Phosphatidylcholine (PC)
Structural Lipid and Functional Choline Source for Liver Health, Cognitive

Performance, Cardiovascular Protection, and Pregnancy Support

Abstract

Phosphatidylcholine (PC) is the predominant phospholipid in mammalian membranes,
representing 40-50% of total phospholipid content and serving as the only proven
essential phospholipid for very-low-density lipoprotein (VLDL) assembly and triglyceride
export.

Beyond its role as a bioavailable choline donor, PC contributes to membrane

architecture, neurotransmitter acetylcholine synthesis, and methylation metabolism.

Clinical and nutritional evidence consistently highlights global inadequacy of choline
intake, with fewer than 10% of women and pregnant individuals meeting Adequate Intake
(Al) levels. PC supplementation is uniquely positioned to address this gap with superior
bioavailability, lower TMAO formation risk compared to free choline salts, and additional

lipid-stabilizing functions.

PC supports hepatic health by reversing fatty liver and reducing elevated liver enzymes
through VLDL-mediated lipid clearance.

It enhances neurological function by stabilizing neuronal membranes, supporting



acetylcholine synthesis, and synergizing with DHA to preserve synaptic signaling and

cognitive performance. In the cardiovascular system, PC integrates into lipoproteins and

vascular membranes, facilitating reverse cholesterol transport, regulating endothelial

function, and attenuating inflammatory signaling (e.g., NF-kB, IL-6, TNF-q).

During pregnancy, PC provides sustained choline delivery essential for fetal

neurodevelopment, DNA methylation, and maternal hepatic resilience.

Particularly suitable populations include individuals with NAFLD or metabolic dysfunction,

cognitive decline, pregnancy and lactation demands, vegetarians and vegans with low

dietary choline, and those at cardiovascular risk.

As a structural lipid and functional nutrient, PC represents an integrative solution to the

triple gap of modern diets: choline deficiency, phospholipid insufficiency, and low omega-

3 intake.
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Choline:

An Essential Nutrient for Membrane Structure, Neurotransmission, and Methylation

® Choline is an essential nutrient required for multiple physiological functions,

including:

® The synthesis of structural phospholipids in cell membranes (e.g.,

phosphatidylcholine (PC) and sphingomyelin);

® The production of the neurotransmitter acetylcholine;

® |is role as a methyl group donor precursor via the S-adenosylmethionine (SAM)

cycle for methylation-dependent processes.

Among these, Phosphatidylcholine (PC) is the most abundant phospholipid in

mammalian cell membranes and plasma lipoproteins.

Notably, it is the only phospholjpid proven essential for the assembly and secretion of

lipoproteins (e.g., VLDL).

Global Dietary Surveys Consistently Reveal Widespread Choline Inadequacy

Large-scale dietary assessments and authoritative nutritional evaluations across multiple

countries have consistently concluded that most individuals do not meet the Adequate

Intake (Al) levels of choline recommended for their age and physiological status - with

particularly low intakes observed in pregnant women.



United States

National Academy of Medicine, Food and Nutrition Board (formerly Institute of

Medicine, IOM) reports:

Choline intake is widely suboptimal in the U.S., especially among women and

pregnant women.

Eggs and supplements can help close the gap, but most multivitamins contain only

low amounts of choline.

Current Al (1998, still in use):

Adult men: 550 mg/day

Adult women: 425 mg/day

Pregnant women: 450 mg/day

Lactating women: 550 mg/day

Population intake status:

NHANES 2015-2018 data show average dietary choline intake at:

284 mg/day for women

390 mg/day for men

Only 6% of women and 11% of men meet the Al.

Among pregnant women, fewer than 9% achieve the Al threshold.



2)

The NIH Office of Dietary Supplements also emphasizes this insufficiency, especially

during pregnancy, which increases physiological choline demands.

European Union

EFSA (European Food Safety Authority) conducted national dietary surveys in 7 EU

countries (2000-2011), finding:

Average adult intake: 269-468 mg/day

Men: 332-468 mg/day

Women: 269-404 mg/day

Pregnant women: ~356 mg/day

Most individuals fell below both U.S. Al levels and EFSA's own DRVs.

EFSA Dietary Reference Values (2016):

Adults (men and women): 400 mg/day

Pregnancy: 480 mg/day

Lactation: 520 mg/day

A 2024 narrative review (Nutrition Journal) reported that:

Most post-2015 EU studies show intakes below 80% of Al

Average intake ~310 mg/day among adults

Eggs and meat were the primary dietary sources



3)

Intakes in vegetarians and vegans were significantly lower

Australia & New Zealand (Joint NRVs)

Issued by the NHMRC (Australia) and Ministry of Health (New Zealand)

Al values (2006; reaffirmed in 2017):

Men: 550 mg/day
Women: 425 mg/day
Pregnant women: 440 mg/day

Lactating women: 550 mg/day

National dietary assessments indicate significant inadequacy, particularly in young

pregnant women.

Synthesis and Public Health Implication

Choline under-consumption is a globally consistent finding. Regardless of whether
U.S. NAM, EFSA, or AU/NZ NRVs are used as benchmarks, population-level data
from multiple nations indicate that most individuals consume less than their Al, with
many not even reaching 80% of Al.

Pregnant women represent the most critical risk group.

Al attainment rates range from single digits to the low teens across datasets from the

U.S., Europe, and Australasia.



This poses potential risks to fetal neurodevelopment and maternal hepatic lipid

metabolism, warranting public health intervention.

® Dietary Form Matters:

- Phosphatidylcholine (PC) accounts for a large portion of total dietary choline

(estimated ~50% in Europe).

- PC not only provides structural support to membranes but also supplies choline in a

bioavailable, lipid-soluble form with lower TMAQO conversion risk compared to free

choline salts.

I Choline: An Essential Nutrient for Human Health

Choline is officially recognized as an essential nutrient by leading nutrition authorities,
including the U.S. National Academy of Medicine (NAM), the European Food Safety
Authority (EFSA), and Australia/New Zealand NRVs.

Its functions are fundamental and irreplaceable in human physiology.

1) Human Studies Confirm Choline Deficiency Rapidly Leads to Physiological

Dysfunction

In controlled “choline depletion studies”, healthy adults who stopped consuming dietary

choline developed fatty liver, elevated liver enzymes, memory impairment, and even



muscle damage within just a few weeks.

These effects were reversible upon choline repletion.

2) Endogenous Synthesis Is Insufficient to Meet Needs

® Although the human liver can synthesize small amounts of choline via the PEMT

(phosphatidylethanolamine N-methyltransferase) pathway, this is far from adequate

to meet daily physiological demands.

® Without adequate dietary intake, choline levels decline rapidly, leading to functional

impairments.

® This situation is analogous to vitamin D: although the skin can synthesize it under

sunlight, dietary intake remains crucial for many individuals.

3) Choline Is Irreplaceable in Multiple Vital Functions

Choline is not a “nice-to-have” nutrient - it is essential for multiple, non-substitutable

biological processes:

Key Function Practical Explanation
Cell Membrane Choline is the precursor to phosphatidylcholine (PC), a core
Structure membrane phospholipid; without it, cells cannot form properly.

Choline is required to synthesize acetylcholine, a critical
Neurotransmission
neurotransmitter for memory, leaming, and muscle control.




Key Function

Practical Explanation

Lipid Metabolism

Choline enables VLDL (very-low-density lipoprotein) assembly to

export triglycerides from the liver; deficiency leads to fatty liver.

Prenatal

Development

Choline is essential for fetal brain and nervous system

development, impacting long-term cognitive outcomes.

None of these functions can be fully replaced by any other nutrient.

4) Choline Deficiency Leads to Clinically Recognized Disorders

Numerous human and animal studies confirm that choline deficiency results in clear

and reproducible pathological outcomes:

® [n adults:

- Elevated liver enzymes, hepatic steatosis (fatty liver)

- Impaired memory and cognitive decline

- Muscle damage and reduced muscular performance

® In pregnant women:

- Increased risk of fetal neural tube defects and impaired brain development

- Potential long-term consequences for offspring cognition

® In children and adolescents:




- Reduced learning capacity

- Attention and focus impairments

5) International Consensus: Choline is an Essential Nutrient with Established Al

Given the breadth of evidence, choline has been formally recognized as an essential

nutrient by:

® U.S. National Academy of Medicine (NAM)
® FEuropean Food Safety Authority (EFSA)

® Australian & New Zealand NRVs Committee (NHMRC/MoH)

All have established Adequate Intake (Al) levels for children, adults, pregnant and
lactating women, reflecting its critical physiological importance and widespread

inadequacy in the general population.

Il Why Is Phosphatidylcholine (PC) the Preferred Form of Choline

Supplementation?

Phosphatidylcholine (PC) is not just a source of choline - it is a functional, structural lipid
nutrient that simultaneously supports:

choline repletion, cell membrane construction, lipid transport, and inflammatory



modulation. These combined roles make it the optimal form for functional nutritional

intervention.

1) Widespread Choline Deficiency:

PC Offers a Safer and More Functional Form of Repletion

Global dietary surveys consistently report choline intakes below recommended Adequate

Intake (Al) levels, particularly among women, pregnant individuals, and vegetarians:

® U.S. NHANES, EFSA national food intake data, and Japan National Health and

Nutrition Survey all highlight low choline intake across populations.

® Phosphatidylcholine is a natural and bioavailable choline source, with additional

structural and metabolic functions beyond choline alone.

® Compared to synthetic salts (e.g., choline chloride), PC is better tolerated and more

physiologically aligned with membrane and lipoprotein function.

Authoritative References Supporting PC as a Functional Choline Source:

A. National Academy of Medicine (U.S.)
Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,

Vitamin B12, Pantothenic Acid, Biotin, and Choline

® First to classify choline as an essential nutrient and establish Al levels:

- Adult males: 550 mg/day



- Adult females: 425 mg/day
- Pregnant: 450 mg/day

- Lactating: 550 mg/day

® Al levels are based on choline depletion/repletion studies, particularly those
demonstrating reversal of non-alcoholic fatty liver (NAFLD) via choline or PC

supplementation.

B. European Food Safety Authority (EFSA)

Scientific Opinion on Dietary Reference Values for Choline (2016)

® Confirms choline as conditionally essential and notes that phosphatidylcholine is the

primary form of choline in the European diet, constituting ~50% of total intake.

C. Japanese Ministry of Health, Labour and Welfare
Dietary Reference Intakes for Japanese (2020 edition) THZEA DB EEREE

2020 Fika

® Establishes population-specific choline recommendations; identifies dietary PC as

the preferred source of choline for Japanese adults and pregnant women.

Key Benefits of PC Supplementation Compared to Other Choline Forms:



Function

PC (Phosphatidylcholine)

Other Forms (e.g., Choline Bitartrate)

Choline Delivery

Rich source, high bioavailability

May raise choline but lacks

structural/functional benefits

Membrane Repair

Builds and integrates into cell

membranes

Not membrane-active

Lipid Metabolism

Essential for VLDL assembly and

No direct role in lipid transport

Support triglyceride export
Inflammatory Stabilizes membranes, may suppress
No intrinsic anti-inflammatory role
Modulation infammatory pathways

TMAO Risk Profile

Lower TMAO formation potential

than free choline salts

Free choline forms more

readily produce TMAO

Phosphatidylcholine thus represents a multi-functional nutrient that goes beyond choline

replacement to offer structural, metabolic, and protective benefits, especially in

populations with low intake, high liver or cognitive stress, or metabolic dysfunction.

2) Phosphatidyicholine (PC):

The Primary Structural Lipid of Cell Membranes

Phosphatidylcholine (PC) constitutes the major phospholipid component of all human cell

membranes, accounting for approximately 40-50% of total membrane phospholipids.




It plays an irreplaceable role in maintaining membrane architecture, fluidity, and receptor

function.

3)

PC is essential for the structural stability and dynamic flexibility of the phospholipid
bilayer, directly influencing membrane pemeability, signaling efficiency, and cellular
resilience.

Its role is particularly critical in hepatocytes, neurons, and vascular endothelial cells,
where high membrane activity demands optimal PC availability to maintain

membrane integrity and physiological responsiveness.

Phosphatidylcholine (PC) Is Essential for VLDL Assembly

Its Deficiency Leads to Fatty Liver

PC is a critical structural component for the assembly and secretion of very-low-
density lipoproteins (VLDL), enabling the liver to export newly synthesized
triglycerides.

When PC synthesis or dietary intake is insufficient, triglycerides accumulate in

hepatocytes, leading to hepatic steatosis (fatty liver).



4)

5)

Human depletion-repletion studies (Zeisel et al., 1991; da Costa et al., 2004) have

confirmed that PC supplementation reverses fatty liver, significantly reduces liver

enzyme levels, and alleviates muscle damage caused by choline deficiency.

PC Is the Safest Form of Choline Supplementation

Lower TMAO Risk, Better Tolerability

Compared to free choline salts (e.g., choline bitartrate), phosphatidylcholine (PC)

has a significantly lower risk of being converted into trimethylamine-N-oxide (TMAO)

by gut microbiota, reducing potential cardiovascular concerns.

Studies suggest that krill oil-derived PC is better suited for long-term use than

isolated choline salts due to improved bioavailability and metabolic safety.

Additionally, the lipid-based structure of PC works synergistically with Omega-3 fatty

acids to exert anti-inflammatory effects and protect liver and cardiovascular health.

Modem Dietary Deficiency = Triple Gap in Choline, Omega-3, and Phospholipids

PC Offers a Unified Solution

Phosphatidylcholine (PC) is the only natural nutrient capable of simultaneously

addressing the three critical structural deficiencies commonly seen in modern diets:

Choline deficiency: essential for acetylcholine synthesis and lipid metabolism;



® Omega-3 deficiency: especially DHA/EPA for anti-inflammatory and neuroprotective
functions;

® Phospholipid deficiency: fundamental to cell membrane integrity and lipid transport.

The PC/Omega-3 complex derived from krill oil uniquely provides all three components in
one molecular structure, making it an ideal intervention for rebuilding cellular structure

and function.

Il Consequences of Choline Deficiency

Problems Caused by Choline
Functional System Supporting Mechanisms and Evidence
Deficiency

Choline deficiency impairs PC synthesis —
Non-alcoholic fatty liver disease
Hepatic System VLDL cannot be properly assembled —
(NAFLD), elevated liver enzymes
Triglycerides accumulate in the liver

Impaired lipid metabolism and destabilized
Muscle damage, elevated creatine
Muscular System cell membranes increase susceptibility of
kinase (CK)
muscle tissue to injury




Functional System

Problems Caused by Choline

Deficiency

Supporting Mechanisms and Evidence

Nervous System

Memory decline, reduced attention

span

Choline is the precursor to acetylcholine, a

critical neurotransmitter — deficiency affects

cognitive function and synaptic transmission

Pregnancy /

Fetal Development

Neural tube defects, delayed

neurocognitive development in

offspring

Choline demand increases during

pregnancy; deficiency disrupts DNA

methylation and fetal brain development

Cellular Structure

Decreased membrane integrity,

increased oxidative stress

PC is a major membrane phospholipid;

deficiency reduces membrane fluidity and

impairs receptor signaling

Lipid Metabolism

Dyslipidemia, elevated triglycerides

Lack of PC impairs lipoprotein formation and

hepatic lipid export, leading to metabolic

imbalances

IV Health Conditions that can benefit from Phosphatidylcholine (PC)

Supplementation




® Choline deficiency has been well-established as a high-risk factor for nonalcoholic

fatty liver disease (NAFLD), neurological impairments, and fetal developmental

defects.

® Phosphatidylcholine (PC) is the preferred structural form for choline supplementation

- it not only provides a choline source, but also supports membrane repair, lipid

metabolism, and presents a lower risk of TMAO formation compared to free choline

salts.

® (Clinical evidence demonstrates that PC supplementation can reverse liver damage,

lipid accumulation, and certain neurocognitive impairments induced by choline

deprivation.

® Particularly suitable for individuals with dual dietary gaps in choline and structural

lipids, which are prevalent in modern eating patterns.

1) Phosphatidyicholine (PC):

Targeted for Populations with “Choline + Structural Lipid” Deficiencies

Modem diets commonly exhibit two fundamental nutritional shortfalls:

® |[nsufficient choline intake:

Multiple national nutrition surveys (United States, EU, Japan, Australia) report that

the vast majority of the population fails to meet the recommended Adequate Intake

(Al) levels for choline. The deficiency is especially pronounced in pregnant women,

vegetarians, and the elderly.



® Structural lipid insufficiency:

Under high-carbohydrate, low-fat dietary patterns, intake of phospholipids—

especially those rich in Omega-3—is inadequate. This impairs membrane stability,

cholesterol transport, and absorption of fat-soluble nutrients.

Why PC is Uniquely Suitable:

® Phosphatidylcholine from krill oil is a unique nutrient with dual functional roles:

- Acts as a bioavailable choline source for neurotransmitter synthesis and lipid

transport;

- Serves as a structural phospholipid essential for membrane integrity and metabolic

signaling.

® Particularly recommended for individuals who require both choline replenishment

and support for lipid metabolism and membrane repair, including:

- Pregnant and lactating women

- Vegetarians and vegans

- Individuals with hepatic burden or NAFLD

- Populations at risk of cognitive decline

- People with lipid metabolism disorders



Phosphatidylcholine (PC) - Structural Lipid and Functional Choline Source for Liver Health, Cognitive

Performance, Cardiovascular Protection, and Pregnancy Support

v' Killenberg, D., Taylor, L. A., Schneider, M., & Massing, U. (2012). Health effects of dietary

phospholipids. Lipids in Health and Disease, 11, 3. https.//doi.org/10.1186/1476-511X-11-3

Key Findings & Relevance:

e Phosphatidylcholine (PC) plays a central role in maintaining the structure and function of

biological membranes, including hepatocyte and enterocyte membranes.

e PC facilitates bile composition and fluidity, promoting fat emulsification and absorption.

e [tis essential for VLDL assembly and triglyceride export from the liver, helping prevent hepatic

lipid accumulation.

e The paper highlights that typical Western diets provide insufficient phospholipid intake, far

below opftimal levels required for cellular and hepatic health.

v Vance, J. E., & Tasseva, G. (2013). Formation and function of phosphatidylserine and

phosphatidylethanolamine in mammalian cells. Biochimica et Biophysica Acta (BBA) - Molecular

and Cell Biology of Lipids, 1831(3), 543-554. https://doi.org/10.1016/).bbalip.2012.08.016

Key Findings & Relevance:

e [dentifies Phosphatidylcholine (PC) as the dominant structural phospholipid in mammalian

membranes, comprising ~50% of fotal membrane phospholipids.

e PC is critical for neuronal membrane fluidity, synaptic vesicle integrity, and neurotfransmitter

release (notably acetylcholine).

Author: Xu Jin & Keyora | ORCID: 0009-0007-5798-1996



2) Phosphatidylcholine (PC) and Non-Alcoholic Fatty Liver Disease (NAFLD / MASLD)

Non-alcoholic fatty liver disease (NAFLD), also referred to as metabolic dysfunction-

associated steatotic liver disease (MASLD), is the most prevalent liver disorder globally

and is closely linked to choline deficiency.

® Phosphatidylcholine (PC) is an essential structural lipid required for the assembly of

very-low-density lipoprotein (VLDL), which is responsible for packaging and

exporting triglycerides synthesized in the liver.

® Inadequate intake of choline or PC impairs VLDL formation, leading to intracellular

triglyceride accumulation, hepatic steatosis, and liver dysfunction.

® Supplementing with PC restores VLDL assembly, enhances triglyceride export, and

reduces hepatic lipid accumulation.

® Multiple human and animal studies have demonstrated that PC supplementation can

alleviate liver fat accumulation, reduce hepatic enzyme levels (ALT, AST), and

attenuate hepatic inflammation.



3) Phosphatidylcholine (PC), Elevated Liver Enzymes (ALT, AST), and Hepatocyte

Dysfunction

Elevated liver enzymes (ALT and AST) indicate increased membrane permeability of

hepatocytes, often serving as an early signal of liver injury.

® Phosphatidylcholine (PC) is the primary phospholipid of hepatocyte membranes
(accounting for over 50% of the phospholipid bilayer), playing a critical role in
membrane repair and structural integrity.

® PC improves membrane stability and enhances antioxidant capacity, thereby
reducing cellular stress and rupture.

® By supporting lipid export (via VLDL assembly), PC further helps maintain

hepatocyte functional integrity.



4) Phosphatidylcholine (PC) in Improving “Cholesterol-Saturated Bile” and Preventing

Gallstone Formation

Relevant to: liver and biliary detox supplements, postoperative hepatobiliary recovery,

and cholesterol metabolism support.

® \When bile becomes supersaturated with cholesterol, it increases the risk of gallstone
formation.

® Phosphatidylcholine (PC) can bind with bile salts to form mixed micelles, which
enhance bile fluidity, stabilize cholesterol solubilization, and prevent crystallization.

® Human studies have shown that dietary PC supplementation reduces the formation

of cholesterol monohydrate crystals, a precursor to gallstones.

Mechanistic Highlights:



5)

PC maintains bile composition homeostasis by increasing the cholesterol-carrying

capacity of bile.

It also prevents bile stagnation and supports biliary lipid transport, thus helping to

protect against cholelithiasis, particularly in high-risk populations (e.g., post-

cholecystectomy, metabolic syndrome).

Phosphatidyicholine (PC) and Neurological Function Support (Cognition, Memory,

Attention)

Phosphatidylcholine (PC) is a major structural lipid of neuronal membranes and a dietary

source of choline, the direct precursor for acetylcholine (ACh) synthesis. Acetylcholine is

a critical neurotransmitter involved in learning, attention, and memory consolidation.

Mechanisms of Action:

PC provides choline, supporting elevated acetylcholine synthesis and

neurotransmission efficiency.

Strengthens neuronal membrane integrity, improving synaptic plasticity and signal

transduction fidelity.

Compared with free choline salts, PC exhibits better tolerability, lower TMAO

generation, and potentially superior blood-brain barrier permeability.



6) Phosphatidylcholine (PC) and Cardiovascular & Cerebrovascular Risk Populations

(Dyslipidemia / Atherosclerosis / Prehypertension)

Phosphatidylcholine (PC) is a critical structural phospholipid involved in lipoprotein

metabolism, cholesterol clearance, and vascular membrane stabilization. It plays a dual

role in lipid transport and inflammatory regulation via its choline-derived metabolites,

offering substantial nutritional intervention value in the management of cardiovascular

and cerebrovascular risks.

Key Functional Benefits:

® Supports lipoprotein structure and metabolism

PC is an essential surface lipid component of very low-density lipoprotein (VLDL)

and high-density lipoprotein (HDL), crucial for triglyceride export and reverse

cholesterol transport (RCT) efficiency.



® Facilitates cholesterol transport and biliary excretion

PC works synergistically with bile acids to promote cholesterol solubilization and

excretion into bile, reducing arterial lipid accumulation and plaque risk.

® Anti-inflammatory and antioxidant modulation

PC and its derivatives (e.g., DHA-PC) have been shown to downregulate NF-kB

signaling, reducing the expression of IL-6 and TNF-a, thereby mitigating vascular

endothelial inflammation.

® Enhances membrane fluidity and blood pressure regulation

PC improves the membrane fluidity of endothelial and vascular smooth muscle cells,

supporting nitric oxide (NO) synthesis and aiding in vasodilation and blood pressure

modulation.

7) Phosphatidyicholine (PC) and Lipid Regulation & Metabolic Improvement

Choline deficiency is a well-established contributor to hepatic lipid accumulation and

disrupted lipid metabolism. Supplementation with phosphatidylcholine (PC) has been

shown to support lipid redistribution and plasma lipoprotein assembly, thereby promoting

healthier lipid profiles.

Key Mechanisms:



8)

Enhances VLDL assembly and export

PC is essential for the hepatic packaging and secretion of triglycerides into very low-

density lipoproteins (VLDL), reducing intrahepatic triglyceride retention.

Improves HDL/LDL cholesterol balance

PC contributes to the structural integrity of high-density lipoproteins (HDL),

facilitating reverse cholesterol transport (RCT), while also supporting the reduction of

total cholesterol and LDL-C levels.

Provides Omega-3 in phosphatidylcholine-bound form (e.g., Krill Qil)

Omega-3 fatty acids esterified to PC (EPA-PC, DHA-PC) exhibit enhanced anti-

inflammatory and lipid-modulating effects, with superior integration into lipid

membranes compared to triglyceride-bound forms.

Elderly Populations

(Cognitive Decline / Neurodegeneration / Slower Metabolism)

Supports cognitive stability and acetylcholine synthesis, helping delay memory

deterioration



® Repairs neuronal membranes and maintains brain signaling efficiency

® Works synergistically with DHA to enhance Omega-3 incorporation and utilization in

the brain

Phosphatidylcholine (PC) is a core structural lipid in neuronal membranes and synaptic

architecture. It also serves as the primary substrate for acetylcholine (ACh) synthesis - a

neurotransmitter critical for memory and learning. Aging is associated with a significant

decline in brain PC content and endogenous choline synthesis, often accompanied by

cognitive impairment, memory dysfunction, and mood instability.

Mechanisms of Action:

® Structural Brain Maintenance:

PC combines with DHA to form DHA-PC, the most abundant phospholipid form in

neuronal membranes. DHA-PC supports synaptic plasticity, post-synaptic potentials,

and efficient signal transduction.

® Neurotransmitter Support:

PC supplies choline as a substrate for acetylcholine biosynthesis, facilitating

pathways involved in learning, focus, and memory.

® Mitochondrial Membrane Protection:

PC integrates into mitochondrial membranes, supporting electron transport chain

function and defending against oxidative stress-induced energy failure.



9)

Neuroinflammation Modulation:
PC has been shown to inhibit inflammatory signaling in the brain (e.g., TLR-4, NF-kB

pathways), slowing glial activation and neuronal injury progression.

Phosphatidylcholine (PC) in Membrane Lipid Repair and Inflammation Modulation

Restores membrane integrity and enhances signal transduction capacity

Omega-3-bound PC can suppress infammatory mediators such as NF-kB, IL-6,

TNF-a

Provides antioxidant and anti-apoptotic protection, especially in high-turnover tissues

Membrane integrity is fundamental to cellular homeostasis, signal efficiency, and

immune defense. Phosphatidylcholine (PC) serves as the primary structural

phospholipid in eukaryotic cell membranes, especially in metabolically active and

rapidly regenerating tissues such as the liver, nervous system, and immune cells.



Mechanisms of Action:

® Membrane Lipid Restoration:

PC fills structural gaps in damaged membranes, improving bilayer fluidity,

membrane protein conformation, and receptor function. This is critical for maintaining

cell signaling fidelity and resilience under metabolic or oxidative stress.

® Anti-Inflammatory Signaling:

Omega-3-linked PC, particularly those bound to EPA/DHA, serve as precursors for

bioactive lipid mediators that suppress NF-kB activation and downstream cytokines

such as IL-6 and TNF-a.

® Antioxidant and Anti-Apoptotic Protection:

PC supports mitochondrial membrane stability, reduces lipid peroxidation, and

mitigates inflammatory-induced cell death, especially in hepatic and neural tissues.



10) Phosphatidylcholine (PC) and the Reduction of TMAO (Trimethylamine N-Oxide)

Risk

Phosphatidylcholine (PC) is a choline-containing phospholipid that offers a safer
alternative to free choline salts in long-term supplementation, particularly with respect to
cardiovascular risk associated with TMAO elevation.

TMAO (trimethylamine N-oxide), a microbial-host co-metabolite formed from dietary
choline, has been linked to increased cardiovascular disease (CVD) risk.

However, the metabolic fate of PC-derived choline differs significantly from that of free

choline salts.

Mechanisms of Action:

® Choline Release Kinetics and Gut Microbiota Interaction
PC undergoes slower enzymatic hydrolysis compared to free choline salts. This
gradual release reduces substrate availability for intestinal microbiota to convert
choline into trimethylamine (TMA), thereby lowering subsequent hepatic oxidation to
TMAO.

® Comparative TMAO Burden
Clinical and preclinical studies indicate that phosphatidylcholine-derived choline
results in significantly lower systemic TMAO levels than choline bitartrate or other
salt forms. This metabolic advantage is particularly relevant for individuals with high

cardiovascular risk or elevated microbial TMA production.



® Krill Oil-Derived PC: A Low-TMAO, Multi-Benefit Lipid Matrix
PC from Antarctic krill oil, naturally bound to omega-3 fatty acids, exhibits a
favorable safety profile regarding TMAO. It combines choline delivery with anti-
infammatory omega-3 support and structural lipid replenishment, making it suitable

for chronic dietary interventions.

11) Phosphatidylcholine (PC) in Pregnancy and Fetal Brain Development Support

Phosphatidylcholine (PC) serves as a critical source of choline during pregnancy, a
period marked by heightened maternal demand to meet the needs of fetal
neurodevelopment. Choline availability, especially in the third trimester, is essential for

brain structure formation, neurogenesis, and long-term cognitive function in offspring.

Mechanisms of Action:



® Sustained Choline Supply During Gestation

PC provides a stable, bioavailable form of choline that avoids the rapid spikes and

gut microbial conversion seen with free choline salts.

This is particularly beneficial during mid-to-late pregnancy when fetal brain and

spinal cord development accelerates.

® Methyl Donor Pathways and Epigenetic Programming

Choline from PC can be oxidized to betaine, a methyl donor in one-carbon

metabolism. This pathway contributes to fetal DNA methylation, supporting neural

tube closure and long-term programming of cognitive and behavioral outcomes.

® Neurodevelopmental Outcomes and Maternal Tolerability

Compared to free choline salts, PC offers better gastrointestinal tolerability, slower

absorption kinetics, and greater incorporation into maternal and fetal phospholipid

pools - enhancing placental support and reducing pregnancy-related complications.



Summary: Phosphatidylcholine (PC) as Choline Donor, Structural Lipid, and Functional

Bioactive Agent

Category Functional Domain Description

Foundational ||Choline provision, VLDL assembly,| Safer and more effective than free choline;

Support cognitive function supports brain and liver health

Membrane integrity, emulsification, Essential component of cell membranes,
Structural Role

cholesterol transport bile, and lipoproteins
Advanced Anti-inflammatory action, Critical carrier platform for Omega-3
Mechanisms || methylation, antioxidant protection absorption and functional delivery

V Keyora Antarctic Krill Oil:

A Triple-Nutrient Matrix for Modern Deficiency Gaps

Each 1000 mg softgel of Keyora Antarctic Krill Oil Extra Strength delivers:

® Phosphatidylcholine (PC): 495 mg, yielding approximately 70 mg of choline
equivalents
® Total Omega-3s: 344 mg, including EPA (203 mg), DHA (118 mg), and DPA (23 mg)

® Natural Esterified Astaxanthin: 233 mcg




This integrative formulation targets three widespread micronutrient shortfalls seen in

contemporary diets:

® Structural Lipid Replenishment (via PC)

Phosphatidylcholine serves as a foundational component for cell membranes,

supporting lipid bilayer fluidity, cholesterol transport, and absorption of fat-soluble

vitamins. It helps preserve cellular integrity across hepatic, neural, and vascular

systems.

® Functional Choline Supply (from PC)

As a sustained-release choline source, PC facilitates acetylcholine synthesis for

neural communication, supports hepatic VLDL assembly for lipid clearance, and

contributes to methylation pathways crucial for brain and liver health.

® Anti-inflammatory Omega-3 Fatty Acids (EPA / DHA / DPA)

Omega-3 phospholipids promote systemic anti-inflammatory signaling, maintain

neuronal membrane fluidity, and offer cardiovascular protection by modulating lipid

profiles and endothelial resilience.

Why Phosphatidylcholine (PC) is Superior to Free Choline Salts

Unlike choline salts (e.g., choline bitartrate), phosphatidylcholine:

® Exhibits gradual choline release and improved gastrointestinal tolerance



® Minimizes microbial TMA production, lowering downstream TMAO - a marker linked
to cardiovascular risk

® Enables co-delivery of Omega-3s, facilitating efficient membrane incorporation and

functional synergy

Addressing the Triple Nutrient Gap of Modern Diets

Keyora’s phospholipid-based delivery system is engineered to fill three critical nutritional

gaps:

Nutrient Gap Prevalence Solution

Over 90% of the population fail to meet
Choline Deficiency PC provides functional, bioavailable choline

Adequate Intake (Al)

Structural Lipid Low dietary phospholipid intake due to
PC restores membrane lipid architecture

Deficiency high-carb, low-fat eating patterns
Insufficient EPA/DHA levels fall well below global | Krill-derived Omega-3 phospholipids support
Omega-3 Intake recommendations bioavailable anti-inflammatory action

VI Synergistic Mechanisms Between Phosphatidylcholine (PC) and Other

Nutrients

1) Phosphatidylcholine (PC) + EPA / DHA / DPA:




Phosphatidylcholine (PC) and long-chain Omega-3 fatty acids - particularly EPA, DHA,

and DPA - exhibit multiple layers of physiological synergy, especially in tissues with high

membrane turnover such as the brain, liver, and nervous system.

When delivered in phospholipid-bound form, these compounds co-integrate into cellular

structures, enhancing both structural and functional outcomes.

A. Structural Integration in Membranes

PC constitutes the dominant phospholipid in eukaryotic membranes, while EPA and DHA

are primarily esterified into phospholipids within those membranes. This co-localization

enhances bilayer fluidity, receptor functionality, and signal transduction capacity.

The synergy is particularly evident in hepatocytes, neurons, and endothelial cells.

B. Neurofunctional Synergy

DHA supports cognitive performance by improving synaptic plasticity, enhancing neurite

outgrowth, and protecting myelin integrity. PC, as a precursor of acetylcholine,

contributes directly to neurotransmission relevant to learing, memory, and

neuromuscular coordination.

Together, PC and DHA act on both structural and signaling levels to optimize brain

function.

C. Coordinated Lipid Metabolism



PC is essential for VLDL assembly and hepatic triglyceride export, while EPA and DHA

modulate lipid synthesis, B-oxidation, and SREBP/PPAR signaling.

Their combined action supports hepatic lipid clearance, reduces hepatic steatosis, and

contributes to favorable lipid profiles.

D. Clinical Synergy and Functional Benefits

® Neuroprotection through membrane stabilization and cholinergic support

® Anti-inflammatory regulation via lipid mediator modulation

® Enhanced cognitive function through dual support of structure and signaling

® Optimization of hepatic lipid homeostasis and cardiovascular risk markers

2) Phosphatidyicholine (PC) + Astaxanthin:

A. Antioxidant protection for lipid membranes:



Astaxanthin is a potent fat-soluble antioxidant that embeds within the lipid bilayer of cell
membranes.
It protects DHA-rich membrane regions from oxidative damage and indirectly prolongs

the structural stability of PC-based membrane phospholipids.

B. Hepatic and neuroprotective synergy:

PC provides structural phospholipids and choline to support hepatocyte membranes and
acetylcholine synthesis.
Astaxanthin alleviates oxidative stress in the liver and central nervous system by

reducing lipid peroxides and reactive oxygen species (ROS).

C. Functional benéefits:

® Hepatic function protection

® Stabilization of membrane lipid structures

® Anti-inflammatory and antioxidant synergy

® Cognitive protection (via antioxidant x choline interaction)



3) Phosphatidyicholine (PC) + Total Phospholipid Matrix (Phospholipids 572 mg):

A. Structural synergy:

The complete phospholipid matrix forms the foundational framework of cell membranes,

mitochondrial membranes, and lipid-based signaling domains.

PC contributes the essential choline head-group, which - together with diverse fatty acid

tails - defines membrane architecture and functionality.

B. Enhanced nutrient delivery:

In krill oil, Omega-3 fatty acids are predominantly bound to phospholipids, allowing for

direct membrane incorporation without requiring re-esterification.

As the principal phospholipid, PC facilitates the co-delivery and targeted absorption of

these functional lipids.

C. Functional benefits:

® Cellular membrane repair and stabilization

® Optimized delivery of lipid-based nutrients

® Increased bioavailability of Omega-3s



Phosphatidylcholine (PC) - Structural Lipid and Functional Choline Source for Liver Health, Cognitive

Performance, Cardiovascular Protection, and Pregnancy Support

® Synergistic absorption of choline and Omega-3s through shared phospholipid

pathways
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