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Food, energy and life
Food, energy and life operate in compartments separated by membranes
made of proteins and lipids. Each compartment has a complex network of
events that support a healthy life. Membranes are boundary structures of
phospholipid layers forming a barrier across which signals are facilitated
by specialized proteins. Other proteins tether to the membrane in
scaffolding arrays. This is how cells control healthy physiology in a
balanced way. Knowing how essential lipids keep each compartment and
its membrane boundary working effectively helps us understand what
people need for good health and what goes wrong in disease.
Human life depends on the flow of energy from the sun to plants and
then to animals and humans. Plants have specialized compartments
(chloroplasts) with enzymes that absorb light from the sun and split water
to form molecular oxygen (O2) plus electrons that reduce carbon dioxide
and form carbohydrates and essential lipids. Blue-green algae also use
electrons to reduce molecular nitrogen and form essential amino acids
and proteins. Animals cannot do that. To have essential nutrients and
energy for life, animals eat plants (or other animals that ate plants).
The major form of energy stored in plants is as glucose polymers:
starches, polysaccharides and cellulose. Animals store limited amounts of
the polymer, glycogen (mostly in muscles). Their major form of energy
storage is fat (three fatty acids esterified to glycerol), which is visibly
abundant in adipose tissue. Animals convert carbohydrates to fats and
also convert both into useful energy to build new tissue, coordinate
metabolic activity, send intercellular signals and support physical activity.
Mitochondria have special enzymes and structures that convert food
energy and oxygen into the high-energy phosphate bond of adenosine
triphosphate (ATP). ATP transfers this energy during thousands of
important metabolic and physiological events. Transfer of the energy from
mitochondrial oxidation of food to other subcellular compartments is how
energy from the sun supports healthy human physiology and metabolism.
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Membranes separate activities

Rough Endoplasmic Reticulum

and structural features that all cells have. A generalized cell has a cell
membrane as a boundary dividing it from external fluids and adjacent
cells. It also has special membranes around subcellular parts that
conduct special processes.
Fig.1-1:
Nucleus: transcription of DNA; Ribosome: protein synthesis; Endoplasmic reticulum: lipid
metabolism; Lysosome: digest extra material; Golgi: modify complex proteins;
Mitochondria: oxidize food energy
Abundant mitochondria in muscles convert oxygen and food energy into the ATP that makes
muscle fibers contract and gives energy for signaling.

Phospholipids are essential
in cellular membranes
The key components in membranes are phospholipids composed of glycerol linked to two fatty
acids and a phosphate ester. Phospholipids spontaneously form bi-layer structures as their
hydrophobic “tails” bind to each other while the hydrophilic “head groups” interact with
surrounding aqueous environments. Proteins bind to and span across the hydrophobic
phospholipid bilayer. They can selectively bind other proteins in special scaffolding
combinations that are characteristic for each type of cellular and subcellular membrane.
Specialized proteins that span a membrane influence movements of materials and signals
across the water-insoluble boundary into and out of subcellular compartments. In the nucleus of
differentiated cells, specific genes are transcribed into messenger RNA that moves to the
synthetic machinery in the ribosomes on rough endoplasmic reticulum where ATP drives
translation of RNA into new specific proteins. Smooth endoplasmic reticulum (without
ribosomes) has enzymes that use ATP energy to synthesize the phospholipids in the membrane
bilayer structure. Four major forms of phospholipid have phospho-diester links between their
diacylglycerol and either choline, ethanolamine, inositol or serine. These four types appear in
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different amounts among different membrane locations, with inositol lipids having special
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signaling activities.
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Fatty acids esterified onto the glycerol of phospholipids are removed and replaced by enzymes
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that allow an altered supply of different fatty acids in the cell’s environment to change the
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composition of fatty acids accumulated in membrane phospholipids. In this way, a membrane
can be continually changing its quality while maintaining its overall water-insoluble boundary
function. The different fatty acids that give lipids their hydrophobic character occur in cells and

cholesterol

biological fluids in the form of phospholipids (PL), mono-acylglycerols (MG), diacylglycerols (DG),
triacylglycerols (TG), non-esterified fatty acids (NEFA) and cholesterol esters. Each type of lipid
has a distinct role in health maintenance.
Fatty acids made from food energy are polymers of the key unit of food energy, acetate (2:0)
esterified to Coenzyme A (CoA), acetyl-CoA. This is elongated to form CoA esters of butyric (4:0),
caproic (6:0), caprylic (8:0), capric (10:0), lauric (12:0), myristic (14:0), palmitic (16:0) and stearic
(18:0) acids. All of these are called saturated fatty acids rather than unsaturated fatty acids that
have electrons removed by desaturase enzymes that create -CH=CH- double bonds. The most
abundant unsaturated fatty acid formed by animals is oleic acid (18:1n-9). Some palmitoleic
(16:1n-7) and cis-vaccenic (18:1n-7) acid are also formed. The number notations indicate the
chain length of the acid and the number of double bonds, and the n-9 designates the location of

Palmitic acid (16:0)
CH3(CH2)14COOH
Oleic acid (18:1n-9)
CH3(CH2)7CH=CH(CH2)7COOH
Palmitoleic acid (16:1n-7)
CH3(CH2)5CH=CH(CH2)7COOH
Cis-vaccenic acid (18:1n-7)
CH3(CH2)5CH=CH(CH2)9COOH

the double bond relative to the methyl terminal (nth) carbon.
Two types of fatty acid structure that animals cannot form are the n-3 and n-6 polyunsaturated
acids (PUFA) made by plants and obtained by animals and humans in the food that they
eat. These essential nutrients form highly unsaturated fatty acids (HUFA) that increase
the flexibility of phospholipid layers. They also form signaling agents that regulate
animal physiology. Both actions are essential for balanced human health. These
acids are often described as essential omega-3 and omega-6 fatty acids rather
than n-3 and n-6 acids.
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Essential fatty acids compete
during conversion to longer forms
The two most abundant fatty acids essential for animals and made by plants are linoleic
(18:2n-6) and alpha-linolenic (18:3n-3) acids.
linoleic (18:2n-6)

CH3(CH2)4(CH=CHCH2)2(CH2)6COOH

alpha-linolenic (18:3n-3) CH3CH2(CH=CHCH2)3(CH2)6COOH
These polyunsaturated fatty acids (PUFA) accumulate in triacylglycerols in our adipose tissue.
Also, they are efficiently elongated and desaturated into 20- and 22-carbon highly unsaturated
fatty acids (HUFA) shown below in Figure 1-2.

a-Linolenic acid (18:3n-3) ALA

Linoleic acid (18:2n-6) LA

∆6 desaturation
Stearidonic acid (18:4n-3) SDA

y-Linolenic acid (18:3n-6) GLA
elongation

20- & 22-carbon highlyunsaturated fatty acids (HUFA)
(20:4n-3)

Dihomo-y -linolenate (20:3n-6) DGLA
∆5 desaturation

Eicosapentaenoic acid (20:5n-3) EPA

Arachidonic acid (20:4n-6) AA

elongation
Docosapentaenoic (22:5n-3) n-3DPA

Adrenic Acid (22:4n-6)

Sprecher shunt
Docosahexaenoic (22:6n-3) DHA

(22:5n-6) n-6DPA

Fig.1-2: When animals accumulate 20- & 22-carbon highly unsaturated fatty acids (HUFA)
OMEGA-3 ACIDS compete with OMEGA-6 ACIDS

Diet-tissue dynamics for HUFA
The n-3 and n-6 fatty acids maintained in tissue HUFA come only from food supplies. A
competitive, hyperbolic equation predicts the impact of different nutrient intakes on HUFA
balance (http://efaeducation.org/?p=188) It shows that eating less n-6 nutrients can
enhance the ability of n-3 nutrients to lower %n-6 in HUFA (raise the % n-3 in HUFA) and lead
to a lower health risk. The equation is set into a calculator (http://efaeducation.org/?p=124)
that allows trial-and-error estimates of how much less n-3 nutrient is needed when it
balances a smaller n-6 intake. If typical daily USA intakes of n-6 linoleate were lowered from
17,000 mg to 4,000 mg (1.6 % of food energy) it would allow as little as 400 mg added n-3
HUFA to lower the HUFA balance from 80% to 45%

D I E T-T I S S U E
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Mortality and Tissue HUFA

Most phospholipids have saturated fatty acids (e.g., 16:0, 18:0) linked at
position 1, unsaturated fatty acids (e.g., 18:1n-9) at position 2 and the
tightly than unsaturated chains as double bonds give greater flexibility
or disorder in chain packing. More unsaturation gives more flexibility
that has a role in fusion of intracellular membranes. In the absence of
n-3 or n-6 nutrients, oleic acid (18:1n-9) and palmitoleic (16:1n-7) form
20-carbon HUFA that accumulate at the 2-position. When n-3 or n-6
nutrients are in the diet, they compete similarly for the metabolic steps
that lead to HUFA and efficiently displace the n-7 and n-9 HUFA from
position 2.
The dietary supply of n-3 and n-6 nutrients controls the balance of
these two types accumulated in the HUFA of membrane phospholipids.
The HUFA already in food accumulate in the membranes more
efficiently than 18-carbon PUFA that must first be metabolized. Different
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200

MRFIT quintiles

Quebec Urban

150

Mediterranean
Quebec Cree

100
50

USA

Quebec Inuit
Greenland

Japan elderly

0
20

30

40

50

60

70

80

Tissue HUFA (%n-6 HUFA)

groups of people with different ethnic food habits eat different relative
amounts of n-3 and n-6 nutrients, causing different balances of the n-3
and n-6 HUFA in their tissue membranes.
The traditional Mediterranean diet with lots of vegetables plus pasta
and some small fish maintains a HUFA balance in blood lipids near
60% n-6 in HUFA, while typical American food styles maintain a balance
near 80%. In contrast, traditional foods in Greenland and Japan include
considerable seafood (with lots of n-3 HUFA) that maintains the balance
near 30% and 40% n-6 in HUFA, respectively. The health consequences
of bioactive derivatives formed from n-3 and n-6 HUFA are described
more in Essential Lipids Booklets #3.

Omega 3-6 Balance Score
The difference in n-3 and n-6 nutrients in a food is described
by an Omega 3-6 Balance Score. Useful apps using Scores are
at http://efaeducation.org/?p=113. Values for 5,000 foods vary
from -100 to +200.
Examples are: almonds, -22; avocado,-11; beef frankfurter, -3;
cabbage, 0; carrots, -3; cashews, -13; cauliflower, +3; cheese, -1;
egg, -12; green beans +1; ice cream, -1; kidney bean, 0; herring, +70;
mayonnaise, -36; milk, -1; oyster, +59; potato, 0; potato salad, -21;
chips, - 32; rice, 0; sardines, +53; snack crackers, -18; tofu,-26;
turnip, +1; yogurt, 0.
Vegetable oils differ widely: flax, +46; coconut, -2; olive, -10; canola,
-10; soybean, -50; corn, -59; sunflower, -74. Fish oils have big
positive scores (+200).

3-6

B A L A N C E
S CO R E
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Rational approaches
to disease
Epidemiologists alert the public to unwanted patterns of disease
among different groups of people. Statistical correlations link disease
severity with different lifestyle features that may or may not be causal
factors. As biomedical knowledge gains more details about each
pathophysiology, it becomes possible to “connect the dots” and
establish cause-effect links. Important “dots” link HUFA imbalance in
essential lipids to actions in macrophages, inflammation, eicosanoids,
neurons and neurites. They give the opportunity either to develop a
drug to treat unwanted effects of the imbalance or develop lifestyle
choices that prevent the HUFA imbalance that causes the unwanted
effects. Using both approaches is the likely way forward.

Food habits can shift the balance from healthy
physiology into pathophysiology
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Communicating across
phospholipid membrane boundaries
To understand physiology, we need to know how membrane-spanning

The four types of Gα subunit (Gαs, Gαi, Gαq, Gαt) tether to the inner

proteins transmit signals through the phospholipid bilayer. Those

bilayer with palmitic acid and the Gγ subunit with an isoprenoid. Gα

signals must be corrected when health disorders occur (see Essential

subunits control formation of intracellular second messengers that

Lipids Booklets #2 and #3). They also act in vision, cognition and

affect intracellular protein kinase modification of metabolic enzymes

behavior (Essential Lipids Booklets #4). The changing nature of these

affecting proliferation, differentiation, migration and apoptosis. Good

signals provides the continually adapting aspects of a healthy life. Food

health needs a balance between kinase actions placing negative

habits can shift the balance from healthy physiology into pathophysiology.

phosphate groups onto serine, threonine or tyrosine of mediator

A key type of protein for trans-membrane signals is G-protein coupled

proteins and protein phosphatase actions removing the phosphates.

receptors (GPCR). Nearly 800 different selective GPCR have helical

Over 300 membrane-spanning ion-channel proteins control cell

segments that span the phospholipid bilayer. When a specific ligand

membrane voltage potential by gating the passage of ions across the

binds the outer receptor, the helices shift in the flexible phospholipid

phospholipid bilayer. The mitochondrial proton transporter (F-ATPase)

matrix surrounding them. This causes the G-protein linked inside the

has a key role in converting the energy from food oxidation into the

membrane to bind GTP (an analog of ATP) and divide its trimeric

high energy bond of ATP. Also, several hundred proteins of the

structure (Gαβγ). Subsequent hydrolysis of the bound GTP allows

ATP-binding cassette (ABC) type have special trans-membrane

reassembly of the trimeric structure. Each signaling cycle uses energy.

domains. They use energy released from ATP to move amino acids,
cholesterol, ions, peptides, phospholipids, polysaccharides or insoluble
proteins across the flexible phospholipid boundary. P-glycoprotein 1

G-protein signaling pathways

(ABCB1) pumps substances out of cells. Its action of removing drugs

Gs activates adenylate cyclase

transport lipid to plasma lipoproteins and help move insoluble protein

• more cyclic AMP (cAMP) for protein kinase A (PKA) action
Gi inhibits adenylate cyclase

from cells is the basis for multidrug resistance. ABC proteins also
complexes across cell membranes and clear away cell debris (see
Essential Lipids Booklets #4).

• less cyclic AMP (cAMP) for protein kinase A (PKA) action
Gq activates phospholipase C
• more diacylglycerol for protein kinase C (PKC) action
• inositol tris-phosphate for release of calcium to cytosol
Gt activates guanylate cyclase
• more cyclic GMP (cGMP) for ion channel opening
Gβɣ activates ion channels

Overview
Membrane phospholipids form water-insoluble boundaries across
which specialized transmembrane proteins facilitate transport and
signaling events that coordinate vital processes. Essential n-3 and
n-6 nutrients compete for metabolism and storage in membrane
phospholipids as highly unsaturated fatty acids (HUFA). The HUFA
balance in humans ranges from 25% to 85%n-6 in HUFA depending
on personal food choices.

O V E R V I E W
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