Phospholipids

Supporting Cognition in Aging, Improving Omega-3 Utilization in Digestive
Impairment, Enhancing Cardio-metabolic and Reproductive Health, and

Managing Chronic Inflammation

Abstract

Phospholipids (PLs), including phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and phosphatidylinositol (Pl), are structural lipids essential for membrane integrity,

neurotransmission, hepatic lipid metabolism, and systemic homeostasis.

Their amphipathic design enables dynamic regulation of fluidity, permeability, receptor
signaling, and vesicular transport, which is critical for high-demand tissues such as
neurons, hepatocytes, and reproductive cells. Modern diets, dominated by triglyceride -
based fats, frequently lack sufficient structural lipids, resulting in vulnerabilities across

multiple populations.

Evidence demonstrates that PLs:

(i) enhance cognitive resilience in older adults by donating choline for acetylcholine
synthesis and facilitating DHA integration into synaptic membranes;

(ii) restore lipid flux in individuals with dyslipidemia, atherosclerosis, or fatty liver disease

by supporting VLDL assembly and reverse cholesterol transport;



(iii) provide superior bioavailability of omega-3s in populations with impaired digestion,

including elderly, post-surgical, or post-cholecystectomy patients;

(iv) strengthen reproductive health by stabilizing sperm and oocyte membranes, reducing

oxidative stress, and modulating neuroendocrine signaling; and

(v) mitigate chronic inflammation by co-regulating NF-«kB, oxidative stress, and pro-

resolving pathways, thereby supporting long-term cardio-metabolic and immune stability.

Compared with triglyceride or ethyl ester matrices, phospholipid-bound omega-3

formulations (e.g., krill oil) demonstrate superior absorption, membrane incorporation,

and functional synergy.

Collectively, PLs represent a structural nutrient strategy for targeted populations including

older adults, individuals with weakened digestive capacity, those at cardio-metabolic risk,

reproductive-age men and women, and patients requiring chronic inflammation

management.
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Phospholipids are the primary structural components of the bilayer membranes that form
the foundation of all eukaryotic cells.

They are particularly abundant in neurons, hepatocytes, mitochondria, and immune cells.

Their unique "hydrophilic head + hydrophobic tail" structure makes them indispensable
for membrane architecture, determining membrane fluidity, permeability, signal

transduction, and metabolite transport efficiency.

The main dietary phospholipids include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylinositol (PI).
These are readily incorporated into cell membranes upon ingestion and play a critical role

in cellular repair and functional restoration.

Modern Diets Are Ciritically Deficient in Structural Lipids

Although total fat intake is generally sufficient in modem diets, the intake of structural
lipids such as phospholipids falls well below physiological requirements - especially in the

following populations:



® Individuals relying heavily on plant oils or animal fats (mainly triglyceride-based),
which lack natural phospholipids;

® Vegetarians, those practicing minimalist cooking, or adhering to low-fat diets, with
minimal phospholipid intake;

® People under chronic stress, with high metabolic demand, or suffering from hepatic
or biliary conditions, where phospholipid requirements are elevated;

® Older adults, whose endogenous phospholipid synthesis declines with age, resulting

in impaired membrane repair capacity.

As a result, dietary supplementation with phospholipids has become an essential strategy
to support membrane regeneration, improve hepatic lipid metabolism, and promote

cognitive and neurological function.

The Importance of Phospholipids:

A Core Nutrient for Cellular Architecture, Signaling, and Nutrient Transport

Phospholipids are not just structural fats - they are fundamental to cell membrane

integrity, intracellular communication, and efficient nutrient delivery.

1) Forming the Structural Backbone of Cell Membranes to Ensure Stability and

Function



Phospholipids are the primary building blocks of all eukaryotic cell membranes, with
particularly high concentrations in functionally demanding cells such as neurons,

hepatocytes, and immune cells.

® Every cellular membrane is composed of a phospholipid bilayer, and it is this
structure that determines the fluidity, flexibility, and selective permeability of the
membrane.

® Each phospholipid molecule has a hydrophilic head and hydrophobic tail, which self-
assemble into bilayers to form a semi-permeable membrane barrier - a fundamental

requirement for maintaining cellular integrity and compartmentalization.

2) Essential Lipids for the Nervous System and Brain Function

Over 60% of the brain's dry weight consists of lipids, and among these, phospholipids -
especially phosphatidylcholine (PC) and phosphatidylethanolamine (PE) - are highly

concentrated in neurons, myelin sheaths, and synaptic membranes.

® They are essential for the synthesis of neurotransmitters such as acetylcholine;
® They form the structural basis of synaptic vesicles, supporting efficient nerve signal

transmission;



® In synergy with Omega-3s (e.g., DHA), phospholipids help maintain membrane

fluidity and optimize neuronal signal transduction.

3) Optimizing Hepatic Lipid Metabolism and Cholesterol Transport

The liver is one of the most metabolically active organs in terms of phospholipid
synthesis and utilization.
Phosphatidylcholine (PC) is an essential component for the assembly and secretion of

very low-density lipoproteins (VLDL).

® PC deficiency impairs triglyceride export, leading to hepatic lipid accumulation and
the development of fatty liver;

® Supplementation with phospholipids supports proper VLDL formation, reduces liver
enzyme levels, and mitigates hepatic fat deposition;

® This has significant nutritional implications for individuals with MASLD (Metabolic

dysfunction-associated steatotic liver disease).



4) Enhancing the Absorption and Delivery Efficiency of Fat-Soluble Nutrients

Phospholipids naturally possess emulsification and vesicle-forming capabilities, allowing
them to encapsulate lipophilic compounds and form liposome-like structures in the body,

thereby improving bioavailability:

® Enhance the absorption of Astaxanthin, vitamins A/D/E/K, and Omega-3 fatty acids;

® Protect fat-soluble antioxidants from degradation or elimination during

gastrointestinal transit;

® After entering the bloodstream, phospholipids serve as carriers to deliver nutrients to

lipid-rich tissues such as the brain and liver.

5) Synergistic Anti-Inflammatory, Antioxidant, and Membrane Repair Functions

® Phospholipids enriched with EPA and DHA offer not only structural stability but also

serve as a source of pro-resolving lipid mediators with anti-inflammatory activity;



® |n synergy with Astaxanthin and choline, phospholipids help protect membrane
integrity and suppress ROS-induced lipid peroxidation;
® They support immune cell membrane resilience and enhance cellular response

efficiency under stress and inflammatory conditions.

|  Phospholipids and Hepatic Lipid Dysregulation / MASLD

(Metabolic dysfunction—associated steatotic liver disease)

Phosphatidylcholine (PC) is a key structural phospholipid essential for the assembly of
very low-density lipoproteins (VLDL).
Recent studies demonstrate that multi-component phospholipid supplementation can

support hepatic lipid metabolism and MASLD improvement across multiple levels:

1) Phospholipid Complexes (e.g., PC) are Integral to Hepatocyte Membranes,

Endoplasmic Reticulum, and Mitochondria



2)

3)

4)

Insufficient intake leads to membrane instability, disrupted bile acid secretion, and
subsequent hepatic toxin accumulation and lipid retention.
Dietary supplementation improves membrane fluidity, repair capacity, and signal

responsiveness, forming a structural foundation for metabolic restoration.

Phosphatidylcholine (PC) Is Essential for VLDL Synthesis and Triglyceride Export

PC enables the packaging and export of hepatic triglycerides (TG) into peripheral
tissues via VLDL.
PC deficiency — impaired VLDL assembly — intrahepatic TG accumulation — hepatic

steatosis (fatty liver).

Human Intervention Studies Show That Choline Deficiency Rapidly Induces Fatty

Liver and Elevated Liver Enzymes (ALT/AST)

Reintroducing choline or PC supplementation reverses these effects, confirming its

critical role in maintaining hepatic lipid homeostasis.

In Animal Models of MASLD, Dietary Phospholipid Supplementation

(e.g., Egg Yolk Lecithin, Krill Oil Rich in PC) Significantly:

Reduces intrahepatic triglyceride deposition;
Improves hepatic inflammation and hepatocyte swelling;

Suppresses NF-kB—-mediated inflammatory pathways;



5)

Lowers serum ALT and AST levels.

Additionally, PC Helps Restore Hepatic Membrane Phospholipid Composition

Maintains membrane fluidity and bile acid metabolic stability;

Enhances VLDL-mediated lipid export, reducing hepatic lipid burden;

Delays or reverses MASLD progression, preserving liver function;

Supports membrane repair, and synergizes with anti-inflammatory and antioxidant

defense mechanisms.

Phospholipids for Individuals at Risk of Cardiovascular and
Cerebrovascular Disease

(Dyslipidemia / Atherosclerosis / Pre-hypertension)

Regulate lipid and cholesterol metabolism to help prevent atherosclerosis



1)

2)

3)

Reduce vascular oxidative and infammatory burden, supporting endothelial integrity

Stabilize neuronal and myocardial cell membranes, protecting target organ structure

Modulate Lipid Metabolism and Improve Lipid Profiles

Dietary phospholipids, particularly those rich in phosphatidylcholine (PC), activate

AMPK and PPAR-a pathways in the liver, enhancing B-oxidation and suppressing

lipogenesis.

Clinical trials show that supplementation with soy lecithin, egg yolk phospholipids, or

krill oil phospholipids can significantly reduce total cholesterol (TC), low-density

lipoprotein cholesterol (LDL-C), and triglycerides (TG).

Promote Cholesterol Efflux and Hepatobiliary Excretion

Phospholipids are critical components of high-density lipoprotein (HDL) surfaces,

supporting efficient reverse cholesterol transport (RCT).

Specifically, PC facilitates the mobilization of cholesterol into bile, enhancing

excretion and helping prevent atherosclerotic plaque formation.

Antioxidant and Anti-inflammatory Action to Protect the Endothelium

Atherosclerosis is driven by chronic low-grade inflammation and lipid peroxidation.

Phospholipids rich in structural Omega-3 fatty acids (EPA/DHA) and endogenous

antioxidants can:



4)

Suppress the NF-kB pathway, lowering pro-inflammatory cytokines such as IL-6 and
TNF-q;
Inhibit oxidized LDL formation, alleviating endothelial activation;

Improve vascular dilation capacity, indirectly supporting blood pressure regulation.

Support Blood Pressure Control and Membrane Stability in Heart and Brain Tissues

Vascular smooth muscle cells rely heavily on membrane phospholipid fluidity;

phospholipid supplementation enhances calcium signaling and improves vascular

tone regulation.

In the context of hypertension and atherosclerosis, cerebrovascular and neuronal

membranes are highly susceptible to damage.

Structural phospholipids combined with DHA help form a protective barrier to

preserve brain and heart function.



1)

2)

Phospholipids for Individuals with High Cognitive Demands
(Students / Intense Mental Workers / Elderly / Emotionally Sensitive

Individuals)

Promote acetylcholine synthesis to enhance attention and learning efficiency
Repair neuronal membranes and synaptic structures, improving brain plasticity
Buffer mental fatigue, anxiety, and neuro-

infammatory risk

Brain Structural Lipids Are Highly Dependent on Phospholipids

Lipids account for up to 60% of the brain’s dry weight, with phospholipids - especially
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) - serving as key
components of neuronal membranes and myelin sheaths.

Phospholipid deficiency reduces membrane fluidity, limits synaptic renewal, and
impairs neurotransmission efficiency, negatively affecting attention, reaction speed,

and long-term memory formation.

Provide Acetylcholine Precursors to Support Learning and Memory



3)

4)

Dietary phospholipids containing choline-based lipids (e.g., PC) are key precursors
for the synthesis of acetylcholine, a critical neurotransmitter.
Acetylcholine governs attention, focus, and rapid response, with significantly

increased demand during periods of cognitive stress or intellectual overload.

Repair Neuronal Membranes and Mitigate Oxidative and Inflammatory Stress

Phospholipids can integrate into damaged neuronal membranes, enhancing

membrane stability, protein folding capacity, and signal molecule anchoring.

PC and DHA jointly regulate membrane plasticity and synaptic maintenance, and are

shown to suppress neuro-inflammation and anxiety-like behaviors in experimental

models.

Phospholipid Complexes vs. Single Nutrients: A Synergistic Advantage

Compared to isolated choline salts or DHA supplements, a PC + DHA (Omega-3)

phospholipid complex more effectively builds functional brain membranes, offering a

“delivery + structure + activation” triad of benefits.

Ideal for:

Students preparing for exams

Aging individuals at risk of cognitive decline

Those under chronic stress, emotional strain, or anxiety



IV Phospholipids for Individuals Experiencing Sleep Deprivation, Chronic

1)

Stress, and Mental Fatigue

Increased membrane repair demands under stress

Rapidly repair neuronal membrane damage caused by stress or lack of sleep
Alleviate oxidative stress; support emotional and cognitive stability

Provide acetylcholine precursors to improve sleep quality and mental clarity

Chronic Stress Depletes Membrane Phospholipids

Conditions such as sleep deprivation, mental exhaustion, and chronic anxiety
activate the hypothalamic—pituitary—adrenal (HPA) axis and oxidative stress

pathways, leading to elevated production of reactive oxygen species (ROS).



Neuronal membranes, rich in DHA-phospholipids, are particularly vulnerable to
oxidative damage.
ROS primarily target membrane lipids, inducing lipid peroxidation and structural

disruption.

If not promptly repaired, this leads to synaptic dysfunction, memory decline, and

emotional instability.

2)

3)

Phospholipids Provide Raw Material for Membrane Repair

Dietary phospholipids can integrate into damaged neuronal membranes, restoring
bilayer structure, reactivating membrane-bound proteins, and improving signal
transduction.

In particular, phosphatidylcholine (PC) combined with Omega-3 DHA forms
functional phospholipids with strong membrane remodeling capacity—ideal for

individuals under chronic stress and cognitive fatigue.

Buffer Neurotransmitter Imbalances, Improve Fatigue and Sleep Rhythm

The choline component in phospholipids is a direct precursor for acetylcholine, a
neurotransmitter that regulates wake-sleep cycles, attention, and anti-fatigue

capacity.



® Studies suggest that phospholipid supplementation helps restore HPA axis feedback
stability, reducing cortisol fluctuations and sympathetic overactivation—thereby

improving sleep continuity, daytime alertness, and evening anxiety.

4) Synergistic Protection Against Oxidative Damage with Astaxanthin and Omega-3

In Keyora Antarctic Krill Oil, the triple synergy of phospholipids x Omega-3 x astaxanthin

provides a comprehensive defense against membrane lipid peroxidation:

® Omega-3s supply DHA to support phospholipid remodeling;

® Astaxanthin offers transmembrane antioxidant protection, halting lipid peroxidation
chain reactions;

® Phospholipids act as structural substrates, completing a “repair + protection”

feedback loop.



V Phospholipids for Male and Female Reproductive Health

Dual support for membrane integrity and choline metabolism

Phospholipids play a critical role across the reproductive system, participating in key
processes such as sperm membrane integrity, oocyte structure, and hormonal signal

transduction.

® Enhance sperm membrane stability and mitochondrial function
® Support oocyte membrane structure and hormone receptor signaling

® Reduce oxidative load in reproductive tissues and improve fertility conditions

1) In Males

® Phospholipids, especially phosphatidylcholine (PC) and phosphatidylethanolamine
(PE), are major structural components of the sperm membrane bilayer and the
mitochondrial sheath of the flagellum - critical for motility, membrane integrity, and
fertilization capacity.

® PC-derived choline helps regulate oxidative stress and seminal inflammation,

thereby optimizing the seminal microenvironment and improving sperm viability.

2) In Females



® Oocyte membranes and granulosa cell membranes are highly enriched in

phospholipids, essential for maintaining follicular integrity and hormonal receptor

signaling.

® Choline derived from PC contributes to acetylcholine synthesis in the ovaries,

modulating the GnRH-pituitary—ovarian axis, and improving ovulation and

fertilization conditions.

As a structural lipid, phospholipids work in synergy with:

- Omega-3s (especially DHA, highly concentrated in sperm membranes);

- Astaxanthin, a potent antioxidant forming a protective barrier against ROS.

Together, they create a triple-action system of

- structural support,

- functional activation,

- anti-inflammatory and antioxidant protection

Which is particularly beneficial during fertility preparation or assisted reproductive

interventions.



VI

1)

Phospholipids for Older Adults
Addressing cognitive decline, dyslipidemia, and membrane degradation

with structural lipid support

Maintain cognitive performance and emotional stability; delay memory deterioration
Support lipid metabolic balance; reduce hepatic lipid accumulation and
atherosclerosis risk

Restore aging cellular membranes and improve cellular function

Enhance brain DHA integration when combined with Omega-3s

Cognitive and Neurofunctional Support: Phospholipids as Key Brain Constituents



2)

Roughly 30% of brain dry mass is composed of phospholipids, primarily

phosphatidylcholine (PC) and DHA-bound phospholipids, richly distributed in

neuronal membranes, myelin, and synaptic structures.

Declining brain PC levels in elderly individuals are significantly associated with

cognitive impairment. PC not only serves as a choline donor (- acetylcholine

synthesis) but also maintains synaptic plasticity and neurotransmitter release.

PC provides acetylcholine precursors — supports memory and attention

PC + DHA - maintain membrane fluidity and synaptic responsiveness

Lipid Metabolism Regulation: Addressing Age-Related Dyslipidemia and Liver

Steatosis

Aging is often accompanied by impaired VLDL secretion, hepatic lipid accumulation, and

reduced HDL quality. Dietary phospholipids can:

3)

Promote VLDL assembly - enhance triglyceride export from the liver

Restore phospholipid composition of hepatocyte membranes — improve bile flow and

lipid homeostasis

Synergize with Omega-3s to modulate apolipoprotein B100 synthesis and suppress

inflammatory mediators

Membrane Repair in Aging Cells: Exogenous Structural Lipid Support



4)

Aging leads to increased ROS generation, mitochondrial dysfunction, and diminished

antioxidant capacity, causing frequent membrane lipid peroxidation

Studies show that dietary phospholipids (e.g., PC from krill oil) can integrate into

damaged membranes, restore bilayer integrity, stabilize transmembrane signaling,

and delay cellular senescence

Enhanced Brain DHA Uptake via PC-DHA Complex Formation

DHA and PC co-integrate into the brain as DHA-PC complexes, the most bioactive

form of DHA in neural membranes

Compared to fish oil, phospholipid-bound DHA is more effective at crossing the

blood-brain barrier, significantly improving brain DHA levels

VIl For Omega-3 Supplement Users: Co-Supplementation with Structural



1)

2)

Lipids Enhances Utilization Efficiency

Improve EPA/DHA absorption efficiency (especially under low enzymatic or bile
output conditions)

Support functional membrane reconstruction and optimize tissue bioavailability
Synergize anti-inflammatory and antioxidant effects; enhance heart, brain, and liver

function

The Bioavailability of Omega-3 Fatty Acids is Highly Dependent on Their Delivery

Matrix

Triglyceride (TG) form: requires pancreatic lipase hydrolysis for absorption
Ethyl ester (EE) form: chemically stable but least bioavailable, especially in
populations with compromised digestion

Phospholipid-bound form (e.g., krill oil):

Integrates directly into mixed micelles in the gut
Does not require bile salts for emulsification
Highly suitable for individuals with impaired digestive function (e.g., elderly, post-

surgery, gallbladder removal)

Phospholipids as an Omega-3 Delivery Platform Offer Triple Benefits

Enhanced Absorption Efficiency:



Phospholipid-bound Omega-3 is more easily absorbed across intestinal mucosa

Absorption efficiency is ~2-4x higher than EE and ~ 1.5% higher than TG

Remains effective even under low bile salt or lipase activity

Improved Membrane Incorporation:

Co-delivery with phospholipids allows Omega-3s to directly embed into cellular

bilayers

Enhances membrane fluidity and structural stability, benefiting tissues with high

membrane turnover such as neurons, vascular endothelium, and hepatocytes

Stronger Functional Synergy:

Phospholipids and Omega-3s co-construct functional membrane lipids, co-

regulating:

Inflammatory resolution

Immunomodulation

Metabolic responsiveness

Multiple studies have shown that phospholipid-type Omega-3s outperform TG/EE

types in lipid modulation, anti-inflammatory activity, cognitive function, and liver fat

reduction



3)

Keyora Krill Oil: A Natural Phospholipid-Based Omega-3 Delivery System for Long-

Term Intervention

Combines structural lipids + bioactive fatty acids + natural antioxidant Astaxanthin
Recognized as one of the most efficient Omega-3 delivery systems in current clinical
research

Especially suitable for:

Middle-aged and elderly individuals
Those with weakened digestive capacity

Individuals requiring long-term inflammation and chronic condition management



Summary:
Phospholipids as the Central Synergistic Interface in Krill Oil's Multi-Nutrient

Matrix

Phospholipids are not merely structural lipids - they act as a “key synergistic interface”
that integrates and enhances the functionality of multiple bioactive components within

Keyora Antarctic Krill Oil. Their roles span:

® Omega-3 absorption, delivery, and membrane integration
® Choline supply and neurotransmitter synthesis
® Membrane structure construction, repair, and functional modulation

® Astaxanthin localization and antioxidant protection

Multidimensional Synergistic Matrix of Phospholipids in Krill Oil

Co-Active Functional Benefit
Synergistic Mechanism with Phospholipids
Component Dimensions

- Integrated into the phospholipid bilayer to form functional||- Increased bioavailability

Omega-3 membranes - Synergistic inflammation

(EPA /DHA /DPA) Enhances intestinal absorption and membrane|resolution

incorporation efficiency - Structural membrane




Co-Active

Synergistic Mechanism with Phospholipids

Functional Benefit

Component Dimensions
- Anti-inflammatory lipid mediators (SPMs) require|repair
phospholipid platforms for activation
- Phospholipids (particularly PC) are major dietary||- Choline replenishment
sources of choline - Cognitive support
Choline

- Choline - Acetylcholine synthesis for neurotransmission

- Hepatic lipid metabolism

- Supports VLDL formation and hepatic lipid export regulation
- A key phospholipid subtype with dual structural and|- Optimizes membrane
Phosphatidylcholine |[functional roles fluidity

(PC) - Co-builds membrane stability alongside PE, PI - Supports both neuronal
- Acts as an efficient delivery carrier for Omega-3 and hepatic function
- Protects phospholipid bilayers from oxidative|- Membrane protection
degradation - Anti-inflammatory and
Astaxanthin - Stabilizes membrane and mitochondrial lipid architecture|antioxidant synergy

- Synergizes with DHA-PL to mitigate oxidative and

inflammatory stress

Mitochondrial

integrity

and energy support

Conclusion:




This multi-dimensional synergistic architecture forms the core of Keyora Antarctic Krill
Oil'’s scientifically designed system - a quadruple integration of structural lipids
(phospholipids), choline, Omega-3s, and natural antioxidants (Astaxanthin). Through
enhanced bioavailability, membrane targeting, neurotransmitter synthesis, and oxidative
defense, this system provides comprehensive support for cardio-metabolic health, brain

performance, and cellular resilience.



