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Energy Intake, Storage and Transport
A common pattern for the percentage of food
energy intake (en%) is 55 en% as carbohydrate,
30 en% as fat and 15 en% as protein. Protein
hydrolysis gives free amino acids which are
either built into new proteins or converted into
glucose and fatty acids or into CO2 plus ATP.
About half of the amino acids in proteins are
dietary essentials, and there is no storage form
that holds reserve supplies. Thus, it is important
to eat enough protein every day for good health.
The need for essential fatty acids is less than
1% of food energy. Most adults carry more than
an adequate supply of essential fatty acids,
and much is stored in triacylglycerols of adipose
tissue. Many people also have much more
stored energy in fat than needed. Carbohydrates
are stored in humans only in limited amounts
as muscle glycogen, and extra carbohydrate
not oxidized to CO2 (plus ATP and useful work)
forms fatty acids and cholesterol. Most daily
food energy intake is expended through
basal metabolism that maintains basic body
functions and by physical activity that varies
widely among individuals.
Carbohydrate = 4 kcal/g
Fat = 9 kcal/g
Protein = 4 kcal/g
Human physical activity common in 19th
century lifestyles became less in industrial
nations during the latter part of the 20th
century, leading to increasingly sedentary
levels of activity in 21st century lifestyles.
Modern lifestyles include much time in
sleeping, eating, riding public transit, standing
in line, using computers, reading, watching
television or driving a car; all of which may
burn only 200 kcalories per three hours. This
leads to increased levels of fat storage and
obesity as intake of food energy is not
balanced by expenditures.
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Food energy toxicity: Mediators and markers
During three hours after a 1,200 kcalorie meal,
the liver will likely convert the extra 1,000
kcalories to triacylglycerols and cholesterol
and secrete them with phospholipids as very
low density lipoprotein (VLDL). Large meals in
connection with relatively low physical activity
can lead to harmful metabolic conditions that
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However, when the liver has amounts more
than needed for mitochondrial ATP formation,
it converts the acetyl-CoA into the fatty acids
and cholesterol of VLDL (see Figure 2-1).
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Fig. 2-1: Food Energy Toxicity: Markers & Mediators

Handling fat energy
The triacylglycerol (fat) in the VLDL secreted by liver comes from extra food energy. It is
hydrolyzed in blood vessels to form non-esterified fatty acids (NEFA) that bind to plasma
albumin. NEFA are often neglected by people because they rapidly leave the blood, enter
cells and form CoA esters that can either form new lipids or be oxidized in mitochondria
into CO2 and ATP.
A large part of extra food energy is stored as fat droplets in adipose tissues. Men often have
15-25% of their weight as fat, and women have 20-30%. This stored energy in fat (nearly
125,000 kcalories) can be hydrolyzed to NEFA by adipose lipase that a cAMP-dependent
protein kinase, PKA, phosphorylates and activates. Some n-6 eicosanoids raise cAMP levels
and favor NEFA release. The active lipase works at fat droplet surfaces to release NEFA.
Released NEFA enter plasma and circulate bound to albumin. The rapid half-life of 2-4
minutes allows the transient pool (of 500 micromoles/L) to transport over 2,500 kcalories of
energy in a 24 hour period. The mobilized NEFA may be 10-20% n-6 linoleic acid.
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Effects of food energy and
dietary lipids on human health
Concerns about excess food energy developed after World War II when

men and over 10 times that of Japanese men of the same age. The

doctors noted the European incidence of heart attacks decreased

percent of food energy as fat ranged from 41% in the USA to 20% in Italy

during the war, and it increased after food supplies were restored. As

and 8% in Japan. Food energy density seemed to be a problem. A 25-year

food energy became plentiful, diabetes and atherosclerosis increased.

follow-up showed the CHD mortality rate correlated with blood

Coronary heart disease (CHD) mortality rates in America rose 25% from

cholesterol levels in northern Europe and the USA, but not in Japan. (see

1940 to 1952. Correlations of CHD incidence with daily intakes of fat and

Figure 2-2). Cholesterol is a biomarker for food energy imbalance. The

cholesterol led to the hypothesis that elevated levels of blood cholesterol

extent to which it predicts death depends on the extent to which people’s

caused CHD. The disease etiology is much more complicated than that.

n-6 HUFA exceed n-3 HUFA (see more in Essential Lipids Booklet #3).

Atherosclerosis is a chronic inflammatory disease in which dysfunctional

Changes in cholesterol levels when eating different fats fit a “Keys

arterial endothelium recruits and activates monocytes that differentiate

Equation” that predicts normal levels near 222 mg/dL would rise 14 mg/

into macrophages. These create and amplify chronic inflammatory

dL with an increase of 5 percent of food energy (en%) as saturated fatty

conditions that over time form foam cells, a typical sign of atherosclerosis.

acid and lower 7 mg/dL with an increase of 5 en% of polyunsaturated

A necrotic core in the plaque fills with lipids, cell debris and cholesterol

fatty acid (PUFA). This relationship stimulated many large clinical

crystals. Knowing the signaling events that cause this multicellular

attempts to lower people’s blood cholesterol levels by eating increased

chronic disease can lead to rational preventive interventions.

dietary PUFA. Most of those efforts failed to lower appreciably the

Circulating blood cholesterol comes primarily from food energy

incidence of CHD.

converted by the liver (Figure 2-1). Typical blood levels of 220 mg/dL

The Sydney Diet Heart Study showed that substituting dietary linoleic acid

were raised by about 30-50 mg/dL by eating 0.5 to 4 grams of added

in place of saturated fats decreased cholesterol levels as expected.

cholesterol in daily diets. Levels were lowered only about 30-50 mg/dL

However, it increased the rate of death from all causes, coronary heart

by removing all cholesterol from the diet. Increased food energy intake

disease, and cardiovascular disease. Unsaturated NEFA lower the

raises circulating levels of cholesterol and phospholipid, and increased

expression of ABCA1 and ABCG1 transporters which mediate cholesterol

energy expenditure lowers them. They indicate excess food energy.

efflux into plasma. This keeps cholesterol in the cell and helps lower

The Seven Countries Study compared diet and disease in diverse regions.
In 1953, death rates from CHD in the USA were four times that of Italian

More needs to be known about how imbalanced
food energy actions can increase the incidence of
cardiovascular disease.
Mortality for different groups (est.%n-6 in HUFA)
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Isoprenoids have important roles
In addition to polymerizing acetyl units into straight-chain fatty
acids, the liver combines three acetyl units to form the
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metabolized to the 5-carbon mevalonic acid, which can then form
many important isoprene polymers: geraniol, farnesol, Coenzyme Q,
squalene, lanosterol, 7-dehydrocholesterol and cholesterol. All of
these have roles in human health.
Fatty acids are oxidized to CO2 and useful energy, whereas
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Fig. 2-2: The Seven Countries Study Cholesterol level predicts death only to the extent to which
people’s n-6 HUFA exceed n-3 HUFA. Figure 2.1 notes that n-6 eicosanoids amplify inflammatory
and thrombotic events. Imbalanced food energy intake and expenditure initiates an inflammatory
condition that n-6 eicosanoids eventually amplify into chronic inflammatory disorders.
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includes fat and cholesterol as well as many kcalories per meal.

branched-chain hydroxy methyl glutaryl-CoA. This intermediate is
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circulating cholesterol levels. High food energy in typical “Western” diets

corticosteroids. Learning how water-insoluble cholesterol moves
among tissues has been a challenge for scientists for over 200
years. Its continual formation and limited removal can lead to
accumulated cholesterol ester droplets in foam cells and crystalline
cholesterol in inflammatory sites.

Movement of cholesterol across
phospholipid membranes
Cholesterol is not soluble in water, but it is soluble up to 33% in phospholipid layered structures.
Each phospholipid has two fatty acids, and the proportion of 33:66 by weight represents a molar
ratio near 1:1. The unsaturated acids at the 2-position can pack more loosely than the saturated
chains at the 1-position. The rigid structure of cholesterol fits in between the 2-position and the
hydrophilic polar group at position 3. If more cholesterol is introduced, it super-saturates the
system, and insoluble crystals of cholesterol hydrate begin to form.
The liver has membrane-spanning ATP binding cassette (ABC) transporters, ABCG5 and ABCG8,
which use the energy of ATP to secrete into the bile cholesterol solubilized with phospholipid
and bile salts. In the gut, cholesterol may be re-absorbed and transported back to the liver. Many
factors regulate the formation and transport of water-insoluble cholesterol made from excess
food energy while avoiding the formation of insoluble cholesterol crystals – but not always.
Movement of cholesterol from liver into plasma forms high density lipoprotein (HDL) particles
made of many proteins (ApoA1, ApoA2, ApoE and LCAT) with some triacylglycerols coated with
phospholipids. ATP provides the driving force for this secretion by ABC transporters, ABCA1 and
ABCG1. HDL particles change composition during circulation. The LCAT protein transfers fatty
acids from phospholipids to cholesterol, forming cholesterol esters that collect in the
triacylglycerol core of the HDL particle. HDL has more phospholipid than free cholesterol on its
cholesterol

surface, allowing it to acquire more cholesterol (via ABCA1) from cells that have excess amounts.
When cholesterol and cholesterol esters of circulating HDL move into the liver by scavenger
receptors (e.g., SR-B1), it is often referred to as “reverse transport”.

Transport particles & proteins

Secretion of cholesterol and triacylglycerols from liver into plasma occurs primarily in very low

Chylomicron particles (95% lipid)

density lipoprotein (VLDL) particles which contain ApoB100, ApoC1 and ApoE surrounding a

TAG>PL>Chol>CholEster
VLDL particles (90% lipid
TAG>PL>Chol>CholE
IDL particles (80% lipid
TAG>PL>Chol>CholE
LDL particles (75% lipid
CholEster>PL>Chol>TAG
HDL particles (30-50% lipid)
New: PL>Chol>TAG>CholEster

core of triacylglycerols and cholesterol esters. Again, the ABC transporter, ABCA1, uses ATP as
the driving force. Endothelial lipoprotein lipase hydrolyzes triacylglycerols in VLDL to release
non-esterified fatty acids (NEFA) plus intermediate density lipoproteins (IDL) and low density
lipoproteins (LDL). Whenever LDL appears in the blood, many NEFA have also been
simultaneously released. This occurs especially after eating a large high-fat meal.
During fat digestion and absorption, the gut produces lipoprotein particles called chylomicrons.
Their major protein is ApoB48. Similar to VLDL, they carry large amounts of triacylglycerol which
is hydrolyzed by endothelial lipoprotein lipase. The released NEFA enter tissues where they are
metabolized to CO2 or incorporated into tissue lipids. Excess amounts of NEFA circulate bound to
albumin and other plasma proteins.

Old: PL>CholEster>Chol>TAG
Plasma proteins
Albumin (4 g/dL)
Globulins (3 g/dL
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Macrophages import cholesterol by SR-B1 receptors that bind ApoE
as well as by endocytic and phagocytic uptake of cholesterol ester
droplets. Cell membrane regions move inward and fuse with
intracellular endosomes, phagosomes and lysosomes. Cholesterol
esters are hydrolyzed by lysosomal esterase to give free cholesterol
which can supersaturate the phospholipid layers and lead to
insoluble crystals. Efflux of free cholesterol from macrophages
involves ATP with ABCA1 and ABCG1 interacting with ApoA1 and HDL.

Postprandial endothelial
dysfunction starts a serious problem
Every large meal gives lots of non-esterified fatty acid (NEFA) released
from chylomicrons and VLDL by lipoprotein lipase tethered to a
glycoprotein on endothelial cell surfaces. This causes dysfunctions of
endothelial cells (see Figure 2-1). NEFA oxidation by peroxisomes and
mitochondria gives reactive oxygen species. NEFA also activate protein
kinase C which increases production of reactive oxygen species by
NADPH oxidase. The oxidant stress impairs nitric oxide formation,
oxidizes phospholipids and activates the NFkB signal pathway that
induces transcription of genes for inflammatory events and apoptotic
death of endothelial cells. A protein in circulating HDL particles,
paraoxonase, can destroy some of the oxidized lipids that enhance
inflammatory disorders like atherosclerosis, insulin resistance,
rheumatic diseases, macular degeneration and cancer proliferation.

Innate immune cells with more n-3
than n-6 HUFA give less inflammation
Cells of the innate immune system include basophils, eosinophils,

and loss of function. Released cytokines, chemokines and n-6

mast cells, natural killer cells, plus phagocytic cells like macrophages,

eicosanoids amplify inflammatory conditions by recruiting monocytes,

neutrophils, and dendritic cells. These cells act in many inflammatory

macrophages and neutrophils to the area. Balancing the high levels of

chronic disorders that impair human health (see Figure 2-3). The

pro-inflammatory n-6 mediators with the less inflammatory n-3

balance in n-3 and n-6 essential lipids in these cells affects the release

mediators diminishes the risk of harm from chronic inflammation (see

of inflammatory mediators that enhance pain, heat, redness, swelling

Essential Lipids Booklet #3).
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The macrophage is a key inflammatory cell that shifts its pattern of gene
expression depending on its environmental conditions. Cytokines and
growth factors activate signaling pathways that enter the nucleus and
activate gene expression, and the paths are altered by high fat diets.
Polarized phenotypes are described as M1, a pro-inflammatory “killing”
form, and M2, an anti-inflammatory “healing” form. In arterial walls, the
M1 form releases attractant chemokines, cytokines and bioactive lipids
which recruit and activate more monocytes and increase inflammation,
foam cell formation and atherosclerosis. The n-6 eicosanoids are more
potent inflammatory mediators than n-3 mediators.
The macrophage content is low in adipose tissue of lean individuals.
However, it increases with obesity (and extensive NEFA traffic) until it
may be 30-40% of the cells in adipose tissue of an obese person. The
accumulated M1 form releases n-6 eicosanoids that amplify systemic
inflammation and insulin resistance. The amplification is less when the
% n-6 in HUFA is lowered by dietary n-3 HUFA.
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Fig. 2-3: Over 855,000 reports in PubMed show concern on inflammation
(http://www.ncbi.nlm.nih.gov/pubmed). Transient NEFA-triggered challenges to cells can be
amplified over time into chronic inflammatory disorders that affect a majority of older people.

In fatty tissues that develop tumors, cancer cells release n-6
eicosanoids that switch macrophages from M1 to M2 type, lowering
phagocytic action that might destroy the cells and increasing the
release of growth factors that aid cancer cell proliferation and
metastasis. More needs to be known about how a HUFA imbalance
producing more n-6 than n-3 mediators amplifies harmful impacts of
food energy and alters harmful macrophage actions in inflammatory
diseases, tumor proliferation and cardiovascular deaths.

Overview
Most food energy intake is expended by basal metabolism and
physical activity. The liver converts unexpended energy into fatty
acids and cholesterol and secretes them as VLDL into plasma where
they form NEFA. NEFA can trigger oxidative, inflammatory processes
that involve innate immune system actions which can become
chronic inflammatory disorders made worse by excess actions of
n-6 nutrient derivatives.
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