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ARACHIDONIC ACID

Primary Disciplinary Field(s): Biochemistry, Cell Biology, Physiology

1. Core Definition and Structure

Arachidonic acid (AA), scientifically designated as 5,8,11,14-eicosatetraenoic acid, is a pivotal

long-chain polyunsaturated fatty acid (PUFA) central to mammalian physiology. This molecule

contains 20 carbon atoms and four cis double bonds, classifying it specifically as an Omega-6 fatty

acid. Structurally, AA is ubiquitous, serving as an integral component of the phospholipids that

constitute the bilayer of nearly all cell membranes throughout the body. Its presence is vital not

only for maintaining the fundamental integrity and fluidity of these membranes but also for acting

as the primary reservoir for the subsequent synthesis of crucial signaling molecules known as

eicosanoids. The specific arrangement of its double bonds dictates its biochemical reactivity and its

role as a precursor in complex enzymatic cascades.

As a membrane constituent, arachidonic acid is typically esterified to glycerol at the sn-2 position

of phospholipids. In this quiescent state, it contributes significantly to the cell's structural properties,

helping cells to maintain their requisite shape and providing necessary flexibility that allows for cell

movement, division, and interaction with the extracellular matrix. The physical characteristics

imparted by AA's kinked hydrocarbon tail--due to the cis double bonds--ensure that the membrane

does not become too rigid, which is essential for proper protein function and transmembrane

transport mechanisms. The localized concentration of AA within specific membrane domains can

also influence the activity of various membrane-associated proteins and enzymes, positioning it as

a regulator of numerous cellular events even before its release.

The physiological significance of AA transcends its structural role; it is often described as a

conditionally essential fatty acid. While the body can synthesize AA from the essential fatty acid

linoleic acid (LA) through processes involving desaturation and elongation, this conversion

pathway can sometimes be insufficient, particularly during rapid growth, illness, or specific dietary

restrictions. Therefore, dietary intake, primarily from animal sources, ensures sufficient cellular

pools. Crucially, the level of free, unesterified arachidonic acid in the cell is extremely low under

normal conditions, emphasizing that its regulatory function is tightly controlled and dependent upon

specific stimuli that trigger its liberation from the membrane stores.

2. Biochemical Classification and Nomenclature

The precise biochemical classification of arachidonic acid places it within the larger family of fatty

acids derived from linoleic acid (18:2, n-6). Its systematic nomenclature, 20:4(n-6), highlights its

composition: 20 carbons, 4 double bonds, with the first double bond occurring at the sixth carbon
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atom when counting from the methyl (omega) end of the molecule. This omega-6 designation is

crucial because it dictates which metabolic enzymes can act upon it, differentiating its downstream

products from those derived from omega-3 fatty acids like eicosapentaenoic acid (EPA). The

position of these double bonds (at carbons 5, 8, 11, and 14) contributes to its unique molecular

geometry, which is critical for recognition by enzymes such as Cyclooxygenase (COX) and

Lipoxygenase (LOX).

The historical isolation and naming of the compound stem from its initial identification in peanuts

(Arachis hypogaea), although peanuts contain only trace amounts; the name "arachidonic" derives

from the genus Arachis. Early biochemical studies established its role as a precursor to bioactive

lipids, distinguishing it early on as far more than just a structural lipid. Unlike saturated or

monounsaturated fats, the high degree of unsaturation in AA makes it highly susceptible to

oxidation, a process that is often enzymatically controlled but can also occur non-enzymatically,

leading to lipid peroxidation products that are associated with oxidative stress and cellular damage.

The interplay between arachidonic acid and other PUFAs is an area of intense research. The

balance between omega-6 derived AA and omega-3 derived fatty acids (such as EPA and DHA) is

fundamentally important to physiological homeostasis, particularly concerning inflammation. When

AA is metabolized, it typically yields pro-inflammatory eicosanoids, whereas omega-3 fatty acids

tend to produce less inflammatory or even anti-inflammatory products. This competitive metabolic

relationship highlights why the dietary ratio of omega-6 to omega-3 fatty acids is considered a

major determinant of chronic disease risk.

3. Physiological Role in Cell Membranes

As established by the source content, arachidonic acid comprises a significant portion of the

phospholipid acyl chains in cell membranes. Its incorporation into the plasma membrane,

mitochondrial membranes, and endoplasmic reticulum membranes is not random; rather, it is

highly regulated by specific acyltransferases that selectively integrate AA into specific phospholipid

classes, particularly phosphatidylcholine and phosphatidylethanolamine. This strategic placement

ensures that AA is readily available at the inner leaflet of the plasma membrane, poised for rapid

mobilization when external signals are received.

The physical presence of AA within the membrane bilayer directly impacts cellular signaling

processes. By modulating membrane fluidity, AA influences the lateral diffusion of receptors and

ion channels, thereby regulating cellular excitability and signal transduction cascades. For

instance, in neural tissue, high concentrations of AA are found in neuronal membranes, where they

play a critical role in synaptic plasticity and the modulation of neurotransmitter release. The precise

fluidity and curvature imparted by AA are essential for processes requiring membrane fusion and

fission, such as endocytosis, exocytosis, and the budding of vesicles.
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Furthermore, the structural role of arachidonic acid is inextricably linked to its signaling function.

The pool of membrane-bound AA acts as a molecular "fuse" that links external stimuli--such as

hormones, growth factors, or immune challenges--to intracellular responses. Until the cell receives

the appropriate signal, AA remains inertly bound. The integrity of the membrane structure thus

serves as a protective mechanism, ensuring that the highly potent eicosanoids are not generated

indiscriminately. This mechanism underscores the cell's sophisticated control over its inflammatory

and regulatory pathways.

4. Metabolic Pathways: The Eicosanoid Cascade

The transformation of arachidonic acid into powerful signaling molecules begins with its liberation

from the cell membrane. This critical step is primarily catalyzed by the enzyme phospholipase A2

(PLA2). PLA2 enzymes are a diverse family, often activated by calcium influx or other secondary

messengers following cellular stimulation (e.g., tissue damage, pathogen recognition). Once

activated, PLA2 hydrolyzes the ester bond at the sn-2 position of membrane phospholipids,

yielding free AA and a lysophospholipid. This sudden increase in free AA concentration is the rate-

limiting step for the entire downstream eicosanoid cascade.

Once liberated into the cytoplasm, free arachidonic acid is swiftly channeled into one of three

major enzymatic pathways to generate compounds collectively known as eicosanoids: the

Cyclooxygenase (COX) pathway, the Lipoxygenase (LOX) pathway, and the Cytochrome P450

epoxygenase pathway. The COX pathway, involving COX-1 (constitutive) and COX-2 (inducible),

leads to the synthesis of prostaglandins (PGs) and thromboxanes (TXs). The LOX pathway,

particularly 5-LOX, initiates the formation of leukotrienes (LTs). These pathways convert AA into a

series of short-lived, highly localized mediators that act upon nearby cells (paracrine signaling) or

the cell of origin (autocrine signaling).

The metabolism of AA via these pathways is essential for diverse physiological processes. For

instance, the COX-1 isoform maintains homeostatic functions such as protecting the

gastrointestinal lining and regulating platelet aggregation (via Thromboxane A2). Conversely, the

induction of COX-2 is typically associated with pathological states like inflammation and pain. The

LOX pathway is predominantly involved in allergic and inflammatory responses, with leukotrienes

acting as potent chemoattractants and broncho-constrictors. The tight regulation of AA release and

subsequent enzymatic processing is therefore fundamental to controlling the body's response to

injury and infection.

5. Biological Function of Eicosanoid Derivatives

The derivatives of arachidonic acid--prostaglandins, thromboxanes, and leukotrienes--exhibit

profound and specialized biological functions across virtually every organ system. Prostaglandins
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(PGs) are perhaps the most diverse group, mediating functions such as smooth muscle contraction

(crucial in labor and gastrointestinal motility), vasodilation (regulating blood pressure), and the

initiation of fever and pain sensation during inflammation. For example, Prostaglandin E2 (PGE2)

is a major mediator of pain and inflammation, while Prostacyclin (PGI2) acts as a powerful

vasodilator and anti-aggregatory agent, opposing the effects of thromboxane.

Thromboxanes (TXs), primarily Thromboxane A2 (TXA2), are synthesized predominantly by

platelets and play a critical role in hemostasis. TXA2 is a potent vasoconstrictor and aggregator,

essential for forming blood clots to stop bleeding. Its antagonistic relationship with PGI2 (produced

by endothelial cells) maintains the delicate balance required to prevent both excessive bleeding

and pathological clotting (thrombosis). This dual regulatory mechanism highlights the localized and

often opposing actions of AA metabolites, ensuring fine-tuned control over vascular tone and blood

dynamics.

Leukotrienes (LTs), derived from the 5-LOX pathway, are key players in acute and chronic

inflammatory and allergic reactions. Leukotriene B4 (LTB4) is a powerful chemotactic agent,

attracting immune cells (neutrophils and macrophages) to sites of injury or infection. The cysteinyl

leukotrienes (LTC4, LTD4, LTE4) are particularly relevant in respiratory diseases, causing

prolonged bronchoconstriction and increased vascular permeability. The hyperactivity of this

pathway is central to the pathophysiology of asthma and certain allergic rhinitis conditions, making

it a significant target for therapeutic intervention.

6. Dietary Sources and Essentiality

Although the human body possesses the enzymatic machinery to convert linoleic acid (LA) into

arachidonic acid, the efficiency of this conversion can be limited, particularly in infants and the

elderly, or when dietary LA intake is high relative to the availability of necessary cofactors.

Consequently, AA is readily obtained from the diet, primarily in animal products where it is stored in

membrane phospholipids. Significant sources include meats, poultry, eggs, and certain types of

fish oil. Since AA is critical for fetal brain development and rapid cellular growth, it is a necessary

component in infant formulas when breastfeeding is not possible, underscoring its essential nature

at certain life stages.

The importance of dietary arachidonic acid is especially pronounced in nervous system function.

AA is one of the most abundant fatty acids in the brain, where it is vital for membrane synthesis,

signal transduction pathways, and the expression of genes involved in neuronal survival. Dietary

restrictions that severely limit AA intake can potentially impair cognitive function, although the

precise thresholds and long-term consequences are still subject to ongoing nutritional research.

The highly specialized lipid environment of the retina also requires AA, where it contributes to

photoreceptor membrane integrity.
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A persistent area of nutritional debate revolves around the optimal intake ratio of omega-6 (AA

precursors) to omega-3 fatty acids. While high omega-6 intake has historically been associated

with increased inflammation due to AA's role as the primary eicosanoid precursor, modern

research suggests that the absolute intake of both PUFA types, rather than just the ratio,

determines overall inflammatory status. Furthermore, the synthesis of pro-resolving mediators

(specialized pro-resolving mediators, or SPMs) derived from AA and EPA demonstrates that AA is

not solely pro-inflammatory but also crucial for actively terminating the inflammatory response and

promoting tissue healing.

7. Role in Inflammation and Disease

Arachidonic acid stands as a central molecule in the initiation and propagation of the acute

inflammatory response. Upon tissue injury or pathogen invasion, the rapid release and subsequent

metabolism of AA into pro-inflammatory eicosanoids (PGE2, TXA2, LTB4) constitute the immediate

chemical signaling required to recruit immune cells, increase vascular permeability, and induce the

classic signs of inflammation: redness, swelling, heat, and pain. This immediate response is

essential for host defense and wound healing, but chronic dysregulation of the AA cascade

contributes directly to numerous chronic diseases.

In cardiovascular disease, the AA cascade is implicated through its role in thrombosis and

atherosclerosis. The overproduction of pro-aggregatory TXA2 relative to the anti-aggregatory PGI2

favors clot formation, increasing the risk of myocardial infarction and stroke. Furthermore, chronic

low-grade inflammation, driven partly by COX-2 derived prostaglandins, contributes to the

progression of atherosclerotic plaques. This foundational knowledge underpinned the development

of aspirin, which irreversibly inhibits COX enzymes, primarily COX-1, thus reducing TXA2

synthesis and lowering thrombotic risk.

The role of arachidonic acid extends to cancer research, where elevated COX-2 expression and

the resulting PGE2 synthesis are often correlated with tumor initiation and progression. PGE2

promotes cell proliferation, inhibits apoptosis (programmed cell death), and facilitates angiogenesis

(the formation of new blood vessels feeding the tumor). This link has driven investigations into the

use of selective COX-2 inhibitors (NSAIDs) as potential chemopreventive agents, demonstrating

the profound pathological implications arising from dysregulated AA metabolism.

8. Therapeutic and Pharmacological Relevance

The central position of the arachidonic acid pathway in inflammation and pain has made its

enzymes primary targets for drug development, resulting in some of the most widely used

pharmaceuticals globally. Nonsteroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen and

naproxen, exert their therapeutic effects by inhibiting Cyclooxygenase (COX) activity, thereby
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reducing the production of pain and fever-inducing prostaglandins. Aspirin, as mentioned, is unique

in that it acetylates and permanently inactivates COX-1, providing long-lasting anti-platelet effects

critical for cardiovascular protection.

The differentiation between the constitutive COX-1 and inducible COX-2 isoforms led to the

development of selective COX-2 inhibitors (Coxibs). These drugs were designed to reduce

inflammatory prostaglandins (derived from COX-2) while sparing the gastroprotective and platelet

functions maintained by COX-1, aiming for reduced gastrointestinal side effects. However, issues

regarding cardiovascular safety arose because inhibiting vascular COX-2-derived PGI2 (anti-

aggregatory) while leaving platelet COX-1-derived TXA2 (pro-aggregatory) unopposed shifted the

homeostatic balance toward thrombosis, highlighting the delicate pharmacological management

required when targeting the AA cascade.

Beyond the COX pathway, the Lipoxygenase (LOX) pathway is targeted for the treatment of

asthma and other respiratory diseases. Leukotriene receptor antagonists (e.g., montelukast) block

the action of cysteinyl leukotrienes, reducing bronchoconstriction and inflammation. Furthermore,

5-LOX inhibitors directly reduce the synthesis of all leukotrienes. These pharmacological

interventions underscore the ability of modern medicine to specifically manipulate the breakdown

products of arachidonic acid to manage complex inflammatory and immunological disorders

effectively.

9. Conclusion and Future Research

Arachidonic acid is far more than a simple structural lipid; it is a critical signaling hub, linking

extracellular stimuli to immediate and sustained cellular responses across immune, cardiovascular,

and nervous systems. Its dual role--structural constituent of cell membranes and immediate

precursor to highly potent eicosanoids--ensures its centrality in maintaining homeostasis and

mediating acute pathology. The tight enzymatic control over its release and subsequent

metabolism is a testament to its regulatory power.

Future research continues to focus on refining the understanding of the lipid mediator network.

Specifically, the exploration of specialized pro-resolving mediators (SPMs), which are derived from

AA, EPA, and DHA and actively participate in the termination of inflammation, represents a

paradigm shift. This research aims to develop therapeutics that not only block inflammation (like

traditional NSAIDs) but actively promote the resolution phase, leading to better tissue repair and

reduced chronic inflammatory disease burden.

In summary, the knowledge surrounding arachidonic acid has revolutionized biochemistry and

pharmacology. From the initial understanding of its function in maintaining cell shape to the

complex targeting of its metabolic enzymes for pain and cardiovascular management, AA remains

a molecule of profound biological and clinical importance, driving ongoing efforts to manage human
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health and disease through lipid biology.
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