fine-tune the lipid composition of its membranes, effectively modulating the potential
for inflammatory signaling and optimizing membrane functionality in response to changing
physiological demands. Therefore, the membrane pool of AA serves not just as a static reservoir
but as a dynamic regulatory hub, where its ready availability is tightly linked to the cell's readiness
to initiate powerful signaling cascades in response to internal or external stimuli, acting as a crucial
mediator of cellular excitability.

Enzymatic Liberation: Phospholipase A2

The conversion of structural arachidonic acid into an active signaling molecule is strictly
dependent upon its enzymatic liberation from the membrane, a rate-limiting step primarily
catalyzed by the enzyme phospholipase A2 (PLA2). PLA2 hydrolyzes the ester bond at the sn-2

Encyclopedia of psychology encyclopedia.arabpsychology.com



https://encyclopedia.arabpsychology.com/?p=17881
https://encyclopedia.arabpsychology.com
https://encyclopedia.arabpsychology.com

ARACHIDONIC ACID

position of the phospholipid molecule, specifically releasing AA into the cytoplasm, where it
becomes available for further metabolism. The PLA2 superfamily is functionally and structurally
diverse, encompassing several major isoforms, but the key players in initiating the acute
inflammatory cascade are often the calcium-dependent cytosolic PLA2 (cPLA2) and the calcium-
independent secreted PLA2 (sPLA2) varieties, each regulated by distinct mechanisms and serving
different, but often overlapping, physiological roles in immunity and tissue repair.

The activation of cPLA2 is particularly crucial in rapid stimulus-response coupling events. It is
typically regulated by immediate increases in intracellular calcium concentration and subsequent
phosphorylation by key intracellular signaling molecules, such as mitogen-activated protein kinases
(MAPKSs). Upon receiving an appropriate signal--such as binding of a hormone, activation by a
pathogen, or mechanical stress--the rise in calcium triggers the translocation of cPLA2 from the
cytosol to the nuclear envelope or endoplasmic reticulum, the cellular sites where the AA-rich
phospholipids are predominantly located. This precisely localized activation ensures that AA
release is rapid, transient, and spatially confined to the areas where the eicosanoid synthesis
machinery (COX and LOX enzymes) is present, maximizing the efficiency and specificity of the
resulting local response, whether it be localized fever, pain sensation, or necessary localized
vasodilation.

The importance of the PLA2 family in pathology cannot be overstated, as this step represents the
essential control point in the production of nearly all pro-inflammatory eicosanoids derived from AA.
Consequently, pharmacological inhibition of PLA2 has long been investigated as a primary strategy
for controlling inflammation, particularly in chronic conditions where excessive AA liberation
contributes to persistent tissue damage and pain. While non-steroidal anti-inflammatory drugs
(NSAIDs) target downstream enzymes, inhibitors aimed at blocking PLA2 activity seek to prevent
the entire cascade at its source. However, the complexity and diversity of the PLA2 family, coupled
with the necessity of AA for protective physiological functions (like maintaining gastric lining),
present significant challenges for developing highly specific and effective therapeutic agents
without inducing undesirable side effects.

The Eicosanoid Cascade

Once arachidonic acid is liberated from the membrane by PLAZ2, it is immediately shunted into the
complex metabolic pathway known as the eicosanoid cascade. Eicosanoids, derived from the
Greek word for twenty (eicosa), are a family of highly potent lipid mediators that regulate virtually
every system in the body, acting across a wide spectrum of physiological processes including pain,
fever, blood clotting, and bronchoconstriction. AA serves as the primary substrate, generating three
major classes of biologically active molecules: prostaglandins, thromboxanes, and leukotrienes.
The specific outcome of the cascade is highly dependent on the types of enzymes expressed in
the particular cell or tissue where the liberation occurs, highlighting the specialized and context-
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dependent nature of AA signaling within different organ systems.

The cascade proceeds via two principal enzymatic routes. The first is the cyclooxygenase (COX)
pathway, which utilizes COX-1 and COX-2 enzymes to convert AA into intermediate molecules,
primarily prostaglandin H2 (PGH2). PGH2 then acts as a substrate for various tissue-specific
isomerases and synthases that generate the final products, including the aforementioned
prostaglandins and thromboxanes. The COX pathway is fundamental to inflammation, fever
generation (via action in the hypothalamus), and the crucial regulation of vascular tone and platelet
aggregation necessary for hemostasis. The second major route is the lipoxygenase (LOX)
pathway, which catalyzes the incorporation of oxygen into AA at specific positions, yielding
hydroperoxy derivatives that are subsequently converted into leukotrienes. The LOX pathway is
critically important in immune responses, especially in allergic reactions and asthma, where
leukotrienes act as powerful chemoattractants and severe bronchoconstrictors.

The clinical relevance of the eicosanoid cascade is profoundly evident in the mechanism of action
of many common medications. Non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin
and ibuprofen, exert their anti-inflammatory and analgesic effects by inhibiting the activity of the
COX enzymes, thereby effectively preventing the conversion of AA into pro-inflammatory
prostaglandins. This inhibition successfully dampens the localized inflammatory response that
causes pain and swelling. However, the discovery of COX-1 (which has a constitutive,
housekeeping role in tissues like the stomach and kidneys) and COX-2 (which is typically inducible
during inflammation) led to the development of selective inhibitors. These drugs aimed to block
inflammatory signaling while preserving the protective functions mediated by COX-1, although the
complex and often harmful cardiovascular side effects associated with some selective COX-2
inhibitors necessitated a deeper and more cautious understanding of the entire AA metabolic
network.

Major Metabolites: Prostaglandins, Thromboxanes, and Leukotrienes

The three main families of lipid mediators derived from arachidonic acid exert broad and profound
effects across multiple physiological systems. Prostaglandins (PGs) are perhaps the most widely
recognized group, serving diverse roles from regulating vascular permeability and pain sensitivity
to controlling reproductive processes and modulating immune cell function. Specific
prostaglandins, such as PGE2, are potent vasodilators and pyrogens, mediating the classic signs
of inflammation--heat, redness, swelling, and pain--by sensitizing peripheral nerve endings to pain
stimuli. They act locally by binding to specific G protein-coupled receptors on target cells, triggering
intracellular signaling cascades that mediate their specific functional effects in a highly localized
manner.

Thromboxanes (TXs), primarily Thromboxane A2 (TXA2), are synthesized predominantly by
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activated platelets and are crucial regulators of hemostasis. TXA2 is an extremely potent
vasoconstrictor and inducer of platelet aggregation, playing an essential, immediate role in forming
a primary blood clot to seal vascular injuries and prevent hemorrhage. The physiological balance
between TXA2 (pro-aggregatory) and Prostacyclin (PGI2, a powerful anti-aggregatory
prostaglandin synthesized by endothelial cells, also derived from AA) is critical for maintaining
healthy blood flow and preventing pathological thrombosis. This delicate counter-regulatory
balance is precisely why low-dose aspirin is so effective in cardiovascular prevention; it selectively
and irreversibly inhibits COX-1 in platelets, thereby reducing TXA2 production and preventing
unwarranted clot formation.

In sharp contrast to the COX products, Leukotrienes (LTs) are derived via the 5-Lipoxygenase (5-
LOX) pathway and are particularly prominent in leukocytes, such as mast cells and eosinophils.
LTB4 is a powerful chemoattractant, responsible for rapidly recruiting immune cells (specifically
neutrophils) to sites of infection or acute injury, thereby initiating the cellular phase of inflammation.
The cysteinyl leukotrienes (LTC4, LTD4, and LTE4) are highly active mediators that cause
prolonged smooth muscle contraction, dramatically increasing microvascular permeability and,
most notably, inducing severe and long-lasting bronchoconstriction. These actions make
leukotrienes central players in the pathophysiology of chronic inflammatory airway diseases like
asthma and allergic rhinitis, leading to the development of leukotriene receptor antagonists which
specifically block the actions of these AA metabolites, providing significant and targeted
therapeutic relief for respiratory function.

Role in the Central Nervous System

While the role of arachidonic acid in systemic inflammation is well-established, its function in the
central nervous system (CNS) is equally critical, though perhaps less intuitive. AA is one of the
most abundant fatty acids in the brain, concentrated heavily in neuronal and glial cell membranes,
where it is essential for regulating membrane fluidity and facilitating synaptogenesis--the formation
of new synaptic connections. The dynamic turnover of AA in neural membranes is crucial for
maintaining the efficiency of neurotransmission, particularly in processes related to higher-order
functions like learning and memory formation, where rapid and localized changes in synaptic
structure and function are prerequisites for encoding new information.

In the CNS, AA and its eicosanoid derivatives act as important, short-lived neuromodulators. For
instance, prostaglandins derived from AA can modulate synaptic plasticity by influencing the
release of key neurotransmitters and regulating processes such as long-term potentiation (LTP)
and long-term depression (LTD), cellular mechanisms believed to fundamentally underlie memory
storage and retrieval. Furthermore, AA itself can act as a retrograde messenger, signaling back
from the postsynaptic neuron to the presynaptic terminal, influencing future neurotransmitter
release probability. This sophisticated retrograde signaling mechanism is critical for regulating
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synaptic strength and overall network activity, effectively placing AA at the core of finely tuned
cellular communication within the intricate neural architecture.

Dysregulation of AA metabolism in the brain is increasingly implicated in various neurological and
psychiatric disorders. Elevated levels of free AA, often caused by excessive activation of neuronal
PLA2, and subsequent overproduction of pro-inflammatory eicosanoids are frequently observed in
conditions such as Alzheimer's disease, Parkinson's disease, multiple sclerosis, and following
ischemic stroke. In these pathological states, the excessive release of AA leads to significant
neuroinflammation and excitotoxicity, contributing directly to oxidative stress, neuronal damage,
and subsequent cognitive decline. Consequently, strategies aimed at stabilizing membrane AA
levels or modulating the activity of neuronal PLA2 are major areas of current investigation for
neuroprotective therapies.

Dietary Sources and Nutritional Importance

Arachidonic acid is readily synthesized endogenously from linoleic acid (LA, an omega-6
essential fatty acid). However, AA is also commonly consumed directly through the diet, primarily
found in animal products. Rich sources include meat, poultry, eggs (especially the yolk), and
certain types of fatty fish, although the concentration varies significantly. Direct dietary intake
ensures rapid incorporation into tissue phospholipids, effectively bypassing the potentially slow or
rate-limiting desaturation and elongation steps required when starting from LA. Because AA is the
direct precursor to the potent pro-inflammatory eicosanoids, the total dietary intake and, more
importantly, the ratio of omega-6 to omega-3 fatty acids consumed significantly influence the
body's overall inflammatory status and the potential threshold for initiating an acute immune
response.

The nutritional importance of AA is particularly high during periods of rapid growth and
development, most notably in infants. AA, alongside docosahexaenoic acid (DHA, an omega-3
PUFA), is crucial for the development of the brain, the peripheral nervous system, and the retina.
Given the high demand for membrane lipids during this phase, AA and DHA are often
supplemented in commercial infant formulas to mimic the nutrient composition of human breast
milk, which naturally contains significant amounts of both lipids derived from the maternal diet.
Adequate intake during early life is linked to optimal visual acuity and superior neurodevelopmental
outcomes, underscoring its essential nature as a structural building block for complex, highly
specialized tissues, and confirming that its need extends beyond its role as a signaling molecule.

Balancing the intake of omega-6 fatty acids (like AA) and omega-3 fatty acids (like EPA and DHA)
is a major focus of modern nutritional and dietary recommendations. While AA metabolites are vital
for necessary immune function, tissue repair, and vascular homeostasis, an excessive intake of AA
relative to EPA can lead to a metabolic shift toward a heightened pro-inflammatory state. This
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occurs because EPA competitively inhibits AA metabolism through the COX and LOX pathways,
leading to the production of less inflammatory eicosanoids (e.g., Series 3 prostaglandins and
Series 5 leukotrienes). Therefore, nutritional strategies often involve increasing omega-3 intake to
effectively modulate the availability of AA for inflammatory pathways, promoting a more balanced
and resolving cellular environment.
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