Alpha-Linolenic Acid (ALA)
Nutritional Modulation of the Membrane-Inflammation-Oxidative Stress-

Metabolic Axis and Population-Level Applications of an Essential Fatty Acid

Abstract

Alpha-linolenic acid (ALA) is an essential omega-3 fatty acid that humans cannot
synthesize endogenously and must obtain through dietary intake.
Beyond serving as the metabolic precursor to EPA, DPA, and DHA, ALA itself exerts

independent structural and regulatory actions.

Mechanistically, ALA integrates into phospholipid bilayers to enhance membrane fluidity
and signaling competency in neural, cardiovascular, hepatic, and immune tissues.

It attenuates oxidative stress by interrupting radical chain reactions and protecting
membrane lipids, and down-modulates inflammation via NF-kB inhibition with consequent

reductions in COX-2/iNOS expression and cytokines (e.g., TNF-qa, IL-6).

At the systems level, ALA helps re-balance eicosanoid biosynthesis and promotes
specialized pro-resolving mediators. Dietary strategies emphasizing ALA are pivotal for
correcting modem n-6/n-3 excess: optimizing the LA/ALA ratio toward ~2-4:1 is

associated with cardio-metabolic and inflammatory benefits, supported by clinical and



cohort evidence (e.g., ALA-enriched Mediterranean patterns and large biobank analyses

identifying =8:1 as a risk tipping point).

Application domains include cardiovascular protection (lipids, endothelial function,

antithrombotic tone), neuroprotection and cognition, ocular surface health (dry eye),

metabolic regulation (insulin sensitivity, adipose inflammation and browning), and fertility

support in both sexes.

Practical implementation favors increasing ALA intake (often with vitamin E synergy)

rather than aggressively restricting LA, aligning with major public-health guidance.

Collectively, ALA represents a foundational, clinically relevant nutrient for restoring lipid

structure and resolving chronic low-grade inflammation across diverse populations.
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"Essential nutrients" are nutrients that the human body cannot synthesize on its own or

cannot produce in sufficient amounts to meet physiological needs. They must be

obtained from the diet to maintain normal biological functions.

Alpha-Linolenic Acid (ALA) is an n-3 polyunsaturated fatty acid (PUFA) that the human

body cannot synthesize due to the absence of enzymes required for constructing its

carbon chain. Therefore, it must be obtained from food and is classified as an essential

nutrient. ALA has been officially recognized by international health authorities - such as

the WHO/FAQ, EFSA, and NASEM - as an essential fatty acid.

1) Alpha-Linolenic Acid (ALA) is the metabolic precursor of EPA, DPA, and DHA

In the human body, ALA undergoes a series of enzymatic transformations—including

desaturation, elongation, and further desaturation - to form longer-chain n-3 PUFAs,

including:

® EPA (Eicosapentaenoic Acid):

Regulates inflammation and provides cardiovascular protection;

® DPA (Docosapentaenoic Acid):

Offers independent protective effects for the heart and brain;

® DHA (Docosahexaenoic Acid):

A critical structural lipid in the nervous system and retina.

2) AKey Structural Lipid in Cell Membranes



Alpha-Linolenic Acid (ALA) and its metabolic derivatives play an essential role in building
the phospholipid bilayers of cell membranes, particularly in the brain, heart, liver, and

immune cells:

® Providing membrane fluidity and permeability;

® Influencing membrane protein function and signal transduction;

® Supporting synaptic function, mitochondrial integrity, and vascular endothelial

stability.

Deficiency in ALA can lead to membrane instability, impairing cellular communication and

normal physiological responses.

3) Involved in Hormone Synthesis and Inflammatory Regulation

Alpha-Linolenic Acid (ALA) and its derivatives serve as precursors for the biosynthesis of

eicosanoids, a group of lipid mediators involved in immune and inflammatory responses:

® Promote the production of anti-inflammatory prostaglandins (e.g., PGEs) and

leukotrienes (e.g., LTBs);

® Competitively inhibit the formation of pro-inflammatory mediators derived from

omega-6 fatty acids (e.g., PGEz, LTBu4);

® Contribute to the synthesis of specialized pro-resolving mediators (SPMs) such as

resolvins and protectins, which help modulate immune responses and promote

tissue repair.



| Antioxidant Effects of Alpha-Linolenic Acid (ALA):

From Free Radical Scavenging to Membrane Lipid Protection

1) Neutralization of Reactive Oxygen Species (ROS)

Alpha-linolenic acid (ALA) contains multiple double bonds (C=C) in its molecular
structure, which allow it to function as a sacrificial antioxidant by donating hydrogen

atoms to neutralize excess ROS (reactive oxygen species), including:

® Superoxide anion (Oz*")
® Hydroxyl radical (*OH)

® Hydrogen peroxide (H20:2)

This mechanism helps slow oxidative chain reactions and reduces oxidative damage at

the cellular level.

2) Inhibition of Lipid Peroxidation (LPO)

When incorporated into the phospholipid bilayer of cell membranes, ALA helps reduce
the susceptibility of fatty acid residues to ROS attack. It acts as a first-line antioxidant
buffer, preventing the formation of toxic byproducts such as malondialdehyde (MDA). The

physiological benefits include:

® Stabilization of membrane structure



® Maintenance of mitochondrial and organelle membrane potentials

® Prevention of lipid peroxidation—induced functional loss

Experimental data indicate that ALA supplementation significantly reduces levels of MDA
and 8-OHdG (8-hydroxy-2'-deoxyguanosine), both of which are biomarkers of oxidative

stress in plasma and tissues.

3) Synergistic Action with Vitamin E

As a lipid-soluble antioxidant, ALA works synergistically with vitamin E to enhance

antioxidant defense:

® ALA acts first to quench free radicals and delay the propagation of lipid peroxidation;
® Vitamin E then recycles oxidized ALA or other PUFAs, terminating the oxidative
chain;

® Together, they maintain membrane lipid integrity and ensure functional stability.

This co-antioxidant mechanism is particularly important for neuronal cells, hepatocytes,

and skin cells, which are highly susceptible to oxidative stress.

Il Anti-Inflammatory Effects of Alpha-Linolenic Acid (ALA):

Molecular Signaling and Regulation of Inflammatory Mediators

1) Inhibition of the NF-kB Signaling Pathway



Alpha-linolenic acid can suppress activation of NF-kB - a central transcription factor
involved in the expression of pro-inflammatory genes - through multiple molecular

mechanisms:

® Inhibition of IkB kinase (IKK) activity, reducing the degradation of IkB and thereby
preventing NF-kB translocation into the nucleus;
® Blocking downstream signaling cascades, such as the expression of COX-2

(cyclooxygenase-2) and iNOS (inducible nitric oxide synthase).

Result: The synthesis of inflammatory mediators is significantly reduced, and the overall

inflammatory cascade is attenuated.

2) Reduction in Pro-Inflammatory Cytokine Release

ALA has been shown to significantly reduce the production of key inflammatory

cytokines, including:

® TNF-a (Tumor Necrosis Factor-alpha): A major mediator of acute inflammatory
responses;

® |L-6 (Interleukin-6): Involved in chronic inflammation, metabolic syndrome, and
insulin resistance;

® |L-1B3, MCP-1, and others: Promote macrophage infiltration and formation of chronic

infammatory lesions.



Clinical studies have demonstrated that dietary supplementation with ALA can
significantly lower serum levels of TNF-a and IL-6, thereby helping to mitigate low-grade

chronic inflammation.

Conclusion: ALA exerts dual antioxidant and anti-inflammatory effects through:

® Direct scavenging of ROS,
® Membrane lipid protection,
® Inhibition of NF-kB activation, and

® Suppression of inflammatory cytokine production.

These mechanisms form the core of its multi-system protective functions, particularly in

conditions of chronic inflammation.

Practical Implications

® Effective as nutritional intervention for chronic inflammation-related conditions such

as metabolic syndrome, cardiovascular diseases, and inflammatory skin disorders;

® Synergizes with astaxanthin and vitamin E to enhance the body’s antioxidant

defense system;

® Beneficial for individuals exposed to environmental pollutants, UV radiation, and

oxidative stress.



Il Optimizing Fatty Acid Balance to Support Anti-Inflammatory and

Metabolic Health

Modem dietary patterns are characterized by excessive intake of omega-6 fatty acids

and insufficient consumption of omega-3 fatty acids, particularly ALA, EPA, and DHA.

As a result, the n-6/n-3 ratio in many populations has risen to 10:1 to 20:1 or higher, far

exceeding the evolutionarily optimal range of 2:1 to 4:1.

This imbalance disrupts multiple metabolic and immunological pathways, including:

® Substrate competition between n-6 and n-3 fatty acids for shared enzymes (e.g., A6-
desaturase);

® |nhibition of enzymatic activity, limiting the conversion of ALA to EPA and DHA;

® Excess synthesis of pro-inflammatory lipid mediators, with a simultaneous

suppression of anti-inflammatory signals.

These changes collectively lead to:

® Chronic low-grade inflammation,
® Suppressed anti-inflammatory defense,

® Interference with insulin signaling,



® And ultimately result in insulin resistance, abnormal lipid metabolism, fat

accumulation, and metabolic dysregulation.

1) Imbalanced Fatty Acid Profile in Modern Diets

® Omega-6 fatty acids, particularly linoleic acid (LA), are abundant in common

vegetable oils such as soybean oil, corn oil, and sunflower oil. Due to their high

oxidative stability, yield, and low production cost, LA-rich oils are widely used in

modern food manufacturing, leading to a disproportionately high intake of omega-6.

® |n contrast, omega-3 fatty acid intake, especially alpha-linolenic acid (ALA), is

severely inadequate:

- ALAis the least stable fatty acid and is highly prone to oxidation and degradation

during processing, refining, storage, and high-temperature cooking.

- To meet the demands of industrial shelf stability and cost-efficiency, ALA has been

largely excluded from modern edible oil systems.

As a result, systemic ALA deficiency has emerged - not merely as a matter of dietary

choice, but as a consequence of industrial food system design and fatty acid instability.



This deficiency contributes to metabolic imbalance and is a foundational risk factor for

chronic diseases.

Consequences:

® The typical omega-6/omega-3 ratio in industrialized diets has risen to 12-20:1, with
the U.S. average ranging from 15 to 17:1, far exceeding the evolutionarily ideal and
health-recommended range of 2—-4:1.

® Common cooking oils provide only LA (n-6), with virtually no ALA (n-3);

® High-heat cooking further reduces ALA bioavailability;

® Even ALA-labeled products may contain significantly degraded active content if not

properly protected with antioxidants.

Conclusion:
The widespread deficiency of ALA is a systemic issue driven by food processing
practices and oil stability constraints—not simply a matter of consumer choice—posing

substantial implications for metabolic health and chronic disease risk.



2) Supplementation with Alpha-Linolenic Acid (ALA)

Supplementing with alpha-linolenic acid (ALA) not only provides direct anti-inflammatory

benefits, but also competitively inhibits the pro-inflammatory metabolic pathways of

linoleic acid (LA) within shared enzymatic systems.

This intervention contributes to:

® Restoring the balance of eicosanoids, shifting from pro-inflammatory (e.g., PGE-,

LTBa) to anti-inflammatory mediators (e.g., PGEs, LTBs);

® Enhancing the production of specialized pro-resolving mediators (SPMs) such as

resolvins and protectins;

® Improving insulin sensitivity, supporting endocrine homeostasis, and regulating

energy metabolism.

3) Linoleic Acid to Alpha-Linolenic Acid Ratio: 2-4:1

Maintaining a dietary LA/ALA (linoleic acid / alpha-linolenic acid) ratio between 2:1 and

4:1 - and not exceeding 5:1 - is widely supported by scientific research as the optimal

structural balance for reducing inflammation and chronic disease risk.



ALA plays a fundamental role in achieving this balance and correcting the

disproportionately high omega-6 intake characteristic of modern diets.

Clinical and Interventional Evidence:

A. Lyon Diet Heart Study:

Targeting an approximate 4:1 ratio, this study reported a ~70% reduction in major

cardiovascular events and a significant decrease in all-cause mortality.

(De Lorgeril M., et al. Circulation. 1999;99(6):779-785)

B. Colorectal cancer studies:

A dietary 2.5:1 ratio was associated with a notable reduction in rectal epithelial cell

proliferation, indicating potential protective effects in early tumorigenesis stages.

Conclusion:

® Achieving a balanced LA/ALA ratio of 2-4:1 through adequate ALA supplementation

is a strategic dietary approach to support cardiovascular, metabolic, and anti-

inflammatory health across multiple chronic disease contexts.

® A 2.5:1 ratio exerts preventive effects on colorectal carcinogenesis, largely through

anti-inflammatory and anti-proliferative mechanisms.



C. Key Findings:

® The intervention diet achieved an estimated n-6/n-3 ratio of approximately 4:1,

primarily through increased ALA intake;

® Over a 4-year follow-up, it led to:

- ~70% reduction in recurrent myocardial infarction;

- Significant reduction in all-cause mortality compared to the control group.

Conclusion: An ALA-enriched diet with a balanced fatty acid profile (~4:1) is highly
effective in the secondary prevention of cardiovascular events and supports the clinical

value of structural lipid optimization.

D. Key Findings:



® Inrheumatoid arthritis (RA) patients, a 2—-3:1 n-6/n-3 ratio was associated with
marked suppression of inflammatory symptoms;

® In asthma, therapeutic benefit was still observed at a 5:1 ratio, but a further
imbalance at 10:1 significantly aggravated infammatory responses;

® These findings underscore that different inflammatory conditions exhibit disease-

specific sensitivity to fatty acid ratios.

Conclusion: Maintaining a n-6/n-3 ratio <4:1, primarily by increasing ALA intake, supports
inflammation resolution and may vyield therapeutic benefits across various chronic

inflammatory diseases.

E. Key Findings:

® A high dietary and plasma n-6/n-3 PUFA ratio was significantly associated with
increased T2DM risk;

® |n contrast, individuals with higher omega-3 PUFA intake - particularly alpha-linolenic
acid (ALA) and long-chain n-3 derivatives (EPA, DHA) - exhibited a lower incidence

of T2DM,;



® The findings suggest a dose-response protective effect of n-3 fatty acids against

metabolic dysregulation.

Conclusion: A lower n-6/n-3 ratio, achieved through ALA supplementation and omega-3-

rich dietary strategies, may help reduce the risk of type 2 diabetes by improving insulin

sensitivity and reducing systemic inflammation.

F. Epidemiological Evidence: The 8:1 Ratio as a Structural Tipping Point

A prospective cohort study from the UK Biobank (Li J., Guasch-Ferré M., Li Y., Willett

W.C., etal., BMC Medicine, 2022), involving over 85,000 participants, investigated the

association between the plasma n-6/n-3 polyunsaturated fatty acid (PUFA) ratio and

mortality risk.

Key findings:

® For every 1-unit increase in the n-6/n-3 ratio:

- All-cause mortality increased by 26%



- Cardiovascular mortality increased by 31%

® \When the ratio exceeded 8:1, the mortality risk curve rose sharply, showing an

exponential trend.

This evidence supports the notion that an n-6/n-3 ratio 28:1 represents a structural

tipping point - a threshold beyond which the risk of chronic diseases, particularly

cardiovascular events and systemic inflammation, escalates rapidly.

® For each 1-unit increase in the plasma n-6/n-3 ratio:

- All-cause mortality increased by 26%;

- Cardiovascular mortality increased by 31%;

® \When the ratio exceeded 8:1, the mortality risk curve rose sharply, displaying an
exponential trend;

® A ratio >8:1 was also associated with:

- Elevated risk of obesity, insulin resistance, and non-alcoholic fatty liver disease

(NAFLD);

- Immune dysregulation, with increased expression of COX-2 and TNF-q;

- Greater incidence of allergic disorders and attention deficit conditions in children.

Conclusion:



® A plasma n-6/n-3 ratio >8:1 represents a structural tipping point for chronic disease
risk. Dietary strategies should aim to maintain this ratio below 8:1, ideally within the
2-4:1 range, by increasing ALA and other omega-3 PUFA intake.

® Supplementation with alpha-linolenic acid (ALA) is one of the most effective and
practical strategies to actively regulate the n-6/n-3 fatty acid ratio, offering

advantages in metabolic conversion, inflammation modulation, and dietary feasibility.

4) Consensus from Harvard, Stanford, and the American Heart Association:

Elevated n-6/n-3 ratios in modemn diets are strongly associated with chronic inflammation

and metabolic dysregulation.
Increasing omega-3 intake - especially ALA - is a key strategy for restoring fatty acid

balance and improving inflammatory and metabolic responses.

A. Harvard T.H. Chan School of Public Health

“Rather than worrying too much about omega-6s, focus on increasing omega-3s.”

(Fats and Cholesterol Resource, Harvard T.H. Chan School of Public Health)



® Emphasizes that increasing omega-3 intake (particularly ALA, EPA, and DHA) is

more important than restricting omega-6s;

® Highlights ALA deficiency in modern diets and recommends increasing intake from

plant-based oils or supplements;

® Acknowledges the link between high n-6/n-3 ratios and the risk of chronic

inflammation, cardiovascular disease, and metabolic disorders;

® Recommends adjusting the ratio through omega-3 enrichment, not omega-6

suppression.

B. Stanford School of Medicine

“Shifting the balance toward more omega-3s can reduce inflammation... Excess linoleic

acid intake may crowd out alpha-linolenic acid metabolism and elevate arachidonic acid—

derived inflammatory eicosanoids.”

- Dr. Christopher Gardner, Stanford Nutrition Studies

® Reports that excessive dietary LA (omega-6) may inhibit ALA conversion and

promote pro-inflammatory signaling;

® Advocates for increasing ALA intake while moderately limiting high-LA oils;

® Points to strong mechanistic associations between high n-6/n-3 ratios and the

development of metabolic syndrome, insulin resistance, and hepatic fat

accumulation.



C. American Heart Association (AHA)

“Rather than targeting a specific omega-6/omega-3 ratio, we recommend ensuring
adequate omega-3 intake, particularly from alpha-linolenic acid and long-chain marine
sources.”

(AHA Presidential Advisory, 2021: Dietary Fats and Cardiometabolic Risk)

® Recommends adequate daily intake of omega-3 fatty acids

® Suggests that linoleic acid (LA, omega-6) should account for 5-10% of total energy
intake;

® \Warns that high LA intake may contribute to an infammatory burden, especially
when dietary omega-3 intake is insufficient;

® Endorses the strategy of increasing omega-3 consumption - rather than suppressing

omega-6 - to improve metabolic balance and cardiovascular health.

IV Cardiovascular and Cerebrovascular Protection:

Reducing Atherosclerosis and Stroke Risk

1) Modulation of Lipid Profile



Alpha-linolenic acid (ALA) helps reduce serum total cholesterol (TC) and triglyceride (TG)

levels, and improves the LDL/HDL ratio. These effects contribute to the inhibition of

atherosclerotic plaque formation.

2) Improvement of Endothelial Function

ALA enhances nitric oxide (NO) synthesis, promotes vasodilation, and reduces the

expression of endothelial adhesion molecules associated with inflammation—thus

supporting vascular integrity and function.

3) Anti-thrombotic and Anti-arrhythmic Effects

ALA and its metabolites (e.g., EPA) inhibit platelet aggregation and decrease the

production of thromboxane Az (TXAz), lowering the risk of thrombosis and arrhythmias.

4) Epidemiological and Clinical Evidence

A large prospective cohort study in the Netherlands (over 20,000 middle-aged men and

women followed for 10 years) found that higher dietary ALA intake was significantly

associated with reduced incidence of coronary heart disease and stroke, and inversely

correlated with cardiovascular mortality.



\Y

Brain Health and Neuroprotection

1) Crossing the Blood-Brain Barrier

Alpha-linolenic acid (ALA) can cross the blood-brain barrier (BBB) via monocarboxylate

transporters (MCTs) or lipoprotein-mediated pathways. Once transported into the brain,

ALA is incorporated into phospholipid membranes, enhancing neuronal membrane

fluidity and improving electrical signal transmission.

2)

Neuroprotection and Antioxidant Activity

ALA and its long-chain metabolites exert potent neuroprotective effects by:

3)

Scavenging reactive oxygen species (ROS) in neural tissue,

Suppressing neuroinflammation,

Supporting neuronal survival and regeneration.

Neurotransmitter Regulation and Cognitive Function

DHA is a critical structural component of synaptic membranes, involved in the release of

neurotransmitters such as dopamine and serotonin (5-HT). EPA contributes to the

modulation of neuronal excitability and plays a role in alleviating anxiety and depressive

symptoms.



4)

\

1)

2)

Target Populations

Middle-aged and elderly individuals: Supports the prevention of cognitive decline and
reduces the risk of neurodegenerative conditions such as Alzheimer’s disease.
Adolescents and young adults: Promotes healthy brain development, enhances

attention span, and contributes to emotional stability.

Alpha-Linolenic Acid (ALA) and Ocular Health

Precursor of Retinal DHA

ALA is enzymatically converted into EPA and DHA in the body.

DHA is the dominant structural fatty acid in retinal photoreceptor cell membranes,
particularly in the outer segments of rod cells, accounting for 40-50% of total retinal
phospholipid fatty acids. Itis essential for visual signal transduction.

Although ALA itself is not abundant in the retina, its role as a precursor of DHA is

crucial in maintaining stable DHA levels within the retina.

Anti-inflammatory, Lubricating, and Anti-Dry Eye Effects

Inflammation Suppression in the Ocular Surface



3)

Conditions such as dry eye disease and meibomian gland dysfunction (MGD) are

often associated with chronic local inflammation.

ALA can suppress inflammation by inhibiting NF-kB activation and reducing the

expression of pro-inflammatory cytokines such as TNF-a and IL-6.

This contributes to improved tear film stability and better tear quality.

Enhancement of the Tear Lipid Layer

ALA is incorporated into meibomian gland lipids, improving the fluidity and stability of

the tear film’s lipid layer.

This helps reduce tear evaporation and alleviate symptoms such as eye dryness,

irritation, and visual fatigue.

Antioxidant Defense on the Ocular Surface

As a polyunsaturated fatty acid (PUFA), ALA can neutralize reactive oxygen species

(ROS), protecting corneal epithelial cells and lacrimal glands from oxidative stress.

This is particularly beneficial under conditions such as prolonged screen exposure or

age-related ocular degeneration.

Evidence from Population Studies and Clinical Trials

Nutritional Intervention in Dry Eye Disease



® A double-blind clinical trial showed that oral supplementation with ALA (from
flaxseed oil) and long-chain omega-3s (EPA/DHA) significantly improved dry eye
symptoms, enhanced tear secretion, and stabilized the tear film.

® The plant-based ALA group demonstrated efficacy comparable to that of fish oil.

B. Fatty Acid Profiles in Red Blood Cell Membranes

® Patients with dry eye disease exhibit lower levels of n-3 fatty acids - including ALA
and DHA - in erythrocyte membranes compared to healthy controls.
® ALA supplementation has been shown to restore membrane fluidity and enhance

antioxidant capacity over time.

Conclusion:
As a fundamental source of omega-3 fatty acids, Alpha-Linolenic Acid (ALA) not only

serves as a precursor for retinal DHA but also supports ocular surface homeostasis and



visual function through multiple mechanisms - including suppression of local inflammation,
enhancement of the tear film lipid layer, and protection against oxidative stress in the eyes.
It is particularly suitable for individuals with dry eye syndrome, visual fatigue, prolonged

screen exposure, and aging-related ocular changes as part of daily eye health support.

VIl Alpha-Linolenic Acid (ALA) and Metabolic Health & Weight Regulation

1) Improves Insulin Sensitivity
Alpha-Linolenic Acid (ALA) enhances cellular responsiveness to insulin through

multiple mechanisms along the insulin signaling pathway:

® Suppresses pro-inflammatory cytokines (e.g., TNF-q, IL-6), which are known to
activate JNK and IKK pathways, leading to aberrant phosphorylation of insulin
receptor substrate-1 (IRS-1) and blockade of downstream insulin signaling.

® Improves membrane fluidity, facilitating insulin receptor clustering and PI3K/Akt
pathway activation to promote glucose uptake.

® Reduces hepatic lipid accumulation, alleviating lipotoxicity and enhancing insulin

sensitivity in the liver and peripheral tissues.

Metabolic markers improved:

® | owered fasting insulin (FINS) levels

® Reduced HOMA-IR (homeostatic model assessment of insulin resistance)



2)

Improved fasting blood glucose (FBG) and HbA1c levels

Suppresses Adipose Tissue Inflammation & Restores Adipocyte Function

ALA reduces infiltration of inflammatory macrophages and downregulates cytokines

in white adipose tissue (WAT), alleviating chronic low-grade inflammation.

Improves adipocyte sensitivity to insulin and lipolytic signals.

Increases adiponectin, a key anti-inflammatory adipokine involved in enhancing

insulin responsiveness and lipid metabolism.

Improved serum biomarkers:

3)

I hs-CRP, TNF-q, IL-6
t Adiponectin

I Leptin resistance

Promotes Browning of Adipose Tissue and Increases Energy Expenditure

ALA modulates gene expression related to mitochondrial biogenesis and
thermogenesis, such as PGC-1a and UCP1.

Stimulates browning of white adipose tissue, leading to higher basal energy
expenditure.

Counteracts diet-induced fat accumulation.

Experimental findings (Alvheim et al.):



4)

Mice fed a high LA /low ALA diet developed obesity, fatty liver, and insulin

resistance.

Switching to an ALA-rich lipid profile resulted in:

Marked reduction in adipose inflammation

Increased brown fat activity

Significant reduction in body fat percentage and weight

Improved liver lipid status and insulin sensitivity

Inversely Associated with Obesity and Metabolic Syndrome Risk

(Epidemiological Evidence)

Higher ALA intake correlates with lower risk of abdominal obesity, type 2 diabetes

(T2DM), non-alcoholic fatty liver disease (NAFLD), and dyslipidemia.

Elevated ALA (or EPA/DHA) levels in red blood cell membranes are associated with

more favorable metabolic profiles.

Populations with higher LA/ALA dietary ratios exhibit higher prevalence of obesity

and impaired fasting glucose.



Conclusion
Alpha-Linolenic Acid (ALA) functions not only as a structural omega-3 fatty acid but also

plays a critical regulatory role in metabolic health through:

® Enhancing insulin signaling pathways,
® Suppressing adipose tissue inflammation,

® Promoting browning of white adipose tissue and increasing energy expenditure.

Extensive evidence from both animal models and human epidemiological studies
indicates that increasing ALA intake and optimizing the dietary n-6/n-3 ratio can
significantly reduce the risk of obesity, hepatic steatosis, and insulin resistance.
ALA is thus considered a foundational nutritional strategy in the prevention and

management of modern metabolic disorders.

VIIlI Alpha-Linolenic Acid (ALA) and Fertility Support

Alpha-Linolenic Acid (ALA) supports both male and female fertility by contributing to the
structural integrity of sperm and follicular membranes, suppressing inflammation,
enhancing antioxidant defense, and regulating endocrine balance.

Particularly during preconception, assisted reproduction preparation, and inflammatory
reproductive disorders, ALA serves as a safe, natural, and fundamental structural

modulator - making it a key component in reproductive nutritional support.



1)

Support for Male Fertility

Enhancing Sperm Membrane Structure and Fluidity

ALA can be incorporated into the phospholipid bilayer of sperm cell membranes,

increasing membrane fluidity and structural integrity, which enhances sperm motility

and penetration capacity.

As sperm membranes are highly susceptible to lipid peroxidation, ALA-derived EPA

and DHA can replace excessive arachidonic acid (AA, n-6) in the membrane,

optimizing lipid composition and improving sperm quality.

Antioxidant Protection for Mitochondria and DNA

Sperm cells are metabolically active yet possess low intrinsic antioxidant defenses,

making them vulnerable to oxidative damage.

ALA acts as a free radical scavenger, suppressing lipid peroxidation, protecting

mitochondrial function and preserving DNA integrity - effectively reducing DNA

fragmentation index (DFI).

When combined with antioxidants like vitamin E and zinc, ALA contributes to a more

stable and resilient membrane defense system.

Reducing Seminal Inflammation

A high n-6 to n-3 fatty acid ratio is associated with elevated pro-inflammatory

cytokines in seminal plasma (e.g., IL-6, TNF-a), impairing Leydig cell function.



2)

ALA helps reduce pro-inflammatory prostaglandin synthesis and alleviates testicular
microenvironment inflammation, thereby supporting healthier spermatogenesis and

sperm morphology.

Support for Female Fertility

Improving Follicular Membrane Structure and Oocyte Quality

ALA is a fundamental lipid component of follicular cell membranes, enhancing

oocyte membrane fluidity and fertilization potential.

It helps regulate lipid metabolism within the oocyte microenvironment, maintaining

cytoplasmic and mitochondrial stability, thereby enhancing developmental

competence.

Antioxidant Protection for Ovarian Function

The ovaries are metabolically active and prone to oxidative stress, especially during

the peri-ovulatory and luteal phases.



® ALA reduces the accumulation of reactive oxygen species (ROS) and lipid peroxides

within ovarian tissues, preventing follicular apoptosis and supporting the normal

expression of luteinizing hormone (LH) and follicle-stimulating hormone (FSH).

C. Hormonal Regulation and Anti-PCOS Effects

® ALA may help lower hyperandrogenism-related metabolic disturbances such as

insulin resistance and chronic low-grade inflammation, commonly seen in polycystic

ovary syndrome (PCOS).

® |t contributes to restoring regular follicular cycling, improving ovulation quality and

hormonal synchronization.

3) Application of Alpha-Linolenic Acid (ALA) in Assisted Reproduction and

Preconception Care

Application Scenario ALA Benefits

Recommended Intake

Male infertility (low motility, Improves sperm membrane structure and

asthenospermia) provides antioxidant protection

1.5-2.0 g/day




Application Scenario

ALA Benéefits

Recommended Intake

Oxidative stress in the ovaries | Reduces ROS and enhances follicular quality 1.1-1.6 g/day
Assisted reproduction / Optimizes lipid composition, balances 21.6 g/day
Preconception (for both sexes) hormones, supports embryo quality + vitamin E

Summary

Alpha-linolenic acid (ALA) is an essential fatty acid that cannot be synthesized by the

human body. It is the metabolic precursor of EPA, DPA, and DHA, but also exerts

independent anti-inflammatory, antioxidant, and metabolic-regulating effects.

By optimizing fatty acid composition, improving lipid profiles and vascular function, and

supporting cognitive and neurological health, ALA stands out as a fundamental and

valuable nutrient in the modern dietary structure—especially in the context of

reproductive health and metabolic balance.




