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PREFACE

I had the good fortune to collaborate with several scientists on a wide range of
research topics in the early 1980s, when I worked in the laboratory of Gerald
Cohen at Mount Sinai School of Medicine in New York. My research focus was
lipid peroxidation and the oxidative destruction of polyunsaturated fatty acids
in cell membranes and its effects on aging, cancer, and inflammation. Free
radicals are believed to be responsible for many cancers, and lipid peroxidation
is thought to be one of the ways that free radicals are mediating carcinogenesis,
as well as promoting various diseases of aging. There was evidence that dietary
polyunsaturated oils were promoting some cancers.

Polyunsaturated fatty acids are considered to be essential dietary
constituents because we are unable to make them from other nutrients and
they have vital functions in numerous physiological systems in the human
body. Sune Bergstrom, Bengt Samuelsson, and John Vane shared the Nobel
Prize for Physiology or Medicine in 1982 for their discoveries related to metabo-
lism of polyunsaturated fatty acids to powerful bioactive substances known
collectively as eicosanoids. The scientific community was constantly discov-
ering new lipid messengers and new roles for those that were already known.
Eicosanoids were affecting nearly every system in the body, often in ways
that were beneficial, but sometimes their actions were detrimental. The
distinctions between omega-3 polyunsaturated fatty acids found in fish oils and
omega-6 polyunsaturated fatty acids found in vegetable oils were beginning
to unfold, and eicosanoids formed from them accounted for many observed
differences in physiological responses to dietary fats from these disparate
sources.

As I got involved in research projects related to inflammation, cancer, and
epilepsy, I began to see that eicosanoids derived from essential fatty acids had
powerful effects, and that manipulation of dietary fats that are metabolized to
eicosanoids or not involved in their production could have profound influences
on the course of several diseases. The polyunsaturated fatty acids nurtured a
fascination and wonder for me, perhaps because of the complex ways in which
they were affecting so many aspects of health and disease.

There was also considerable interest in saturated fats and cholesterol at
that time. The results from two large-scale studies of the effects of dietary

xi



xii PREFACE

intervention and behavior modification on serum cholesterol and heart
disease were emerging by 1985. The Multiple-Risk Factor Intervention Trial
(MRFIT) and the Lipid Research Clinics Coronary Primary Prevention Trial
each involved several thousand participants and hundreds of physicians and
researchers. An aim of each study was to get people to reduce their consump-
tion of saturated fats and cholesterol, which had been associated with heart
disease. Michael Brown and Joseph Goldstein received the Nobel Prize in
Physiology or Medicine in 1985 for their work on genetic causes for high
levels of cholesterol in the blood that can lead to heart disease at a young
age. Genetic factors were emerging as a major contributor to the risk of heart
disease. Indeed, genetic factors seemed more important than dietary fats and
cholesterol.

There was widespread belief that unsaturated vegetable oils were much
healthier in the diet than saturated fats, particularly fats from animals that
also contained cholesterol. I was involved in research that was showing that
saturated fats were generally benign, whereas dietary polyunsaturated vegetable
oils were susceptible to lipid peroxidation, which was associated with many of
the common maladies of modern civilization. By the 1990s lipid peroxidation
in low-density lipoprotein (LDL) was found to promote atherosclerosis and
consequent heart disease, yet the doctrine of saturated fats and cholesterol
causing heart disease persisted. Certainly very high levels of cholesterol in the
blood were cause for serious concern. However, blanket recommendations for
less saturated fat in the diet and implications that polyunsaturated oils were
acceptable baffled me.

I was also astonished to see the popular health and nutrition litera-
ture condemning tropical oils, such as palm and coconut oils, because they
contained high levels of saturated fats. I had never seen any studies that indi-
cated consumption of these oils increased the incidence of any disease. However,
significant pressure was placed on the food industry to remove tropical oils
from their products, which resulted in their replacement with partially hydroge-
nated vegetable oils. The latter contained levels of saturated fats as high as those
in palm oil but also had high levels of trans fats, which were known to be at least
as bad as saturated fats with respect to serum cholesterol. The recommendations
to replace tropical oils and butter with margarine and partially hydrogenated
vegetable oils did not have any scientific evidence to support it. I was disturbed
by the direction health recommendations were going, since polyunsaturated
and trans fats were likely doing more harm than the saturated fats they were
replacing.

I started writing down my concerns in the 1990s, but other commit-
ments prevented me from bringing those writings to fruition. I followed the
literature on polyunsaturated fatty acids regarding their various functions and
health consequences. A few years ago I decided to begin writing this book in
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earnest. It required delving into a vast amount of literature on dietary fats
and health, with certain leads causing diversions that were sometimes quite
rewarding and resulted in expansion of the original scope of the book. A
major underlying premise for the book was to inform readers about the poten-
tial adverse effects that dietary polyunsaturated oils could have, even though
they are a source of essential fatty acids. The popular nutrition and health
press was beginning to waiver on whether polyunsaturated oils were
necessarily healthier and shifted to favor monounsaturated oils. However, I
had great difficulty justifying an easement on the condemnation of dietary
saturated fats. After all, the idea that saturated fats were a scourge on human
health and that they increased the risk of heart disease had been ingrained in the
public consciousness for more than half a century, even though scientific proof
was lacking.

As the book progressed, I began to see scientific evidence that there
were flaws in the low-saturated-fat and low-fat diet recommendations.
Carbohydrates, especially sugars, were becoming the new plague on human
health, and many health conditions that were formerly blamed on saturated
fats could now be attributed to sugars. The saturated fat—cholesterol relation-
ship was based on a simple premise that was easy to understand: saturated
fats in the diet tend to raise serum cholesterol, whereas polyunsaturated oils
tend to lower serum cholesterol. How polyunsaturated fatty acids influence the
course of many diseases is more complicated, but far more important with
regard to overall health. The inverse relationship between dietary fats and
carbohydrates adds to the complexity. The role of dietary fats in health is not a
simple matter, and I hope that you, the reader, will bear with me as I attempt to
explain the scientific foundations for their complicated interactions in an
understandable way. I believe that the arguments I present should persuade
people to reconsider the dietary guidelines that were based on our earlier
naivety.

The final version of the manuscript for this book is quite different from
early drafts, and I have many people to thank for that transformation. I thank
Lester Mayers, director of sports medicine at Pace University, Pleasantville
Campus, and David Spierer of the Sports Science Department at Long Island
University, Brooklyn Campus, for reading an entire early draft of the manuscript
and offering helpful suggestions. As a reader selected by Rutgers University Press,
Joseph Dixon of the Department of Nutritional Sciences, Rutgers University,
rendered a detailed analysis of the manuscript that resulted in major improve-
ments in the overall content of the book. Stuart E. Alleyne deserves much credit
for his technical assistance in making many of the figures more presentable. I am
indebted to Stuart Fishelson, a friend and colleague at Long Island University,
for his constant encouragement to write this book and his assistance, along with
Fred Farhadi, with the cover design. I am especially grateful to Doreen Valentine,



xiv PREFACE

acquisitions editor for Rutgers University Press, who was willing to consider

the manuscript and offered extensive advice and suggestions in developing the

original material into a more readable and significant work. Finally, I thank my

wife, Alice Hendrickson, for her patience, understanding, and encouragement
through all of this.

Glen D. Lawrence

Department of Chemistry and Biochemistry

Long Island University

Brooklyn, NY
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PART ONE

Nutritional, Chemical,
and Physiological Properties
of Dietary Fats






The Dietary Fat Doctrine

In the early twentieth century the major concern was whether diets provided
sufficient calories and nutrients to ward off infections and disease. When anti-
biotics were introduced in the 1930s, those with access to these lifesaving drugs
had longer and more productive lives. As a result of pushing the average life
span ever higher, diseases of aging became commonplace. By the 1930s heart
disease had become the leading cause of death in the United States, but the
health-care community and the general public had other matters on their minds
in the decade leading up to World War II.

In the late 1940s fat and cholesterol began to receive an extraordinary
amount of attention in terms of funding for studies of the effects of dietary fats
on health. A large number of participants were recruited for those studies, and a
multitude of scientific publications were generated. It would seem that with all
this effort we should now have a grasp of what dietary manipulations are needed
to improve our health and longevity. Our understanding of the biochemical and
physiological effects of dietary fats has advanced tremendously as a result of this
onslaught of research, but where this knowledge leads us, in terms of sound
dietary recommendations, is not so clear. Certain fats may improve one health
problem but work against another.

Saturated fats are resoundingly denounced because they raise total serum
cholesterol and low-density lipoprotein (LDL or LDL-cholesterol). There seems
to be a consensus that this is bad. On the other hand, polyunsaturated fats
lower serum cholesterol and LDL, and consequently are considered good. The
stated effects that these two classes of fats have on total serum cholesterol and
LDL-cholesterol are accurate, although their classification as bad and good
are judgmental and apply primarily to serum cholesterol and LDL. If one looks
at the effect these two types of fat have on cancers, the result is often, but
not always, reversed. When it comes to arthritis or inflammation, there is a
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general consensus that the omega-6 polyunsaturated vegetable oils are bad,
whereas omega-3 fish oils are better, and the saturated fats are most favorable.
The influence of saturated and polyunsaturated fats on cancers, arthritis, and
inflammation are less often mentioned in the popular health media, although
the effects of omega-6 versus omega-3 fatty acids on inflammation are begin-
ning to get more recognition.

Fats come in many forms: saturated, monounsaturated, polyunsaturated,
omega-3, omega-6, partially hydrogenated, and trans fats. These terms are
tossed around in health magazines, health sections of newspapers, on television
and radio, and in daily conversations, but how well do we understand what it all
means? Many people recognize the terms, but they are at a loss to identify which
foods contain them. The nutrition facts section of a packaged food label gives
the total amount of fat in a standard serving of that food with a breakdown of
saturated fat, trans fat, and cholesterol, but is this giving sufficient information
to make an informed decision about whether one product is better or worse
than another? Labels for foods containing vegetable oils and other forms of fat
may give the relative amounts of monounsaturated and polyunsaturated fats,
but providing information on these categories is voluntary. Rarely is there an
indication of the proportion of omega-3 and omega-6 polyunsaturated fatty
acids on a product label. Even if such additional information were provided,
would it make the consumer’s decisions any easier?

It is easy to understand why there is so much confusion. These fats are not
behaving in a consistent way over the full spectrum of all our ailments. This
brings to mind the adage Feed a cold and starve a fever—or is it Feed a fever
and starve a cold? When the scientific or biological basis for the saying is not
understood, it is easy to forget which way it goes. The aim of this book is to
inform the reader about how fats are influencing a variety of diseases, disorders,
or imbalances so that reasonable dietary decisions can be made. When it comes
to fats, such decisions are not as simple as one size fits all.

Roles of Fat

The physiological ability to store excess energy or caloric intake in the form of fat
is a trait that confers numerous advantages across the biological spectrum. Fat
is the most efficient way for living organisms to store excess energy. It provides
more than twice as much energy as carbohydrate or protein: 9 kilocalories
(kcal) per gram for fat versus 4 kcal per gram for carbohydrate and protein. Fat
also excludes water, which can account for much of the mass of stored glycogen,
the major starch and storage form of glucose in the human body. Fat can be
formed from carbohydrate (sugars and starch) or protein, but glucose, the life-
sustaining sugar in our circulation, cannot be formed from fat. Although many
organs of the body can utilize fat for energy, the brain gets its energy almost
exclusively from glucose. Special types of fats, specifically essential fatty acids,
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are required for brain development in the fetus, the newborn, and children, and
are necessary for maintenance of proper brain function in adults.

What makes certain fatty acids essential will be discussed in more detail
in chapter 3, although it will suffice to say here that the common dietary
polyunsaturated fatty acids are essential fatty acids. Fatty acids are the main
components of fats and of many other substances in nature. The distinctions
between fats and fatty acids will be described in more detail in the next chapter.
Polyunsaturated fatty acids are found predominantly in vegetable oils and fish
oils. Mammals and humans are unable to make these fatty acids, so they must
be supplied in the diet, much like vitamins. The polyunsaturated fatty acids are
metabolized to a wide range of potent bioactive substances that have profound
impacts on the physiology of the human (and animal) body.

Polyunsaturated fatty acids are also susceptible to chemical (nonenzymatic)
oxidation, which leads to formation of numerous toxic products. These toxic
products can alter DNA (deoxyribonucleic acid), the genetic material that
dictates the fate of a cell and, perhaps, the organism of which that cell is a part.
Certain mutations in DNA can lead to cancer, which can have dire consequences
on the body as a whole. In other cases the alteration results in programmed
death (apoptosis) of the affected cell, and the greater organism is spared. The
factors that determine the fate of the cell in question are numerous and not
completely understood, so it should not be surprising that the types of dietary
fats ingested can have variable effects.

One of the essential polyunsaturated fatty acids is arachidonic acid. When
we bleed from a cut, arachidonic acid is metabolized to a substance known
as thromboxane A, that initiates a series of events to form a clot and prevent
us from bleeding to death. The same thromboxane A, can trigger premature
clotting in the coronary arteries to cause a heart attack. Other metabolites of
arachidonic acid whip the immune system into action to ward off an infection,
but these same metabolites may conspire to turn our immune systems against
us when we are afflicted with an autoimmune disease. The polyunsaturated
fatty acids are not alone in all these actions; they are helped by a wide array of
protein cytokines and other biochemical factors.

Arachidonic acid is not the only polyunsaturated fatty acid involved in the
myriad of complex biochemical and physiological events, but in a large majority
of people it is the most common long-chain polyunsaturated fatty acid that
undergoes metabolism to a wide array of biologically active substances that are
collectively known as eicosanoids. Some of the other important polyunsaturated
and essential fatty acids are known by their common abbreviations, EPA (eicosa-
pentaenoic acid) and DHA (docosahexaenoic acid). These two may be better
known and recognized as omega-3 fatty acids, whereas arachidonic acid is an
omega-6 fatty acid (these distinctions are covered in the next chapter).

The functions of omega-3 fatty acids in the body can be quite different from
those of arachidonic acid, but in some cases EPA competes with arachidonic
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acid as the raw material for metabolism to biologically active eicosanoids. The
course of many physiological processes may depend on which of these fatty
acids is in greater abundance as a result of their dietary intake. Evidence will
be presented in many cases that the relative availability of omega-3 fatty acids
compared with omega-6 fatty acids can influence the course of a disease.

The polyunsaturated fatty acids are classified as essential because our body
needs them, but as we learn more about them, it is becoming clear that they
have potential to cause harm. It is necessary to make distinctions between
omega-3 and omega-6 polyunsaturated fatty acids in terms of their impact on
several physiological systems in the body.

The Diverse Nature of Dietary Fats

Saturated and monounsaturated fatty acids are common in animal fats, such as
meat and dairy products. These fatty acids can be made in the human body (as
well as in animals), typically from excess carbohydrate (starches and sugars),
and consequently are not classified as essential. Monounsaturated fatty acids
are also abundant in certain oils derived from plants, notably olive, avocado,
almond, canola, peanut, and palm oils. Monounsaturated oils are touted as
the most favorable in the diet because they do not raise cholesterol as much
as saturated fats do and they are less susceptible to spontaneous oxidation
(decomposition) than the polyunsaturated fatty acids. In addition, they are not
converted to the potent bioactive compounds that can disturb the balance of
various systems in the body, which often happens with polyunsaturated fatty
acids.

Many vegetable oils have an abundance of the omega-6 polyunsaturated
fatty acid known as linoleic acid. It is converted in the body to arachidonic acid,
which is involved in a multitude of physiological effects, some of which I have
already described. The profile of fatty acids in various vegetable oils depends
on many factors, such as the climate in which the plant source is grown, the
genetic strain or variety of the plant, and the kinds of treatment the extracted
oils receive during processing. Plants grown in colder climates tend to have
more of the polyunsaturated linoleic acid in their triglycerides (storage fats),
whereas those grown in warmer climates have more of the saturated palmitic
acid. The agricultural industry has used sundry methods to obtain plant vari-
eties that produce storage fats with distinct profiles of fatty acids. This can be
done by genetic engineering but is usually accomplished through genetic selec-
tion and plant breeding.

The chemical breakdown products of polyunsaturated fatty acids, in general,
are not healthy, which makes many vegetable oils undesirable for frying. Foods
containing relatively large amounts of polyunsaturated oils often do not have a
long shelf life because of their tendency to become rancid unless antioxidants
or other preservatives are added. The food industry circumvented the problem
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of decomposition by hydrogenating vegetable oils, which converts polyunsatu-
rated fatty acids to saturated and monounsaturated fatty acids. This chemical
processing results in fats with longer shelf life and greater stability at high
temperature, but it produces trans fats. Trans fats behave like saturated fats in
terms of raising cholesterol and LDL, but they can also lower HDL-cholesterol
and are suspected of having other undesirable health effects.

Manufacturers of processed foods are required to indicate how much trans
fat their foods contain, although they can declare zero grams of trans fat if
the product has less than one-half gram per serving. In the case of margarine,
a standard serving size is considered to be one tablespoon or about 14 grams,
meaning it can contain as much as 4 percent trans fat but still claim zero trans
fat on the label. New York City became the first major city in the United States
to prohibit the use of trans fats in restaurants. Many large restaurant chains
needed to change their ingredients to meet the July 2008 deadline for the New
York City ban on trans fat. The American Heart Association expressed concern
that restaurants would merely switch from trans fats to natural cooking fats that
are high in saturated fats, such as palm oil (MSNBC 2006). The fear of switching
to saturated fats is based on their tendency to raise serum cholesterol, but
saturated fats have fewer adverse effects than trans fats with respect to serum
lipid profile and are preferable to polyunsaturated oils in terms of chemical
stability.

Another important consideration when it comes to dietary sources of poly-
unsaturated fatty acids is to get a balance of omega-3 and omega-6 varieties.
There is much concern that the ratio of these two series of essential fatty acids
in the American diet has shifted dramatically in favor of omega-6 fatty acids.
This is due primarily to modern agricultural and food-processing practices that
favor a few varieties of grains for producing edible oils. There is much specula-
tion, with a fair amount of scientific evidence to support it, that these large
changes in the profile of essential fatty acids in the diet are responsible for
many maladies of our modern civilization (Simopoulos 2002a). The omega-3
fatty acids are abundant in fish oils but are also found in varying proportions
in some vegetable oils, such as flaxseed, walnut, canola, and soy oils, as well as
in wheat germ. (The fatty acid composition of several dietary fats and oils are
given in appendix B.)

Nature and economics rarely make it easy for us to decide what fats and
oils are going to be best for our health. Olive oil tends to be significantly more
expensive than most other vegetable oils, particularly in North America. Canola
oil has a substantial amount of omega-3 polyunsaturated fatty acids, which is
good from a health perspective, but those fatty acids decompose easily at high
temperatures, making the oil less desirable for frying foods. Several years ago
palm oil was condemned for having high levels of saturated fatty acids (about
50 percent) that could raise serum cholesterol and thereby increase the risk
of heart disease. The claim regarding risk for heart disease was unsupported,



8 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

but undue pressure from certain advocates forced food processors to switch
from palm oil to partially hydrogenated vegetable oil in their formulations. That
replacement probably did more harm than good, in view of the adverse effects
of trans fats that were present in the hydrogenated oils at that time as well as
the greater abundance of saturated fatty acids in hydrogenated oil compared
with palm oil.

How dietary fats influence health and disease is complex. The decisions
we need to make regarding what fats would be best in the diet are not simple.
Some of the complications arising from polyunsaturated fatty acids have been
mentioned. Monounsaturated fatty acids have fewer complexities, but dietary
sources are composed of more than one type of fatty acid. The saturated fats
have been condemned, but the evidence against them is not convincing.

Origin of Dietary Recommendations to Lower Cholesterol

By the mid-nineteenth century the chemical constituents of living matter were
being characterized. Julius Vogel noted that cholesterol was a component of
atherosclerotic plaque in his 1847 textbook The Pathological Anatomy of the
Human Body (Kritchevsky 1998). In 1854 Rudolf Virchow proposed that athero-
sclerosis was caused by an inflammatory response to injury of the arterial wall
(McKinnon et al. 2006). It took nearly 150 years for scientists to unravel the
biochemical processes of atherogenesis (formation of atherosclerotic lesions).
Today it is well established that cholesterol is deposited in the lining of the
arteries, particularly around the heart, as a result of immune cells clearing
oxidized low-density lipoprotein (oxidized LDL) from the circulation. Nearly 50
percent of the mass of LDL is composed of cholesterol, and LDL seems to be the
lipoprotein that is most prone to spontaneous oxidation.

In the early 1900s Nikolai Anitschkow showed that rabbits develop athero-
sclerotic lesions when they are fed high-cholesterol, high-fat diets (Steinberg
2004). This work was dismissed by many scientists as an irrelevant model for
human disease because rabbits are strict herbivores and would not normally
consume cholesterol or high-fat diets. Similar studies in dogs and rats did not
produce atherosclerosis. Nonetheless, it seemed reasonable to assume that
atherosclerotic lesions were caused by having high levels of fat and cholesterol
in the diet and subsequently in the blood. Virchow’s idea that atherosclerosis
was caused by inflammation in the walls of the arteries fell by the wayside in the
early twentieth century but has been revived in recent years as we have learned
more about the processes involved in atherogenesis.

During the 1950s several groups of researchers studied the effects of various
types of dietary fat on serum cholesterol. The subjects in one study were resi-
dents of a large mental institution in New England, where all participants were
housed and ate all meals in an isolated ward (Hegsted et al. 1965). Thirty-six
different diets were carefully prepared to contain specific types and amounts



THE DIETARY FAT DOCTRINE 9

of saturated, monounsaturated, and polyunsaturated fats and oils. A control
diet was designed to resemble a standard American diet at the time. Subjects
received test and control diets alternately for four-week periods in the first year,
and received the control diet less frequently after the first year. The initial mean
serum cholesterol level for men on the standard house diet (before receiving
the control diet) was 225 milligrams per deciliter (mg/dL), which rose to 250
mg/dL when they consumed the special control diet.

Over time and several four-week dietary variations, the control diet
produced a mean serum cholesterol level of 220 mg/dL, which means there was
more than 10 percent difference in response to the same diet at different times.
Coconut oil and butterfat, which have an abundance of shorter-chain (fewer
than sixteen carbons) saturated fatty acids, raised serum cholesterol levels.
However, cocoa butter, which is highly saturated but contains medium-chain
fatty acids (sixteen or eighteen carbons in the chain), had little effect on serum
cholesterol relative to the control diet. Polyunsaturated vegetable oils produced
the largest decreases in serum cholesterol levels, while olive oil, which is high
in monounsaturated fatty acids but also contains polyunsaturated fatty acids,
caused moderate lowering of serum cholesterol.

Other studies involved patients or volunteers in hospital wards where
diets were controlled and subjects were monitored for periods of several
weeks (Bronte-Stewart et al. 1956; Keys 1957; Malmros and Wigand 1957). The
general conclusion drawn from these studies was that dietary polyunsaturated
oils lower serum cholesterol and saturated fats raise serum cholesterol, even
though longer-chain saturated fats, similar to those found in most meats, had
little effect compared with a standard or control diet. Today we have a better
understanding of the mechanisms by which polyunsaturated fatty acids affect
gene expression and alter the abundance of proteins involved in cholesterol
metabolism.

Extraordinary emphasis was placed on these findings and their interpreta-
tions in view of the abundance of cholesterol in atherosclerotic plaque and little
or no understanding of how it got there. A national campaign was launched
by the American Heart Association to educate the public on the benefits of
decreasing consumption of saturated fats and cholesterol, particularly from
meat, eggs, and dairy products, and to use instead polyunsaturated oils as much
as possible, mainly from vegetable sources (Kritchevsky 1998). Epidemiological
studies helped to reinforce the saturated fat—cholesterol hypothesis.

The Epidemiology of Heart Disease

The study that probably had the greatest impact on assigning risk factors for
heart disease was the Framingham Heart Study. This study set out in 1948 to
monitor the health, eating, social, and behavioral characteristics of more than
5,200 residents of Framingham, Massachusetts (a city of about 28,000), who
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were between the ages of thirty and fifty-nine years. After several years of moni-
toring, the researchers reported a few factors that increased a person’s risk for
developing heart disease, which included cigarette smoking, high blood pres-
sure, electrocardiogram abnormalities (arrhythmia), and high blood cholesterol
(Kannel et al. 1961).

The six-year follow-up report for the Framingham study noted a dramatic
difference in the number of new cases of heart disease (defined as sudden
death attributed to no other causes, myocardial infarction, or angina pectoris)
when comparing subjects with low (less than 210 mg/dL), intermediate
(210 to 244 mg/dL), and high (greater than 244 mg/dL) serum cholesterol
(Kannel et al. 1961). Each of these ranges for cholesterol comprised one-third of
the sample population at the start of the study. The incidence of heart disease
for men in the high-cholesterol group was more than three times that of men
with the lowest cholesterol (12 percent versus 3.5 percent). Although the inci-
dence of new heart disease among men in the intermediate-cholesterol group
(6.4 percent) was about 80 percent higher than for those with low cholesterol,
the difference was not statistically significant. The relationship between serum
cholesterol and heart disease among women showed a similar trend, but the
incidence of heart disease was much less for women. The difference in the
number of new heart disease cases between groups were less striking as the
study went on and more people reached older ages.

The Framingham Heart Study measured several medical diagnostic param-
eters related to heart disease, but for a relatively homogeneous population in a
single location. A much more ambitious study was initiated by Ancel Keys from
the University of Minnesota. He designed a study that collected similar medical
data, as well as dietary information, on sixteen cohorts in seven different coun-
tries. The countries included Finland, Greece, Italy, Japan, the Netherlands,
the former Yugoslavia (Serbia and Croatia), and the United States. The only
American cohort was made up of railroad workers in the northwestern United
States. Keys published the results of ten years of follow-up on all cohorts in a
381-page monograph (Keys 1980).

A major aim of the Seven Countries Study was to determine what medical,
dietary, and behavioral (smoking) factors influenced the incidence of coronary
heart disease, death from coronary heart disease, and death from all causes over
a ten-year period. The two factors that proved most significant in predicting
coronary deaths and all-cause deaths in the Seven Countries Study were age and
high systolic blood pressure (Keys 1980, 321). However, systolic blood pressure
posed a significantly elevated risk only for those participants in the highest 20
percent of blood pressure in their cohort.

Perhaps the most frequently cited statistic from the Seven Countries Study
is the correlation between the ten-year coronary death rate and median serum
cholesterol level for the various cohorts. There were a few anomalies in the
graphic representation, notably the eastern Finland cohort with by far the
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highest rate of coronary deaths (681 per 10,000 men) and the Crete (Greece)
cohort with zero coronary deaths in the ten years of the study. Interestingly, the
western Finland cohort had less than half the rate of coronary deaths (250 per
10,000 men) compared with their eastern countrymen, but their mean serum
cholesterol level was only about 10 percent lower—the two Finnish cohorts had
the highest serum cholesterol of all cohorts (Keys 1980, 122). The coronary death
rate for western Finland was slightly above the average for all cohorts, but it was
substantially below that of the American railroad men (424 coronary deaths per
10,000 men).

There was no significant correlation between the median serum choles-
terol level and death rate from all causes among the cohorts. In fact, there
was a moderate negative correlation between serum cholesterol and noncoro-
nary death rate, which would indicate that serum cholesterol levels may not
be a good predictor of death from all causes. Indeed, large studies of the effect
of dietary changes on serum cholesterol and incidence of heart disease or
coronary deaths have shown that dietary manipulations to lower serum
cholesterol do not affect the all-cause death rate (Lipid Research Clinics Study
Group 1984; Multiple Risk Factor Intervention Trial Research Group 1982;
WHO 1984).

Both the mean cohort serum cholesterol level and the ten-year age-adjusted
coronary death rate were highly correlated with saturated fats in the diet. The
incidence of new cases of coronary heart disease showed a weaker correlation
with dietary saturated fats, as well as with dietary sucrose. The correlation
between heart disease and dietary sucrose was attributed to an intercorrela-
tion between sucrose and saturated fats in the diet. Today we have a better
understanding of the influence of dietary sugar on cardiovascular disease.
Excess sugar in the diet can increase serum triglycerides, which are a risk factor
for heart disease (Fried and Rao 2003). But a high level of sugar in the diet has
potential to do more in terms of influencing heart disease, as well as other
health complications.

Keys noted that the all-causes death rate tended to rise only when serum
cholesterol was above about 275 mg/dL (which is considered very high). Even
for coronary deaths, there was no relationship to serum cholesterol below about
230 to 240 mg/dL (Keys 1980, 325). The early report on risk from the Fram-
ingham Heart Study divided participants into only three groups based on serum
cholesterol. A serum cholesterol level of 244 mg/dL was used as the lower limit
for the highest cholesterol group simply because one-third of the participants
had levels of cholesterol higher than that. Consequently, the impression that
heart disease risk becomes greatest when serum cholesterol approaches 240
mg/dL can be misleading. The much greater incidence of heart disease in the
high-cholesterol group of the Framingham study was likely due to participants
that had extremely elevated cholesterol (for example, above 275 mg/dL as found
in the Seven Countries Study).
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The Seven Countries Study data are valuable in that they show that ethnic
and cultural factors may play an important role in the diet—heart disease connec-
tion. Although serum cholesterol correlated with ten-year coronary death rate
within some cohorts, there was no significant correlation in others—notably the
Mediterranean countries (Italy, Greece, and the former Yugoslavia). Ancel Keys
was architect and avid promoter of the Mediterranean diet (Ancel and Margaret
Keys 1975). He died in 2004 at the age of one hundred, a strong argument for
his conviction.

The Framingham Study and the Seven Countries Study are presented here
to show how cholesterol became the focus of the medical establishment. They
show that dietary saturated fats raise serum cholesterol compared with unsatu-
rated oils, but the level of serum cholesterol that will significantly shorten one’s
life span is not as clear. The chances of dying prematurely increases dramati-
cally when serum cholesterol gets above about 250 mg/dL, but the correlation
between serum cholesterol and death from all causes diminishes when choles-
terol levels are below 240 mg/dL. The point that needs to be emphasized
here is that although serum cholesterol levels are an important consideration
regarding risk of heart disease, there is a level (about 240 mg/dL) below which
the concern about serum cholesterol should diminish. There are many other
health problems afflicting the American population, and greater consumption
of dietary polyunsaturated oils that lower serum cholesterol may not be the best
choice for dealing with those other health problems.

Other Factors to Consider Regarding Dietary Fats

There are several flaws in the logic of substituting polyunsaturated oils for
saturated fats in the diet to increase life span. First, the majority of myocardial
infarctions (heart attacks) occur with less than 50 percent occlusion of the
arteries by atherosclerosis, so something other than blockage of the arteries by
cholesterol buildup is triggering heart attacks (Smith 1996). This is not to say
that severe atherosclerosis is no cause for concern—a majority of people with
greater than 50 percent occlusion of the arteries will probably suffer some sort
of heart disease. There are several factors, including destruction of atheroscle-
rotic plaque, that cause heart attacks (see chapters 6 and 7). Polyunsaturated
fatty acids are intrinsically involved in many of the physiological processes that
contribute to heart disease.

A second reason for doubting the supposed benefits of polyunsaturated oils
is that genetic predisposition is a major factor contributing to high levels of
LDL in the blood and consequent risk for heart disease. If someone has elevated
serum total cholesterol (greater than 240 or 250 mg/dL) and LDL-cholesterol
(greater than 150 mg/dL), that person is at high risk for cardiovascular disease.
If other risk factors are present, such as diabetes, high blood pressure, low HDL-
cholesterol, or a cigarette habit, the National Cholesterol Education Program
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recommends the use of lipid-lowering drugs when much lower levels of total
cholesterol and LDL-cholesterol are inherent (Grundy et al. 2004). There are
numerous genetic factors that increase or reduce the relative risk for heart
disease, or other life-threatening diseases for that matter. Levels of LDL in
the blood are influenced mostly by genetic factors, although diet may have a
moderate effect. Numerous genetic variants have been identified that cause
elevated LDL-cholesterol (Goldstein and Brown 2001). Genetic variations in
elements unrelated to LDL-cholesterol can also affect heart disease. Changes in
dietary fats have relatively little influence on several of these genetically based
disorders.

A third factor worth considering is that although polyunsaturated fatty
acids can lower serum cholesterol, they are susceptible to oxidative degrada-
tion. If they are part of low-density lipoprotein particles when this happens,
the oxidized LDL will be removed from the blood and deposited in the lining of
arteries to promote atherosclerosis. Although saturated fats tend to increase the
amount of circulating LDL, they are not susceptible to chemical oxidation. This
conundrum makes it difficult to decide where to draw the line regarding relative
amounts of saturated, monounsaturated, and polyunsaturated fats in the diet.
A relative balance of these without a large excess of polyunsaturated oils would
seem most prudent at this time.

Finally, dietary manipulations alone in large study populations typically
do not influence the number of heart attacks or death from all causes (as
mentioned above). The polyunsaturated fatty acids found in most vegetable
oils are a double-edged sword. In addition to lowering serum cholesterol, they
are metabolized to a wide range of highly potent bioactive substances, such
as prostaglandins, thromboxanes, and leukotrienes to name a few, that evoke
beneficial physiological actions throughout the body. However, they can get out
of control and wreak havoc in many ways.

The high levels of omega-6 vegetable oils consumed in industrialized
nations are being blamed for a wide range of diseases, including asthma (Black
and Sharpe 1997), diabetes (Berry 1997), and inflammatory diseases such as
rheumatoid arthritis, ulcerative colitis, and psoriasis (Heller et al. 1998). Cancer
studies in laboratory animals have shown that vegetable oils promote tumors
to a greater degree than fish oils or saturated fats (Braden and Carroll 1986).
Vegetable oils may not be the answer to increased life span and improved
quality of life.

Moving Forward

Polyunsaturated fatty acids cannot be lumped together as purely good or bad.
Omega-3 polyunsaturated fatty acids are plentiful in fish oils, and omega-6
polyunsaturated fatty acids abound in most vegetable oils. When omega-3 and
omega-6 polyunsaturated fatty acids are metabolized to potent hormone-like
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substances, they elicit subtle (and sometimes not so subtle) differences in
physiological effects that can have a profound influence on health and well-
being. There is increasing evidence that the ratio of omega-3 to omega-6
polyunsaturated fatty acids in the diet has an impact on brain development
and neurological disorders as well.

The high levels of polyunsaturated fatty acids consumed by many people
today are carrying out many important beneficial functions in the body, but
they are also responsible for a lot of pain and agony. There can be many varied
responses to dietary changes and drug intervention as a result of an individ-
ual’s genetic makeup. The concerns about cholesterol have clouded our view
regarding dietary and pharmaceutical approaches to our collective health and
well-being. Obesity, metabolic syndrome, and diabetes are further complicating
the picture. The cholesterol story is important, but we should not lose sight
of sensible dietary practices out of fear of cholesterol. As our understanding
advances with regard to the biochemical, physiological, and pharmacological
processes involving dietary fats, particularly the essential fatty acids, it becomes
necessary to step back and reassess the recommendations that evolved when
there was a less complete knowledge of their effects.



Lipid Terminology, Structure,
and Function

The purpose of this chapter is to give some of the basics regarding biochemical
properties of lipids and the terminology used to describe them. It is intended
to introduce readers to several classes of lipids and the subtle distinctions
that make these classes different from one another. Lipid refers to oily or
fatty biological substances that are not soluble in water but dissolve in other
solvents, such as chloroform, alcohol, or hexane. The term lipid encompasses
fatty acids, triglycerides, phospholipids, the fat-soluble vitamins (A, D, E, and
K), steroids (cholesterol and many of its metabolic products), and a variety
of less commonly discussed biological materials such as terpenes. Fat is often
thought to be synonymous with lipid, but fats are technically considered to be
the triglycerides and, in some circles, only those triglycerides that solidify at
room temperature. Triglycerides that remain liquid at room temperature are
considered to be oils, although a substance need not be a triglyceride to be
classified as oil. These distinctions are often overlooked today.

The fact that lipids do not dissolve in water is one of their most notable
features. Such chemical incompatibility is due to the fact that lipids are
nonpolar molecules, while water is polar. Water molecules behave like tiny
magnets, sticking to one another through positive and negative poles (like the
north and south poles of a magnet). This is what causes water to bead up on
a freshly waxed surface. Lipids lack these polar properties, behaving more like
globs of grease and fat—they don’t have magnetic personalities. In other words,
“like dissolves like,” or “oil and water don’t mix.”

The idea of polar versus nonpolar substances will be used frequently in this
book, along with terms such as hydrophilic (water loving), hydrophobic (water
fearing), and lipophilic (lipid loving). For most biological substances, “fearing”
water and “loving” lipids amounts to the same biochemical behavior. Appendix
A reviews the fundamentals of chemical bonding and polarity.

15



16 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

Fatty Acids

The simplest lipids are the fatty acids. Fatty acids are typically components of
other classes of lipids, particularly triglycerides, phospholipids, and choles-
teryl esters. As the simplest unit, fatty acids can be transferred between or
removed from these other lipids, a process that is fundamental to a wide range
of metabolic actions and physiological functions. The fatty acids themselves,
particularly the polyunsaturated fatty acids, are the major focus of this book, so
it is important to get to know several of these by name. It will also be important
to associate the names with some of their chemical or structural characteristics,
such as saturated versus unsaturated, and omega-3 versus omega-6 polyunsatu-
rated fatty acids.

There are four different fatty acids illustrated in figure 2.1. Each of them
contains eighteen carbon atoms (as well as hydrogen and oxygen), but they
differ in whether or not they have carbon-to-carbon double bonds, the number
of double bonds, and the configuration of the double bond (cis or trans). When
all the carbon atoms are connected by single bonds, the fatty acid is saturated
(it has the maximum number of hydrogen atoms, hence it is saturated with
hydrogen). In order to form a carbon-to-carbon double bond, a hydrogen
atom must be removed from each carbon forming the double bond, making
the molecule unsaturated with hydrogen. When there is one carbon-to-carbon
double bond, the molecule is monounsaturated, whereas polyunsaturated fatty
acids have more than one double bond.

Stearic acid (far left side in figure 2.1) is a common saturated fatty acid
found in foods, but palmitic acid (with sixteen carbon atoms) is the predomi-
nant saturated fatty acid in most foods, as well as in the human body. Oleic
acid (left-center in figure 2.1) is a major monounsaturated fatty acid that has
the cis configuration for the double bond, which gives rise to a bend in the
carbon chain. The significance of the bend in cis unsaturated fatty acids will
be discussed below. Oleic acid is the major fatty acid found in olive oil, palm
oil, and canola oil, which are promoted as monounsaturated oils. Elaidic acid
(far right side in figure 2.1) has one carbon-to-carbon double bond but has a
trans configuration that imparts a slight kink in the carbon chain. However, the
carbon chain of elaidic acid is essentially straight, like that of a saturated fatty
acid (such as stearic acid).

If there are two or more double bonds, the fatty acid is polyunsaturated,
such as linoleic acid (right-center in figure 2.1). The second double bond puts
an additional bend in the carbon chain. Linoleic acid is the most common poly-
unsaturated fatty acid found in most vegetable oils. It is also an omega-6 fatty
acid because there is a double bond on the sixth carbon from the methyl end
of the chain (bottom of the diagram), or the opposite end from the acid group.
Alpha-linolenic acid (or linolenic acid) is less common in vegetable oils but is
a significant omega-3 polyunsaturated fatty acid in some oils, such as flaxseed
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FIGURE 2.1. Four fatty acids. The fatty acids include stearic acid (a saturated fatty
acid), elaidic acid (a trans-unsaturated fatty acid), oleic acid (a monunsaturated
fatty acid), and linoleic acid (an omega-6 polyunsaturated fatty acid). The naturally
occurring unsaturated fatty acids from plant sources contain cis double bonds at the
unsaturation points. Notice the curvature of the cis unsaturated fatty acid chains
compared with the linearity of the trans-unsaturated fatty acid.

oil, canola oil, soy oil, and wheat germ oil. Linolenic acid is shown in figure 2.2.
Omega-3 is used to denote the fact that there is a double bond on the third
carbon from the methyl end of the fatty acid chain. It is easy to confuse the
names linoleic acid and linolenic acid, but the former is an omega-6 fatty acid
and the latter an omega-3 fatty acid. The characteristics of many fatty acids,
their physical properties, and abundance in various food sources are shown in
appendix B.

There are several properties that determine the behavior of fatty acids and
other lipids that contain fatty acids: the overall length of the carbon chain,
the number of carbon-to-carbon double bonds, and the configuration of the
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double bonds (cis or trans). Shorter-chain fatty acids (fewer carbon atoms per
molecule) tend to be liquids, whereas longer-chain fatty acids (more carbon
atoms) tend to be solids. There is a transition from liquid to solid at room
temperature when the saturated fatty acid chain length reaches about twelve
carbons (see appendix B for melting points).

The degree of unsaturation (the number of double bonds) will influence
the physical properties of a fatty acid and the lipids containing that fatty acid.
The more double bonds there are within a given chain length, the lower the
melting point will be. Consequently, the melting points decrease from stearic
acid (70°C) to oleic acid (13°C) to linoleic acid (—9°C) and finally to linolenic acid
(=17°C). This means the more double bonds a fatty acid has, the more fluid (or
liquid) it will be. Saturated fats tend to be solid at room temperature, whereas
monounsaturated oils remain liquid to lower temperatures, and polyunsatu-
rated fatty acids remain liquid well below the freezing point of water.

Another important consideration is whether the double bonds have cis or
trans configurations. Cis means that both parts of the carbon chain extend from
the same side of the double bond, as the left arm and left leg extend from the
same side of the trunk of the body. Notice how the carbon chain extends from
the same side of the double bond in oleic acid (figure 2.1). Trans means that
the carbon chain extends from different sides of the double bond, as shown
for elaidic acid in figure 2.1. This is analogous to the left arm and the right leg
extending from different sides of the body. Most naturally occurring double
bonds in fatty acids are cis, resulting in a bend in the fatty acid chain (see
figure 2.1). When there is a trans double bond, the molecule remains relatively
straight.

It should be easy to see that the saturated and trans unsaturated fatty acids
shown at the left and right could stack together tightly. On the other hand, the
cis unsaturated fatty acids with their bent chains would behave in a more disor-
derly fashion. We generally think of the saturated and trans unsaturated fatty
acids as rigid or solid, whereas the cis unsaturated fatty acids are fluid; the more
unsaturated, the more fluid they would be. These principles apply for other
classes of lipids that contain fatty acids, such as triglycerides and phospholipids
discussed below.

The trans-fatty acids are found almost exclusively in partially hydrogenated
vegetable oils, such as margarine and shortening. Hydrogenation was first
applied to vegetable oils by Wilhelm Normann in 1902; he combined hydrogen
gas with polyunsaturated fatty acids in the presence of a catalyst to convert
the polyunsaturated into saturated and monounsaturated fatty acids (Kirschen-
bauer 1960). This chemical process results in the formation of trans double
bonds instead of the cis double bonds that occur naturally in vegetable oils.

Six of the common polyunsaturated fatty acids are shown in figure 2.2.
The eighteen-carbon polyunsaturated fatty acids are shown on the left side.
The polyunsaturated fatty acids in the upper half of this figure are classified as



LIPID TERMINOLOGY, STRUCTURE, AND FUNCTION 19

omega-6 because there is a double bond on the sixth carbon from the methyl
end of the chain (compare linoleic acid in figure 2.1 and figure 2.2). The chem-
ical structures in figure 2.2 are shown without the C for carbon atoms and H for
hydrogen atoms used in figure 2.1. Linoleic acid and arachidonic acid are essen-
tial fatty acids because the body cannot make them from other nutrients, such
as carbohydrates or protein, and they are needed to maintain a healthy state.
Dihomo-gamma-linolenic acid is not universally considered an essential fatty
acid, but it should be placed in this category because it can function as one.
(The idea of essentiality is discussed in more detail in the next chapter.) The
omega-3 polyunsaturated fatty acids are shown in the lower half of figure 2.2.
These include linolenic acid, eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA). All the omega-3 polyunsaturated fatty acids are generally considered
to be essential.

Eighteen-Carbon Fatty Acids Longer Chain Fatty Acids

Omega-6 Essential Fatty Acids

HCANA 7 7
) COH
Dihommo-gamma-Linolenic Acid II
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FIGURE 2.2. The essential fatty acids. All the essential fatty acids are polyunsaturated.
They are divided into the omega-6 (top half) and omega-3 (bottom half) fatty acids,
depending on whether the first double bond occurs at the third or sixth carbon atom
of the carbon chain (counting from the methyl end of the molecule).
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Storage Fats

It is more efficient to store energy in the form of triglycerides than in the form
of carbohydrates or proteins. Our bodies have a limited capacity for storing
glycogen (animal starch) as a glucose reserve, so when there is an abundance
of carbohydrates in the diet, the excess will be converted to fat. There seems
to be a virtually unlimited capacity to store excess energy as triglycerides in fat
tissue, as exemplified by cases of extreme obesity in humans and some geneti-
cally manipulated animal species.

Although fatty acids are not particularly reactive, our metabolic machinery
has evolved to keep the fatty acids attached to other molecules. Glycerol (also
called glycerin) is a three-carbon molecule with an alcohol group (-OH) on
each carbon. When fatty acids are attached to each alcohol of the glycerol, a
triglyceride is formed. Another name for triglyceride is triacylglycerol, because
there are three (tri) acyl (from acid) groups attached to the glycerol. The
chemical structure of triglycerides is represented in figure 2.3. Notice that the
same fatty acids shown in figure 2.1 have been used to form the triglycerides,
but the symbols used to represent them have been modified, as they were for
figure 2.2.

The triglyceride on the left in figure 2.3 is formed from unsaturated fatty
acids. Empty spaces between the fatty acid chains allow some movement among
the molecules (fluidity). The triglyceride on the right in figure 2.3 is composed
of saturated and trans unsaturated fatty acids that tend to stack tightly together,
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FIGURE 2.3. Two triglycerides. An unsaturated triglyceride (left) found in vegetable
oils and a partially hydrogenated triglyceride (right) containing trans-unsaturated and
saturated fatty acids after chemical hydrogenation.
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leaving little space between molecules for movement (rigidity). Triglycerides
containing trans fatty acids will be more solid at room temperature, as in
margarine or shortening, compared with the polyunsaturated vegetable oils
from which they are made.

Desaturation and Fate of Polyunsaturated Fatty Acids

All organisms are capable of synthesizing fatty acids from other nutrients. Specif-
ically they are formed by breaking down carbohydrates (and possibly protein)
and then building fatty acids by adding two carbon atoms at a time. Most organ-
isms (except some bacteria) synthesize fatty acids this way, so virtually all the
fatty acids consumed in a normal diet have an even number of carbons in the
chain. Fatty acid chains with eighteen carbons are generally the most abundant
in our diets, but there are also ample amounts of sixteen-, twenty-, and twenty-
two-carbon fatty acids, and lesser amounts of those containing six, eight, ten,
twelve, fourteen, and twenty-four carbons. Fatty acids with more than twenty-
four carbon atoms are extremely rare.

Fatty acids are initially synthesized as saturated fatty acids, and then specific
enzymes are responsible for desaturating them (placing double bonds at specific
sites in the chain). In mammals (and humans) the enzymatic process stops when
there are sixteen carbons in the chain. The sixteen-carbon saturated fatty acid,
palmitic acid, is the most abundant fatty acid in most human tissues. In a sepa-
rate synthetic step, the chain can be further elongated by adding two carbons
at a time; it can also be desaturated. The latter is accomplished by enzymes
known as desaturases that put double bonds at specific positions. Because
genes contain the information for making enzymes (which are proteins), the
type of desaturases any organism has will depend on the genetic makeup of that
organism. Humans, and mammals in general, have a limited ability to synthesize
polyunsaturated fatty acids.

Humans and other mammals have genes for desaturases that place double
bonds at positions 5, 6, and 9 in the fatty acid chain (between C5 and C6,
between C6 and C7, or between C9 and Cro) (McGarry 2002, 704). These are
named delta-5-, delta-6-, and delta-9-desaturase, respectively. Sometimes the
Greek letter delta (A) is used to symbolize positions for double bonds. Humans
and other mammals are not able to synthesize unsaturated fatty acids with a
double bond beyond the delta-9 position (beyond C9 and C1o of the fatty acid
chain).

Desaturation is not random, because desaturase enzymes have a preference
for certain fatty acids; they select a fatty acid with a certain number of carbon
atoms in the chain and a certain number of double bonds already present. The
delta-6-desaturase has a preference for fatty acids with eighteen carbons and
more than one existing double bond. Linoleic acid and linolenic acid are the
most common polyunsaturated fatty acids in the diet that are desaturated by the



22 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

delta-6-desaturase. The metabolism of these polyunsaturated fatty acids usually
does not stop there. For example, two additional carbon atoms are added by a
process known as elongation, and then another double bond is formed by the
delta-5-desaturase enzyme (as shown in figure 2.4). The final product of this
reaction sequence is arachidonic acid, which has twenty carbon atoms and four
double bonds at positions 5, 8, 11, and 14 relative to the acid group. Arachidonic
acid will enter into many of the discussions throughout this book in the context
of essential fatty acids and eicosanoid metabolism.

Linolenic acid is metabolized to its corresponding twenty-carbon fatty
acid, which has five double bonds at positions 5, 8, 11, 14, and 17. This is known
as eicosapentaenoic acid or EPA for short. Linoleic and arachidonic acids are
omega-6 polyunsaturated fatty acids because the double bonds are on the sixth
carbon from the methyl end of the chain (see figure 2.1), whereas linolenic acid
and EPA are omega-3 polyunsaturated fatty acids because there are three carbon
atoms from the double bond to the methyl end of the chain (see figure 2.2).
Another important omega-3 fatty acid is docosahexaenoic acid (DHA), a twenty-
two-carbon fatty acid with six double bonds, which will be described in more
detail in the next chapter.

Such desaturation and elongation usually does not happen to fatty acids
that are destined for storage in the form of triglycerides. These long-chain fatty
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FIGURE 2.4. Metabolism of linoleic acid to arachidonic acid. This involves initial de-
saturation at carbon 6, followed by elongation to increase the chain length by two carbons
(through a series of enzyme-catalyzed reactions), and final desaturation at carbon 5.
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acids with twenty or more carbon atoms and multiple double bonds (polyunsat-
urated), such as arachidonic acid, EPA, and DHA, are generally found in another
class of lipid known as phosphatides or glycerophospholipids.

Polar Lipids

Phosphatides are known as polar lipids because they have a polar phosphate
group attached to one position of the glycerol molecule. An additional chemical
appendage is usually attached to the phosphate, such as choline, serine, etha-
nolamine, or inositol, giving rise to phosphatidyl choline, phosphatidyl serine,
phosphatidyl ethanolamine, and phosphatidyl inositol, respectively. A typical
phospholipid known as lecithin (phosphatidyl choline) is shown in figure 2.5.
Notice that the phosphatides still have two fatty acids attached to the glycerol,
making that portion of the molecule nonpolar.

Phospholipids make up the membranes of cells and are detergents or emul-
sifying agents used for the digestion of fats in the gastrointestinal (GI) tract.
They are also components of the outer shell of lipoproteins, such as low density
lipoprotein (LDL) and high density lipoprotein (HDL), which transport fats and
other lipids through the bloodstream.

Sphingolipids are another class of polar lipid containing sphingosine, which
has a long, eighteen-carbon chain with one double bond, an amino group for
attaching one fatty acid (as an amide rather than an ester), and may have a
phosphate attached to the terminal -OH group (see figure 2.6). Alternatively,
there may be one sugar or several sugar units (oligosaccharide) attached to the
terminal -OH group of sphingosine, forming what are known as cerebrosides or
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FIGURE 2.5. Lecithin. Lecithin, or phosphatidyl choline, is a phosphatide, a phospholipid,
and a polar lipid.
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gangliosides, respectively. When sugars or oligosaccharides are attached to the
sphingosine, the resulting sphingolipids are also classified as glycolipids. The
sugar groups constitute the polar, water-loving (hydrophilic) portion of these
lipids in lieu of a phosphate group.

Oligosaccharides may also be attached to proteins, forming glycoproteins.
The glycolipids and glycoproteins are found on the outer surface of cell
membranes and give rise to antigenic determinants recognized by the immune
system as self or nonself. The roles that sphingolipids play in cells are only
beginning to be elucidated. Genetic disorders that result in the absence or
deficiency of specific enzymes involved in degradation of these glycolipids can
have severe health consequences, as seen in Tay-Sachs, Fabry’s, and Gaucher’s
diseases, among others.

Membranes

Complex lipids such as phospholipids and glycolipids can have polar and
nonpolar properties within the same molecule. Amphipathic (having strong
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FIGURE 2.6. Structures of sphingosine and some sphingolipids.
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feelings for both sides—polar and nonpolar) is the technical term used to
describe this property. The nonpolar portion consisting of the two fatty acids
will shy away from water and mingle with the fatty acid portion of other
phospholipids or triglycerides, while the polar phosphate or carbohydrate
groups will tend to associate with water. The phospholipids are usually drawn
schematically as a small circle to represent the polar phosphate end and two
squiggly lines attached to represent the two attached fatty acid chains. These
will spontaneously combine with one another in an aqueous environment to
form a bilayer membrane as depicted in figure 2.7, with water on either side
of the membrane; when the membrane is defining a cell, the water will be
inside and outside the cell.

Cell membranes are not simply phospholipids forming a bilayer but are
composed of many other components, such as vitamin E, cholesterol, and
proteins. Vitamin E and cholesterol are also classified as lipids, but proteins
are in a class of their own. There are many different kinds of proteins in a cell,
including structural proteins, enzymes that catalyze biochemical or metabolic
reactions, receptors, and transport proteins. All these proteins carry out specific
functions in membranes. Cell membranes were once thought to be static, semi-
permeable envelopes around cells, but it is now clear that they have dynamic
functions, with all kinds of changes, generally catalyzed by enzymes, constantly
taking place in the membrane. Transport proteins are another part of the
dynamic, bringing nutrients into the cell and sending waste or useful products
out of the cell through the membrane.

The nature of the fatty acids attached to the phospholipids dictates whether
they are rigid (solid) or fluid (liquid). If there are long-chain saturated fatty
acids attached, the phospholipids will be less fluid at body temperature. If a
monounsaturated fatty acid is present, the fluidity increases; a polyunsaturated
fatty acid (as shown in figure 2.5) will make membranes even more fluid. The
shape of polyunsaturated fatty acids seen in figure 2.5 allows the phospholipids
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FIGURE 2.7. Two phosphatides (left) and a phospholipid membrane (right) with
several phosphatides and two proteins embedded in the membrane. The proteins may
be exposed to one side of the membrane or pass completely through the membrane
(left and right proteins, respectively). Each circle with two squiggly lines attached
represents a phosphatide, such as lecithin (shown in figure 2.5) or a sphingolipid, such
as a ceramide (shown in figure 2.6).
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to roll or bounce off one another easily, whereas the straight chains of saturated
or trans unsaturated fatty acids cause the phospholipids to stack more tightly
together. Saturated fatty acids are often associated with sphingolipids, whereas
long-chain polyunsaturated fatty acids are more often associated with phospha-
tides. Monounsaturated fatty acids are abundant in both.

One can think of the highly unsaturated lipids as behaving like beads or
balls—if one fills a jar with these, they tend to flow over one another easily.
On the other hand, the more saturated polar lipids would behave more like
a jar filled with toothpicks packed tightly together that will not flow easily.
Fluidity refers to how objects embedded in the membrane may be able to move
around within the membrane relative to one another, much like passengers
on a commuter train. If there is space between passengers, it is possible for
them to move around within the train. However, if the car is crammed full of
passengers with no space between them, it becomes a rigid mass of people with
little possibility for movement through the car.

Cholesterol is incorporated into cell membranes for various purposes. The
fluid mosaic model of membrane structure proposed that various membrane
constituents are embedded in the bilayer lipid membrane (as in figure 2.7) and
move around in this fluid shell, much like debris floating in a pond. It was
thought that cholesterol would make the saturated phospholipids more fluid,
while making the polyunsaturated phospholipids less fluid. This early model is
evolving into something a little more complex as we begin to understand more
about lipid interactions taking place in the membrane, as well as interactions
with proteins that have a wide range of specific functions in the membrane.
Because of their dynamic nature, it is essential that membranes remain fluid or
pliable, but excess fluidity can be detrimental.

Cells in the body regulate the fluidity of membranes by controlling the fatty
acids used in the phospholipids, as well as by changing the types of phospho-
lipids used and the cholesterol content. This phenomenon appears to apply to
most organisms, although it has been studied in only a few species, including
bacteria, plants, and animals. Wheat grown in a cold climate will have a greater
ratio of unsaturated to saturated fatty acids than the same variety of wheat
grown in a warmer climate. Even within warm-blooded animals there may be
differences from one tissue to another in response to temperature fluctuations.
For example, reindeer were found to have a higher ratio of unsaturated to
saturated fatty acids in the feet compared with the thigh muscle, where foot
temperature would tend to be cooler than that of the rest of the body (Zubay
1998, 548).

A fairly new development in understanding the phospholipid membrane
is the idea of lipid rafts. A lipid raft is a dynamic assembly of lipids consisting
primarily of cholesterol and sphingolipids on the outer surface of the bilayer
membrane of cells (Simons and Toomre 2000). It is not certain whether there
is an extension of the unique physical properties of rafts to the inner layer
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of the membrane, but it seems likely there would be, even though the inner
surface would have different components, properties, and behavior. Our under-
standing of lipid rafts is still in its infancy, but these unique regions appear to
be playing vital roles in cell signaling, the entry of nutrients, export of products
and wastes, and a wide range of other cellular functions. One can think of lipid
rafts as something like peat bogs floating on a lake, where the bog is a domain
with properties and features very different from those of the surrounding lake.

Cholesterol is a major component of lipid rafts, although their composition
depends on how they are isolated from cells or the methods used to study them
in membranes. Rafts are generally viewed as an ordered, gel-like or semisolid
entity in a sea of disordered liquid or fluid phospholipids. The latter would
contain an abundance of unsaturated and polyunsaturated fatty acids. Rafts
tend to be composed mostly of sphingolipids with a high level of saturated or
monounsaturated fatty acids and cholesterol (Simons and Toomre 2000). The
cholesterol content of cell membranes varies widely, with a high of 20 to 30
percent in the plasma (outer) membrane of some cells and much lower levels
(less than 10 percent) in membranes of some organelles within cells, such as
nuclear, lysosomal, and endoplasmic reticulum membranes. The lipid rafts tend
to be primarily in the plasma membranes of cells, where most of the cholesterol
is located and where most of the signaling and processes such as endocytosis
(internalizing sections of membrane that have receptors for various proteins)
are taking place.

It is important to keep in mind that cells, and the body as a whole, tend to
regulate cholesterol levels in response to the availability of polyunsaturated fatty
acids relative to monounsaturated or saturated fatty acids. A diet rich in poly-
unsaturated fatty acids generally causes cholesterol levels in the bloodstream to
be lower, whereas an abundance of saturated fatty acids tends to increase levels
of cholesterol in the blood. The mechanisms controlling levels of cholesterol
in the bloodstream are complex and only beginning to be understood. Some
individuals experience large fluctuations of serum cholesterol when they change
their intake of dietary fats, while cholesterol levels fluctuate very little in others
who alter their diet in a similar way.

Membrane Dynamics and Eicosanoids

Cells are constantly communicating with their environment. A hormone, a
drug, or a physical disturbance such as pressure or heat may cause something
to happen inside the cell. When a signal such as a hormone or drug reaches
a cell membrane, it is not necessary for that chemical substance to cross the
membrane in order to get its signal into the cell. Instead, a series of events takes
place in the lipid membrane that triggers additional events within the cell,
causing changes in its metabolic state or its functional status, such as switching
from idle to active. This will be discussed at greater length in chapter 4.
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Cell membranes are not merely a static barrier separating the inside of
a cell from its surrounding environment but are in a constant state of flux in
many cells. Not only are membrane components responsible for selectively
bringing necessary nutrients into cells and selectively removing waste and other
products from cells, but in many cases they are constantly communicating with
the environment through molecular messengers. Incoming messages are often
received by protein receptors on the surface of the membranes. These protein
receptors usually pass through the membranes and are anchored at a specific
location in the membrane. The receptor proteins are in contact with other
proteins on the inner surface of the membrane, which elicit changes dictated
by the incoming signals. In many cases, the secondary protein corresponding
with the receptor is an enzyme that catalyzes a chemical transformation of one
or another of the phospholipids within the membrane.

An enzyme known as phospholipase A, (PLA,) is one such enzyme linked
to a variety of receptors. This enzyme removes one fatty acid from the middle
of a phospholipid molecule. The fatty acid in question is generally a long-chain
(twenty carbon atoms) polyunsaturated fatty acid, which will undergo subse-
quent chemical transformations through assemblies of other enzymes (see
figure 2.8). As indicated earlier, one of the most common polyunsaturated fatty
acids in membranes of many cells is arachidonic acid. It gets converted to a
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wide range of extremely potent messengers in cells. Any particular cell will have
a battery of enzymes responsible for transforming arachidonic acid to one or
more of its many bioactive end products. (Many possible products are shown
in appendix C). These end products are generally categorized according to their
chemical structures and include prostaglandins, thromboxanes, leukotrienes,
lipoxins, and cannabinoids.

As if this weren’t complex enough, it is possible for other long-chain
polyunsaturated fatty acids, such as the omega-3 eicosapentaenoic acid (EPA)
and omega-6 dihomo-gamma-linolenic acid (DHGLA), to undergo analogous
transformations by many of the same enzymes to form their own array of bioac-
tive messengers. Those derived from EPA have one more double bond (see
appendix C), while DHGLA products have one less double bond than those from
arachidonic acid. These lead to subtle differences in the physiological activities
between one series of fatty acid derivatives and another. Enzymatic transforma-
tions that require a double bond on Cs5 will not occur with DHGLA, because it
lacks a double bond in that position.

The aggregate of all these metabolic products from the twenty-carbon poly-
unsaturated fatty acids are collectively known as eicosanoids (from Greek ikosa
for twenty). They can initiate very powerful actions as signaling agents that are
the foundation for numerous beneficial as well as deleterious phenomena.

Serum Lipoproteins

When blood cells are removed from the blood, the remaining fluid is known
as plasma. If the blood is allowed to clot before the cells are removed, the
remaining fluid is known as serum. The fluid of blood is mostly water, and since
lipids are not soluble in water, they must be transported through the blood-
stream in particles that remain suspended like droplets in the blood. These lipid
transporting particles are known as lipoproteins, because they are composed of
lipids and proteins. There are four major classes of lipoproteins: high-density
lipoproteins (HDL), low-density lipoproteins (LDL), very low-density lipopro-
teins (VLDL), and chylomicra (or chylomicrons). Another minor lipoprotein is
intermediate-density lipoprotein (IDL), but this is considered to be a remnant of
VLDL and is not often discussed as a separate entity. These lipoproteins can be
separated by centrifugation based on their slightly different particle densities.
The sizes of the lipoprotein particles vary much more than their densities, with
HDL being the smallest and chylomicra being by far the largest.

Lipoprotein particles have a monolayer (single layer) of phospholipid as a
shell surrounding the particles, in contrast to a double layer of phospholipid
that forms cell membranes. The interiors of lipoprotein particles are filled with
lipids rather than water, so nonpolar fatty acid chains of the phospholipids mix
with other lipids in the core, while the polar phosphate groups mix with water
surrounding the particles. The phospholipid shell has proteins embedded that
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bind to receptors on the surface of cells (see figure D.1 in appendix D). Once
bound to the receptors, they are brought into the cells by endocytosis, whereby
the lipoprotein becomes surrounded by cell membrane and is internalized.

The embedded proteins are called apolipoproteins, meaning proteins
without the lipids attached (protein only). They are classified A, B, C, D, and E,
with several subgroups within some classes, such as ApoA-I, ApoA-II, ApoA-IV,
ApoB-48, and ApoB-100, to name a few. Each lipoprotein particle will have more
than one apolipoprotein as a constituent. The apoproteins associated with
different lipoproteins are listed in appendix D. It is not necessary to understand
all the different proteins involved in order to appreciate the general charac-
teristics of these lipoproteins and how they work. An important thing to keep
in mind, regarding both the apolipoproteins and the receptors that recognize
and bind them, is that the information for the cell to make these proteins is
carried in the genes (the DNA). There have been many different genetic varia-
tions found for apolipoproteins as well as for their receptors. Some variants
result in higher levels of LDL in the blood, others in lower levels of HDL. Either
type of variant would place an individual with those genes at greater risk of
heart disease.

Other genetic variations have been identified that can affect lipoprotein
processing and utilization. A variation in the gene for cholesteryl ester transfer
protein, which is involved in the regulation of lipoprotein particle sizes, may
impart exceptional longevity to those possessing this genetic variant (Barzilai et
al. 2003). The main point is that genetic factors play a major role in the levels of
circulating lipoproteins, their relative sizes, and their composition, all of which
can have profound influences on a person’s health and risk for life-threatening
conditions. There will be further discussion of this in chapter 7.

Vitamin E

Vitamin E is classified as an antioxidant because it helps to protect cell
membranes from spontaneous oxidation. Polyunsaturated fatty acids are
very susceptible to chemical oxidation in a process that involves peroxides,
hence the term lipid peroxidation (discussed in chapter 5). Since plants are
the main producers of polyunsaturated fatty acids, they evolved with a system
for protecting those fatty acids from lipid peroxidation. Plants that produced
vitamin E (alpha-tocopherol) survived better than those that lacked this
antioxidant. Vitamin E has a natural affinity for lipids and gets interspersed
in membranes and fat stores. However, such a perception of random place-
ment may not be accurate, as researchers are finding with so many biological
molecules.

Since cells can regulate fluidity of their membranes by selecting saturated
or unsaturated fatty acids to incorporate in the phospholipids, and also regu-
late the amount of cholesterol in the membranes, we may find that they also
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selectively distribute the available vitamin E. Vitamin E can be stored in the
liver and may be mobilized from those stores in times of greater oxidative stress
or need. There will be further discussion of vitamin E in chapter 5 (on oxida-
tions), although there is still much to be learned about this important lipid
antioxidant.

The Cholesterol Advantage

Cholesterol is classified as a steroid. Through the ages cholesterol evolved into
an essential component of animals, being metabolized into a wide range of
useful substances in the body. These include steroid hormones (progesterone,
testosterone, aldosterone, cortisol, cortisone, estrogens), vitamin D (the
sunshine vitamin), and bile acids or bile salts. Bile salts and phospholipids act
as detergents in the digestive system, emulsifying oils and fats to make it easier
for the digestive enzymes (lipases) to do their job. These polar lipids work like
detergents in a washing machine, which break up the oil and grease in our
clothes and get them to mix with water. Lecithin is often promoted as an aid to
digestion because of this detergent action—in addition to providing choline to
make the neurotransmitter acetylcholine.

Animals and humans are able to synthesize cholesterol from other nutri-
ents, such as fatty acids (derived from triglycerides), carbohydrates, or even
from protein, depending on a person’s diet and the relative availability of each
of these nutrient precursors. It is estimated that adults on a low-cholesterol
diet synthesize as much as 1 gram of cholesterol per day to satisfy the body’s
needs (Glew 2002, 751). One of the actions of the lipid-lowering drugs known
as statins is to inhibit an enzyme involved in the synthesis of cholesterol from
other nutrients (see chapter 8).

Cholesterol is constantly being moved about as it is needed in one organ
or another for many vital processes. We are gradually finding more and more
that cholesterol is important for many physiological functions and consequently
there is a high turnover of cholesterol each day in a normal healthy individual.
Some of the systems responsible for handling cholesterol, such as the lipopro-
teins (especially VLDL, LDL, and HDL), may be malfunctioning for a variety of
reasons. These systems may need to be brought back in line by treating the
underlying cause. Dietary levels of cholesterol are rarely the underlying cause,
unless very high levels are being consumed.

Our early ancestors were not concerned with their cholesterol levels, and
atherosclerotic plaques were unheard of in their time. It did not matter much
anyway, since the average life expectancy in those treacherous times was prob-
ably not more than forty years—hardly enough time to get a good buildup of
plaque in the coronary arteries. It was not until the twentieth century that we
were quite successful at pushing life expectancy to a level where many offspring
of early survivors with high blood cholesterol would have sufficient time to



32 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

deposit plaque in the arteries. The technological advances spawned in the
medical field in the latter part of the twentieth century allow us to suddenly
begin to be concerned about blood cholesterol levels, atherosclerosis, and
associated health complications that threaten our longevity. However, we must
keep an open mind and understand that dietary cholesterol per se is not the
underlying cause of this problem, nor are saturated fats, which are so frequently
implicated.

Conclusions

There are many other lipids with a host of different biological functions that
are important in nature, but this chapter was intended to give a foundation for
readers with little or no preparation in biochemistry (or to serve as a refresher
for those who have had some exposure to the subject). Hopefully, this will
provide enough background in this complex area for readers to understand the
discussions that follow.

It is essential to understand the effects that saturated, monounsaturated,
and polyunsaturated fatty acids have on health in order to make sound dietary
choices. Triglycerides in storage fats contain these fatty acids, and they are
incorporated into the phospholipids of cell membranes and lipoproteins. Cell
membranes are not only a barrier between the inside and outside of a cell but
also contain specialized components to transport nutrients and wastes in and
out of the cells. They are involved in communication through the action of
hormones, neurotransmitters, drugs, and other stimuli and are in a constant
state of dynamic flux, changing all the time in response to other events taking
place in the cell and in its surroundings. The membranes are also reservoirs for
long-chain polyunsaturated fatty acids, which are released from the membrane
and metabolized to a wide range of potent signaling agents such as bioactive
eicosanoids and other lipids.



Some Dietary Fats Are Essential

The idea that certain foods contain substances that relieve the symptoms of
what we recognize today as vitamin deficiencies dates back to ancient times.
An Egyptian papyrus (Eber’s Papyrus) containing a medical treatise dating to
about 1500 B.c.E. recommends eating liver to cure the condition of night blind-
ness. We know today that night blindness is caused by a deficiency of vitamin
A and that liver is a good source of this vitamin. The famous Greek philosopher
Hippocrates, who lived around 400 B.c.E., prescribed ox liver to cure night blind-
ness (Liu and Roels 1980).

Eber’s Papyrus also describes the disease that we now know as scurvy,
although little was known about its cure at that time. Scurvy was a serious
problem for naval crews during the period of great global explorations, because
the sailors would be at sea, often for months, without fresh fruits or vegetables.
The Chinese were well aware of scurvy, and their ships plying the seas in the late
fourteenth and early fifteenth centuries grew soybeans in tubs, which provided
sprouts that had ample amounts of vitamins, including vitamin C (Menzies
2003). The French explorer Jacques Cartier lost many of his crew along the St.
Lawrence River in what is now Quebec in the winter of 1535-1536 when they fell
ill with scurvy. The local natives brewed an extract from an evergreen (white
cedar) tree that cured the survivors (Pauling 1970). The tree became known
as arborvitae (Latin for tree of life) and is now a popular landscaping tree in
suburban North America.

Sir Richard Hawkins, a sixteenth-century British admiral, described the
use of oranges and lemons in treating British sailors who had scurvy. A later
treatise by the Scottish naval surgeon James Lind, in 1753, is probably respon-
sible for bringing this latter cure to the attention of a much wider audience,
including the medical profession. British sailors became known as limeys during
the nineteenth century because they were required to drink lime juice to ward
off scurvy. The active component in citrus fruits was referred to as ascorbutic
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factor (scorbutic meaning related to scurvy and the a- prefix meaning without),
and when it was finally isolated and its chemical structure determined by Albert
Szent-Gyorgi in 1935, it was named ascorbic acid (Pauling 1970).

Many different organic (or plant-derived) substances were identified as
being essential, although the chemical compositions of the essential compo-
nents were not identified until the twentieth century. Most were chemically
classified as amines because they contained the element nitrogen and were vital
for human health, ergo the term vitamine. Later, when it was discovered that
not all contained nitrogen, and consequently were not amines, it was perhaps
deemed simpler to drop the final “e” rather than coin a new term.

In 1929 George and Mildred Burr reported that they could induce a defi-
ciency syndrome in laboratory rats by the rigorous exclusion of fat from their
diets (Burr and Burr 1929). The deficient rats showed abnormal growth and
developed skin disorders, such as lesions on their tails, dandruff, loss of hair,
and abnormal appearance. There were disturbances in ovulation in females
and prolapsed penises in males. It was also believed, because of bloody urine,
that the deficiency resulted in kidney degeneration. Adding small amounts of
lard to the diet cured the deficiency syndrome, as did a small amount of liver.
The researchers later tested specific fatty acids and found that adding linoleic
acid or arachidonic acid (two omega-6 polyunsaturated fatty acids) to the diets
would relieve the deficiency symptoms (Burr and Burr 1930). It was also found
that linolenic acid, an omega-3 polyunsaturated fatty acid, could restore normal
growth but did not alleviate the skin disorders. It was concluded that these
three polyunsaturated fatty acids were essential in the diet and the body could
not make them.

In the 1950s James Mead and coworkers at University of California, Los
Angeles, worked out a metabolic pathway for the conversion of linoleic acid to
arachidonic acid in humans (see figure 2.4, previous chapter). It was recognized
that arachidonic acid was not essential in the diet if linoleic acid was provided
(Steinberg et al. 1956). Consequently, some nutritionists chose to eliminate
arachidonic acid as an essential fatty acid, leaving linoleic and linolenic acids
as the only two essential fatty acids. The reasoning was that our bodies can
synthesize arachidonic acid from linoleic acid but cannot carry out the reverse
process. There is no good evidence that linoleic acid is needed if arachidonic
acid is available, but linoleic acid is more abundant and consequently easier to
obtain to satisfy our dietary essential fatty acid needs.

Similarly, linolenic acid is metabolized to eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), which are important omega-3 fatty acids. The
conversion of EPA to DHA occurs by a metabolic pathway that turned out to
be different than had been expected, involving an extra elongation step and
then removal of the two carbons that were just added (as shown in figure 3.1).
Today it is recognized that arachidonic acid, EPA, and DHA are necessary for
proper growth and development and that linoleic acid and linolenic acid can
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be metabolized to form these important fatty acids. Some newborn infants,
however, cannot convert linolenic acid to EPA and DHA at a rate needed to
satisfy normal requirements for growth and development (Heird and Lapillonne
2005). Consequently, these latter fatty acids, particularly DHA, are essential in
their diet to assure proper neurological development (see chapter 11).

Essential Functions of Polyunsaturated Fatty Acids

Fatty acids are incorporated into triglycerides for fat storage in the body or into
phospholipids that make up the membranes of cells. Polyunsaturated fatty acids
(PUFAs) are not essential for making triglycerides, but it was discovered that
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FIGURE 3.1. Metabolism of linolenic acid to docosahexaenoic acid (DHA). See text for
description of this pathway.



36 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

arachidonic acid, as well as EPA and another twenty-carbon polyunsaturated
fatty acid, dihomo-gamma-linolenic acid (DHGLA, an omega-6 eicosatrienoic
acid), are released from the phospholipids in membranes upon specific types
of stimulation. These three polyunsaturated fatty acids get metabolized to a
wide array of potent bioactive substances known collectively as eicosanoids (see
chapter 2). Because linoleic acid is the most abundant polyunsaturated fatty
acid in terrestrial food sources, arachidonic acid is the predominant eicosanoid
precursor found in terrestrial animals and humans and receives the most atten-
tion in this context. An overview of arachidonic acid metabolism to various
eicosanoids with their physiological actions is illustrated in figure 3.2.

EPA and DHGLA are also metabolized to bioactive eicosanoids that are
not shown in figure 3.2. EPA has one more double bond than arachidonic acid,
and DHGLA has one less than arachidonic acid. Consequently, the eicosanoids
formed from these fatty acids will have one more or one less double bond,
which can have a profound effect on their biological activity, as will be seen
later. Diagrams of the chemical structures of numerous eicosanoids produced
from arachidonic acid, EPA, and DHGLA are shown in appendix C.

Arachidonic Acid
Cyclooxygenase 5-Lipoxygenase
(COX) (5-LOX)
Prostanoids Leukotrienes
PGG, 5-HETE <— 5-HPETE
PGD, < Neutrophil ¢ —> LTB,
Anticonvulsant Activation Chemoattractant
<—PGH, Proinflammatory LTA, —> for Leukocytes
PGE, <—
Edema, Fever, —>» LTC,
Anticonvulsant .
15-Lipoxygenase 12-Lipoxy-
PGF,, < genase LTD,
Vasoconstriction l
PGI, < LXB, LXA, LTE,
Vasodilation, Platelet
Antiaggregant Anti-inflammatory
Lipoxins
TXA, <! \/
Vasoconstriction, Bronchoconstriction,
Platelet Aggregation Allergic Reactions

FIGURE 3.2. Metabolism of arachidonic acid to bioactive eicosanoids. The cyclo-
oxygenase pathway leads to prostaglandins and thromboxanes (prostanoids), and the
lipoxygenase pathway leads to leukotrienes and lipoxins. Each kind of eicosanoid is
formed by a different sequence of enzyme catalyzed reactions, as a result of certain
cells expressing (synthesizing) specific enzymes to synthesize a particular eicosanoid
or eicosanoids.
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Two groups of important enzymes in eicosanoid metabolism are cyclo-
oxygenases, better known as COX, and lipoxygenases (LOX). Cyclooxygenase
converts arachidonic acid into prostaglandin H, (PGH,), which is then
converted by other enzymes into compounds known as prostanoids (prosta-
glandins and thromboxanes), shown on the left side of figure 3.2. These are
powerful hormone-like substances that have numerous physiological functions
in the body. Most tissues have cyclooxygenase, but the enzymes for subsequent
conversion of PGH, to other bioactive products vary from one tissue or cell type
to another. For example, blood platelets have the enzymes necessary to produce
thromboxane A, (TXA,), which elicits platelet aggregation and vasoconstriction
(narrowing of blood vessels). Vascular cells lining the blood vessels contain
a different battery of enzymes that make prostacyclin (PGI,), which impedes
platelet aggregation and dilates the blood vessels. These prostanoids function in
concert to maintain homeostasis in the vascular system, initiating a clot when
a blood vessel is damaged but suppressing clots beyond the site of injury. Other
physiological effects of the eicosanoids are shown in figure 3.2.

There are three major lipoxygenase enzymes that catalyze reactions of
arachidonic acid: 5-, 12-, and 15-lipoxygenases, where the number preceding the
name indicates the carbon atom of the fatty acid chain where oxygen is added.
Lipoxygenases can metabolize arachidonic acid in sequence to give multiple
products, as seen on the right side of figure 3.2. Metabolism of leukotriene A,
(LTA,) by 12-lipoxygenase produces lipoxin A,, whereas metabolism of LTA, by
15-lipoxygenase gives lipoxin B,. Both lipoxins have anti-inflammatory activity,
whereas other leukotrienes derived from LTA, tend to be proinflammatory or
involved in allergic reactions. Eicosanoids are produced in most tissues of the
body, but their functions are not always clear.

The history of the discovery of prostaglandins and the derivation of this
name is worth telling. In the 1930s Raphael Kurzok and Charles Lieb in the
United States showed that human semen could either relax or contract strips
of uterine tissue, depending on whether the tissue was from sterile or fertile
women (Kurzok and Lieb 1930). Others later observed similar effects with
seminal plasma (semen with the sperm cells and any other cells removed) using
sheep seminal vesicles (part of the gland that secretes semen). Ulf von Euler
of the Karolinska Institute in Sweden deduced that the active component was
produced in the prostate gland and hence derived the name prostaglandin (von
Euler 1983). Despite research on these compounds over the past seventy years
and the fact that human seminal fluid has about thirty thousand times higher
concentrations of E-type prostaglandins than any other body fluids, the physi-
ological role for prostaglandins in the seminal fluid remains a mystery (Serhan
2001).

Later studies showed that these so-called prostaglandins are produced
nearly everywhere in the body, but the name prostaglandin stuck. In the 1950s
and 1960s Sune Bergstrom, working with von Euler, managed to isolate and



38 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

chemically identify several prostaglandins and showed they were formed from
arachidonic acid in active tissues. Another colleague of theirs at the Karolinska
Institute, Bengt Samuelsson, studied the metabolic fate and physiological dispo-
sition of various prostaglandins and other bioactive eicosanoids derived from
arachidonic acid. John Vane and colleagues at the Wellcome Research Labo-
ratory in England discovered that anti-inflammatory agents, such as aspirin,
block the production of prostaglandins and thromboxanes from arachidonic
acid. The ability to block this metabolism of arachidonic acid is one of the
primary biochemical actions of aspirin—indicating the wide range of effects
these prostaglandins and thromboxanes can have, since this wonder drug can
alleviate so many bodily discomforts. There will be more in later chapters on
the events triggered by thromboxanes and prostaglandins involved in blood
clotting and anticlotting.

The fact that aspirin has been used for so many maladies throughout
the twentieth century would lead one to think that eicosanoids formed from
arachidonic acid do mostly bad things in our bodies. However, there are many
physiological actions attributed to eicosanoids, including uterine contractions
or relaxations; lowering or raising blood pressure; causing platelet aggregation
in the initiation of a blood clot or inhibiting platelet aggregation to prevent
excessive clotting; augmenting or suppressing an immune response that may
lead to inflammation; and bronchial relaxation or constriction during an asth-
matic attack. Notice there are opposing effects listed in each case. The actions
of the various eicosanoids are many and often diametrically opposed to one
another, which has had a profound impact on making our understanding of
their actions confusing, or at best complicated. These complex effects captured
news headlines in 2004 when the aspirin substitutes Vioxx and Bextra (COX2
inhibitors) were pulled from the market because they could cause a heart
attack rather than preventing one, as aspirin does. There will be more on this
in chapter 9 (on inflammation and anti-inflammatory drugs).

The Omega Factor

Fish are cold-blooded creatures that have long been a food source for humans
and other mammals. Like other living things, they have cells surrounded by
phospholipid membranes, and they store excess energy as fats in the form of
triglycerides. Because they are cold-blooded, they evolved with a mechanism to
keep the lipids in their bodies fluid, even at the cold temperatures of the polar
oceans. As discussed in the previous chapter, the more unsaturated (polyun-
saturated) the fatty acids are, the lower their freezing point, or temperature
where they solidify. Proper fluidity is maintained in cell membranes of fish
at cold temperatures by incorporating fatty acids with more double bonds.
This correlation between coldness and degree of polyunsaturation in the fatty
acids is not unique to fish. Fish consume algae that grow in their environment,
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and algae growing in a cold environment also produce more of the polyunsatu-
rated fatty acids that end up in fish that eat the algae, and in the fish that eat
those fish.

As a general rule, the double bonds found in the fatty acids of fish extend
to the third carbon from the methyl end of the chain, so they are designated
omega-3 polyunsaturated fatty acids. The polyunsaturated fatty acids from
terrestrial plants are predominantly ones with double bonds extending to the
sixth carbon from the methyl end of the chain, and they are designated omega-6
polyunsaturated fatty acids. Oils from some plants, including soy and canola,
contain some omega-3 fatty acids, and fish contain omega-6 fatty acids, but
these are relatively minor (less than 10 percent) constituents of the fats from
those respective sources.

The fatty acid composition of fish depends on the profile of fatty acids
found in their food supply. Fish fed diets containing omega-6 vegetable oils will
have an abundance of omega-6 fatty acids in their tissues relative to fish fed
diets containing fish oils or cold-water algae (Ruyter et al. 2003). The vegetable
oil diets also resulted in decreased levels of important long chain omega-3 poly-
unsaturated fatty acids, resulting in a dramatically decreased ratio of omega-3
to omega-6 fatty acids in these fish. It was also found that cardiac patients who
consumed approximately 700 g (1.5 pounds) per week of salmon that had been
fed diets containing either omega-3 fish oil or omega-6 vegetable oil had blood
lipid and lipoprotein profiles after six weeks that reflected the salmon fillets
and their respective feeds (Seierstad et al. 2005). Such results have profound
implications regarding beneficial health effects of farmed fish relative to their
wild counterparts.

EPA and DHA are omega-3 polyunsaturated fatty acids that are abundant
in fish oils, especially cold-water fish. EPA, as a twenty-carbon polyunsaturated
fatty acid, can be converted into bioactive eicosanoids. However, its conver-
sion to DHA seems to be more critical in development of the nervous system
and retina in the fetus and newborn infants. EPA and DHA were apparently not
tested in early studies of essential fatty acids, so they were not designated as
essential until more recently. The neurological effects arising from EPA and
DHA deficiency may not be obvious in laboratory animals, since their require-
ments for brain development seem to be much less than those of humans. The
neurological effects of these omega-3 long-chain polyunsaturated fatty acids are
discussed at length in chapters 11, 12, and 13.

Clinical studies have shown that newborn infants have a limited ability
to convert linoleic and linolenic acids to their biologically active products,
arachidonic acid, EPA, and DHA (Lauritzen et al. 2001). One shudders to think
of the consequences that nutritional guidebooks (written as late as the 1980s)
had when they recommended a dietary supply of linoleic and linolenic acids
for premature infants but did not mention the longer-chain polyunsaturated
fatty acids (Snyderman 1980). It is expected that premature babies have even



40 NUTRITIONAL, CHEMICAL, AND PHYSIOLOGICAL PROPERTIES

less ability to carry out the conversion to the longer-chain fatty acids. Concen-
trations of the long-chain polyunsaturated fatty acids are higher in the blood
of newborn infants than in the mother’s blood, indicating there is a selective
delivery of these longer-chain fatty acids, relative to linoleic and linolenic acids,
across the placenta.

After delivery, the infant can get these longer-chain acids from breast milk.
Human breast milk contains about thirty times more DHA than milk from other
mammals (such as cows), and the amount of DHA in the mother’s milk can
be increased when she consumes dietary supplements of omega-3 oils (Singh
2005). It is interesting to note that these longer-chain polyunsaturated fatty
acids are carried from the mother’s liver, where they can be formed from lino-
lenic acid, to the placenta or the mammary tissue by low-density lipoproteins
(LDL), the bane of the cardiovascular community.

Studies in laboratoy animals have shown that deprivation of omega-3
fatty acids in their diets can affect visual acuity and discrimination learning
in newborn animals (Lauritzen et al. 2001). It has been postulated that malnu-
trition in pregnant women may give rise to essential fatty acid deficiencies,
possibly causing permanent neurological damage to the fetus or, in milder
cases, causing low birth weight and later problems in cognitive and intellectual
development (see chapter 11).

Numerous studies have been performed to determine the effects of
omega-3 oils on a wide range of diseases, including arthritis, coronary heart
disease, cancer, inflammatory bowel disease, psoriasis, asthma, lupus erythe-
matosis, multiple sclerosis, major depression, bipolar depression, and obesity
(Simopoulos 2002b). The rationale for giving omega-3 polyunsaturated fatty
acid supplements is that they compete with the omega-6 arachidonic acid for
conversion to bioactive eicosanoids, and the omega-3 eicosanoids generally have
weaker biological effects. Omega-3 supplements generally improve arthritis, but
the effects on other disorders are less obvious or less consistent.

A major flaw in many studies is that patients are not advised to alter their
diets, so consumption of a small number of omega-3 capsules while consuming
a diet rich in omega-6 oils may result in little benefit—much like adding a few
teaspoons of freshwater to a glass of salt water to diminish the salty taste. There
would need to be a significant shift in the amount of omega-3 fatty acids relative
to omega-6 fatty acids available in body tissues when signals are received for
eicosanoid production in order for the biological response to be affected. It
would be prudent to advise patients wishing to try omega-3 supplements for
many of these disorders to try to minimize their omega-6 vegetable oil intake.

Recent studies have shown that EPA and DHA form some novel omega-3
fatty acid derivatives known as resolvins, docosatrienes, and neuroprotectins
(Serhan et al. 2004). These bioactive compounds have been shown to be
involved in regulating the immune system and protecting nerve tissue from
oxidative damage caused by inflammation. Aspirin modifies an enzyme (COX)
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that forms these compounds, causing the enzyme to make a slightly altered
product known as an epimer, which differs from the natural product by a change
in the arrangement of atoms around one of the carbon atoms. The aspirin-
triggered epimers have potent anti-inflammatory actions just like the natural
(aspirin-free) derivatives of these omega-3 compounds. There will be more on
this in chapter 9.

Fish Oils and Heart Disease

Fish oils, or omega-3 polyunsaturated fatty acids, are promoted for many health
benefits, some of which stem from their ability to form bioactive eicosanoids or
their ability to compete with arachidonic acid in being metabolized to bioactive
eicosanoids. There is a simple effect of fish oils on blood lipoprotein levels that
is not dependent on production of bioactive eicosanoids: they tend to lower
blood cholesterol, as any polyunsaturated fatty acids will do. It is now clear
that omega-3 fatty acids bind more strongly to regulatory elements that control
the expression of enzymes involved in cholesterol synthesis (Schmitz and Ecker
2008). Because omega-3 fish oils tend to have a greater effect than plant oils,
they are expected to have a little stronger effect in lowering blood cholesterol.
Several studies have confirmed their cholesterol-lowering effect, although there
is much variation in individual responses to dietary supplements (Temple
1996).

Some of the physiological effects of fish oils on blood clotting are due to
the conversion of EPA to thromboxane A; (TXA;) and prostaglandin I, (PGI;),
instead of TXA, and PGI,, which are derived from arachidonic acid (Dyerberg
and Bang 1980). Since EPA has one more double bond than arachidonic acid,
the eicosanoid products formed from EPA will have one more double bond than
those formed from arachidonic acid (see appendix C). Such a small difference
in chemical structure may seem quite trivial, but it can have a profound effect
on blood clotting. TXA, will cause platelet aggregation and vasoconstriction
(constriction of the blood vessels), but it is much weaker at either of these
effects than TXA, (the omega-6 thromboxane derived from vegetable oils). PGIj,
on the other hand, is nearly as potent as PGI, at blocking both platelet aggrega-
tion and vasoconstriction. The net effect of having more EPA available in the
membranes, relative to arachidonic acid, is that blood will take longer to clot.
This is a second, and probably much more significant, benefit of fish oil supple-
ments with respect to heart disease—particularly for myocardial infarction.

The major benefit of fish oils with respect to heart disease is the fact that
eicosanoids from omega-3 polyunsaturated fatty acids are less likely than those
from omega-6 polyunsaturated fatty acids to cause premature clotting of the
blood. Their ability to lower blood cholesterol is only marginally, if at all, better
than that of omega-6 polyunsaturated fatty acids. Increased consumption of the
typical American diet, replete with vegetable oils, has decreased the incidence
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of stroke from cerebral hemorrhaging in Japan but increased the incidence of
coronary and cerebral infarction in that country (Okuyama, Kobayashi, and
Watanabe 1996).

The French have always been an anomaly in the eyes of U.S. cardiac
health-care providers and writers because their diets are so rich in saturated
fats and cholesterol, yet their incidence of heart disease is about half that in
the United States. The French paradox is often explained by the fact that the
French typically drink wine with their meals. Some writers have postulated that
alcohol is the factor, although many Americans drink beer and liquor, as well
as wine, so the alcohol argument does not hold up very well. Others argue that
phytochemical antioxidants in the red wine drunk by the French prevent free
radical oxidation reactions that may lead to heart disease. Since it is the poly-
unsaturated fatty acids that are susceptible to free radical oxidations (discussed
in chapter 5), one wonders why everyone ignores this fact when explaining the
French paradox. In other words, the French are consuming lower amounts of the
omega-6 polyunsaturated fatty acids than Americans, which accounts for lower
amounts of polyunsaturated fatty acids available for oxidation in lipoproteins
and consequently less formation of atherosclerosis (see chapter 6).

Unfortunately, much of the U.S. cardiac health community has been
indifferent to the proxidant effects and eicosanoid connections regarding poly-
unsaturated fatty acids. This arises because eicosanoid actions are very complex,
often contradictory, and not well understood by most people outside the eico-
sanoid research community. On the other hand, the cholesterol hypothesis
seems to be quite easy to understand: (1) saturated fats tend to increase blood
cholesterol; (2) polyunsaturated oils tend to lower blood cholesterol; (3) people
with high blood cholesterol, especially LDL-cholesterol, are more likely to have
a heart attack than people with low blood cholesterol. This seems as simple as
one-two-three, but if one wants to understand what causes heart disease, it will
be necessary to probe deeper into the factors involved.

Conclusions

Inflammation is a normal adjunct of an immune response that involves a
concerted series of physiological events. The immune cells mounting an attack
on invading or injured cells release a host of messengers that trigger vasodilation
and increased vascular permeability, which allows leukocytes to get from the
bloodstream to the affected tissue. Edema or swelling ensues from this activity,
and proliferation of cells at the site, along with high metabolic activity of the
leukocytes, generates heat. These effects are augmented by a signaling protein
known as pyrogen. All these events involve eicosanoids at one level or another.
The eicosanoids are often prerequisite, or acting upstream in the physiological
sense, for the actions of cytokines and other cell-signaling mediators. There will
be further discussion of many of these actions in later chapters.
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Polyunsaturated fatty acids are now known to be involved in a wide range
of biochemical and physiological phenomena related to many diseases, but
they are often overlooked or not emphasized by professionals who are giving
advice on diet and health. Genetic variation has also received wide recognition
as a factor that affects blood lipids and risk for many diseases. The following
chapters will bring to light many of the beneficial as well as deleterious effects
of dietary polyunsaturated oils.



Signals, Messengers, and Responses

There are countless signals impinging on cells all the time in order to keep
them in synchrony with the rest of the body. They also respond to various
changes in environment and nutritional status. Whether a cell responds to a
particular signal or not depends on whether that cell has the equipment to
respond. Cellular equipment refers to proteins, which are responsible for most
of what happens in a cell.

An analogy may help to give a clearer picture. For example, a radio station
sends its signals across the airwaves, but only those who happen to have their
radios turned on and tuned to the proper frequency will receive the signal for
that particular station and respond, whether the response is just the pleasure of
listening or being cajoled into calling the station to win a prize. Similarly, cells
will respond to specific signals if they have receptors (proteins) to bind specific
chemical signals (such as hormones) that may be sent in their direction. As
different listeners to the radio may react to what is being sent across the airwaves
in different ways, cells in the body may react to a particular hormone in different
ways, depending on the type of cell (for example liver, muscle, heart, or brain).

Signals in our modern culture come in many different forms, such as radio,
television, cellular phones, or remote control devices, each of which may have
electromagnetic waves emitted from a source and captured by a receiver. Signals
in the body also come in different forms but generally depend on chemicals
secreted by one cell and received by another cell. Chemical signals secreted by
specialized cells known as glands travel through the bloodstream as hormones
to affect other cells throughout the body. This would be analogous to radio
waves that cover a large geographical area and are available to a wide range of
people.

On the other hand, neurotransmitters are typically released by one cell and
travel only to an adjacent cell to accomplish their mission. This would be like
a remote control device for controlling a television set that works only in close
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proximity to the set. There are many other messengers that fall into categories
between these extremes, often affecting cells in a localized area, such as the
control of smooth-muscle cells in the digestive and circulatory systems or those
causing pain and inflammation where there is an infection or injury. Such
paracrine messengers target only specific types of cells in a localized region,
which might be analogous to police band or fire department radios that cover a
limited range and are available to a limited number of people.

Electrical signals in the body are extremely fast and are elicited by the move-
ment of ions (electrolytes) across cell membranes, some of which result in a
discharge of the membranes that can cause the far end of the cell to react within
milliseconds. The ions involved in electrical signals are usually sodium (Na*),
potassium (K*), calcium (Ca2+), and chloride (Cl~). These ions behave much as
electricity does in wires, causing things to happen quickly. For example, when
a nerve cell receives signals to communicate (send its own signal), sodium and
calcium ions surge into the nerve cell at specific locations known as ion chan-
nels, ultimately causing that nerve cell to release its chemical transmitters to
the next cells. Potassium and chloride ions flow across membranes through their
own ion channels, generally to counteract the effects of sodium and calcium,
keeping the system more or less in balance. The cell must be well charged for
these ionic signals to work properly, and there are pumps in the cell to move
these ions back to the compartments where they are supposed to be in order to
recharge the cell—much like recharging a battery. Many of the events involved
in neurotransmission (nerve impulses) are described in appendix E.

Molecular signals are generally slower than electrical signals, operating
in seconds or minutes rather than in milliseconds. Many of the intercellular
messengers need not enter the cells but instead bind to receptors on the surface
of the cells, thereby causing things to happen inside the cell. This is like a
messenger going to the entry of a high-security building. The messenger is not
allowed in but gives the message to the guard at the door. The message may
have to be transferred to another messenger inside the high-security area, and
it may get delivered to several different recipients. An interesting system in the
body that is well understood in biochemical terms is the signal sent to the liver
and muscles from the adrenal gland when there is danger about. This messenger
system will serve well to illustrate the general principle.

Epinephrine Receptors Exemplify Signaling Mechanisms

When we see or hear something that frightens us, the brain sends out an
alarm. The adrenal gland receives signals from the brain to release epinephrine
(also called adrenaline). This hormone travels through the blood and binds to
specific receptors on cells that recognize this hormone. When the epinephrine
binds to its receptors on the surface of liver or muscle cells, it causes an enzyme
inside the cell membrane to become activated and catalyze a chemical reaction
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that produces another messenger known as cyclic-adenosine monophosphate
(or cyclic AMP) inside the cell. Each signal burst may produce thousands of
cyclic AMP molecules. Such intracellular messengers formed in response to an
external signal are called second messengers.

Cyclic AMP is formed from the high-energy compound known as ATP
(adenosine triphosphate). After many molecules of this second messenger are
formed, these cyclic AMP molecules will activate specific proteins in the cell.
One protein that cyclic AMP activates is an enzyme known as protein kinase
A. This enzyme will transfer a phosphate group from ATP to several different
proteins in the cell, such as enzymes, transporters, receptors, and ion channels,
depending on the type of cell and its functions. Some of these proteins become
more active as a result of the phosphate being attached, while others become
less active, resulting in some metabolic pathways or cell functions being turned
on and other metabolic pathways or cell functions being turned off.

When epinephrine binds to beta-receptors on the surface of liver cells, the
levels of cyclic AMP in liver cells rises, and specific proteins become activated
or inactivated (see figure 4.1). As a consequence, the metabolic pathway for
storing glucose as glycogen (starch) in those cells is turned off, and the pathway
for breaking down glycogen in the cell to form glucose is turned on. Glycolysis,
the pathway for metabolizing glucose for energy, is turned off as well, so the
liver cells will not use up the glucose that is needed for other cells in this alarm
response. Epinephrine is signaling the body to prepare for fight or flight; in
either case, more glucose will be needed by the muscles and heart, so the liver
cooperates by releasing glucose it has stored as glycogen.

The cyclic AMP and activated protein kinase A in the heart and skeletal
muscles cause enzymes for glycolysis to be turned on (the opposite of cyclic
AMP’s effect in the liver), resulting in activation of this pathway of glucose
metabolism for energy production. The energy will be needed to get the heart
pumping faster and the muscles ready to spring into action. Although glycolysis
is affected in different ways in the liver (inhibited) compared with the heart
and muscles (activated), the pathway for breaking down glycogen is activated
in all three tissues. The heart rate (beats per minute) and force of contraction
increase as a result of protein kinase A attaching phosphate groups to ion chan-
nels, decreasing the movement of potassium and enhancing calcium movement
in response to sympathetic nerve stimulation.

The increased levels of cyclic AMP in some cells may ultimately have effects
in the nucleus, causing certain genes to be expressed and thereby producing
specific proteins that may be needed for a response. This may be how stress,
which prolongs elevated levels of epinephrine in the blood, causes certain
changes to take place in the body that can be longer lasting than just the activa-
tion of certain proteins for a few minutes during the fight-or-flight response.
There may be many signals involved in response to stress that reinforce one
another or cancel other signals.
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Physiologic Actions of Adrenergic Recepters
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Other cells in the body may respond in a completely different manner

compared with liver, muscle, or heart cells. For example, some cells in other
tissues make receptors for epinephrine that inhibit the enzyme that makes
cyclic AMP (see the alpha-2 receptors in figure 4.1). This would result in blocking
the events described above for the beta-receptors. Furthermore, epinephrine

is not the only hormone that activates the enzyme that forms cyclic AMP, so

what seems like a contradictory action of epinephrine in some cells may be a
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control to keep the response of certain cells in check when epinephrine has
been secreted into the blood. Those cells might be responding to some other
signal at the time the epinephrine signal is received, so epinephrine may modu-
late the other signal, making it stronger or weaker. Some blood vessels tend to
constrict, while blood vessels in the heart and skeletal muscles dilate. Airways
in the lungs dilate to reduce resistance to airflow during breathing.

The alpha-1 receptors are linked to a different enzyme known as phospho-
lipase C, which splits the phospholipid phosphatidyl inositol 4,5-bisphosphate
(PIP,) into two pieces, one being inositol triphosphate (IP;) and the other diacyl-
glycerol (DAG) (see figure 4.2). Inositol triphosphate acts as a second messenger
within the cell to release calcium from intracellular storage sites. The released
calcium causes a wide range of changes to take place inside the cell, by affecting
the activity of specific proteins. Diacylglycerol cleaved from the other half of the
phospholipid activates an enzyme known as protein kinase C, which attaches
phosphate to a wide range of proteins in the cell, causing those proteins to
become activated or inactivated. Protein kinase C and protein kinase A (acti-
vated by cyclic AMP, as described above for the beta-receptors) both attach
phosphates to many different proteins in cells. The subsequent effects depend
on the specific proteins and their functions in the overall scheme of metabolism
and communication. Most proteins phosphorylated by protein kinase A will not
be phosphorylated by protein kinase C and vice versa, but some proteins may
be phosphorylated by both. The activation of phospholipase C by an incoming
signal sparks a two-pronged response in the receiving cell—one because of a
sudden increase in calcium levels in the cell, the other because of activation of
protein kinase C and attachment of phosphate to numerous proteins, altering
their activities or functions.

Despite the inherent complexity of such disparate and conflicting actions
related to the epinephrine system, they make sense in the context of the bigger
picture of a body fine-tuning its responses to the environment. At least four
different types of receptors have been characterized for epinephrine: alpha-1
(ay), alpha-2 (a,), beta-1 (B,), and beta-2 (B,). There are others, but they are
less abundant and less understood. Each of these four also work as receptors for
the sympathetic neurotransmitter norepinephrine (also called noradrenaline),
although some favor epinephrine while others prefer norepinephrine in terms
of their binding affinity and distribution in the body. Epinephrine is primarily
a hormone that circulates throughout the body, whereas norepinephrine is
primarily a neurotransmitter that sends signals across a synapse to an adjacent
cell. The sympathetic nervous system stimulates the adrenal medulla to secrete
epinephrine, so these similar catecholamines work together in a kind of synergy.
Epinephrine and norepinephrine have similar chemical structures, so it is not
surprising that they bind to the same receptors.

There are a phenomenal number of messengers in the body, with ten or so
of the classical amine and amino acid neurotransmitters and hormones (such as
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FIGURE 4.2. Splitting of phosphatidyl inositol-4,5-bisphosphate by phospholipase C
to produce inositol triphosphate (IP3) and diacylglycerol (DAG).

epinephrine, norepinephrine, dopamine, serotonin, acetylcholine, histamine,
glutamate, and gamma-aminobutyric acid or GABA). There are nearly one
hundred different peptide neurotransmitters and hormones that have been
identified (insulin, glucagon, endorphins, and adrenocorticotrophic hormone
or ACTH, to name only a few). Several of these peptide hormones are formed
from the same original protein (such as beta-endorphin and ACTH) but differ
slightly in the way the protein is processed from one type of cell to another.
There are about ten different steroid hormones formed from cholesterol, and
scientists are finding more and more messengers that are being formed from
polyunsaturated fatty acids. Since this book focuses on lipids, some of these
lipid messengers will be discussed in the context of how they work.

Lipid Messengers

Lipid messengers differ from water-soluble messengers in that they can, and
usually do, cross cell membranes and bind to receptors either inside the
receiving cell or possibly on the surface of the cell. For example, some steroid
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hormones traveling through the bloodstream can diffuse through the plasma
membrane of a cell and eventually penetrate the nuclear membrane. Steroid
receptors are usually located in the nucleus of the cell, where the receptor binds
the steroid hormone and the steroid hormone-receptor complex then binds to
a specific site on DNA known as the hormone response element, as shown in
figure 4.3. This allows a segment of the DNA (a gene) to be expressed, resulting
in synthesis of a specific protein in the cell. An unoccupied steroid receptor may
bind to the DNA and turn off the expression of certain genes. When the steroid
arrives, it releases the lock on those genes. This is how many steroid hormones
and related steroid drugs work.

Testosterone, the male steroid sex hormone, for example, can bind to recep-
tors in muscle cells, allowing the genes for muscle proteins to be expressed
and thereby making more muscle mass, which is characteristic of males. Other
signals, such as weight-bearing exercise, must also occur for optimum effect.
Many athletes have found that anabolic steroids (synthetic substances that
mimic the actions of testosterone) will help them bulk up in muscle mass
more than they would from the natural levels of testosterone that are present.
Because women produce much less testosterone than men, their bodies tend
not to produce as much muscle mass, even when they do strenuous exercise.
However, anabolic steroids will cause women to build more muscle mass with
strenuous exercise, but they may also induce many undesirable effects that go
along with masculinity, such as appearance of facial hair and disruption of the
menstrual cycle. Testosterone (and anabolic steroids) can have many effects
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in different types of cells in the body, in addition to their anabolic (tissue-
building) effects in muscle.

There is a family of proteins that bind cholesterol and regulate expression of
multiple genes for proteins or enzymes involved in cholesterol biosynthesis and
transport. They were given the descriptive name of sterol regulatory element
binding proteins (SREBP) and belong to a family known as leucine zipper tran-
scription factors. When cholesterol levels are high in the cell, cholesterol binds
to SREBP-Ic, and the complex moves into the nucleus to alter transcription of
several genes (Brown and Goldstein 1997). This results in an increase in enzymes
involved in the synthesis of fatty acids and other lipids. Long-chain (twenty or
twenty-two carbons) polyunsaturated fatty acids are known to suppress expres-
sion of SREBP-Ic, resulting in decreased synthesis of new lipids. The long-chain
polyunsaturated fatty acids bind to a variety of other nuclear transcription
factors and lipid receptors to alter a wide range of gene expression (Jump 2008).
In this way dietary polyunsaturated oils alter not only the profile of blood lipids
(cholesterol, LDL, VLDL, and HDL) but also affect several cellular systems.

There are many other lipid messengers that have a wide range of effects
on different cells, many of which are not completely understood in terms of
their biochemical processes. Because these messengers can diffuse across cell
membranes, they are able to enter cells in the region where they are produced.
They may be produced in the nervous system in response to neurotransmis-
sion, where a neurotransmitter triggers a cascade of second messengers in the
receiving cell that subsequently activate enzymes to form a lipid messenger.
The lipid messenger may then drift back to the cell that sent the original signal,
resulting in some modulation or down-regulation of the signals being sent by
that cell. This is known as a retrograde signal and helps to keep the nervous
system in balance.

The lipid messengers tend to be extremely potent and are proving to be
extremely complex in their actions as well. It was originally thought that any
actions of the polyunsaturated fatty acids (PUFAs) on cells would be due to
the PUFAs being metabolized by enzymes to other bioactive lipid messengers.
However, there is a large body of evidence accumulating that indicates PUFAs
may also be acting as messengers or signals without being metabolized (Briscoe
et al. 2003; Brown, Jupe, and Briscoe 2005). Many of the effects observed
regarding PUFAs may be due to their ability to get proteins to interact better
with membranes and altering the activity of those proteins. Biochemists often
find it difficult to tease out the mechanisms by which these fatty acids alter
cellular activities because there are so many possibilities for them to get metab-
olized by many different enzymes. When the integrity of a cell is destroyed in
order to find these molecules, the lipid messengers may become transformed as
a result of the assault.

The metabolism of PUFAs to form known bioactive messengers gives rise
to a staggering array of possibilities, as described in chapter 2. For example,
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arachidonic acid is normally found attached to the phospholipids of cell
membranes. Certain signals can activate the enzyme known as phospholipase
A, (PLA,) that releases the arachidonic acid from the cell membrane, making it
available to be metabolized by a variety of different enzymes in the cell where
it originated or in neighboring cells where it may happen to wander. One of
these enzymes is cyclooxygenase (COX), which sends the arachidonic acid
along a metabolic pathway leading to either prostaglandins or thromboxanes,
depending on whether the cell where this metabolism takes place contains the
battery of enzymes for the former or the latter.

Blood platelets contain enzymes to convert arachidonic acid into throm-
boxane A, (TXA,), which causes the platelets to stick together (aggregate)
and smooth muscles surrounding the blood vessels to contract and constrict
the vessel. The net result of these actions of TXA, is to initiate a blood clot.
There is an onslaught of molecular events triggered by TXA, that are involved
in the clotting process (see figure 4.4). These include activation of the enzyme
thrombin to transform fibrinogen circulating in the bloodstream into active
fibrin, which creates the protein meshwork for a blood clot. Aspirin inhibits
formation of TXA, to prevent initiation of this process. Coumadin (warfarin)
inhibits the transformation of fibrinogen to fibrin to block the ultimate forma-
tion of a clot after the TXA, has initiated events. Although low-dose aspirin is
effective at suppressing the initiation of a blood clot, there has been a trend
toward using coumadin for people at risk of premature clotting. Coumadin,
originally marketed as rat poison, can prevent clot formation when there is
minor internal bleeding. The physician must monitor the patient on Coumadin
closely to assure the proper dosage of this dangerous drug. Careful monitoring
is needed to prevent the patient from succumbing to the action of this drug that
kills rats—death from internal hemorrhaging.

Vascular endothelial cells (the cells that form the blood vessels) have a
different battery of enzymes that result in the arachidonic acid being converted
into prostaglandin I, (PGI, or prostacyclin), which prevents the platelets from
sticking together and relaxes the smooth muscles surrounding the blood vessels.
It counteracts the effects of TXA,. This may sound counterproductive, but it
works well to keep the vascular system in balance. Thrombosis occurs where the
vessel is leaking but not in the regions beyond. Since aspirin blocks formation
of both TXA, and PGI,, both the prothrombotic and antithrombotic eicosanoids
are suppressed. It would seem much more reasonable to use aspirin for prema-
ture clotting problems than Coumadin, in view of the much narrower window
for effective dose in the case of Coumadin. In addition, aspirin therapy is only a
small fraction of the cost of Coumadin therapy and monitoring.

Arachidonic acid can be metabolized by another enzyme known as
lipoxygenase, found in many kinds of white blood cells and other types of
cells, sending it down a different metabolic pathway to form a family of potent
messengers known as leukotrienes. These include leukotrienes A4, By, and so on
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to E,. Leukotriene B, (LTB,) is known as a chemotactic agent that attracts white
blood cells to the site where it is produced. It is produced by cells where there
has been an injury or infection. For example, if you get a splinter in your finger,
the tissue surrounding the splinter produces LTB,, which diffuses away from
the site. When the LTB, comes in contact with a leukocyte (white blood cell) in
the bloodstream, the leukocyte will squeeze through the cells lining the blood
vessels and move toward the site where the LTB, is being produced (toward
higher concentrations of LTB,).

Other leukotrienes formed from arachidonic acid include LTC,, LTD,, and
LTE,, which together are known as slow-reacting substance of anaphylaxis. These
are substances produced in an allergic reaction that cause alveoli of the lungs
to contract, making it extremely difficult to breathe or get air into the lungs.
They are responsible for asthmatic attacks. Such a life-threatening response
mechanism most likely evolved to minimize the amount of noxious substances
taken into the lungs when they are in the air we are breathing. This would alert
us to a toxic environment and get us to move as quickly as possible to fresh
air. I remember experiencing a most unpleasant sensation when lying down in
a shallow pool of water at a hot spring. The sulfurous gases in the hot spring,
which were hanging low above the water because they are more dense than air,
triggered the production of these leukotrienes in my lungs and caused constric-
tion in my airways. I immediately realized that it was not good for me to stay
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there breathing these noxious fumes and quickly got out to fresh air, where I
recovered my normal breathing after a few minutes. Unfortunately, most people
with severe cases of asthma are unable to get relief so easily.

The large increases in severe asthma in industrialized countries may be
due to higher levels of omega-6 polyunsaturated fatty acids in the diet that
become available for leukotriene production in the lungs. This will be discussed
at greater length in chapter 9.

There are at least three different forms of lipoxygenase enzymes in different
cells of the body, with one of them initiating the leukotriene pathway. Other
bioactive products formed by these enzymes are known as HETE, short for
hydroxyeicosatetraenes. These are also potent messengers that are not that
well understood, but some appear to have anti-inflammatory properties, while
others are proinflammatory. The metabolism of these substances may take
place in more than one cell, a process known as transcellular metabolism; after
one hydroxy group is placed on the arachidonic acid in one cell, it diffuses to
another cell, where one or two more hydroxy groups may get attached (Serhan
and Oliw 2001). There will be more about these in chapter 9.

Endocannabinoids—the Body’s Own
Intoxicating Lipid Messengers

Perhaps some of the more interesting metabolites of arachidonic acid are the
endocannabinoids. The name is derived from the fact that they are substances
produced in the body (endo) that bind to the same receptors in the body as tetra-
hydrocannabinol (THC), the active component of marijuana (Cannabis sativa).
The first endocannabinoid to be discovered was anandamide, whose chemical
name is N-arachidonylethanolamide. This lipid messenger has arachidonic acid
attached to the nitrogen atom of ethanolamine. Ethanolamine is formed by
decarboxylation of the amino acid serine. It is related to choline and is found
in the phospholipids of membranes (phosphatidyl ethanolamine). A series of
enzyme-catalyzed reactions attach three methyl groups to the nitrogen atom of
ethanolamine to produce choline. Choline is not only a component of lecithin,
a cell membrane phospholipid, but is also a component of the neurotransmitter
acetylcholine. So both ethanolamine and choline are components of phospho-
lipids, and each is a component of a different messenger or signaling agent.
The psychoactive effect of marijuana has been known for thousands of years,
although the active component, THC, was isolated from the plant only in 1964
(Gaoni and Mechoulam 1964). The endogenous compound was not discovered
until 1992 by William Devane and colleagues (Devane et al. 1992). The name
anandamide was derived from the Sanskrit word ananda, meaning bliss, and the
fact that the compound is in the chemical class known as amides. Additional
compounds in the endocannabinoid family include several ethanolamine deriva-
tives of other polyunsaturated fatty acids that appear to require at least three
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double bonds and at least twenty carbon atoms in the fatty acid (Mechoulam,
Hanus, and Martin 1994). In addition, arachidonic acid may form an ester link to
ethanolamine, meaning that the arachidonic acid gets attached to the opposite
end of the ethanolamine molecule (figure 4.5). Some endocannabinoids have
antagonist activity, meaning that they bind to the cannabinoid receptor but
rather than activate the receptor they block it (Porter et al. 2002).

Another endogenous ligand for the cannabinoid receptor is 2-arachidonyl-
glycerol and its ether analog, where arachidonic acid is attached to glycerol, a
component of triglycerides and most phospholipids. The early pioneers in the
cannabinoid field, Raphael Mechoulam and his colleagues at Hebrew University
in Jerusalem, as well as many other investigators, have identified a wide range
of compounds produced in the body that bind to cannabinoid receptors.

Cannabinoids, whether formed in the body or obtained from external
sources such as marijuana or THC in pharmaceutical form, have many and
varied effects in the body. They were found to relax the smooth muscles
surrounding blood vessels (dilating the blood vessels) to varying degrees in
different vascular preparations, either from different tissues of a species or from
the same tissue in different species, and may have no effect in some vascular
preparations (Randall, Kendall, and O’Sullivan 2004). It would seem that THC
dilates the blood vessels in the eye, causing the bloodshot eyes or redness often
seen in some individuals who smoke marijuana. However, not all individuals get
bloodshot eyes when smoking marijuana.
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| s
CI—:\ AL CH:\
amide linkage ester linkage
Anandamide Virodhamine (ester)

Alcohol derivative

— Arachidonate —r Glyercerol | [~ ofArachidonate ——[— Glycerol =
CHZOH CHZOH
C o — CH —0— CH
m \CHZOH m \CHZOH
ester linkage ether linkage
2-Arachidonylglycerol (2-AG) Noladin (ether)

FIGURE 4.5. Structures of some endocannabinoids.
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Studies on cardiovascular effects of cannabinoids have reported both
increases and decreases in blood pressure. Cannabis (marijuana) can occasion-
ally cause pronounced increases in heart rate (tachycardia) in humans, although
the effect in animals is usually to slow heart rate (bradycardia). Studies in
anesthetized animals are sometimes in conflict with studies in unanesthetized
animals. Some studies found that cannabinoids block release of norepinephrine
from neurons. Norepinephrine helps to regulate blood pressure and heart rate
in complex ways.

Cannabinoids, particularly those taken from external sources, have complex
actions in the brain, causing a wide range of effects on memory, cognition,
spatial perception, and coordination. The cannabinoid receptor is one of the
most abundant modulatory (not causing direct excitation or inhibition of
neuron firing) receptors in the brain. When neurons are firing, it seems the
receiving cells may produce the endocannabinoids in response to overstimula-
tion. The endocannabinoids then diffuse back to the nerve terminals where the
excitatory (or perhaps inhibitory) signal was originally sent. When the endocan-
nabinoids bind to the CBI cannabinoid receptor in the brain, it inhibits the
production of the second messenger cyclic AMP in the nerve terminal (similar
to the action of epinephrine at alpha-2 receptors discussed above). This will
affect the movement of ions in and out of the nerve terminal, resulting in less
release of neurotransmitter (Fride 2002). The neurons probably produce the
endocannabinoids only when there is too much activity, trying to restore a
balance to brain activity.

Muscular coordination can be impaired by smoking marijuana because
neurons that fine-tune the signals involved in fine-motor coordination may also
be hampered by THC. THC in pharmaceutical form (Marinol) has been approved
by the FDA for treatment of anorexia associated with AIDS, and CB1 receptor
antagonists have been tested for treatment of obesity. Although subjects taking
the receptor antagonist rimonabant experienced significantly greater weight loss
than subjects taking a placebo, many more drug-treated patients than placebo
takers dropped out of the study because of side effects (Van Gaal et al. 2008).
Side effects included nausea, depression, anxiety, and irritability (which seem
to be similar to some withdrawal effects from marijuana). Clearly such drugs are
not going to be the magic bullet for combating obesity.

When a person smokes marijuana, THC floods the brain, binding to the
cannabinoid receptors and slowing down neural transmissions universally.
This affects systems responsible for short-term memory, and when short-term
memory is interrupted, long-term memory formed from the short-term memory
will also be impaired. This begs the question of why we would have an endog-
enous system that would interrupt short-term memory. But think about all those
sensory inputs entering the brain every day that you would not want cluttering
your precious memory capacity. Why are some experiences selected for memory
storage while others are not? There is still much to be learned about this system.
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These are just some of the diverse effects that marijuana can have, but it is easy
to see that one of its overall effects is to slow down neurotransmission.

Cannabinoid receptors are widespread in the body; they are found not only
in the nervous system but also in spleen and lymph nodes (immune system)
(Lynn and Herkenham 1994). They are abundant in areas of the brain that are
responsible for thought processes (cerebral cortex), memory (hippocampus),
and emotion (amygdala), although there seem to be relatively few cannabinoid
receptors in the brain stem, which regulates basic life functions such as heart-
beat and diaphragm movement. This may be the reason there is no evidence
of anyone dying from an overdose of THC (Pollan 2001). The list of effects
associated with the cannabinoid system in the body continues to grow. Studies
indicate that increased activity of the cannabinoid system in the brain may be
involved in the pathogenesis of schizophrenia (Ujike and Morita 2004). Smoking
marijuana can produce paranoia. It has also been found that blocking or inac-
tivating the CBI receptors in rodents’ brains can produce anxiety-like responses
and aggressive behavior. Aggressive behavior may also be a withdrawal effect in
some (not all) humans who smoke marijuana.

In addition to the wide range of endogenous cannabinoids produced in
the body and the diversity and distribution of the cannabinoid receptors, there
is also a great deal of interest in the activities of the enzymes that produce
endocannabinoids, as well as those responsible for their metabolic inactivation
or elimination. Genetic variations in these enzymes may lead to a wide range
of physiological and psychological effects of both endogenous and extraneous
cannabinoids in different individuals. Development of drugs that inhibit the
enzymes would have great potential for a wide range of therapeutic effects,
albeit at the expense of great potential for undesirable side effects in view of
the broad distribution and complex actions of the endocannabinoids.

Nitric Oxide—Another Unconventional Messenger

The cannabinoids also seem to stimulate production of nitric oxide (NO), which
until the 1980s was thought to be just a noxious pollutant in the air we breathe
(Deutsch et al. 1997). It turns out to be another messenger in the body that
causes relaxation of smooth muscles surrounding blood vessels and lowers
blood pressure. Drugs such as nitroglycerin and amyl nitrate are often given
to patients with acute angina (chest pains near the heart), which is caused
by constriction of the blood vessels around the heart and can lead to a heart
attack. These drugs get metabolized in the body to nitric oxide, resulting in
dilation of the blood vessels and relief of the pain of angina.

Nitric oxide was also found to be a messenger that causes relaxation of
the arterioles (blood vessels) in the vascular chambers in the penis, giving rise
to an erection. Other factors or messengers, including the parasympathetic
nervous system, are involved in the erectile response, so heart patients taking
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nitroglycerin or amyl nitrate for a sudden attack of angina will not necessarily
get an erection. Amyl nitrate is often put in a small capsule that is popped open,
and the volatile drug shoots out as a gas that can be inhaled. This form of the
medication became popular, especially in the gay community, as a street drug
known as “poppers” for enhanced penile erections. There is anecdotal evidence
that cannabinoids or smoking marijuana can enhance male performance,
perhaps through its stimulation of nitric oxide production, although scientific
studies of this aspect of cannabinoid pharmacology are lacking. In view of the
many and varied responses of cannabinoids, smoking marijuana would probably
not give a consistent effect in this context. This is mainly due to the fact that
the endocannabinoids seem to be adjunct or cosignaling agents and many other
messengers are interacting with these to produce an overall neurophysiological
effect.

How is it that Viagra, the drug that is widely used for erectile dysfunction
or impotence, works to accomplish the same feat? The NO signal results in
production of cyclic guanosine monophosphate (cyclic GMP) in the arteriolar
smooth-muscle cells of the penis. Cyclic GMP is a close relative of cyclic AMP
mentioned earlier. Cyclic GMP is the intracellular second messenger that brings
about relaxation of the smooth muscle by altering ion channels in these cells.
An enzyme known as phosphodiesterase breaks down the cyclic GMP, resulting
in the ion channels returning to their previous state and contraction of the
smooth muscles to constrict the arterioles. The penis then returns to its normal
flaccid state. Viagra (generically known as sildenafil) inhibits phosphodies-
terase, preventing this enzyme from breaking down cyclic GMP. The smooth
muscles remain relaxed for a longer time, and the arterioles remain dilated to
keep the vascular chambers filled with blood. Viagra has its effect downstream
from nitric oxide and the production of cyclic GMP, so it will not initiate an
erection but only prolongs an existing one. To borrow an analogy from Lauralee
Sherwood, author of a textbook on human physiology, “Just as pushing a pedal
on a piano will not cause a note to be played but will prolong a played note,
sildenafil cannot cause the release of nitric oxide and subsequent activation
of the erection-producing cGMP, but it can prolong the triggered response”
(Sherwood 2004, 767).

Conclusions

There are a host of messengers in the body that fall into the class of peptide
(small protein) neurotransmitters, hormones, and cytokines. These peptide
messengers will be discussed in the context of their interactions with the lipid
messengers on many occasions throughout this book. Their actions are elicited
in the same way as those of other messengers, through binding to their receptor
proteins, which trigger some change in enzyme activity or other alterations in
the actions of proteins.
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The three different modes of signal transduction represented by adrenergic
(epinephrine and norepinephrine) receptors are common among the numerous
hormones and neurotransmitters that will be discussed in later chapters. The
action of steroids on their nuclear receptors to promote gene expression and
protein synthesis is one of several variations on the regulation of gene expres-
sion. The process by which nitric oxide relaxes smooth muscle has several
features in common with the visual process in the retina of the eye, as well
as with other physiological processes. The means by which insulin and other
growth factors affect cellular metabolism will be described in the context of
obesity (chapter 14). Research is just beginning to reveal how these few common
signaling mechanisms can give rise to a wide range of biological responses. This
has been a brief and incomplete description of the actions of messengers in the
body, but it is intended to give the reader an appreciation for how signals affect
their target cells and for the role of lipids as messengers.



Oxidation and Lipid Peroxidation

Oxygen is essential for survival. Without sufficient oxygen, as a result of
suffocation or because the heart stops pumping oxygenated blood through our
arteries, we can die within minutes. When life in the form of simple unicellular
organisms evolved, there was virtually no oxygen in the earth’s atmosphere.
It was not until photosynthetic organisms such as cyanobacteria evolved that
oxygen began to accumulate in the atmosphere and in the oceans. However,
because of its chemical reactivity, it was rapidly consumed in the early environ-
ment. Substances with which it reacted were ultimately used up (oxidized), and
oxygen began to accumulate. It eventually made up about 20 percent of the
atmosphere, where it has remained for hundreds of millions of years (Kump,
Kasting, and Crane 1999, 182).

Oxygen’s Toxic Properties

Primitive biological organisms floating around in the early seas, when oxygen
levels were low, needed to develop ways to protect themselves from oxygen
and its highly damaging free radicals. Those that did not evolve with protec-
tions succumbed to the ravages of oxygen in their environment and died out.
Most organisms evolved with elaborate systems, programmed in their genetic
makeup, to ward off the detrimental reactions of oxygen. Eventually some
organisms evolved with systems to utilize oxygen for their own benefit; these
are known as aerobic organisms. They tend to be much more complex than
anaerobic organisms, including their ways for handling oxygen to avoid being
destroyed by this life-sustaining gas.

Substances that readily react with oxygen are generally known as reduced
substances, whereas those formed after they react with oxygen are oxidized sub-
stances. The process of reacting with oxygen is known as oxidation. Chemists
have several ways of defining oxidation, but it will suffice to say that substances
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that are produced after reactions with oxygen are oxidized, whether they react
directly with oxygen or indirectly through intermediary molecules.

Oxygen may go through several stages in the process of reacting with other
substances, depending on what substance it reacts with and the environment
where the reaction takes place. The stages that oxygen goes through between
molecular oxygen in the air and the combined form in water, as a result of a
series of single-electron reductions (+e-), are represented as follows:

+e~/H* +e”/H* +e” +e~/H*

where O, is molecular oxygen; O,~ is known as superoxide anion (a free radical);
HO, is the perhydroxyl radical (an acidic form of superoxide); H,O, is hydrogen
peroxide, a highly reactive substance but not a free radical; OH (often written
as OH*) is the hydroxyl radical, one of the most reactive substances known,
which never exists for more than a fleeting instant in the environment because
of its propensity to react with almost anything it encounters; and H,O is water,
which also exists in its acidic (H;0*) and alkaline (OH~) forms. It is possible for
hydrogen peroxide to form its alkaline anion (HO,"), although this is important
only under strong alkaline conditions.

Another form of molecular oxygen, known as singlet oxygen (10,), is much
more reactive toward organic and biological molecules than the common form
of oxygen in the atmosphere, which is technically known as triplet oxygen (30,).
Singlet oxygen may be generated in biological systems under certain conditions
and may be involved in many of the damaging reactions discussed below. The
free radicals and other reactive forms of oxygen listed here are collectively
known as reactive oxygen species. Ozone and some highly reactive organic
substances (such as lipid peroxides discussed below) are also lumped into
this category of reactive oxygen species. Although they may occasionally play
a beneficial biochemical or physiological role, they are more often associated
with adverse health conditions. Their detrimental chemical characteristics are
frequently involved in toxic effects.

Managing Our Oxygen

When we breathe air into our lungs, oxygen crosses membranes of cells lining
the alveoli of the lungs, enters the blood, and crosses membranes of red blood
cells in the capillaries of the lungs. Red blood cells contain hemoglobin, a
protein whose primary function is to escort oxygen to tissues where it is needed
and prevent unwanted reactions. Hemoglobin is uniquely designed to pick up
oxygen molecules in the lungs, where oxygen is abundant, and release it in
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tissues that are actively working. Muscle has another specialized protein known
as myoglobin, which binds oxygen after it is delivered and stores it for times
when muscle cells suddenly need the oxygen. Myoglobin binds oxygen even
more strongly than hemoglobin does, so when the tissue has used up most of
its oxygen reserves, myoglobin draws the oxygen away from hemoglobin—much
like a game of tug-of-war—to replenish the stockpile in that tissue. Conse-
quently, these two proteins keep most of the oxygen supply bound up in their
clutches, with very little oxygen floating around freely to react indiscriminately
with substances in the body.

In order for cells to utilize oxygen for their metabolic needs, the oxygen
must be able to diffuse into cells to specific sites where proteins ensure that the
proper chemical reactions take place. This means that the oxygen must break
free from hemoglobin and myoglobin to traverse cell membranes. There are
occasional mishaps, and free oxygen can react with substances in cells that lead
to destructive consequences. Destructive effects caused by oxygen in biological
tissues are known as oxidative stress. When this happens, cellular enzymes can
often repair the damage done and keep cells functioning as they should. If there
are too many incidents of oxygen reacting with cellular components, the damage
may become too extensive for repair processes, and cells may die. Many cells in
a tissue may succumb to the same oxidative stress, resulting in tissue necrosis
(death of the tissue).

It is fortuitous that oxygen does not react with most biological or organic
molecules under normal physiological conditions (body temperature and neutral
pH). However, there are catalysts that can speed up random reactions of oxygen
with biological molecules. For example, ferrous iron (Fe(Il) or Fe?*) is very good
at promoting reactions of oxygen with biological molecules. Organisms evolved
mechanisms early in evolution to avoid having free iron floating around in
cells; virtually all the iron in living organisms is bound up in proteins, either
to impart a specific function to that protein, as in hemoglobin and myoglobin,
or to transport or store the iron. Transferrin is a protein that transports iron
through the blood, and ferritin is another protein in cells that stores iron after
it has been delivered to cells. When proteins that need iron are synthesized,
just enough iron is provided, and the rest remains bound to ferritin. There are
also proteins that bind copper and other metals to prevent those metals from
catalyzing unwanted reactions involving oxygen.

Although oxygen and metal ions are bound up by proteins and their free
concentrations are severely limited, it is necessary for them to diffuse from
one binding site to another for their proper utilization. During these fleeting
instances reactions may occur that result in damage. It is necessary to get free
oxygen, a catalyst, and the organic molecules together in the same place for reac-
tions to occur. Free oxygen is especially prevalent near the lungs. If substances
such as low-density lipoprotein (LDL) are in the circulation for a long time,
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there is greater likelihood that conditions will be met for oxidation reactions
to ensue. There are environmental pollutants (ozone) and foreign substances
(xenobiotics) that can stimulate these deleterious reactions.

Antioxidant Systems

Organisms evolved with numerous systems to protect them from the ravages of
oxygen. In addition to proteins that keep oxygen and metal ion catalysts bound
up and unreactive, there are enzymes that eliminate reactive oxygen species,
such as superoxide radical and hydrogen peroxide. Most organisms make the
enzyme superoxide dismutase (SOD) to remove superoxide because it can do
damage, but, more importantly, it may be involved in producing stronger, more
destructive oxidizing agents. Superoxide dismutase removes two superoxide
radicals in each catalytic cycle, transforming them into one molecule of oxygen
and one molecule of hydrogen peroxide.

All cells have enzymes for destroying hydrogen peroxide, either by reducing
it to water (these are called peroxidases) or by a dismutation of two hydrogen
peroxide molecules to form one molecule of oxygen and two molecules of
water (figure 5.1). Catalase is the enzyme that transforms hydrogen peroxide by
dismutation and is among the fastest enzymes known; it catalyzes millions of
reactions per second when high levels of hydrogen peroxide are present.

Hydroxyl radical is so reactive that there does not appear to be an enzyme
for eliminating it. This renegade reacts with almost everything it encounters
and therefore would not accumulate in the environment of a cell to make it
necessary to have an enzyme for its elimination. Instead, cells have antioxidant
molecules that may be in relatively large abundance to intercept this highly
reactive radical and minimize damage to other cellular components if it does
get formed.

SOD
20,+2¢ —= 20, — 0,+2H0,
= MEEZHD: & c
Damage to
O, + OH + OH — biological
(Hydroxyl systems
Radical)
Catalase
0,+2e¢+2H" — HO, — 0,+2HO
(+H,0,)

FIGURE 5.1. Superoxide anion reacts with hydrogen peroxide to produce hydroxyl
radical. The enzymes superoxide dismutase (SOD) and catalase remove superoxide
(0,7) and hydrogen peroxide (H,O,), respectively, forming innocuous products of
oxygen and water.
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Ozone, which may enter the body from polluted air, is also highly reac-
tive, and there does not appear to be an enzyme for its elimination. Vitamin
E and vitamin C are antioxidants that inactivate these highly reactive oxygen
species, but there are others. Those derived from plant sources are known as
phytochemicals, such as carotenoids and flavonoids (some are lipids and some
are water-soluble). There are also systems that evolved to repair damage when
protective systems fail. First, let us look at some of the consequences to cell
components if the protective systems fail, especially those involving lipids.

Normal Metabolic Oxidation of Lipids

It was mentioned (chapter 2) that triglycerides are storage fats that can be used
for energy. In order for the energy to be utilized from these triglycerides, the
fatty acids are first released from the glycerol that holds them. The fatty acids
are then metabolized by enzymes that break them down to carbon dioxide and
water, consuming oxygen in the process. This metabolic process is known as the
fatty acid beta-oxidation pathway. The oxidation reactions take place within the
mitochondria of cells and are carefully orchestrated to make sure the oxygen
is utilized in just the right way and the energy is used to make ATP (adenosine
triphosphate). ATP is the energy currency in a cell, much as electricity is an
energy currency in our commercial infrastructure and money is an economic
currency in our financial affairs. These currencies are generated for the purpose
of sustaining the needs of their respective systems.

The major energy supplies in the diet come from macronutrients—carbohy-
drates, fats, and proteins. These organic nutrients undergo controlled oxidation
through several series of indirect reactions with oxygen to produce carbon dioxide
as the ultimate oxidized form of carbon. Mitochondria are special organelles in
aerobic cells that are very efficient at producing ATP through controlled oxida-
tion reactions. Cells use ATP for all their necessary energy-requiring functions,
including synthesis of new cell components, bringing most nutrients into the
cells, communicating with other cells, or receiving signals from hormones and
other messengers, to name just a few. The mitochondria are much like a power
plant in a city that produces electricity, where the electricity is used to construct
new buildings in the city from raw materials, for transport of people and supplies,
and for communication within the city and with other cities.

Practically all fatty acids can be oxidized by the mitochondrial beta-oxida-
tion pathway. Several studies have shown that different categories of dietary fats
are metabolized in the body at different rates. Oleic acid (a major monounsatu-
rated fatty acid in foods, especially olive oil) gets metabolized for energy at a
faster rate than either stearic acid (a long-chain saturated fatty acid) or linoleic
acid (a major polyunsaturated fatty acid in vegetable oils) (Jones, Pencharz, and
Clandinin 1985). Saturated fat is not absorbed as well from the intestinal tract,
which only partially explains the approximately fivefold difference in rate of
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oxidation of oleic acid compared with stearic acid. Only about 15 percent of the
absorbed oleic acid was oxidized in the first nine hours after eating, compared
with about 10 percent of linoleic acid and 3 percent of stearic acid. These low
percentages of fatty acid oxidation would suggest that subjects were depositing
much of the dietary fat in tissues, since they were confined to a metabolic ward
while the measurements were made and consequently not utilizing much energy
for exercise. Fats, as well as sugar, are used for energy in muscle tissue during
exercise.

Lipid Peroxidation

There is another possibility for oxidation of polyunsaturated fatty acids, such as
linoleic acid. This oxidation does not rely on enzymes to orchestrate a controlled
metabolic pathway but instead results from arbitrary or random reactions
involving oxygen and generates many products that can be detrimental to cells.
It also does not produce ATP. Catalysts are usually involved to cause oxygen
to react with molecules with which it would not normally react. The reactions
involve reactive oxygen species, such as superoxide, singlet oxygen, hydrogen
peroxide, ozone, and hydroxyl radical. They are often referred to as free radicals,
although some, like hydrogen peroxide, are not technically radicals. Like polit-
ical radicals, they want to change things in their environment. Some molecules
are more easily attacked than others by free-radical molecules, just as bullies in
a school yard find it easier to attack some kids more than others. Cells usually
try to avoid forming free radicals, or utilize them only for specialized reactions
that require this kind of activation.

With regard to fatty acids, the polyunsaturated fatty acids (PUFAs) are
easily attacked by free radicals, whereas saturated fatty acids are completely
resistant and monounsaturated fatty acids are moderately resistant to attack.
When a free radical encounters a PUFA, it extracts a hydrogen from the PUFA,
preferably from the -CH,- between the double bonds (as seen in figure 5.2). The
free radical ends up as a stable, nonradical entity (HRad in figure 5.2), and the
PUFA becomes a free radical (indicated by the dot in figure 5.2). In other words,
the free-radical chain of events is propagated. Free oxygen will in turn readily
react with the PUFA radical. The resulting product is another radical, but with
a molecule of oxygen (O,) now attached. This radical then abstracts a hydrogen
atom from another PUFA, generating a new PUFA radical, and becoming what is
known as a fatty acid peroxide—similar to hydrogen peroxide but one hydrogen
is replaced by the fatty acid. Just as hydrogen peroxide is very reactive and is
used as an antiseptic (to kill bacteria), the fatty acid peroxides are also very
reactive and can do damage inside cells.

This spontaneous or nonmetabolic oxidation of fatty acids generally takes
place in the phospholipids of cell membranes and lipoproteins and is known
as lipid peroxidation because lipid peroxides are formed in the process. Once
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FIGURE 5.2. Scheme for lipid peroxidation of linoleic acid. Rade is a free-radical initi-
ator, and several end products include a nonenal fatty acid, malondialdehyde, pentane,
and 13-hydroperoxy-9,11-octadecadienoic acid, a lipid hydroperoxide.

lipid peroxidation gets started, it can continue until terminated by protective
mechanisms in the cell. The membranes are more prone to this type of oxida-
tion because they are exposed to oxygen entering cells from the blood and being
distributed to organelles (cellular compartments surrounded by membranes)
within the cells for metabolic reactions.

One protective mechanism used by cells is interception of radicals by
vitamin E incorporated in membranes. Vitamin E is a lipid or fat-soluble vitamin
and an antioxidant because it prevents the oxidation (or peroxidation) of other
lipids, such as PUFAs in phospholipid membranes. Vitamin E actually sacrifices
itself to the free radicals, becoming a free radical in the process. The vitamin
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E free radical is not nearly as reactive as the fatty acid free radicals, so it is not
on a mission to react with other molecules. Eventually, it will react either with
another vitamin E radical or with enzymes that restore vitamin E to its active
status in membranes. In other words, vitamin E is regenerated or recycled.

Vitamin C is another antioxidant in cells, but it is a water-soluble vitamin
and intercepts radicals in the watery matrix (cytoplasm) of cells rather than
in the lipid membranes. Vitamin C and vitamin E work together to intercept
free radicals and protect both the lipid and aqueous parts of cells from harmful
oxidation processes.

There are also enzymes that catalyze the breakdown of fatty acid peroxides.
These enzymes are known as peroxidases. One of them, glutathione peroxidase,
contains the mineral selenium, which accounts for most of our nutritional need
for this trace element. The peroxidase enzymes generally convert fatty acid
peroxides to molecules that are much less reactive.

When peroxidation has taken place in a cell membrane, there are enzymes
to repair the damaged site. An oxidized PUFA will be removed and replaced by
a fresh fatty acid, perhaps another PUFA, restoring the membrane to its viable
state. If the peroxidative damage is too extensive and repair enzymes are unable
to keep up with the oxidative reactions, the membrane can leak electrolytes,
resulting in cell death. This is like having a hole in a boat. If the hole is small,
it may be possible to remove water fast enough to stay afloat. But if the hole is
too large, water may enter the boat faster than the bailer can remove it, and the
boat will sink.

Cell survival is dependent on keeping electrolytes such as sodium outside
the cell and potassium inside. This mutual exclusion of electrolytes is main-
tained by what is known as the sodium-potassium pump, a membrane protein
that moves sodium from inside the cell to the outside while moving potassium
from outside to inside. This requires energy, just like pumping water, and the
energy is provided by ATP generated in metabolic reactions. When membranes
spring a leak, sodium and potassium can float freely through the membranes,
and the sodium-potassium pump will try to restore the vital electrolyte balance.
It may use up all the energy stores (ATP) of the cell trying to do so.

Reactive Oxygen Species in Cancer and Heart Disease

If oxidative stress is extensive but the cell manages to survive, the free radicals
may disrupt several cell systems (see figure 5.3). If they manage to get to the
nucleus of the cell and cause oxidation of DNA, this would amount to genetic
mutations. Again, there are special proteins to protect the DNA and enzymes
to repair DNA if it has been oxidized. However, these systems can also be over-
whelmed if free radicals are too numerous. If mutations in DNA are not repaired
and these occur in critical sites, they may create an aberrant cell. Such mutated
cells may be recognized by surveillance cells of the immune system and be
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destroyed. If they evade the immune surveillance, they may become tumorous
progenitors (cancerous cells). As cancerous cells divide, producing more and
more aberrant cells that do not respond to normal control signals, they eventu-
ally become a cancerous tumor. The chances of all these events happening are
extremely small, but they only have to happen once in the trillions of cells in
the body during a lifetime in order for cancer to develop.

This is just one scenario for carcinogenesis. There are many other possibili-
ties for cancer development, but not all of them involve peroxidation of PUFAs.
However, lipid peroxidation is believed to be a major factor in the development
of cancer. In the early years of research on the links between dietary fats, blood
cholesterol levels, and risk of heart disease, it was found that substituting PUFAs
(from vegetable oils) for saturated fats in the diet decreased cholesterol in the
blood but increased chances of developing cancer (Pearce and Dayton 1971).
There will be more about the role of polyunsaturated fatty acids in cancer in
chapter 10.

As mentioned in chapter 2, lipids are transported through the blood by
lipoproteins, which are more or less spherical entities with triglycerides, choles-
terol, and other lipids packaged in the interior of the sphere, while proteins and
phospholipids make up the outer shell of the lipoprotein. It is possible for PUFAs
in the phospholipids of lipoproteins, especially LDL (low-density lipoprotein),
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FIGURE 5.3. The consequences of oxidative stress on cell membranes, lipoproteins,
and DNA.
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to encounter free radicals and undergo spontaneous oxidation (as seen on the
right side of figure 5.3). LDL may also become oxidized by vascular endothelial
cells (lining the arteries) or by other cells in the circulation (Steinberg 1997).
Because the LDL is not a cell, it does not have resident enzymes to repair or
remove lipid peroxides. Our bodies have evolved a system to remove the entire
oxidized LDL particle in lieu of repairing it. Deposition of oxidized LDL in the
lining of the arteries, especially around the heart, leads to atherosclerosis,
which is described in more detail in chapter 6.

For decades, doctors have recognized that people with high levels of LDL,
not just cholesterol, will be at higher risk for heart disease. High blood choles-
terol was considered to be the original risk factor, but once lipoprotein particles
could be differentiated, LDL was found to be the culprit. LDL is the lipoprotein
with the highest cholesterol content (nearly 50 percent cholesterol and choles-
teryl esters; see appendix D). Clinical laboratories usually do not measure LDL
directly but use a formula involving the level of triglycerides, total cholesterol,
and HDL-cholesterol to calculate an estimated level of LDL-cholesterol. Gener-
ally, an individual’s risk for heart disease is based on the ratio of total serum
cholesterol to HDL-cholesterol.

HDL contains only about 25 percent cholesterol and cholesteryl esters, and
may help to remove cholesterol from atherosclerotic deposits. HDL also seems
to be less susceptible than LDL to oxidation in the circulation. In fact, HDL was
found to have its own antioxidant and anti-inflammatory properties (Barter et
al. 2004). The greater susceptibility of LDL to lipid peroxidation is probably
due to the greater amount of time that individual LDL particles remain in
circulation, which increases the probability they will encounter the conditions
necessary for lipid peroxidation to be initiated. There will be more on this in
the following chapters.

Conclusions

Although oxygen is vital for our normal metabolism of macronutrients
(carbohydrate, fat, and protein) to produce carbon dioxide and energy, it is
also capable of producing undesirable chemical reactions in the body. These
anomalous reactions can destroy vital cell components and compromise the
viability or integrity of cells. If these undesirable oxidative reactions become too
extensive, it can result in a condition known as oxidative stress, which may lead
to tissue necrosis (death of cells) or other forms of permanent damage. If DNA
becomes oxidized or otherwise modified by some of the reactive products of
lipid peroxidation, this can lead to cancer. We will see in the following chapters
that lipid peroxidation, the oxidative destruction of polyunsaturated fatty acids
in lipids, especially cell membranes and lipoproteins, is responsible for several
life-threatening diseases.
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Atherosclerosis

There seems to be a pervasive popular belief that cholesterol clogs the arteries,
with cholesterol buildup eventually becoming so great that blood flow to the
heart or brain becomes blocked, causing heart attack or stroke. Biomedical
research over the past fifteen to twenty years has shattered this model of
cardiovascular disease. Indeed, half of all myocardial infarctions (blood clots in
the heart) occur in arteries with less than 50 percent narrowing from athero-
sclerotic buildup, which is considered to be only mild atherosclerosis (Smith
1996). Scientists now realize the subtle complexities of atherogenesis (develop-
ment of atherosclerosis) and the life-threatening complications that arise as a
consequence.

The simplistic model invoked gradual deposition of cholesterol along
the lining of the arteries, much like the deposition of scale and corrosion in
pipes. Metal pipes carrying water through a hot-water heater may accumulate
minerals to the extent that water flow becomes so restricted that little water
can pass through them. This was a convenient, mechanistic representation for
atherosclerotic plaque buildup and the resulting heart attack. However, our
vascular system is a little more complicated than even the most sophisticated
plumbing systems. Cholesterol is not causing atherosclerosis and heart disease
but is being dragged into the fray by a complex cast of molecular characters.

Arteriosclerosis was recognized in the nineteenth century as a vascular
disease that could lead to death from heart attack or stroke. It was known that
arteries became ossified, a process similar to bone formation, hence the term
“hardening of the arteries.” In the 1850s the noted physiologist Rudolf Virchow
described atherosclerosis as an inflammatory disease of the arterial inner layer
(Libby 2000). This condition seemed to progress with age and was generally
looked upon as one of the inevitable maladies of aging. Fatty deposits along the
arterial lining were known to have a high content of cholesterol, in addition
to fats and minerals such as calcium and phosphate. It is interesting that the
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concept of ossification, or bone formation in the arteries, fell out of vogue in
the twentieth century. It was replaced by the notion that calcium and phosphate
simply precipitated in the fatty deposits—much like scale buildup in hot-water
pipes.

The simplistic view of passive deposition of these artery-clogging fats and
minerals was probably more appealing than trying to invoke active biological
processes, since the molecular and cellular events that resulted in atherosclerotic
plaque were not understood. Historical developments that led to the hypothesis
that cholesterol was responsible for atherosclerosis and heart disease were
discussed in chapter 1. The Framingham Heart Study found a greater incidence
of heart disease among people with high blood cholesterol levels, although high
blood pressure, arrhythmias, and cigarette smoking also increased risk of heart
disease. Several independent studies showed that saturated fats in the diet
would raise blood cholesterol levels, while polyunsaturated vegetable oils would
lower blood cholesterol. Today the biochemical mechanisms for the cholesterol-
lowering effect of polyunsaturated fatty acids are known (see chapter 4).

Whether a person has high or low serum cholesterol is genetically deter-
mined. Many people with high cholesterol or, more specifically, high levels of
LDL (low-density lipoprotein) have a genetic predisposition for this condition
(Sing and Boerwinkle 1987; Knijff et al. 1994; Eichner et al. 2002). Some indi-
viduals exhibit large fluctuations in serum cholesterol with changes in their
diet, while others experience relatively little change in cholesterol levels in
response to the same dietary changes—again there is probably a genetic link.
Diet cannot be ignored as an important factor contributing to one’s overall
health, well-being, and longevity. The modern “American” diet may be having a
profound negative influence on vascular as well as other diseases.

This chapter will discuss the biochemical and physiological bases for athero-
genesis (development of atherosclerotic plaque) and myocardial infarction, and
how dietary factors, specifically polyunsaturated fatty acids, influence these
processes. There are several factors that are good indicators of heart disease risk
(discussed in chapter 7); serum cholesterol, or more specifically LDL-cholesterol,
is only one of them. However, LDL is the major factor in promoting atheroscle-
rosis, yet cholesterol in the LDL particles has very little to do with it.

A Changing Paradigm of Atherogenesis

Several decades ago it was recognized that fat deposits are formed by a special-
ized group of white blood cells known as macrophages that become lodged
in the space between endothelial cells, which form the lining of arteries, and
smooth-muscle cells surrounding the arteries. The latter contract and relax
in their autonomic rhythms, giving rise to the peristaltic action for pumping
blood through the arteries. The tube that forms the blood vessels is made up
of vascular endothelial cells held together by fibrous proteins such as collagen.
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Circulating mononuclear leukocytes (one type of white blood cell also known
as monocytes) manage to squeeze through the arterial walls at specific sites
in response to intercellular signals. They take up residence in the arterial
intima—the space between the endothelial cells and smooth-muscle cells.

There are many signals sent and received by cells involved in this process.
It suffices to say that vascular cells, especially around the heart for individuals
prone to heart disease, secrete proteins known as adhesion molecules, such as
vascular cell adhesion molecule-1. These cell adhesion proteins bind strongly
to proteins on the surface of circulating blood monocytes that have been
activated by oxidized or modified LDL. When the monocytes stick to these
vascular cells on the walls of the artery, they are able to slip through the vessel
walls. Other signaling molecules known as cytokines or chemoattractants
are also involved in provoking this response. Several of these cytokines have
been identified and have been found to be made by specific cells in the area
as part of an elaborate array of events that are not completely understood yet
(see figure 6.1).

Specific substances in oxidized LDL particles can trigger events that get cells
to produce cytokines and other signaling molecules that stimulate removal of
oxidized LDL from the circulation and promote its deposition in atherosclerotic
lesions surrounding the arteries. As indicated in the previous chapter, it is the
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FIGURE 6.1. Atherogenesis. Oxidized LDL particles bind to receptors on monocytes,
triggering them to bind to vascular endothelial cells and move into the arterial intima.
The monocytes are transformed into macrophages that engulf oxidized LDL particles
once they are in the arterial intima, until they are filled with lipids and appear as foam
cells. The buildup of foam cells is known as an atheroma or fatty streak. Such fatty
streaks can eventually become calcified to produce atherosclerotic plaque.

Adapted from Thijssen and Mensink 2005.
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polyunsaturated fatty acids (PUFAs) in phospholipids of the LDL particle that are
most susceptible to oxidation.

Daniel Steinberg and colleagues at University of California, San Diego, have
shown that people who consumed diets rich in linoleic acid (polyunsaturated)
had LDL that was far more susceptible to oxidation than people fed oleic acid—
rich (monounsaturated) diets (Reaven et al. 1993). Peroxides of linoleic acid, the
major PUFA in vegetable oils, have been shown to stimulate the expression of
some of the signaling proteins involved in promoting the removal of oxidized
LDL from the circulation (Inoue et al. 2001). Judith Berliner and colleagues at
University of California, Los Angeles, have identified several other oxidation
products of phospholipids in LDL particles (see figure 6.2) and found that they
trigger production of adhesion molecules in vascular cells (Navab et al. 2004).
This causes the monocytes to stick to those cells and take up residence in the
arterial intima (Subbanagounder et al. 2000). Fructose oxidation products
and homocysteine (another important risk factor for heart disease) may also
modify LDL particles to stimulate their removal from the circulation by arterial
macrophages.

Most cells remove cholesterol from the blood by synthesizing an LDL
receptor that resides on the cell membrane and binds to normal (nonoxidized)
LDL particles. The cue for synthesis of the receptor is a low level of cholesterol in
the cell. When cholesterol levels are high inside the cell, the amount of receptor
on the plasma membrane will decrease, and less LDL will be taken up. On the
other hand, removal of modified or oxidized LDL from circulation is carried
out by a limited number of specialized cells that make scavenger receptors for
modified or oxidized LDL. The cells that make these receptors include arterial
macrophages and perhaps smooth-muscle cells lining the arteries. There have
been a few types of scavenger receptors identified, each showing a preference
for a particular type of modification. LDL may also aggregate as a result of
certain types of enzyme activities that lead to rapid uptake by the scavenger
system (Steinberg 2002).

Once monocytes take up residence in the arterial intima, they become
known as macrophages—a white blood cell with a specific mission. These
macrophages are very efficient at engulfing oxidized or modified LDL particles.
They engorge so much modified LDL that, under the microscope, they look as
if they are filled with foam; hence the descriptive name of foam cells. It was
naturally assumed that these cells were scavengers for circulating cholesterol,
but it was later recognized that they have a preference for the major lipoprotein
that carries cholesterol, namely low-density lipoprotein. LDL happens to be
composed of about 45 percent cholesterol and cholesteryl esters. The vascular
macrophages have no appetite for normal LDL but show a keen discrimination
for oxidized or chemically modified LDL, which resembles oxidized phospho-
lipids on bacterial cells—another quarry of macrophages.
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Adapted from Navab et al. 2004.

Products formed by oxidation of arachidonate in phospholipids of LDL.
The three oxidation products featured here have been shown to stimulate the expres-
sion of adhesion proteins, such as vascular cell adhesion molecule-1, resulting in
monocytes binding to endothelial cells and working their way into the arterial intima
(see figure 6.1). These oxidized phospholipids have also been shown to be proinflam-
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There has been a major focus on LDL as the blood component that causes
heart disease, although most people, including a majority of health profes-
sionals, have overlooked the fact that it is usually oxidized polyunsaturated
fatty acids in LDL phospholipids that are actually causing these lipoproteins to
be deposited in the lining of arteries. The composition of LDL particles varies
relatively little with changes in cholesterol consumption (Kummerow et al.
1977), although changes in the ratio of dietary saturated fatty acids to PUFAs
has a greater influence on cholesterol levels and LDL (see chapter 1). More
importantly, the quantity of vegetable oil in the diet will profoundly affect the
amount of PUFAs in those particles, which would make them more susceptible
to oxidation.

Oleic acid found in canola oil and olive oil is much less prone to oxidation
than linoleic acid, which is abundant in soy-, corn-, sunflower-, and safflower-
based vegetable oils. Saturated fatty acids are completely resistant to oxidation
and other chemical modifications. If there is relatively little linoleic acid present
in LDL, the chances of it getting oxidized would be small, whereas if LDL is
loaded with PUFAs from eating mostly vegetable oils, it is much more likely that
some will get oxidized. Furthermore, once oxidation gets started, it is like the
flu, being passed from one PUFA to another if they are numerous and in close
contact with one another (see chapter 5).

Counteracting the susceptibility of PUFAs to oxidation is the effect of PUFAs
on the activity of normal LDL receptors and how fast most cells in the body
remove LDL from circulation before it gets oxidized. When someone consumes
greater amounts of polyunsaturated oils and lesser amounts of saturated fats,
the normal LDL receptors are more effective at removing LDL from the blood,
whereas a low level of polyunsaturated oils in the diet results in less active
receptors (Woollett, Spady, and Dietschy 1992). This means that LDL will be
removed from the blood faster when a person consumes more polyunsaturated
oils, which accounts for the lower LDL-cholesterol levels associated with such a
diet. In addition, there is a slower production of LDL in the liver when there are
more polyunsaturated fatty acids in the diet. Consequently, when there is less
LDL in the circulation and it remains there for a shorter time, there would be
less chance for it to undergo oxidation or other modifications that earmark it
for scavenger removal by the arterial macrophages.

The beneficial effect of dietary polyunsaturated vegetable oils lowering
serum cholesterol and the detrimental effect of them making LDL more suscep-
tible to oxidation are most likely waging a constant battle with one another
in the body. It is difficult to say which of these effects will overshadow the
other. Any number of unknown influences may determine whether oxidation
susceptibility or more rapid removal of LDL will be the dominating factor in
any individual, which would likely be determined by genetics as well as other
dietary components, whether the person smokes, and exercise.
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Vegetable oils have antioxidants in them, such as vitamin E. High tempera-
tures used in frying foods can cause vegetable oils to begin oxidizing, and
vitamin E may be depleted in oils used in frying. Consequently, fried vegetable
oils would contain lower levels of antioxidants and would also have some
oxidized PUFAs. It is not known just how much of the oxidized fatty acids in
fried food get absorbed and end up in LDL, since there are many stages in the
absorption and mobilization of dietary fats where these oxidation products
are eliminated. It seems likely that, even with protective mechanisms, some
of the oxidized fatty acids might get absorbed and packaged into lipoproteins
like LDL.

There have been conflicting reports regarding whether vitamin E supple-
ments are beneficial in suppressing oxidation of LDL and subsequent deposition
in atherosclerotic plaques (Cynshi and Stocker 2005; Pryor 2000). There is a
general consensus that vitamin E should be beneficial, but it may depend on
whether it is naturally in food or whether it is given in a purified form, as in a
dietary supplement. When taken as a supplement, it may not get incorporated
into unsaturated oils very well, especially if supplements are taken without food
or taken with foods that have relatively little fat.

One would expect omega-3 PUFAs in fish oils to be as susceptible to lipid
peroxidation as omega-6 PUFAs in vegetable oils, if not more so, since omega-3
PUFAs tend to have more double bonds. It was mentioned in chapter 5 that
multiple double bonds make fatty acids more susceptible to oxidation. However,
omega-3 PUFAs have been found to be less susceptible to lipid peroxidation
than their omega-6 counterparts (Visioli, Colombo, and Galli 1998).

Omega-3 fatty acids have been shown to protect against heart disease by
lowering blood pressure and heart rate, reducing inflammation, and improving
vascular and platelet functions (Mori and Woodman 2006). Although these
favorable effects are generally attributed to eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) has been found to improve cardiac arrhythmias
and reduce clotting. These effects are far more significant than the choles-
terol-lowering properties of omega-3 PUFAs. Some omega-3 fatty acids seem to
suppress lipid peroxidation and behave as antioxidants (Richard et al. 2008).

Atherogenesis as a Protective Mechanism

The cascade of cell responses triggered by the presence of oxidized LDL in the
bloodstream appears to be an elaborate system for removing oxidized LDL from
the circulation as a protective measure. Although continuous buildup of these
scavenged lipoprotein particles in the arterial intima may cause life-threatening
complications in the long run, it may spare the body from the more immediate
threat of these toxic lipids and their degradation products. When our ancestors
evolved, the amount of PUFAs in the diet would have been much less than the
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amount in a typical Western diet today. This should be acutely obvious when
perusing the vegetable oil aisle of any supermarket in North America.

In the early 1980s Guy Chisolm and coworkers at the Cleveland Clinic Foun-
dation in Ohio showed that reactive oxygen species (such as superoxide radical
and hydrogen peroxide) are involved in the formation of oxidized LDL particles
(Morel, Hessler, and Chisolm 1983). It was known at that time that LDL could be
cytotoxic, in other words, can damage cells and tissue under certain conditions.
They found that antioxidants and free-radical scavengers could prevent forma-
tion of the cytotoxic form of LDL during preparation of the lipoprotein particles
for cell culture experimentation. However, adding antioxidants and radical
scavengers to (human fibroblast) cell cultures and then administering previ-
ously oxidized LDL did not prevent cell injury. They concluded that oxidized
lipids in the LDL particles were the toxins that were doing damage to the cells.

Since lipid peroxide levels in plasma (Sato et al. 1979) and serum lipopro-
teins (Nishigaki et al. 1981) had been shown to be elevated in diabetic patients,
the results of Chisolm and coworkers explained why diabetics were much more
prone to atherosclerosis and heart disease. More recent studies have shown
that fructose, one of the sugars produced by the enzymatic hydrolysis of sucrose
(commercial sugar) but also a major component of high-fructose corn syrup,
which is widely used in American beverages and foods, can generate free
radicals and damage proteins at a much faster rate than glucose (blood sugar)
(Sakai, Oimomi, and Kasuga 2002). Fructose also produced lipid peroxides in
human LDL at a rate several times faster than glucose in an incubation medium.
Such results suggest that the dietary choices prominent in the United States,
namely vegetable oils with abundant polyunsaturated fatty acids and high-fruc-
tose corn syrup as a sweetener, are providing the ideal conditions to promote
atherosclerosis.

There is still a question of whether oxidation of PUFAs in phospholipids
of LDL particles is primarily caused by certain cells in the body or whether it
is simply a spontaneous chemical reaction catalyzed by substances floating
freely in the bloodstream. LDL particles do get oxidized in the body (Palinski
et al. 1989). It was found that white blood cells placed in a petri dish can
oxidize PUFAs in LDL when they are activated by certain substances that elicit
an immune response (Quinn et al. 1987). Oxidized LDL can damage vascular
endothelial cells (Rong et al. 1998), which may promote further oxidation of
LDL as a result of the immune system response to the vascular damage (white
blood cells can generate free radicals in the process of cleaning up debris from
damaged vascular tissue). It is still not clear whether oxidative processes in the
body or oxidation prior to ingestion accounts for the bulk of oxidized LDL in the
circulation, although both may very well be contributing to the problem.

PUFAs in the phospholipids surrounding LDL particles make up a relatively
small percentage of the particles, yet are probably responsible for most of the
havoc wrought. By the mid-1990s it had become clear that cholesterol was being
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dragged into the arterial macrophages because it happened to be in LDL particles
containing oxidized PUFAs. Chisolm and coworkers isolated several components
of oxidized LDL and tested them on human fibroblast cell cultures to determine
which ones were cytotoxic (Chisolm et al. 1994). One of the highly toxic compo-
nents they found was cholesterol hydroperoxide. Considering the nature of their
assay for cytotoxicity, it is quite possible that the cholesterol hydroperoxide was
initiating peroxidation of membranes in the cells used in the assay. Cholesterol
hydroperoxide was also found to be present in human atherosclerotic lesions,
meaning that it was not just an artifact of the cell culture medium.

Although this would indicate that cholesterol may also be forming toxic
products, the amount of the cholesterol hydroperoxide formed appears to be
small compared with PUFA oxidation products, and cholesterol peroxidation
is not easily initiated. Richard Lerner’s group at Scripps Research Institute in
La Jolla showed that ozone formed in atherosclerotic lesions can react with
cholesterol to produce several cholesterol oxidation products (Wentworth et al.
2003). So cholesterol oxidation may be the result of free radicals and reactive
oxygen species generated in atherosclerotic lesions. These oxidations involve
white blood cells mounting an attack on abnormal lipids and lipoproteins in
an attempt to eliminate them. There has not been as clear a demonstration
of cholesterol oxidation products stimulating the transformation of monocytes
as there has been for peroxides of linoleic acid and other forms of oxidized
phospholipids (Navab et al. 2004). However, cholesterol and its esters are in the
core of LDL particles, whereas phospholipids are on the surface.

The cytotoxic effects of lipids in circulating LDL particles are perhaps setting
in motion an immune response to clean up these damaged cells and remove
the modified lipoproteins. The leukocytes that are responsible for this cleanup
may be generating reactive oxygen species and free radicals in the process
of eliminating damaged cells and their debris, which could further stimulate
oxidation of lipids in circulating LDL. These events may be triggering damage to
the fibrous cap that ultimately leads to a heart attack (see below).

Progression from Fatty Streaks to Atherosclerotic Plaques

Accumulation of a significant number of foam cells gives rise to the appear-
ance of fatty streaks. This preliminary buildup may be reversible, and there
is good evidence that apolipoprotein E (ApoE) or apolipoprotein A-I (ApoA-I),
components of high-density lipoprotein (HDL), can help remove cholesterol and
other lipids from foam cells. This is believed to be a major reason why HDL is
considered “good” cholesterol. Although details of the process are not known,
the ApoE and ApoA-I are most likely entering the arterial intima (as shown in
figure 6.3), where they bind to receptors on foam cells. These apolipoproteins
are the protein components of the lipoproteins, which are lacking lipids that
get packed in the interior of the lipoprotein particle. You can think of the
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apolipoproteins as being like shopping carts that you fill with groceries when
you go to the supermarket. The lipid-free apolipoproteins seem to go around the
body looking for lipids that have been sequestered, particularly along the lining
of the arteries. Proteins, such as cholesteryl ester transfer protein, may help
move cholesteryl esters and cholesterol to these apolipoproteins, ultimately
assembling a complete HDL particle. HDL particles then find their way back
into the circulation, carrying cholesterol and other lipids to cells throughout
the body to be used for productive purposes.

Oxidized lipids may not get transferred to ApoE and ApoA-I, and may remain
and accumulate in the atherosclerotic lesions. At some point, accumulation of
oxidized lipids in the fatty streaks triggers formation of a fibrous cap over this
debris (see figure 6.4). Linda Demer and coworkers at University of California,
Los Angeles, found that inflammatory lipids in oxidized LDL (shown in figure
6.2), and inflammatory cytokines produced in response to oxidized lipids, can
promote calcification (mineralization) of atherosclerotic lesions (Abedin, Tintut,
and Demer 2004). Oxidized LDL stimulates leukocytes to produce platelet
activating factor (PAF), which is an unusual phospholipid with many potent
signaling effects. Platelet activating factor stimulates expression of cytokines,
such as tumor necrosis factor-alpha (TNF-a), which signals vascular cells to
become transformed into calcifying vascular cells. The scenario is complicated,
with a large number of cytokines and other signaling factors involved. The
Demer group also found that DHA, a major component of omega-3 fish oils, can
suppress vascular calcification through its actions on the peroxisome prolif-
erator-activated receptor alpha (PPARx) (Abedin et al. 2006).

HDL Particle
Fats, cholesteryl
esters, cholesterol and
other lipids

FIGURE 6.3. Foam cells in fatty streaks are accessible to apolipoproteins (e.g., ApoA-I
and ApoE), which can remove cholesteryl esters, cholesterol, and other lipids. Transfer
proteins move lipids from the foam cells to the apolipoproteins, forming complete HDL
particles in the process, which reenter the circulation and deliver these lipids to cells
throughout the body.
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Calcifying cells share characteristics of bone-forming cells known as
osteoblasts and produce extracellular matrix molecules, which act as a scaf-
fold of proteins on which to build the fibrous cap. In addition to connective
proteins, such as collagen and elastin, there is osteopontin, the same fibrous
phosphoprotein found in bones, which binds calcium in an array that promotes
mineralization. Expression of the enzyme alkaline phosphatase is also stimu-
lated. This enzyme releases phosphate from organic sources for bone formation
or, in the vascular case, for mineralization of atherosclerotic plaque.

There is a relationship between aortic calcification and osteoporosis, which
is independent of age. It seems the body will remove calcium from bone in order
to form calcified deposits around atherosclerotic plaques. Demer speculates that
this mechanism may have evolved in parallel with the body’s response to chronic
infection. Microbes destroyed by the immune system are rich in oxidized lipids
resembling oxidized LDL, and if the immune system is not able to completely
eliminate this debris, the connective tissue responds by forming scar tissue or
a calcified barrier around it (Demer and Tintut 2003).

Calcification of arteries may not always lead to life-threatening events, such
as heart attack or stroke, but seems to be a normal process in formation of
atherosclerotic plaque. Not all fatty streaks along the linings of arteries appear
to be calcified, and just what determines whether a fatty streak will become
calcified is still not well understood. High-fat diets promote calcification,
whereas lipid-lowering drugs (statins) inhibit calcification. Patients receiving
statin therapy after a myocardial infarction had much greater coronary artery
calcification than patients on statin drugs who did not have a previous infarc-
tion, even though LDL levels were essentially the same in both groups (Callister
et al. 1998). The underlying reason for some patients having greater calcification
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FIGURE 6.4. Lipid oxidation products induce transformation of vascular cells to
calcifying-type cells, resulting in production of extracellular matrix proteins that
bind calcium and phosphate to produce bonelike mineralized scar tissue over the
oxidized lipid deposits. The fibrous cap makes the fatty deposits inaccessible to
apolipoproteins.
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than others was not clear. Perhaps calcification of the coronary arteries is what
made one group prone to myocardial infarction in the first place. Coronary
calcification also shows a positive correlation with levels of LDL and an inverse
correlation with levels of HDL. Consequently an undesirable serum lipid profile
is promoting calcification of the fatty deposits that ultimately leads to dangerous
conditions for heart disease complications.

Although the events in cap formation are just beginning to be understood,
there is good evidence that rupture of the fibrous cap can lead to myocardial
infarction and other life-threatening events. The cells involved in bone resorption,
osteoclasts, are actually derived from leukocytes and are a special type of macro-
phage—cousins of the foam cells. One can think of them as eating or consuming
mineral deposits, and they may be responsible for some of the damage to calcified
deposits that lead to a heart attack or stroke (as shown in figure 6.5).

Chronic infections, especially by Chlamydia pneumonia, have been impli-
cated as a cause of heart attacks. It seems likely that the inflammation triggered
by the immune system mounting an attack on this bacterial infection may
trigger a cascade of events that leads to a blood clot or myocardial infarction.
Lipopolysaccharides on the surface of many bacteria, when they come in contact
with white blood cells, cause the leukocytes to produce a host of messengers,
ranging from bioactive eicosanoids derived from PUFAs to cytokine proteins
that whip the immune system into action to try to destroy these invaders.
Activated leukocytes may inadvertently attack components of the fibrous cap
overlying atherosclerotic lesions, resulting in exposure of the fibrous proteins
(collagen). Such exposure activates circulating blood platelets, triggering clot
formation. If there is an abundance of arachidonic acid available (from high
levels of vegetable oil in the diet) for eicosanoid production, there could be
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FIGURE 6.5. Infiltration by activated leukocytes releases proteases and breaks down
the fibrous cap, exposing collagen to circulating platelets, which will trigger platelet
aggregation and initiation of a blood clot.
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greater activation of leukocytes and platelets, resulting in a more profound or
widespread inflammatory response and consequent clotting. Unfortunately,
some individuals have had the stage set to lead this performance into a tragic
ending.

Life-Threatening Complications of Atherosclerosis

The buildup of atherosclerotic plaque does not necessarily cause heart attacks
or myocardial infarction, although increased amounts of atherosclerosis does
make myocardial infarction more likely. Indeed, the amount of arterial obstruc-
tion by atherosclerotic buildup has little relation to the likelihood of blood
clot formation, but disruption of the fibrous cap covering artherosclerotic
plaques triggers a blood clot. It is not so much the quantity of plaque buildup
but rather the quality of the plaque. A key event in clot formation results from
platelets coming in contact with collagen, the protein that holds cells together.
The majority of myocardial infarctions seem to be caused by a rupture of the
fibrous cap, which exposes collagen and other substances that trigger platelets
to initiate a blood clot.

It appears that inflammatory mediators produced by leukocytes in the
vicinity of atherosclerotic plaques, whether because of bacterial infections or
other causes, can result in rupture of the fibrous cap. One of these mediators
is interferon-gamma, which may interfere with the ability of smooth muscle
to repair and maintain the cap. The rupture process may involve release of
enzymes into the space surrounding cells, which causes some breakdown of
proteins in the fibrous cap. Again, there appears to be a host of proinflam-
matory mediators released that trigger rupture of the fibrous cap and lead to
clot formation. Ultimately, circulating platelets will produce thromboxane A,
(TXA,), an eicosanoid formed from arachidonic acid, which sets everything in
motion for clot formation (see figure 6.5). As mentioned earlier, if there is more
arachidonic acid available because large amounts of omega-6 polyunsaturated
vegetable oils are constantly being consumed in the diet, there could be more
extensive blood clotting and a more massive heart attack.

Enzymes involved in breaking down the fibrous cap, known as proteases (or
more specifically metalloproteases), are normally regulated by protein inhibitors
that are produced by certain cells in response to specific signals. Such inhibitory
proteins have been identified in human atherosclerotic plaques. It is not yet
clear whether changes in levels of these inhibitors are involved in rupture of the
cap. There are also large numbers of immune cells, such as T lymphocytes and
macrophages (nonfoam cells) involved. The macrophages may be of the osteo-
clastic type, which would break down calcified plaque deposits. There also seem
to be fewer smooth-muscle cells in regions where there are ruptured fibrous
caps that have led to thrombosis. It is believed that some events may have trig-
gered these muscle cells to die via programmed cell death, or apoptosis.
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Numerous studies indicate the degree of vascular blockage by atherosclerotic
buildup is not as important as other factors in setting the stage for myocardial
infarction or other life-threatening cardiovascular events (Libby 2000). Disrup-
tion of the fibrous cap covering the plaque, whether by mechanical fracture
(due to a bodily jolt or increased pressure) or by chemical erosion, can expose
components that trigger formation of a blood clot. Chemical erosion can be due
to release of metalloproteases that gradually break down the molecular archi-
tecture (see above). Many of the molecular events that lead to these physical
complications are triggered by lipids—not benign lipids, such as cholesterol and
saturated fatty acids, but powerful bioactive agents formed from PUFAs. It stands
to reason that having a greater abundance of these PUFAs in cell membranes,
particularly the omega-6 variety, would result in an exaggerated response. This
could mean the difference between a fatal heart attack and a mild one.

The working model for atherosclerosis and life-threatening cardiovascular
events is changing dramatically, but the world has not been quick to adapt.
Peter Libby of Harvard Medical School wrote that a new understanding of the
processes involved in atherogenesis could “reduce reliance on costly technolo-
gies that address the symptoms rather than the cause of atherosclerosis” (Libby
2000). Fats are playing complicated roles in all this. The saturated fats can raise
levels of LDL, but oxidation of polyunsaturated fatty acids in the LDL particles
makes them destined for scavenging by the arterial macrophages to produce
atherosclerosis. Which is the greater culprit in this physiological drama? The
monounsaturated fatty acids, such as those in olive, canola, and palm oils, seem
to have escaped indictment on all accounts. On the other hand, omega-6 poly-
unsaturated oils, such as corn, soy, safflower, and sunflower oils, are wreaking
havoc in our bodies, including the vascular system. The food industry seems to
be working on developing grains and oil sources with more favorable fatty acid
profiles. We can hope they will bring them to market in the near future.

The new model might appear to have one major problem: if cholesterol
is not the cause of heart disease, why is it a marker for the risk of getting this
disease? The medical establishment honed its skills in measuring serum choles-
terol and can give patients a simple printout of their blood work that shows the
levels of total cholesterol, HDL-cholesterol, and the ratio of these two along with
calculated values for LDL-cholesterol. These lipoprotein profiles are typically
being used by physicians to predict a person’s risk for heart disease. A great deal
of time, money, and effort has been spent trying to come up with correlations
between serum cholesterol levels, lipoprotein ratios, and heart disease risk, yet
more than half the people having myocardial infarctions and strokes have low
or normal cholesterol levels (Libby 2000). Is a more aggressive pharmaceutical
approach to lowering blood cholesterol in the general population the answer to
healthier and more productive lives? Some of these issues will be discussed in
the following chapters.
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Conclusions

As research continues on these complex processes, it is becoming clear that
the cholesterol hypothesis is outdated. Serum total cholesterol and LDL-
cholesterol are only surrogate indicators of disease risk. The focus placed on
lowering cholesterol through dietary intervention with vegetable oils does not
alter the death rate from all causes (see chapter 1). The beneficial effects of the
cholesterol-lowering drugs are most likely due to their wide range of pleiotropic
effects, which will be discussed in chapter 8. Many of the manifestations of
heart disease are accompanied by inflammatory events in the vascular system,
and the role of polyunsaturated fatty acids in inflammation will be discussed in
chapter 9.

The United States still remains one of the leading nations for incidence
of heart disease, even though immense effort and money have been invested
to counter this troubling statistic. Diabetes, obesity, and metabolic syndrome
are compounding heart disease, and diet is clearly involved in promoting all
of these. Not only dietary fats but sugars as well are playing major roles in the
increased risk for heart disease. The dietary advice of avoiding saturated fats
and cholesterol seems to be focusing too much on readily measurable markers
and ignoring the profound effects that polyunsaturated vegetable oils can have
on health and longevity, many of which will be discussed in later chapters.



Risk Factors
in Cardiovascular Disease

There has been much made of the association between dietary saturated fats
and high serum cholesterol levels, particularly LDL-cholesterol. Although high
serum cholesterol was identified as a major risk factor for heart disease in the
Framingham Heart Study, several international studies have not found a good
correlation between serum cholesterol and death from all causes. Generally,
there is a correlation between serum cholesterol and coronary death rate. It is
important to keep in mind that the prevalence of death from coronary heart
disease rises rapidly with age, particularly above seventy years of age. Often
there is some correlation between death from all causes and serum cholesterol
in younger populations (less than seventy years), as in the American and Finnish
cohorts of the Seven Countries Study (Keys 1980, 124), but that correlation
disappears as the cohort ages (Menotti et al. 2001). The American and Finnish
cohorts had the greatest incidence of coronary deaths in the Seven Countries
Study, which influenced the correlation between serum cholesterol and the all-
cause death rate in those groups.

This chapter will look at a variety of other risk factors for heart disease,
many of which appear to be much better predictors of heart attack than serum
cholesterol. In many cases, these additional risk factors, such as inflammation,
interact with high levels of LDL or serum cholesterol to produce oxidized LDL,
which is responsible for atherogenesis. Some of these risk factors may promote
erosion of atherosclerotic plaque, which leads to myocardial infarction, as
described in the previous chapter.

Inflammation as a Predictor of Heart Attack

During the 1990s researchers found that a substance known as C-reactive protein
(CRP) in the blood was much better than serum cholesterol levels as a predictor
of heart attacks. Mark Pepys and colleagues at the Royal Free and University
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College Medical School in London found that heart attack patients who had high
levels of CRP in the blood were much more likely to have a bad outcome than
those with lower levels of CRP (Koenig and Pepys 2002). The Pepys group also
showed there was a linear relationship between levels of CRP in blood and risk
of heart disease. Paul Ridker and colleagues at Harvard Medical School in Boston
found that blood CRP level was a useful predictor for first heart attack or stroke
in patients, especially postmenopausal women, and that CRP and cholesterol
levels were not related to one another; one could have high cholesterol and low
CRP levels or vice versa (Willerson and Ridker 2004).

It was also found that one of the benefits of daily aspirin was directly related
to CRP and that statin drugs may, but do not necessarily, lower CRP levels. CRP
levels are also linked to obesity (as measured by body mass index). If a person
loses weight, the levels of CRP go down. CRP is also higher in people with type 2
diabetes, and high CRP levels have been associated with syndrome X (or meta-
bolic syndrome), which increases risk of diabetes, myocardial infarction, and
stroke (Willerson and Ridker 2004). Metabolic syndrome is characterized by the
presence of excess abdominal fat, insulin resistance, increased blood pressure,
and increased levels of glucose and triglycerides in the blood, as well as lower
levels of HDL—in other words, an unhealthy state.

Moderate physical activity is generally considered to be beneficial in
reducing one’s risk of heart disease. It was found that participants in the ATTICA
study in Greece who engaged in physical activity had significantly improved
levels of many inflammatory risk factors relative to their sedentary counterparts.
Exercisers exhibited a 29 percent decrease in CRP and 20 percent decrease in
tumor necrosis factor-alpha (TNF-«), while white blood cell counts of exercisers
were only about one-fifth (19 percent) those of the sedentary group (Panagio-
takos et al. 2005). Levels of TNF-a and CRP were also found to be elevated in
prehypertensive patients relative to individuals with normal blood pressure.
Hypertension is another important risk factor in heart disease.

Depression was also associated with both inflammation and thrombosis
factors in people without active cardiovascular symptoms. Elevated inflamma-
tion indicators may explain the increased frequency of cardiovascular events in
depressed individuals (Panagiotakos et al. 2004). A report from the Augsburg,
Germany, cohort of the World Health Organization (WHO) MONICA project
showed that interaction of high CRP levels and depressed mood in individuals
resulted in a highly significant increase in risk of myocardial infarction (Ladwig
et al. 2005). Depression alone will often increase the incidence of heart attacks,
although the trend is not always enough to show a significant impact (Alboni et
al. 2008). In the same Augsburg cohort of the MONICA project, it was found that
obesity alone was not a strong predictor of heart attack but depression in obese
individuals became a very strong predictor (Ladwig et al. 2006).

Although CRP is a good predictor of heart disease, little is known about
its role; is it a cause or merely another marker produced in response to other
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underlying complications? It is generally accepted that elevated levels of CRP
are caused by the inflammatory response. However, CRP can augment the
inflammatory response by causing an increase in production of reactive oxygen
species and inflammatory cytokines, and an increase in expression of cell adhe-
sion molecules (Jialal, Devaraj, and Venugopal 2004). CRP can also increase
the uptake of LDL by macrophages, which could be due to a higher rate of
LDL oxidation taking place because of an inflammatory condition (associated
with activated leukocytes). CRP may enhance blood clotting and was shown
to increase the size of blood clots in rats when they were induced to have a
myocardial infarction.

A recent large-scale study treated apparently healthy men and women who
had low serum LDL-cholesterol (less than 130 mg/dL) but elevated CRP (greater
than 2 mg/L) with rosuvastatin (a cholesterol-lowering statin drug) or placebo
(Ridker et al. 2008). The study was terminated after a median of less than two
years of follow-up because of the dramatic benefits of the drug compared with a
placebo. Statin therapy lowered LDL-cholesterol by 50 percent but also lowered
CRP by 37 percent. There were significant reductions in myocardial infarction,
stroke, revascularization (coronary bypass surgery), and unstable angina in
the statin-treated patients relative to the placebo control group. Unlike the
profile of total serum cholesterol, LDL-cholesterol, and HDL-cholesterol that is
routinely given in blood analyses, levels of CRP are usually not measured unless
a physician or patient requests it. If the above study had not been focused on
CRP, the striking improvement in outcome for the statin-treated group would be
interpreted as being due to the large, drug-induced decrease in LDL-cholesterol
of patients with low or normal levels of LDL-cholesterol.

CRP is thus another interesting player in the story of cardiovascular diseases,
although it seems this blood protein is produced by the liver in response to
cytokine signals from immune cells. It has been found that genetic variations
(polymorphisms) in human CRP influence the basal levels of CRP in the circula-
tion as well as CRP production in response to other stimulatory factors (Brull
et al. 2003). Higher levels of CRP may be an inherent property of inflammatory
conditions in the body and, as such, may end up being a secondary player as
far as causing heart disease is concerned. Nevertheless it seems to be a much
more useful indicator of heart disease risk than serum cholesterol. There is also
an association between CRP and metabolic syndrome and diabetes (Ridker et
al. 2003).

Diabetes Increases Risk of Vascular Diseases

Diabetes is a major risk factor for heart disease and stroke, as well as several
other maladies. Elevated levels of sugar in the blood can result in glycosylation of
proteins (glucose or similar carbohydrate derivatives become covalently bound
to proteins). Glycation of proteins in circulating LDL, and possibly VLDL, results
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in removal of the modified LDL particles by macrophages lining the arteries.
This occurs via the scavenger receptors for LDL, as described in the previous
chapter. Sugars, such as glucose and fructose, bind to a wide range of proteins in
the body, and when they are at elevated levels in the circulation, they are more
likely to react. Fructose is about ten times more reactive than glucose in terms
of protein glycation (Sakai, Oimomi, and Kasuga 2002). Furthermore, if there is
inflammation, the sugars may be oxidized more easily by free radicals generated
in the inflammatory response, resulting in greater binding to proteins.

According to the American Diabetes Association, two out of three people
with diabetes die from heart disease and stroke. In general, there are increased
levels of markers of oxidative stress, lipid peroxidation, and inflammation (such
as CRP) in patients with type 2 diabetes (el-Mesallamy, Suwailem, and Hamdy
2007). It should not be surprising that diabetes causes a dramatic increase in
risk of cardiovascular diseases. The role of dietary sugars in obesity, diabetes,
and metabolic syndrome is described in more detail in chapter 14.

The Genetic Connection

It has long been recognized that a predisposition to cardiovascular diseases is
hereditary. More recently it was realized that high levels of cholesterol in the
blood may also be hereditary and that a genetic predisposition to high serum
cholesterol outweighs any dietary fat contribution with respect to cardiovas-
cular disease. Michael Brown and Joseph Goldstein received the Nobel Prize in
Physiology or Medicine in 1985 for their pioneering work on the genetic basis
for familial hypercholesterolemia, a disease characterized by extremely high
levels of LDL in the blood and consequent heart disease at a young age (Brown
and Goldstein 1986). Their research showed that people inheriting one copy of
a defective gene (heterozygous) typically have levels of plasma LDL-cholesterol
around 300 mg/dL (about three times the normal level), and if a person has
the rare misfortune of inheriting two copies of a defective gene (homozygous),
plasma levels of LDL-cholesterol can be as high as 650 mg/dL (or about six
times normal levels). They identified several different genetic mutations that
all lead to disruption of the structure and function of the LDL receptor on cells.
Therefore, cells with such receptors are not able to remove LDL from the circu-
lation for a long time, where much of it gets oxidized. The oxidized LDL is then
removed by vascular macrophages. In their study, subjects in the homozygous
population had severe atherosclerosis in their teenage years.

Brown and Goldstein have recently described several other genetically
determined diseases that result in elevated levels of plasma cholesterol because
of defective removal of LDL from the bloodstream (Goldstein and Brown 2001).
In these cases, the defective proteins exhibit little or none of the activity of
their normal counterparts. In addition to defective LDL receptors, there can
also be defective apolipoprotein B-100 (apoB-100), which is the protein in
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LDL particles that binds to the LDL receptor. Gross changes in the structure of
either the LDL receptor or apoB-100 as a result of genetic mutations can result
in these proteins not recognizing one another. Consequently, the LDL particles
circulating in the blood do not bind to their receptors on cells and cannot be
taken into most cells that would normally utilize them. This would be like trying
to rake leaves with only the handle of a rake because of a manufacturing defect
that resulted in the head of the rake falling off or never getting attached.

For a biochemist, it is easy to imagine a wide range of genetic defects, not
only in the LDL receptor and apoB-100 on LDL particles, but in many other
proteins that are needed to control levels of cholesterol in the blood. These may
include proteins responsible for regulating the synthesis of cholesterol in cells
and other proteins involved in transporting LDL particles across cell membranes
and processing them inside the cells. For example, one such genetic defect has
been identified that results in a defective protein that normally functions to
bring the LDL particle into a cell after it binds the LDL receptor on the cell
surface (Mishra, Watkins, and Traub 2002). The genetic mutations need not
produce proteins that are completely nonfunctional but may produce proteins
that just do not work as efficiently as they should. As an example, the substitu-
tion of one amino acid for another in the LDL receptor may result in apoB-100
binding, but not as tightly as it normally would, resulting in twice as much time
being needed to remove LDL from the blood. This would be analogous to raking
the lawn with many teeth of the rake missing. The lawn may eventually get
cleaned, but it will take a longer time.

There has also been much interest in the size of LDL particles circulating in
the blood. Smaller LDL particles are associated with a higher risk of atheroscle-
rosis than larger LDL particles. Smaller LDL particle size is not only associated
with more cardiovascular disease but also correlates with elevated levels of
triglycerides in the blood and decreased levels of HDL-cholesterol (Campos
et al. 1992). Individuals with larger LDL particles have lower overall levels of
LDL-cholesterol as a result of fewer LDL particles. One study found that small
LDL particle size increased the relative risk of myocardial infarction by a factor
of nearly seven times (Griffin et al. 1994). On the other hand, individuals in
families whose members have a high probability of living past the age of one
hundred have significantly larger HDL and LDL particle sizes compared with
members of control families with normal life spans (Barzilai et al. 2003). They
also have lower prevalence of hypertension, cardiovascular disease, and meta-
bolic syndrome, and increased levels of a particular gene for cholesteryl ester
transfer protein (see below).

HDL has been separated into various subgroups or subpopulations based on
size, density, and electrophoretic behavior, with HDL-2 and HDL-3 representing
two major subpopulations that are distinguished by ultracentrifugation. Elec-
trophoresis of HDL has been used to obtain several subpopulations designated
as alpha-1, alpha-2, alpha-3, prealpha-1 to prealpha-3, prebeta-1, and prebeta-2.
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Researchers in Boston found that heart disease was associated with alpha-3
and prealpha-1 HDL particles in male participants of the Framingham offspring
study group (see chapter 1). These HDL particles have small diameters. They
also found a negative or inverse correlation with larger alpha-1 and prealpha-3
HDL particles (Asztalos et al. 2004). These results confirm many other studies
that have found an inverse correlation between HDL particle size and risk of
heart disease.

ApoA-I is the major apolipoprotein found in HDL particles. High-fat diets
have been shown to increase levels of ApoA-I by increasing its production and
decreasing its rate of degradation or hydrolysis by proteases. Levels of ApoA-I
are controlled mainly by its rate of degradation, more so than by its rate of
production (Asztalos et al. 2000). HDL particle size is also dependent on its
rate of degradation. Genes that code for several different proteins, such as lipo-
protein lipase, hepatic lipase, lecithin:cholesterol acyl transferase, cholesteryl
ester transfer protein, and phospholipid transfer protein, influence the size of
HDL particles.

A rare genetic disorder known as Tangier disease is characterized by
accumulation of cholesteryl esters in several tissues, including the tonsils,
adenoids, liver, and spleen. Patients with the homozygous form of this disease
have extremely low levels of HDL, whereas heterozygotes (inheriting one normal
and one defective gene) have below-normal HDL-cholesterol and smaller HDL
particle size (Brousseau et al. 2000). The genetic defect in Tangier disease is
known to affect a protein called ATP-binding cassette-1 (ABC-1), which plays a
role in removal of cholesterol from atherosclerotic lesions, although its precise
role is not well understood. Genetic variations in this gene other than those
responsible for Tangier disease would likely also affect the levels and size of
HDL particles.

Genetic variations (polymorphisms) in ApoE also affect transfer of lipids to
HDL particles containing this apolipoprotein and, therefore, efflux of cholesterol
from atherosclerotic deposits back to the circulation. There is much interest in
these ApoE polymorphisms with respect to heart disease risk, but it suffices to
say there are many possible genetic variations that have an effect on the size
and abundance of both HDL and LDL and, consequently, on the risk of heart
disease. Another possible genetic trait influences the level of homocysteine in
the blood.

Homocysteine Affects Several Systems
Involved in Cardiovascular Disease

Homocysteine is an amino acid related to methionine and cysteine. It is an
intermediate in the conversion of these sulfur-containing amino acids to
one another and in their metabolism in the cell to other products. Damage
to vascular cells by homocysteine has been attributed to several possible
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mechanisms, including oxidative stress (production of hydrogen peroxide,
superoxide, and other reactive oxygen species). Homocysteine inactivates
nitric oxide, which is a beneficial messenger that can dilate blood vessels to
lower blood pressure and exerts a wide range of other physiological effects, as
described in chapter 4. Homocysteine inhibits glutathione peroxidase, which
removes toxic lipid peroxides by reducing them to inactive alcohols. It also
inhibits glutathione synthesis, which influences a wide range of beneficial
effects attributed to this biological antioxidant (McCully 1998).

Elevated levels of homocysteine in blood increase the likelihood of
thrombotic events through multiple effects on several clotting factors, most
likely through addition of homocysteine to many of the proteins involved—
homocysteine has a propensity to react with protein (D’Angelo and Selhub
1997). Homocysteine can modify LDL, making this lipoprotein susceptible to
removal from the circulation by vascular macrophages and thereby promoting
atherosclerosis. Because homocysteine has a free sulfhydryl group, it is also
easily oxidized by oxygen and may result in generation of free radicals and reac-
tive oxygen species that can wreak havoc with cell membranes, LDL particles,
and other blood components.

A recent meta-analysis of twenty-six reports found that there was a signifi-
cant positive association between homocysteine and heart disease (Humphrey
et al. 2008). The meta-analysis revealed that for each 5 micromole per liter
increase in plasma homocysteine there was a 20 percent increase in the chance
of having a cardiovascular event. Normal homocysteine levels should be less
than about 10 micromole per liter. Although homocysteine is not a strong
predictor of heart disease and stroke, it may interact with other risk factors,
such as serum LDL or C-reactive protein.

Kilmer McCully of the Department of Veterans Affairs Medical Center in
West Roxbury, Massachusetts, suggested that the declining rate of heart disease
in the United States since the 1960s may be attributable to increased intake of
vitamin supplements, particularly vitamin Bg and folate, which form important
coenzymes in homocysteine metabolism (McCully 1998). This decline may also
have been influenced by greater availability of fresh fruits and vegetables in
Western markets during winter months. The genetic disease known as homo-
cysteinuria is most commonly caused by an inherited deficiency of the vitamin
Bs-dependent enzyme cystathionine synthase (Mudd, Skovby, and Levy 1985).
In many cases, vitamin By supplementation could alleviate symptoms of the
disease.

Homocysteine levels appear to be another useful indicator for risk of heart
attacks and stroke. Dietary factors, in this case vitamins B, B;,, and folate, may
have some influence on homocysteine levels. Unfortunately homocysteine, like
CRP, is not routinely analyzed when blood samples are drawn. If a patient is
diagnosed with elevated homocysteine, dietary supplements of these vitamins
would certainly be warranted.
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Conclusions

Clearly there are many genetic factors involved in raising or lowering one’s
risk for heart disease, and there are many measurable factors in the blood that
can be used as predictors. High levels of serum cholesterol (greater than
240 mg/dL) and LDL-cholesterol (greater than 150 mg/dL) are good measures
of risk for cardiovascular disease, but C-reactive protein (CRP) may be a better
indicator. CRP is associated with inflammation, which facilitates atherosclerosis
as well as promoting the disruption of atherosclerotic plaque to initiate throm-
bosis and myocardial infarction. The biochemical role of CRP is just beginning to
become clear. Diabetes and its associated complications may work in conjunc-
tion with inflammation and is another important risk factor.

Heredity is much more important as a risk factor for heart disease than the
profile of fatty acids in the diet. This is not to say that people should not strive to
eat a well-balanced diet with ample amounts of proper nutrients, but attempts
to eliminate or minimize foods that contain saturated fats and cholesterol, per
se, may not be the best approach. The polyunsaturated fatty acids found in
vegetable oils may exhibit beneficial effects with respect to blood cholesterol
levels, but they are also clearly involved in a wide range of effects that can
exacerbate many diseases, including arthritis and other types of inflammation,
atherosclerosis, heart disease, and stroke. The following chapters will describe
more diseases that are affected by these essential fatty acids.



Lipid-Lowering Drugs

Akira Endo was not yet a teenager when Alexander Fleming won the Nobel
Prize in Physiology or Medicine in 1945 for his discovery of antibiotics from the
mold Penicillium notatum in 1928. Endo was fascinated by Fleming’s work and
got a job with the Sankyo Chemical Company isolating enzymes from fungi and
molds for processing fruit juices while he was pursuing his Ph.D. in the early
1960s. In 1966 he went to Albert Einstein College of Medicine in New York to
work for two years on cholesterol, which was becoming a major topic of research
interest at that time (Landers 2006).

After Endo returned to Sankyo, he convinced his supervisor to allow him
to search for fungal substances that would inhibit cholesterol synthesis. He
and his colleague Masao Kuroda tested thousands of fungal broths in the
early 1970s before finding one that worked on the key enzyme in choles-
terol synthesis, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA
reductase). They found that Penicillium citrinum produced inhibitor(s) of the
enzyme and eventually isolated 23 mg of a crystalline material from about
600 liters of culture (Endo 1992). By the end of 1973 they had determined the
structure of the active substance, and it became known as mevastatin, since it
suppressed the formation of mevalonate, the product of the reaction catalyzed
by HMG-CoA reductase. The same substance was isolated from Penicillium
brevicompactum in England in 1976 and named compactin (Brown et al. 1976).
The drug is variously known as ML-236B, mevastatin, and compactin.

When Endo’s group tested their mevastatin on rats, they found it could
decrease plasma cholesterol at high doses (20 mg/kg), but the effects were not
reproducible. They tried feeding rats a diet supplemented with o.1 percent
mevastatin for a week, but it resulted in no changes in plasma cholesterol. A
chance meeting with a colleague provided an opportunity to study the effects of
their new inhibitor in a different animal—female chickens. Feeding the hens a
diet containing 0.1 percent mevastatin resulted in about a 50 percent reduction
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in plasma cholesterol, without affecting diet consumption, body weight, or egg
production. Experiments with dogs and monkeys showed it worked in those
species as well. They eventually found that rats and mice had an unusual ability
to produce several-fold higher levels of HMG-CoA reductase when receiving
multiple exposures to the inhibitor, although inhibition was effective with a
single acute dose (Endo 1992).

In 1977 Endo approached Akira Yamamoto, a physician who was treating
patients with familial hypercholesterolemia at Osaka University Hospital in
Japan. Endo provided some mevastatin to try on one patient with extremely high
levels of plasma cholesterol, beginning with a dose of 500 mg per day. After two
weeks the plasma cholesterol level decreased by about 20 percent, but levels of
creatine phosphate and transaminase were elevated, and the patient developed
muscular weakness (Endo 1992). The adverse effects disappeared when the drug
was withdrawn. The drug was then given at 200 mg per day without adverse
effects on muscle. There was little detectable change in plasma cholesterol,
but after five months the xanthomas (lipid-filled nodules under the skin) and
other noticeable traits of the disease were markedly reduced. Preliminary tests
in other patients with familial hypercholesterolemia and hyperlipidemia also
showed reductions in plasma cholesterol levels over several months at various
doses.

These early studies were done before internal review boards and other strict
regulations became commonplace in clinical trials. When managers at Sankyo
saw the results Yamamoto had with hypercholesterolemic patients, they decided
to test mevastatin in formal clinical trials. Endo was offered an academic posi-
tion at Tokyo Noko University. Sankyo management was not pleased with Endo’s
departure, and the company rarely mentioned him in its publicity about the
discovery of the first statin drug. Endo received recognition for his discovery by
winning several awards and prizes, including the 2008 Albert Lasker Medical
Research Award.

In 1976 the Sankyo Chemical Company entered into an agreement with the
pharmaceutical giant Merck and Company, providing Merck with samples and
unpublished data regarding mevastatin. Merck scientists repeated the work
with laboratory animals and achieved similar results. They soon isolated a
mevastatin analog from another fungus, Aspergillus terreus, which they named
lovastatin (Endo 1992). Lovastatin was slightly more active than mevastatin at
inhibiting HMG-CoA reductase. Endo also had independently isolated lovastatin
in his first year at Tokyo Noko University, but Merck held patent rights to the
compound in the United States. Merck obtained approval from the U.S. Food
and Drug Administration to market lovastatin as Mevacor in 1987. It was the
first FDA-approved statin to be marketed.

Mevastatin was originally isolated as the lactone (closed-ring structure)
form of the acid and alcohol groups in the molecule (see figure 8.1). It was
later found that the open-ring acid form, which is more water-soluble, is a
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more potent inhibitor of HMG-CoA reductase. The drug competes with HMG-
CoA, the natural substrate, for binding to the active site of the enzyme. It is a
reversible and competitive inhibitor of the enzyme. It was found that the acid
form of mevastatin binds to the enzyme with an affinity about ten thousand
times greater than that of HMG-CoA (Endo 1992).

During the 1980s several similar drugs were discovered, either by isolation
from fungi or through chemical synthesis and modification of natural prod-
ucts. The statins all have the 3-hydroxyglutaryl group in common, which has
a chemical similarity to HMG-CoA, as shown in figure 8.1. This allows them to
compete with the natural substrate for binding to the active site, while the
bulky chemical groups attached to 3-hydroxyglutaryl can vary quite a lot. The
bulky groups attached probably impart their differences in in terms of potency
or affinity for binding the enzyme.

Statins lower cholesterol levels in the body by inhibiting a key enzyme,
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase), in
the pathway for cholesterol synthesis. When this pathway for cholesterol
synthesis is shut down, or at least slowed down substantially, the body needs
to get its cholesterol either from the diet or from storage sites in the body—the
latter being limited but often significant. In addition to cholesterol stored
in adipose tissue (fat stores), there is cholesterol in the fatty streaks lining
the arteries, as described earlier regarding the development of atheroscle-
rosis. When the liver is unable to produce cholesterol by its normal synthetic
route, it will activate systems to scavenge cholesterol from various deposits.
The liver will make apolipoproteins, such as Apo A-I, which is a precursor
for HDL (see appendix D for descriptions of apolipoproteins and lipopro-
teins). Consequently, HDL levels will generally increase during statin therapy.
These apolipoproteins can scavenge cholesterol from atherosclerotic fatty
streaks if they have not yet been calcified (see chapter 6). This can help to
reverse cholesterol deposition in the lining of arteries. The decrease in LDL-
cholesterol and increase in HDL-cholesterol results in a favorable blood lipid
profile.

Statins have become the most widely prescribed drugs in the world, with
more than one hundred million people having taken them at some time and
more than $50 billion in annual sales. Their promoters claim they are the
new wonder drugs. They lower blood cholesterol levels, with dramatic effects
on LDL-cholesterol. Many researchers publicizing their clinical studies claim
decreases of as much as 30 percent in LDL-cholesterol levels with statin
therapy, and similar decreases in cardiovascular events as a result (Gould et al.
2007). Many of the reports look quite impressive and have led many physicians
and researchers to push for invariably more aggressive use of statins to combat
heart disease. However, it is necessary to look a little more closely at the data
to see how good these drugs really are.
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FIGURE 8.1. The chemical structures of 3-hydroxy-3-methyl-glutaryl coenzyme A
(HMG-CoA) and several common statin drugs for comparison. Note the similarity in
the glutaryl group, either as lactone, acid, or sodium salt, at the top of each statin
structure.

Early Clinical Trials Show Promise

One of the first randomized, placebo-controlled clinical trials of statins, known
as the 4S-Study, was published in 1994 (Scandinavian Simvastatin Survival
Study 1994). The results were most impressive, with relatively few adverse
effects from drug treatment. All 4,444 patients in the study had existing heart
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disease (previous myocardial infarction or angina pectoris) and relatively high
LDL-cholesterol levels. There was a 35 percent decrease in LDL-cholesterol with
statin therapy, and there were 30 percent fewer deaths among statin-receiving
patients compared with the placebo-taking control group (8 percent versus 12
percent died). The number of coronary events was also much lower in the statin-
treated group compared to the control group (19 percent versus 28 percent).

Another early randomized, placebo-controlled study was the West of
Scotland Coronary Prevention Study (WOSCOPS) published in 1995 (Shepherd
et al. 1995). This study showed similar results: 26 percent reduction in LDL-
cholesterol, 31 percent reduction in cardiovascular events, 28 percent reduction
in definite cardiovascular deaths, and 22 percent reduction in death from any
cause (which was borderline in terms of being statistically significant, with
p = 0.051) relative to the placebo-taking control group. The researchers
indicated that the reduction in LDL-cholesterol alone did not account for
the clinical benefit of statin therapy (WOSCOPS 1998). The statin drugs also
reduce inflammation and decrease levels of C-reactive protein (CRP), another
risk factor discussed in the previous chapter. The finding of a greater-than-
expected decrease in cardiac events among statin-treated versus placebo-taking
subjects was based on comparing results for subjects in each group with similar
LDL levels. Such comparisons are rarely done. The statins were doing much
more than merely lowering total serum cholesterol or LDL-cholesterol
(see below).

A third study in Australia and New Zealand looked at the effects of prava-
statin on cardiovascular events and death in men with previous heart disease
and a broad range of baseline serum cholesterol levels (LIPID 1998). Again
the results were similar: 29 percent reduction in all cardiovascular events, 24
percent reduction in cardiovascular deaths, and 22 percent reduction in deaths
from all causes. The changes in serum cholesterol levels were similar, although
changes in each class of lipoproteins were divided into three subgroups (low,
intermediate, and high) according to baseline values. The greatest change
in LDL-cholesterol in response to statin treatment was in the subgroup with
highest levels at the start. Each of these reports indicated the drug was well
tolerated, with relatively few adverse effects from treatment.

After several placebo-controlled studies of statins showed a clear benefit of
drug treatment relative to cardiovascular events and death from heart disease,
use of placebo in further studies was considered unjustified. Many subsequent
trials then compared different dosage levels of a drug, or one statin drug
versus another. There has been much discussion about subsequent studies
that have given less convincing results with statin therapy. Often reports tend
to downplay adverse side effects or dismiss them as rare or few. There seems
to be a trend now toward more aggressive treatment with statins to reach a
minimum level for LDL-cholesterol. But doubling the dosage does not mean
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LDL-cholesterol will decrease by twice as much. Yet increasing dosage will
surely increase the number and severity of adverse effects of these drugs,
which are not insignificant.

Statins Are Not Just Lipid-Lowering Drugs

In addition to lowering cholesterol, statins also decrease levels of C-reactive
protein (CRP), a powerful marker for cardiovascular disease risk (Albert
et al. 2001). The decrease in CRP in response to statin therapy indicates
a reduction in inflammation. Inflammation in the vascular system is
usually considered to be what triggers the disruption of the fibrous cap over
atherosclerotic lesions, which can lead to clotting, which in turn causes a
myocardial infarction. In addition, there is evidence that statins can suppress
atrial fibrillation and other types of cardiac arrhythmia (Young-Xu et al.
2003), which are frequently a cause of heart attacks. The statins also improve
endothelial function, vascular tone, and blood flow (Paoletti, Bolego, and
Cignarella 2005).

A 2005 review article identified twenty-two clinical trials of the pleiotropic
(nonlipid) effects of statin drugs (Davignon and Leiter 2005). Ten of the studies
in the review assessed (or were still assessing) various indicators of inflamma-
tion, such as CRP, and associated effects on plaque stability. Some of the studies
assessed effects of statins on clotting factors, hypertension, levels of oxidized
LDL, kidney disease, stroke, osteoporosis, Alzheimer’s disease, and multiple
sclerosis. Some studies were looking at multiple factors. There is much specula-
tion that statins may be useful therapeutic drugs for many diseases, although
the evidence for diseases other than cardiovascular disease is less compelling.
Often the suggestion for usefulness in treating other diseases has been due to an
observed secondary effect in clinical trials designed to study efficacy of statins
in cardiovascular outcomes. For example, there appeared to be a reduced risk of
depression in cardiac patients receiving statin therapy, although reduced levels
of cholesterol in some studies have been associated with increased incidence
of depression and suicide (Shafiq et al. 2005). There have also been reports of
decreased incidence of Alzheimer’s disease among statin users and lower risk of
dementia among users, even though other studies have shown that low serum
cholesterol has been associated with cognitive decline in aging populations
(Shafiq et al. 2005).

In general, a decrease in risk factors for heart disease also decreases the
risk for stroke. Statins can decrease the overall incidence of stroke, with about
a 15 percent decrease in strokes caused by clotting (thromboembolism) but a
19 percent increase in strokes caused by hemorrhage has also been reported
(Law, Wald, and Rudnicka 2003). The majority of strokes in the United States
are caused by blood clots rather than hemorrhage. In addition, although
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the risk of nonfatal strokes was reduced with statin therapy, the risk of fatal
strokes was not changed significantly (Cheung et al. 2004).

Explanations for Adverse Effects of Statins

In addition to lowering cholesterol, the statins also reduce levels of some other
lipids in the body that require HMG-CoA reductase for their synthesis. One
of these lipids is farnesyl pyrophosphate, which is involved in cell signaling
and cell proliferation. There has been speculation that statins should suppress
the proliferation of cancerous cells, and many studies of cells in culture have
shown this to be true. However, numerous analyses of outcomes from the
effect of statins on cardiovascular disease have indicated that statins neither
promote nor suppress most cancers. There will be more on statins and cancer
in chapter 10.

Another lipid requiring HMG-CoA reductase for its synthesis is coenzyme
Qo (CoQ, ubiquinone or ubiquinol), which is a component of the mitochondrial
respiratory electron transport chain. There is concern that lower levels of this
coenzyme could interfere with respiration and energy metabolism. There have
been conflicting reports regarding the levels of coenzyme Q in patients receiving
statins. Decreased coenzyme Q production would affect respiratory ATP produc-
tion in mitochondria. This could affect ion transporters in the muscles, brain,
and other organs, giving rise to the main side effects of these drugs, which are
various degrees of pain and myopathy (muscle disease) in muscles and cognitive
deficits.

A small study comparing coenzyme Q and vitamin E supplementation in
patients taking statins indicated a significant decrease in muscle pain resulting
from statin therapy when coenzyme Q supplements were taken but no change
when vitamin E was taken. Vitamin E and coenzyme Q are two important
lipid-soluble antioxidants in the body. As a component of the mitochondrial
respiratory chain, coenzyme Q undergoes reversible oxidation and reduction.
It acts as a shuttle for electrons between complex I (NADH dehydrogenase) or
complex II (succinate dehydrogenase) and complex III (cytochrome b/c; complex
or ubiquinol-cytochrome c oxidoreductase). It seems to be loosely bound to the
inner mitochondrial membrane and free to diffuse within the membrane, rather
than being firmly bound to membrane proteins like many of the other compo-
nents of the respiratory chain. If it interacts with a stray oxygen molecule rather
than its normal electron acceptor, complex III, it may generate a free radical. In
this capacity, it would become a pro-oxidant rather than an antioxidant (Sohal
and Forster 2007). It seems that free radical generation is directly correlated
with coenzyme Qq, a shorter version of coenzyme Q that may come from dietary
sources, and is inversely correlated with coenzyme Q,, (Sohal et al. 2006).

Since coenzyme Q plays such a vital role in energy metabolism and statins
interfere with its endogenous synthesis, coenzyme Q dietary supplements would
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seem to be a sensible suggestion for patients on statin therapy. Although coen-
zyme Qg is routinely prescribed to patients on statin therapy in Europe and
Canada, the medical establishment and pharmaceutical industry in the United
States have not made this a standard recommendation. Perhaps such a recom-
mendation would be admiting that the drugs have potential to cause adverse
effects, whereas side effects have been downplayed all along.

It appears there has been only one short-term (four weeks) toxicity study of
coenzyme Q supplements: it was done in Japan (Hosoe et al. 2007). That study
showed that plasma levels of the coenzyme increased with dosage up to 300
mg per day with no noticeable adverse effects. Consumption of moderate doses
of this supplement during statin therapy seems warranted. However, patients
should be advised that this coenzyme can also act as a pro-oxidant that gener-
ates free radicals, and excessive doses could be harmful. There is little known
about whether coenzyme Q from dietary supplements finds its way into the
mitochondrial membrane. One study in China showed no significant change
in muscle concentration of coenzyme Q with 150 mg per day supplements in
healthy volunteers, and there was no significant change in several exercise
performance parameters. It would be valuable to have a study in which levels
of coenzyme Q are measured in mitochondria of statin-treated patients taking
coenzyme Q supplements versus patients taking a placebo. This can be done
easily by taking muscle biopsies. Studies could be designed whereby patients
do not receive supplements for a period of time after statin therapy starts and
then receive supplements.

Statins can cause minor aches in muscles (myalgia) or more severe
myopathy that is characterized by increased levels of creatine kinase (a muscle
enzyme) in blood (serum). Elevated serum levels of this protein are indicative
of damage to muscle tissue. In some cases creatine kinase may be elevated by as
much as one hundred times normal levels, indicating extensive muscle necrosis
(rhabdomyolysis). Myopathies are reported in only about 0.1 percent of patients
taking statin drugs, although there is some concern over whether there may be
many overlooked or underreported cases in the aged population (Silva et al.
2007). If elevated creatine kinase is diagnosed in early stages, the effects may
be reversible, although repair of muscle tissue is much slower in the elderly
population. The alarm is not usually triggered until creatine kinase levels reach
more than ten times what is considered a high normal level.

Another common side effect of statin drugs (in about 1 to 1.5 percent of
patients) is elevated levels of serum transaminase (alanine aminotransferase),
which is characteristic of liver disease. Administration of statin drugs usually
results in about a threefold increase in levels of serum transaminase above
the upper limit of normal, which is not surprising since many drugs can
produce serum elevations in this liver enzyme. This is usually referred to
as asymptomatic serum transaminase elevation, since there are usually no
overt symptoms of liver disease displayed in patients. Symptomatic toxicity
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has been reported with all the statins, with symptoms including jaundice,
hepatitis, cholestasis, fatty liver, cirrhosis, and acute liver failure, but these
are considered rare (Corsini 2003).

The liver is responsible for metabolizing most drugs, including the statins,
for elimination from the body. Often drugs will compete for cytochrome
P450 enzymes that metabolize many drugs, so when multiple drugs are being
consumed simultaneously, there may be interactions of these drugs via
competition for the enzymes responsible for their metabolism. This results
in increased levels of drugs in the body and greater likelihood of undesirable
effects. With elderly and high-risk populations taking complex combinations
of drugs, it can be next to impossible to determine all the possible drug and
nutrient interactions.

As with any medication, the risks and benefits of statins must be evaluated
to determine whether a patient’s condition makes it worthwhile to pursue this
type of drug therapy. Pharmaceutical companies have been given free reign
to advertise these so-called wonder drugs directly to the public in the United
States. Statins certainly have been shown to be effective in reducing cardiovas-
cular events, but how efficacious are they at reducing overall death or improving
quality of life for those with moderate or low risk? Many studies only report the
decrease in cardiovascular events but neglect to report overall survival. To be
fair, most of the studies performed in recent years compared one statin with
another or with different doses of a statin drug, since early studies showed the
efficacy of the drugs in lowering cholesterol and treating heart disease. It is
curious that many patients (25 to 30 percent) discontinue their use of statins
for various reasons, including economic factors (Peterson and McGhan 2005).
The rate of continuation is better for statins than for several other types of
lipid-lowering medications, such as bile acid sequestrants and fibrates, which
commonly cause gastrointestinal disorders (Kamal-Bahl et al. 2007).

The point is that statins, although effective in lowering serum cholesterol
(especially LDL-cholesterol) and reducing the incidence of cardiovascular events,
may not be the wonder drugs with few or rare side effects that they are made
out to be. More aggressive use of these drugs, with higher doses and treatment
of larger segments of the population, may not be the best strategy for improving
our collective general health. Statins may indeed be a magic bullet for people
with verified heart disease or multiple risk factors, including diabetes, hyper-
tension, and a family history of heart disease. For such high-risk individuals,
the argument for statin therapy is certainly stronger. However, the emphasis on
monitoring LDL-cholesterol during statin therapy and setting a goal of lowering
LDL-cholesterol to as low as 70 mg/dL (by some advocates) seems to overlook
the numerous pleiotropic effects of the statin drugs. The Adult Treatment Panel
III of the National Cholesterol Education Program set a treatment goal of less
than 100 mg/dL of LDL-cholesterol in high-risk patients (Grundy et al. 2004).
Even this seems quite ambitious, since average LDL-cholesterol was 129 mg/dL
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in the United States when statin therapy was introduced and decreased to 123
mg/dL in 2002 with broad statin use (Carroll et al. 2005). The average level of
cholesterol in the United States is considered to be too high by many advocates
of lipid-lowering protocols.

Increasing life span as a result of fewer cardiovascular complications may
include adverse side effects that diminish quality of life as part of the cost,
particularly in the older population. As one group of critics pointed out, a
nonfatal heart attack or stroke may be successfully managed, whereas some of
the known adverse effects, such as rhabdomyolysis (severe muscle wasting),
polyneuropathy (multiple peripheral nerve disorders), aggressive or suicidal
behavior, amnesia, and serious congenital defects (birth defects among the
children of mothers taking statins) can be catastrophic for patients (Ravnskov,
Rosch, and Sutter 2005).

There is much controversy regarding underreporting the adverse effects of
these drugs. Rhabdomyolysis is a severe form of muscle disease that is rarely
seen as a statin-induced symptom (fewer than 0.1 percent of patients) (Davidson
and Robinson 2007), but how prevalent is some loss of muscle function or some
increase in muscular aches and pains? Cognitive problems (memory loss and
confusion) may be dismissed by primary care physicians, especially in elderly
patients on statin therapy, as just one of the consequences of aging. The
possible connection between some peripheral neurologic problem and statin
therapy may be overlooked and attributed to unknown etiology. Minor aggres-
sion may be considered just part of a person’s personality, and aggravation of
such a tendency may go unnoticed until it is too late in the most violent cases,
or may appear some time after initiation of statin treatment, concealing any
connection between drug treatment and change in behavior.

Conclusions

The statin drugs are enjoying enormous popularity in the cardiac health care
community. They are highly effective drugs for improving the serum lipid
profile, lowering LDL-cholesterol, raising HDL-cholesterol, and often lowering
serum triglycerides. Their impact on reduction of cardiovascular events in the
high-risk population is most impressive. Some studies did not find significant
changes in death from all causes when statin therapy was compared with
placebo controls, although other studies have shown an overall improvement
in life span.

The possible therapeutic effects of statin drugs on several health condi-
tions are being explored, in addition to their cardiovascular benefits. Their
favorable effects on inflammation, clotting factors, atrial fibrillation, and
other factors associated with cardiovascular disease may be playing as much
of a role in reducing coronary events as their cholesterol-lowering properties.
Perhaps it would be more practical to look at the numerous pleiotropic effects



106 DIETARY FATS IN HEALTH AND DISEASE

these drugs have when assessing their effectiveness in reducing heart disease
risk, rather than focusing on the reduction in LDL-cholesterol. Setting treat-
ment goals for LDL-cholesterol levels that are far below the national average
means more aggressive prescription of these drugs. It is becoming clear that
higher doses of these drugs and more general use of them are accompanied
by increases in adverse side effects. We should not lose sight of quality of life
considerations when considering approaches to better health, particularly in
lower- or moderate-risk populations.

Diet and lifestyle modification, especially exercise, should be the first
consideration of anyone who may feel at high risk for heart disease. The earlier
one starts the better.



Inflammation, Anti-inflammatory Drugs,
and Lipid Mediators

Wﬂlow bark was known since ancient times to reduce fever and decrease
pain. An active extract of willow was isolated in the late eighteenth century and
given the name salicin, from the Latin Salix for willow, or trees in the Salicaceae
family. In the early nineteenth century salicylic acid was identified as the active
component and was neutralized to form potassium or sodium salicylate salts.
The French chemist Charles Gerhardt first converted salicylic acid to its acetyl
ester in 1853, but this derivative seemed to be ignored for the next forty years. In
1896 Felix Hoffman, a chemist at the Bayer subsidiary of I. G. Farben in Germany,
repeated Gerhardt’s procedure and named the product aspirin. Heinrich Dreser
reported its effectiveness for the treatment of fever and pain in 1899, which
started a long reign for aspirin as the world’s most widely used drug, a position
of preeminence it held for nearly a century (Insel 1990).

Eventually, pharmaceutical companies designed other analgesic drugs,
some working even better than aspirin for pain relief. However, aspirin still
holds a special place in the pharmacopeia, not just as an analgesic, but as an
anti-inflammatory, anticoagulant, and antipyretic (fever-reducing) drug. Second-
generation analgesic and anti-inflammatory drugs captured a large share of the
market since their introduction in the 1960s and 1970s, but they still have a
long way to go to knock aspirin from the rank of largest-selling drug of all time
in terms of overall quantity. The recent flurry over the latest anti-inflammatory
drugs (COX-2 inhibitors) has shown that it will not be a trivial matter to replace
aspirin.

As we saw in chapter 3, the mode of action for aspirin was worked out by
John Vane and colleagues at the Wellcome Research Institute in Great Britain.
They found that the acetyl group of aspirin is transferred to the active site of
the enzyme cyclooxygenase (COX), inhibiting that enzyme from converting poly-
unsaturated fatty acids to bioactive substances known as prostaglandins and
thromboxanes (Vane 1971). The acetyl group transferred is the one that Gerhardt
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and Hoffman attached to the salicylic acid to form aspirin (see figure 9.1). This
acetyl group is attached to the COX enzyme permanently, making aspirin an
irreversible inhibitor of COX. The acetyl group does not get removed from the
enzyme. The only way the catalytic activity of the COX enzyme is restored to the
cell is for the cell to make new enzyme via protein synthesis. This could take
several hours in a typical cell but does not occur in blood platelets, because
they do not have a nucleus with DNA, nor do they have the apparatus for
synthesizing new proteins.

Aspirin is unique among the COX inhibitors in being irreversible. The
other inhibitors are reversible, and enzyme activity returns when levels of the
drug have dwindled owing to metabolic breakdown and excretion. This is why
doctors often recommend a low dose of aspirin to people at high risk of heart
attack. The low dose will be used up reacting with the first COX enzymes it
encounters, primarily those in the blood, especially in blood platelets, which
results in the observed anticoagulant effect with repeated low doses. A day or
two after aspirin has been taken, a sufficient number of new platelets have
been generated in bone marrow with active COX enzyme to make thromboxane
and initiate blood clotting. It was recognized long ago that aspirin increases
bleeding time by preventing blood clots (Roth and Majerus 1975). A person who
has taken several aspirin tablets over a period of a few days will generally bleed
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FIGURE 9.1. Conversion of salicylic acid to aspirin by chemical reaction with acetyl
chloride (top). Aspirin reacts with cyclooxygenase (COX) by transferring the acetyl
group to the enzyme, forming salicylic acid.
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for a longer time from a cut or scratch as a result of aspirin’s action on COX in
the blood platelets.

Once the biochemical action of aspirin was understood, pharmaceutical
companies put great effort into developing new drugs that would work like
aspirin and could be patented. One drug developed in the 1960s was ibuprofen,
which was sold as a prescription drug under the brand name Motrin. The U.S.
Food and Drug Administration (FDA) approved the nonprescription sale of
ibuprofen in 1984, when the patent expired, and it became widely available
under the brand names Advil and Nuprin, as well as in generic form. Naproxen,
another anti-inflammatory drug, came on the market under the brand name
Aleve and also became a popular generic drug. The generic drug companies
have enjoyed a large share of the market for anti-inflammatory drugs.

These drugs, along with aspirin, are collectively known as nonsteroidal
anti-inflammatory drugs or simply NSAIDs. Some steroids, such as cortisone,
are also anti-inflammatory, but rather than inhibiting the COX enzyme, they
inhibit the enzyme that releases arachidonic acid from phospholipids in cell
membranes (see figure 9.2). This latter enzyme is known as phospholipase A,
(PLA,). The anti-inflammatory steroids have far more side effects than NSAIDs
because the steroids are also hormones that send signals throughout the body
causing cells to alter their metabolism. The hormone actions do not necessarily
involve prostaglandins and thromboxanes.
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Figure 9.2. Synthesis of prostaglandins and thromboxanes from arachidonic acid.

Adapted from Claria and Romano 2005.
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Aspirin has been the drug of choice to prevent a heart attack in patients
at high risk because of its anticoagulant properties (Ames and Gold 1991). The
platelets are responsible for initiating a blood clot by forming TXA,, which
causes platelets to stick together and blood vessels to contract when a blood
vessel is severed. However, in the case of a heart attack, the blood vessels need
not be severed to trigger the events that lead to a blood clot (as described in
chapter 6). This is often triggered by an immune response to bacterial infec-
tion (such as Chlamydia pneumoniae) and the resulting inflammatory reaction
in vascular tissue (Song et al. 2000).

If COX in the platelets has been irreversibly inhibited by aspirin, the
blood clot may not get started or may remain small, allowing a ruptured cap
to be repaired without a life-threatening cardiovascular event. If a patient at
risk of myocardial infarction has been consuming, in addition to aspirin, an
abundance of omega-3 fish oils relative to omega-6 vegetable oils, the clotting
response in the above scenario would be further diminished. Eicosapentaenoic
acid (EPA) derived from fish oils also suppresses inflammatory reactions in the
vascular system, resulting in less damage to the fibrous cap and less chance of
myocardial infarction.

There is concern about increased incidence of stroke among patients taking
aspirin regularly, which can lead to cerebral hemorrhaging (due to decreased
blood clotting) (Kronmal et al. 1998). A high intake of omega-3 fatty acids from
eating a lot of fish or regular consumption of fish oil supplements, especially
EPA, could augment the anticlotting effect of aspirin and make an individual
even more prone to hemorrhaging. Therefore daily low doses of aspirin may not
be a panacea for the general population.

COX-2 Inhibitors Arrive on the Scene

A newer generation of drugs that block the action of COX came on the market
around the turn of the twenty-first century—a century after aspirin appeared.
These are known as COX-2 inhibitors because they are relatively selective for the
COX-2 form of the enzyme that produces prostaglandins from arachidonic acid
and have little effect on COX-1. Traditional NSAIDs inhibit both forms of the
enzyme, although they may exhibit subtle differences. For example, aspirin and
ibuprofen have several-fold greater preference for COX-1 versus COX-2 (Mitchell
et al. 1993). There are a few different forms of COX in the body, which are distin-
guished by numbers, namely COX-1, COX-2, and COX-3, with COX-1 and COX-2
being more abundant and better understood.

COX-1 is considered a constitutive enzyme, meaning that it is present all
the time in tissues where it is found, such as in the gastric mucosa (stomach
lining) and blood platelets. COX-2 is an inducible form of the enzyme, meaning
that it is usually present at low levels, but some event can trigger cells to
produce it in larger quantities. Inflammation resulting from injury or infection
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is known to induce certain cells to produce this enzyme. Both forms of the
COX enzyme catalyze the same reaction, namely conversion of arachidonic
acid to prostaglandin G,, followed by a subsequent peroxidase reaction to
form prostaglandin H, (see appendix C for structures). Other enzymes catalyze
formation of different end products from PGH, in different cells, such as
thromboxane synthase to form TXA, in platelets and prostacyclin synthase to
produce PGI, (prostacyclin) in vascular endothelial cells (Claria and Romano
2005) (see figure 9.2).

Once different forms of the COX enzyme were identified, pharmaceutical
companies were eager to capitalize on their differences. It was recognized that
immune cells involved in the inflammatory response make predominantly COX-
2. An effort was made to develop drugs that would specifically inhibit COX-2 and
spare COX-1. The latter is present in certain tissues all the time and associated
with many physiological activities, such as protecting the gastric mucosa and
initiating blood clots when we are bleeding. It was believed that selective COX-2
inhibitors should cause fewer gastrointestinal problems than nonselective COX
inhibitors (NSAIDs).

In 1999 celecoxib (sold by Pfizer under the brand name Celebrex) became
the first COX- 2 inhibitor to reach the market. Rofecoxib (sold by Merck under
the brand name Vioxx) immediately followed. Although there were not yet
published reports regarding lower incidence of gastrointestinal disturbances,
bold marketing resulted in celecoxib setting a record for sales of a pharmaceu-
tical in the shortest period of time—more than $3 billion worldwide in 2001
(Juni, Rutjes, and Dieppe 2002).

Gastrointestinal problems from aspirin and other NSAIDs affect only about
5 percent of the population. A comparison of rofecoxib (Vioxx) with naproxen
showed that both drugs provided similar relief of joint stiffness and pain in
rheumatoid arthritis patients. Rofecoxib produced about 2.1 gastrointestinal
events (perforation, obstruction, bleeding, and symptomatic ulcers) while
naproxen caused about 4.5 such events per 100 patient-years (per 100 users of
the drugs over a period of one year) (Bombardier et al. 2000). Naproxen shows
a preference for COX-1 over COX-2 similar to that of aspirin and ibuprofen.

Two large-scale clinical trials of the COX-2 inhibitors were initiated in
2000: the Celecoxib Long-Term Arthritis Safety Study (CLASS) and the Vioxx
Gastrointestinal Outcomes Research (VIGOR) trial. These randomized, placebo-
controlled studies compared celecoxib and rofecoxib with nonselective NSAIDs,
namely with ibuprofen and diclofenac in the CLASS trial and with naproxen in
the VIGOR trial. Early reports showed significantly lower incidence of compli-
cated ulcers with the COX-2 inhibitors; however, there was a higher incidence
of serious adverse events with the COX-2 inhibitors, including deaths, admis-
sions to hospital, and various life-threatening or serious disabilities (Wright
2002). Overall mortality with COX-2 inhibitors was greater than with traditional
NSAIDs, but the differences were not statistically significant. Eventually, when
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all the data were released, the VIGOR study indicated a significant increase in
cardiovascular events with rofecoxib use compared with naproxen.

There was some concern soon after the COX-2 inhibitors were introduced
that they might cause heart attacks because of their selectivity for COX-2
versus COX-1. In 2002 Nobel laureate John Vane explained how COX-2 activity
in vascular endothelial cells leads to production of prostacyclin (PGI,), a pros-
taglandin that causes vasodilation and inhibits platelet aggregation. These
actions offset the prothrombotic actions of TXA, produced via COX-I in the
platelets. In other words, COX-2 inhibitors tipped the balance between clotting
and anticlotting factors to strongly favor clotting, whereas nonselective NSAIDs
inhibit both COX enzymes and suppress both clotting and anticlotting activities
(see figure 9.3). The concern was realized when the VIGOR trial showed that
patients treated with Vioxx experienced a fivefold higher incidence of heart
attacks compared with patients treated with naproxen.

The primary aim of the large clinical trials was to establish their safety with
regard to gastrointestinal problems. The NSAIDs chosen for comparison may
have resulted in celecoxib not producing a statistically significant increase in
heart attacks. Diclofenac has a preference for COX-2 over COX-1, and ibuprofen
has less preference for COX-1 over COX-2 than naproxen (Warner et al. 1999).
Vioxx remained on the market for two years after the problem surfaced but
was eventually withdrawn, along with Bextra (valdecoxib) some months later.
Celebrex remains on the market, but the FDA requires a “black box” warning on
the label, which is the most serious warning a medication can carry.
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FIGURE 9.3. Most NSAIDs inhibit both COX-1 and COX-2, inhibiting both platelet
production of TXA, and vascular production of PGI,. COX-2 inhibitors do not block
TXA, production by platelets (on the left) but inhibit vascular production of PGI, (on
the right), and consequently they promote blood clotting.
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New Actions for an Old Wonder Drug

At about the time the new COX-2 inhibitors were coming to market, scientists
were discovering new ways in which aspirin works its wonders. Aspirin modifies
the COX-2 enzyme in neutrophils (immune cells involved in the inflammatory
response) by transferring its acetyl group to the active site of the enzyme (see
above) (Claria and Serhan 1995). Instead of completely shutting down the
enzyme, aspirin modification causes COX-2 to catalyze a different chemical
reaction. Instead of forming prostaglandins G, and H, from arachidonic acid,
a substance known as 15-HETE (15-hydroxyeicosatetraenoic acid) is produced
(see figure 9.4). This lipoxin is normally formed when a different enzyme known
as 15-lipoxygenase catalyzes the reaction, but aspirin-modified COX-2 forms a
different isomer (or epimer) of 15-HETE.

The aspirin-modified COX-2 also converts eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) to hydroxylated products that have potent
anti-inflammatory activity. This is a new and important role for these omega-3
polyunsaturated fatty acids from fish oils as a result of this unique action of
aspirin with COX-2. Aspirin seems to completely block all enzyme activity
of COX-1. Although these two enzymes normally catalyze the same reaction,
formation of PGH, from arachidonic acid, they are different proteins derived
from different genes and have discrete structures and reactions to aspirin
therapy.

Lipoxins are known to be synthesized by an unusual metabolic pathway
involving enzymes from more than one type of cell. Because they are lipids,
they can pass through membranes quite easily and may travel from one cell
to another. Enzymes in other cells add more oxygen atoms (more specifically
hydroxyl groups) to 15-HETE, until eventually it has three hydroxyl groups.
These substances are normally formed in the body, but aspirin results in
formation of a right-handed (rectus in chemical terminology) structure rather
than the left-handed (sinister) structure that 15-lipoxygenase forms. The
right-handed form of lipoxin has as much or more biological activity compared
with the left-handed form of this potent bioactive product. Since COX-2 is in
greater abundance when there is inflammation, the aspirin-triggered alteration
of this enzyme now supplements the activity of any 15-lipoxygenase that may
be present.

Curiously, aspirin seems to be the only drug that causes transformation of
COX-2 to a different form of enzyme because of its unique transfer of the acetyl
group. Lipoxins have potent anti-inflammatory activity, decrease myocardial
infarctions, and inhibit cell proliferation in colorectal adenomas (cancers). They
have specific receptors in certain types of cells that inhibit release of several
other proinflammatory signals, such as interleukin-1 beta (IL-1B), tumor necrosis
factor-alpha (TNF-«), and interleukin-8 (IL-8), while stimulating release of a
more favorable messenger, interleukin-4 (IL-4) (Serhan et al. 2002).
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For decades it was believed that omega-3 oils suppress inflammation by
inhibiting formation of potent proinflammatory agents formed from omega-
6 fatty acids. Many of the omega-3 eicosanoid products are known to be less
active in producing an inflammatory response than omega-6 derivatives from
arachidonic acid (derived from vegetable oils). With the discovery of aspirin-
modified activity of COX-2, there is now another mechanism by which omega-3
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Figure 9.4. Metabolism of arachidonic acid and EPA by aspirin-modified COX-2 followed
by metabolism by 5-lipoxygenase to produce the corresponding 15-epi-lipoxins, which
are anti-inflammatory agents. Normal COX-2 metabolism of arachidonic acid to form
prostaglandins is shown on the left for comparison.
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fatty acids, including DHA, can suppress inflammation. The effect can occur
without aspirin administration but may be more effective when aspirin is taken.
Clinical trials to demonstrate the efficacy of combined omega-3 supplementa-
tion with aspirin have not been done, but this would seem to be a worthwhile
study. However, this combination of anticlotting agents could promote hemor-
rhaging, which can be as life-threatening as too much clotting.

Overview of Other Inflammatory Syndromes

Aurelius Cornelius, a Roman physician (30 B.C.E. to 45 c.E.), described inflam-
mation as rubor (redness), calor (heat), tumor (swelling), and dolor (pain)
(Yoon and Baek 2005). Prostaglandin E, (PGE,) is believed to play a major role
in these symptoms by increasing blood flow through tissues as a result of its
vasodilator action (see figure 9.5). It also increases vascular permeability, which
leads to fluid and other components leaving the vascular system to cause edema
(swelling) and redness. Swelling and pressure causes the sensory nerves in the
tissue to send pain signals to the spinal chord and brain (Claria and Romano
2005). PGE, increases the sensitivity of sensory nerves and acts as a mediator
to induce fever.

Local production of heat occurs in the inflamed area(s) as a result of
increased metabolic activity of white blood cells, without a systemic temperature
increase. Increased vascular permeability allows leukocytes to infiltrate the area
in response to another eicosanoid, leukotriene B, (LTB,). There is a wide array
of signaling factors produced in the inflamed tissue, including histamine and
many cytokines (interleukins, interferons, and tumor necrosis factor-alpha).

Most diseases discussed here are autoimmune diseases, whereby the body’s
immune system attacks certain tissues. It is believed that certain types of infec-
tious agents (viral, bacterial, and fungal) trigger an immune response that may
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evoke an errant attack on oneself (Sherwood 2004, 441). Substances in the
body’s own tissues may resemble antigenic (immune system—activating) mate-
rial on the infectious agent. Sensitized immune cells are unable to distinguish
self from invasive organisms. This was mentioned in chapter 6 regarding Chla-
mydia infections stimulating the immune system to attack the protein cap over
atherosclerotic lesions to initiate a blood clot in the heart. The sophisticated
intricacies of the immune system manage to work well most of the time, but we
notice errant responses and ignore the effective ones.

Inflammation is an underlying cause of a wide range of afflictions, ranging
from arthritis, asthma, and allergies to eczema, heart disease, psoriasis, lupus
(systemic lupus erythematosus), multiple sclerosis, migraine headache, and
ulcerative colitis, to name a few. The Merck Manual indicates there are more
than one hundred specific conditions related to inflammation and rheumatic
disorders (Berkow 1982, 1166). Why these problems flare up in some individuals
and not in others who may be doing the same things is not known. As with
susceptibility to most diseases, genetics plays a major role. Eicosanoids derived
from polyunsaturated fatty acids are involved, and dietary fats and oils are likely
factors in determining severity of symptoms.

Numerous studies have assessed the effects of dietary omega-3 supplements
on inflammation and autoimmune diseases, particularly rheumatoid arthritis
(Simopoulos 2002b). In addition to omega-3 oils, other dietary fats that affect
eicosanoid metabolism have been tried. Dietary saturated fats (from beef tallow)
dramatically reduced adjuvant-induced arthritis in rats compared with proin-
flammatory omega-6 vegetable oils (Lawrence 1990). In general, supplements
that suppress arachidonic acid—derived eicosanoids have favorable effects. In
some clinical trials of omega-3 supplements, no significant beneficial effects
were observed with dietary supplements alone, but often there was a reduced
requirement for NSAIDs to reduce pain and inflammation. Patients should be
advised to decrease their consumption of omega-6 vegetable oils while taking
omega-3 supplements in order to experience optimal effects with omega-3
supplements (Cleland and James 1997).

Standard therapy for arthritis is NSAIDs, with recourse to corticosteroids
such as cortisone or hydrocortisone for cases that do not respond well to
NSAIDs. The steroids control inflammation by inhibiting release of arachidonic
acid from membrane phospholipids. Anti-inflammatory steroids suppress
production of all eicosanoid metabolites, not just prostaglandins and throm-
boxanes. Leukotriene B, is a chemotactic agent derived from arachidonic acid
that attracts white blood cells to the inflamed area and augments inflammatory
symptoms. NSAIDs do not suppress leukotriene production, which may explain
why some patients do not respond well to NSAID therapy for arthritis and other
inflammatory autoimmune diseases. On the other hand, PGE, is involved (as
described above), and its production is inhibited by NSAIDs. A wide range
of NSAIDs, including many prescription and nonprescription drugs, are used
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to treat arthritis, with a range of efficacy in different individuals and varying
undesirable side effects.

Inhibition of COX-2, whether by selective COX-2 inhibitors or by NSAIDs,
results in impaired healing of broken bones (Simon, Manigrasso, and O’Connor
2002) and increases deterioration of joints in patients with osteoarthritis of
the knee (Huskisson et al. 1995). It is still unclear whether the conversion of
COX-2 by the acetyl group from aspirin would allow alternative products to be
formed that could stimulate the healing process in bone repair and osteoar-
thritis, but this effect may require greater levels of omega-3 fatty acids through
supplements. Aspirin and other NSAIDs reduce the risk of colon cancer (Garcia-
Rodriguez and Huerta-Alvarez 2001) and prostate cancer (Garcia Rodriguez and
Gonzalez-Perez 2004). There are numerous reports of conflicting or contradic-
tory results for one NSAID versus another. NSAIDs inhibit COX-1 and COX-2 to
varying degrees (Warner et al. 1999), but expected differences with regard to
therapeutic outcomes are not always observed. There may be other actions of
these NSAIDs that are not yet understood, or there may be differential effects in
different tissues and diverse responses due to genetic variation.

The effects of dietary omega-3 supplements on inflammatory bowel disease
(Crohn’s disease and ulcerative colitis) have been studied by several groups. In
one placebo-controlled study, fish oil supplements resulted in decreased LTB,
(from arachidonic acid) production and increased LTBg (from EPA), with an
overall decrease in leukotrienes. Although clinical improvement and sigmoid-
oscopy results were considered modest, it was possible to reduce levels of
anti-inflammatory steroid dosage to manage discomforts caused by the disease
(Stenson et al. 1992). Several studies have shown positive results for fish oil
supplementation in inflammatory bowel disease, although some have shown
little or no improvement (Endres, Lorenz, and Loeschke 1999). Differences in
response may reflect the heterogeneity of these diseases, as well as differences
in experimental design in terms of limiting dietary intake of omega-6 fatty
acids. Genetic factors influence levels of specific enzymes involved in eicosanoid
metabolism, which has an impact on response to changes in the ratio of omega-
6 to omega-3 fatty acids in tissues as a result of dietary manipulations.

Potent physiological effects may occur when arachidonic acid is abundant
in body tissues as a result of consuming diets containing large amounts of
omega-6 vegetable oils. Dietary fish oils and omega-3 supplements, by inhibiting
arachidonic acid metabolism to bioactive eicosanoids and forming the omega-3
eicosanoid derivatives, influence the course of several inflammatory syndromes.
Clinical studies have not always produced clear and consistent results. The rela-
tive availability of omega-3 versus omega-6 fatty acids in membranes can have
a profound effect.

Artemis Simopoulos, president of the Center for Genetics, Nutrition and
Health, compiled data on the ratio of omega-6 to omega-3 fatty acids in modern
Western diets and argues strongly that diet is exacerbating many inflammatory
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diseases (Simopoulos 1991, 2002a). Although dietary changes may not completely
alleviate various inflammatory diseases, changes in the omega-6 to omega-3
fatty acid ratio in the diet could make the symptoms much more tolerable and
decrease or diminish reliance on anti-inflammatory drugs, especially powerful
steroids that have a wide range of undesirable side effects. Small amounts
of omega-3 EPA in a sea of omega-6 oils would have relatively little impact.
Dietary changes that decrease omega-6 intake by elimination of vegetable oils
may result in significant benefit, particularly when done in conjunction with
omega-3 supplementation.

The Eicosanoid Connection in Asthma

Asthma is one of the most common chronic diseases of childhood and may
afflict as much as 5 percent of that population in industrialized countries
(Fleming and Crombie 1987). Bronchial asthma is characterized by increased
numbers of inflammatory cells in the airway walls, which produce swelling of
airway walls, increased secretion of mucous into the airways, and contraction
of alveolar smooth muscles. The release of numerous chemical mediators,
including leukotrienes and cytokines, can produce an allergic reaction. Leukot-
rienes C,, D4, and E, are collectively known as slow-reacting substance (SRS)
of anaphylaxis or sulfido leukotrienes because they are formed from the
sulfur-containing peptide glutathione. These leukotrienes are derived from
arachidonic acid and can increase vascular permeability in the lungs, stimu-
late smooth-muscle contraction leading to vasoconstriction in blood vessels
as well as bronchial constriction, and increase mucus secretion. An asthmatic
response can be initiated by a variety of factors, including exercise, cold air,
environmental pollutants, biological agents, and aspirin ingestion.

Fish oil (omega-3) supplements have been shown to improve pulmonary
function in some asthmatics (responders) but not in others (nonresponders)
(Broughton et al. 1997). When the relative level of omega-6 to omega-3 polyun-
saturated fatty acids was high (ten to one), there was diminished respiratory
capacity in asthmatics. On the other hand, a lower ratio (two to one) resulted
in significant improvement in more than 40 percent of study participants
following inhalation of methacholine (a drug that triggers an asthmatic
response). Studies that showed little or no effect with fish oil supplementation
did not report the levels of omega-6 fatty acids that were consumed (Broughton
et al. 1997). Another study in Japan showed significant increases in plasma EPA
and beneficial effects of omega-3 oil supplements in children with bronchial
asthma in a strictly controlled environment (Nagakura et al. 2000).

Because leukotrienes play a major role in bringing on the symptoms of
asthma, and leukotrienes formed from omega-6 vegetable oils are the most
potent substances known in this capacity, it would seem that the large increase
in reported asthma in industrialized nations may be due to high dietary intake
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of omega-6 vegetable oils relative to omega-3 oils. Many argue that increased
incidence of asthma, particularly in cities, is due to air pollution, although
there has been major progress in cleaning up polluted air in the past quarter
century—a period that coincides with increased asthma. The perception that the
number of asthma cases has been increasing may be due to increased severity of
asthma symptoms, which would cause more patients to seek medical treatment.
If asthma cases were milder in years past, they may not have prompted the
patient to seek medical assistance and therefore went unnoticed.

Another factor that has been receiving much attention with regard to
asthma is indoor air pollutants. In particular, formaldehyde (at 100 micro-
grams per cubic meter for 30 minutes) augments the allergic response to dust
mite allergen in asthmatic patients (Casset et al. 2006). Chad Thompson and
Roland Grafstrom at the U.S. Environmental Protection Agency have shown
formaldehyde interferes with metabolism of a natural bronchodilator known
as S-nitrosoglutathione, resulting in exacerbation of asthma by formaldehyde
(Thompson and Grafstrom 2008). Formaldehyde is formed from fructose degra-
dation under conditions that prevail in many sodas (Lawrence, Mavi, and Meral
2008). It would be important to determine whether formaldehyde from fructose
degradation in soft drinks containing high-fructose corn syrup may be a signifi-
cant factor in the increased incidence of asthma in children in the United States.
This would be less of a factor in countries where high-fructose corn syrup is not
commonly used. Sucrose does not decompose as readily as fructose, and drinks
sweetened with sucrose would probably not have formaldehyde in them.

Some asthmatics have a condition known as aspirin-intolerant asthma.
It is more common in adults than children. If aspirin-intolerant asthmatics
take aspirin or other NSAIDs, they often develop an asthmatic attack within a
couple of hours. Aspirin-intolerant asthmatics were found to produce five times
as much enzyme for production of leukotriene C,, LTC, synthase, as aspirin-
tolerant asthmatics. The level of this enzyme was eighteen times higher in
aspirin-intolerant asthmatics than in normal (nonasthmatic) individuals. Levels
of other enzymes, such as COX-1 and COX-2, were not affected (Cowburn et al.
1998). It is believed that inhibiting the COX enzymes with aspirin will shunt
more arachidonic acid (released in the initial activation of these cells) toward
the lipoxygenase enzymes that lead to leukotriene production (figure 9.6).

Anti-inflammatory steroids are effective in aspirin-intolerant asthmatics
because these drugs inhibit release of arachidonic acid from membrane phos-
pholipids. Higher levels of lipoxin A,, an anti-inflammatory eicosanoid, are also
produced in aspirin-tolerant asthmatics compared with aspirin-intolerant asth-
matics or normal subjects (Sanak et al. 2000). It was suggested that decreased
lipoxin production may account for more severe symptoms in the aspirin-intol-
erant asthmatics. Perhaps a genetic defect in the enzyme that normally produces
lipoxins is causing this diminished production, although such a genetic muta-
tion has not been reported.
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FIGURE 9.6. Steroids inhibit release of arachidonic acid from membrane phospho-
lipids and suppress formation of all eicosanoids, whereas aspirin (and NSAIDs) inhibit
COX and suppress formation of prostaglandins and thromboxanes, but COX inhibition
can make more arachidonic acid available for leukotriene production, which may exac-
erbate asthmatic symptoms.

Inflammation and Heart Disease

It was mentioned in chapter 7 that C-reactive protein (CRP) is a better indicator
for risk of heart attack than serum cholesterol. CRP levels increase as a result of
the inflammatory response, although CRP could be a messenger that augments
the inflammatory response and triggers immune cells to become more active. It
is generally believed that aspirin reduces risk for heart disease by “thinning the
blood,” meaning it blocks the formation of thromboxane A, by platelets, which
diminishes platelet aggregation and vasoconstriction. As an anti-inflammatory
drug, aspirin also suppresses inflammation, which may be the underlying cause
of many heart attacks.

The cholesterol-lowering drugs known as statins (see chapter 8) also decrease
levels of CRP, indicating an anti-inflammatory role for these drugs. Increased levels
of CRP can also induce atrial fibrillation and promote its persistence (Young-Xu et
al. 2003). Atrial fibrillation and arrhythmia are believed to be major contributors
to myocardial infarction. Statins lower a host of proinflammatory cytokines and
increase anti-inflammatory cytokines. The statins have a wide range of effects on
several physiological systems.
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Conclusions

The omega-3 fatty acids that are abundant in fish oils have favorable effects in
many inflammatory syndromes, but their beneficial effects could be diluted if
large amounts of omega-6 fatty acids are present in body tissues as a result of
consuming relatively large quantities of vegetable oils. Dietary saturated fats
lack activity with regard to inflammation and its consequences, so saturated fats
in the diet do not promote inflammatory syndromes.

The most widely promoted monounsaturated oil, olive oil, does contain
significant amounts of omega-6 polyunsaturated fatty acids, generally 10 to 15
percent, compared with greater than 50 percent found in most vegetable oils.
Because of its inherent flavor and the higher price for olive oil, it is often used
in smaller amounts than inexpensive vegetable oils. Canola oil has a favorable
fatty acid profile with respect to inflammation, since it has less than 25 percent
omega-6 fatty acids and about 10 percent omega-3 fatty acids. Palm oil also has
only about 10 percent omega-6 fatty acids and contains mostly monounsaturated
oleic acid and saturated palmitic acid in nearly equal proportions. Palm oil lacks
omega-3 fatty acids, but the abundance of monounsaturated and saturated fatty
acids in palm oil should lower its potential for promoting inflammation.

Mayonnaise is composed of mostly vegetable oil and is a major source of
omega-6 fatty acids in the diet of many people. This is another food to be aware
of when trying to reduce omega-6 oils in the diet in order to reap the greatest
benefits from omega-3 fish oils. The agricultural industry has been developing
seed plants with more favorable profiles of fatty acids in their oils, although
decisions are often based on cholesterol-lowering effects. Food processors are
modifying their formulations to be able to claim they are providing consumers
with healthier alternatives, but their focus, too, is generally on lowering choles-
terol. All polyunsaturated fatty acids will help to lower serum cholesterol, but
people afflicted with pain from inflammation must be made aware of the adverse
effects the omega-6 vegetable oils can have on inflammatory syndromes. A list
of various oils and their fatty acid profiles is given in appendix B.

Finally, it seems that omega-3 fish oil supplements can provide some benefit
in many inflammatory diseases. In addition, the combination of aspirin with
the omega-3 supplements may be more effective than either of these therapies
taken alone. Anyone contemplating such experimentation on a personal level
should recognize that the combination of these two anticlotting agents (omega-
3 oils and aspirin) could promote excessive internal bleeding that would be
noticed as bruising or hematomas (large patches of black and blue, especially in
deep tissue) and could lead to life-threatening internal hemorrhaging in more
susceptible individuals.
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Cancer and Immunity

The products of lipid peroxidation are many and can have a wide range of
biochemical and physiological effects. Some of the products are known to
promote cancer. Lipid peroxidation is a free-radical process, and the reac-
tive oxidation products involved can spread to other venues to wreak havoc
throughout the cell where lipid peroxidation is taking place. In some cases the
havoc wrought can result in the cell coordinating its own demise, a process
known as apoptosis or programmed cell death. Apoptosis can spread to neigh-
boring cells, resulting in many cells dying in a localized area. The fact that
damaged cells can sacrifice themselves suggests that apoptosis provides an
evolutionary advantage to the greater organism. Before we consider the role
of dietary fats in cancer, it may be helpful to review the biochemical processes
involved in carcinogenesis.

Carcinogenesis

Early models of carcinogenesis invoked a two-stage mechanism to represent
the major events that lead normal cells to become cancerous cells. This simple
approach is useful in conveying a general overview of carcinogenesis, although
the molecular and biochemical processes at each stage have been more thor-
oughly elucidated over the past decade or more. The first stage is known as
initiation, which refers to a genetic mutation caused by some physical (for
example, radiation) or chemical agent, usually from the environment. The
mutation may remain dormant in the affected cell, possibly for years, until
some signal or condition stimulates the abnormal cell to divide and multiply,
eventually forming a mass of cancerous cells that are out of control and sapping
energy from the surrounding healthy tissue or the entire body. The latter stage is
known as proliferation or promotion of cancerous cells. This model is simplistic
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but instructive. One of its shortcomings is that not all mutagens are carcinogens
and vise versa.

Today it is recognized that there are specific genes that appear to be vulner-
able to mutation and the resulting mutations can lead to aberrant function.
Numerous genes have been identified as oncogenes (cancer-causing genes) or
proto-oncogenes—genes with potential to be mutated and transformed into
oncogenes. Once the proto-oncogenes have been mutated or transformed, this
can result in expression of other genes that promote cell proliferation (division)
or inhibit apoptosis (programmed cell death of precancerous cells). In addi-
tion, there are tumor suppressor genes, such as p53, which bind to DNA and
promote repair of mutated DNA or, if the damage is extensive, trigger signals
for apoptosis. It is beyond the scope of this chapter to discuss all the genes,
proteins, and processes involved in the tight regulation of cell division, which
may result in cell proliferation or apoptosis. However, it will be useful to give a
general overview and discuss the role of lipids in these processes.

There are many highly reactive chemicals produced during lipid peroxida-
tion that may produce genetic mutations. The chances of this happening are
quite small because most cells have a wide range of protective mechanisms to
prevent any chemical attack on DNA, and to repair damage to DNA if an attack
does occur (see figure 10.1). These systems are not perfect, and mishaps can
occur—more so in some individuals than in others.

A mutation may take place in a region of DNA that has no apparent func-
tion and ultimately will have no bearing on the future of the cell. However, if
the mutation takes place in a critical gene, there can be dire consequences.
One possible outcome can be that the genetic mutation results in loss of
certain control processes in the cell. This could lead to the cell ignoring or not
recognizing control signals coming from other parts of the organism or tissue.
Another possibility is that the cell can receive a signal for activation, but the
genetic mutation may result in a defective or missing enzyme (or other protein)
that would, if present, return the cell to its normal idle status. This results in
the cell remaining permanently activated, even though activation signals are no
longer being received. The state of permanent stimulation leads to cell division,
and the mutation is passed on to subsequent generations of cells that acquire
the altered gene for perpetual growth. This cell line proliferates on its own and
eventually becomes a tumor.

There is a possibility of having a genetic predisposition to developing
certain types of cancer as a result of having a specific gene that makes one
more prone to cancer. Among the more widely studied examples of such onco-
genes or proto-oncogenes are the BRCAI and BRCA2 genes for breast cancer.
Although these have been extensively studied in terms of heredity, because
genetic markers are readily available to identify them, the function of the gene
products of these oncogenes is not well understood.
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The BRCA1 gene product seems to be a protein associated with DNA repair
(Hartl and Jones 1991). If an individual has an impaired system for DNA repair,
that person will naturally be at greater risk of having permanent mutations
in DNA and therefore at greater risk of developing cancer. It is not clear why
this particular gene and its defective DNA repair system affects primarily breast
tissue and not other organs. Other genes have been associated with other types
of cancers, and in some ethnic groups the BRCA2 gene may be associated with
risk of prostate cancer in men but is not as important as other genetic markers
(Melamed, Einhorn, and Ittmann 1997).

Hereditary traits such as oncogenes are passed from generation to genera-
tion through the germ cell line and make those offspring who inherit the trait
more susceptible to certain cancers. However, malignancy requires a series of
events to proceed from what is known as a preneoplastic (precancerous) stage
to the malignant or cancerous stage. Preneoplastic cells must avoid apoptosis,

Procarcinogen Defective Repair Enzymes

l Enzyme Nommal Gene (may fail to repair DNA
Oxidation l T . and could lead to cancer)
Carcinogen —————> Repair Enzymes
Enzyme Mutated Defective
Oxidation Gene  Gene Protein
Noncarcinogen Expression \

(excreted without Defective metabolic enzyme
consequences) (may lead to cell death)

Defective Cell Regulation

Precancerous Cell

Cell Immune
Proliferation Surveillence
Apoptosis
Malignant Tumor Destroyed Cells
(cancer) Cellular Suicide (no cancer)

(no cancer)

FIGURE 10.1. Carcinogenesis. Procarcinogens can be converted by oxidative metabo-
lism (generally in liver) to carcinogens, which can enter the circulation and be taken
up by cells in specific tissues to cause mutations in the DNA of those cells. The mutated
gene may produce a defective protein that can have various consequences in the cell,
either making the cell nonviable (it will not survive) or transforming the cell into
a precarcinogenic cell, which may undergo apoptosis, be destroyed by the immune
system, or survive and proliferate to form a cancerous tumor.



CANCER AND IMMUNITY 125

circumvent the need for certain growth factor signals from other cells, ignore
regulatory signals from other cells, and avoid immune surveillance in order to
survive and proliferate (Adams and Cory 1991). The proliferating cluster of cells
also has to commandeer its own blood supply for nutrients (angiogenesis, see
below) (Adams and Cory 1991). Some cells in a developing tumor may migrate
to distant sites in the body via the blood, resulting in metastasis (growth of
cancerous cells throughout the body). Most of these events depend on defective
genes of various types.

There are many oncogenes, and their protein products give rise to a greater
predisposition to specific types of cancer. Heredity is a major factor in deter-
mining one’s risk for getting cancer, but to date there is little that can be done
about the genes inherited at conception. It is possible to minimize or reduce
one’s risk for getting cancer by avoiding known environmental carcinogens, or
at least taking some precautions to reduce exposure to these factors if such
exposures are inevitable. If a person knows that he or she may have an inher-
ited predisposition to cancer (for example, colon or breast cancer running in
a family), then avoiding environmental carcinogens becomes more important,
and greater attention should be paid to minimizing exposures. Unfortunately,
perceptions of invulnerability in youth often run counter to good judgment
with respect to awareness of environmental carcinogens, and many cancers
have latency periods (lag times) of many years before cancer develops from the
initial exposure.

Dietary Influences

Numerous studies have focused on dietary factors that may reduce or increase
one’s risk for getting cancer. It is generally recognized that naturally occur-
ring antioxidants and a wide range of phytochemicals (chemicals produced by
plants) can offer some protection against cancer (Wattenberg 1983). However,
several clinical trials have found that antioxidant supplements are not always
beneficial in protecting against cancer. In one study, vitamin E supplementa-
tion in cigarette smokers showed no effect, while beta-carotene (a plant-derived
precursor for vitamin A) actually exacerbated the incidence of lung cancers in
smokers by a small but significant amount (Albanes et al. 1996). This is not to
say that beta-carotene promotes cancer, in general, but this study is mentioned
to illustrate the complexities and inconsistencies of careful scientific studies.
It was mentioned earlier (chapter 5) that attempts to decrease risk of
heart disease in subjects by feeding them more polyunsaturated vegetable oils
to lower their blood cholesterol levels resulted in a significantly higher rate
of cancers (Pearce and Dayton 1971). Studies done more than a half century
ago showed high-fat diets increase the incidence of spontaneous and carcinogen-
induced cancers in laboratory animals (Tannenbaum 1942). Many studies of
diet and cancer in laboratory animals indicated dietary polyunsaturated oils,
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per se, would not cause cancers. However, if cancers were initiated with a known
carcinogen and the animals were fed high polyunsaturated fat diets, there were
often (but not always) more cancers than if the animals were fed predominantly
saturated fatty acids.

In general, higher levels of fat in the diet increase the number of tumors in
animals treated with a carcinogen, suggesting the dietary fats increase prolifera-
tion of cancerous cells. Polyunsaturated vegetable oils seem to promote cancer
or stimulate proliferation of cancerous cells more than saturated fats, although
changes in the profile of fatty acids in the diet (saturated versus polyunsatu-
rated) do not always produce consistent results, leading to much confusion
about what types of fats may increase risk of developing cancer.

In terms of dietary fats and cancer in humans, it is often difficult to make
direct comparisons between or among studies because of study designs. Social,
behavioral, and eating patterns of the study groups and biases of researchers
involved may influence factors or omit important data that are relevant to
observed outcomes. For example, a recent paper stressed in its conclusion
that colorectal cancer is positively associated with high consumption of red
and processed meat, yet a close inspection of the data shows that red meat
alone was not associated with these cancers but processed meat was (Norat et
al. 2005). The researchers combined red meat with processed meat and found
there was still a positive association. However, anyone reading the article to get
the general conclusions of the authors would come away with the impression
that red meat of any kind would promote colorectal cancers. There seemed to
be a clear bias of the authors when they drew their conclusions. They did not
distinguish between processed and fresh red meats, even though they showed
the data for such a distinction.

The U.S. Department of Agriculture pressured meat processors to reduce
the amount of nitrites added as preservatives to bacon, ham, frankfurters, and
other processed meats in the 1980s because nitrites are known to undergo reac-
tions with amines to form nitrosamines under acidic conditions (such as in the
stomach). Nitrosamines are known to be carcinogens. It is believed that nitrites
in preserved meats are responsible for the high incidence of stomach cancer
in countries that have a high consumption of preserved meats. The meat-
processing industry claims there is no evidence that nitrites are associated with
increased incidence of stomach or intestinal cancers. There are many environ-
mental factors that may be influencing risk of cancers in the gastrointestinal
tract, and cured meat is only one of them. Consumption of cured meats has
also been associated with greater incidence of chronic obstructive pulmonary
disease or asthma (Jiang et al. 2007).

When a study demonstrates the promotion of cancer by dietary fats in
general, with no distinctions made between saturated fats and polyunsatu-
rated oils, the effect may be due to the fats providing high levels of energy
for cancerous cells to proliferate. Cancer cells seem to be quite efficient at
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extracting energy sources from the circulation and sapping energy from the rest
of the body. It should come as no surprise when studies of the effects of dietary
fats on cancer do not always produce consistent results, especially with the
many different types of cancers occuring in genetically and culturally distinct
populations where the investigations are done.

There may be some threshold above which dietary fats show no discrimina-
tion. When there is a high level of fat consumption, there may be no difference
between saturated, monounsaturated, or polyunsaturated fats in terms of
promoting cancers. But if total fat consumption is low, differences in the degree
of saturation or unsaturation, as well as differences between omega-3 and
omega-6 polyunsaturated fatty acids, may become more important. This has
been emphasized by Japanese workers who pointed out that failure to observe
any link between consumption of omega-3 fish oils and colorectal cancer in the
American Nurses’ Health Study, in contrast to favorable findings in a Japanese
study, is due to the large amount of omega-6 fatty acids in the American diet
(Tokudome et al. 2006). The ratio of omega-3 to omega-6 fatty acids in the
American diet was between 1:100 and 1:25, whereas this ratio was about 1:20
to 1:10 in the Japanese Dietitians’ Health Study. In other words, because the
American population is eating far more omega-6 vegetable oils than the Japa-
nese, differences in the amount of omega-3 fatty acids consumed by Americans
are not going to affect the incidence of cancers very much.

The effects of altering the profile of dietary polyunsaturated fatty acids
(PUFAs) turned out to be interesting in several studies. A few examples demon-
strating differences in actions of dietary PUFAs from various sources illustrate
the importance of eicosanoids formed from omega-3 versus omega-6 essential
fatty acids in another set of diseases, cancers.

Dietary vegetable oils (rich in omega-6 PUFAs) promoted chemically
induced mammary tumors in rats much more than diets containing predomi-
nantly saturated fatty acids (from coconut oil) or omega-3 PUFAs from fish oil
(Braden and Carroll 1986). Dietary fish oils suppress other kinds of tumor cell
growth in laboratory cell cultures relative to dietary vegetable oils (Karmali
1987). Bioactive eicosanoids derived from dietary essential fatty acids thus
appear to be important with regard to tumor promotion and cell proliferation
(McGiff 1987).

Cyclooxygenase-2 (COX-2) expression has generally been found to be
increased in cancerous tumors relative to normal tissue. As mentioned earlier
(chapter 9), the COX-2 form of this enzyme is inducible. Many studies have
shown that frequent use of nonsteroidal anti-inflammatory drugs (NSAIDs)
will lower risk of cancers. It is interesting to note that an active constituent of
green tea, epigallocatechin-3-gallate, suppresses the induction of COX-2 without
affecting the expression of COX-1 (Hussain et al. 2005). This may explain the
therapeutic effects of green tea regarding cancers, as well as other afflictions
associated with elevated levels of COX-2 (see chapter 9).
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The role of eicosanoids in immune response (the immune surveillance
system) must also be considered in the body’s ability to check the growth of
tumors (Janniger and Racis 1987). There are several cytokine (protein) signals
that activate the immune system, but a host of lipid (eicosanoids and other
lipids) signals are also involved. There is still much to learn about their interac-
tions that result in successful or failed immune surveillance.

Angiogenesis and Apoptosis

In order for a tumor to grow, it must have an adequate blood supply to provide
nutrients and oxygen for the rapidly growing cells. This requires formation of
new blood vessels in the tumor, a process known as angiogenesis. New blood
vessels are built from existing microvasculature (blood capillaries). Angio-
genesis is important in several diseases in addition to tumor growth, such as
rheumatoid arthritis and retinopathy (disease of the retina in the eye) arising
from diabetes. New growth of blood vessels is controlled by numerous signals,
including a cytokine known as vascular endothelial growth factor (VEGF). It
turns out that prostaglandins produced by the inducible COX-2 enzyme found
in the vascular cells can stimulate the expression of VEGF (figure 10.2). Hypoxia
(low oxygen in the blood) and rapid consumption of oxygen and nutrients in
tumor cells also stimulate the induction of VEGF. Several studies have shown
that inhibition of COX-2 resulted in decreased tumor angiogenesis and dimin-
ished tumor growth in colorectal, prostate, and breast tumors, and decreased
formation of secondary bone tumors resulting from the spread of small-cell lung
carcinoma (Klenke et al. 2006).

COX-2
Arachidonic Acid Prostaglandins
% (or other eicosanoids)
Inhibition of COX-2 by Stimulation of
NSAIDs can suppress l cytokine production
angiogenesis and
subsequent tumor growth VEGF
(vascular endothelial

growth factor)

l

Angiogenesis
(increased blood supply
to tumor cells)

FIGURE 10.2. Angiogenesis can be inhibited by NSAIDs and COX-2 inhibitors through
suppression of prostaglandin production from arachidonic acid.
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Nonselective NSAIDs (aspirin and ibuprofen) gave similar reduction in
breast cancer, relative to selective COX-2 inhibitors, if normal doses were taken
with similar frequency (at least three times per week). On the other hand, low-
dose aspirin or a regular dose taken less than twice per week was ineffective
(Harris, Beebe-Donk, and Alshafie 2006). This study did not show any data for
the selective COX-2 inhibitors at less than daily doses, but one would expect
results similar to those for the nonselective NSAIDs. The failure of daily low-
dose aspirin to suppress tumor growth is probably due to the fact that this small
amount of aspirin is consumed by blood components (for example platelets)
first, and little would find its way to the tumor sites.

Eicosanoids may also influence apoptosis of tumor cells. Levels of PGE,
are very high in semen (chapter 3). It was thought that the prostate gland
was producing PGE,, hence the name prostaglandin, but it was later found
that it is produced in the seminal vesicles. PGE, has been shown to stimulate
cell proliferation and to increase levels of a protein known as Bcl-2, which
suppresses apoptosis. Consequently, since NSAIDs inhibit PGE, production, they
may suppress cell proliferation and increase apoptosis of aberrant cells (figure
10.3). Signaling factors and events involved in apoptosis are complex, but it
suffices to say that inhibition of PGE, production by COX inhibitors (NSAIDs
as well as selective COX-2 inhibitors) would allow more Bcl-2 to be produced,
permitting apoptosis (death of tumor cells) to proceed (Sheng et al. 1998).
There will be more on this below with regard to the effects of conjugated
linoleic acid.

Organic peroxides, such as benzoyl peroxide (used as a free-radical-gener-
ating compound in the manufacture of plastics) and lauroyl peroxide (another
lipid peroxide that was tested), are effective tumor-promoting agents (Slaga et
al. 1981). Peroxides promote cancerous skin tumors by generating free radicals

Stimulates Protein

COX-2 Synthesis
Arachidonic Acid > PGE, > Bel-2
NSAIDs inhibit COX-2 Suppresses
(suppress Bcl-2 production Apoptosis
and promote apoptosis) (leads to cell

proliferation)
Precancerous Cells

Cell Prolif‘erati:y \Aklmptusis
Death of

Malignant Tumor Precancerous Cell

FIGURE 10.3. NSAIDs can promote apoptosis by suppression of prostaglandin E2
production and subsequent suppression of Bcl-2 production. Bcl-2 normally suppresses
apoptosis, so less Bcl-2 would increase apoptosis.
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that cause changes in cell membranes, which may affect signals coming from
other cells. It would be logical to assume that fatty acid peroxides formed during
lipid peroxidation would promote tumor growth in a similar way, but studies
apparently have not been documented to show this.

Conjugated Linoleic Acid

The term conjugated linoleic acid (CLA) refers to a few isomers of normal
linoleic acid, the omega-6 fatty acid that is most abundant in vegetable oils.
These conjugated isomers generally have one trans double bond adjacent to
a cis double bond. Normal or unconjugated linoleic acid has two cis double
bonds separated by one saturated carbon or -CH,- group. The structures of two
common conjugated linoleic acid isomers are shown in figure 10.4, along with
unconjugated linoleic acid. Although the trans double bond in CLA is analogous
to those in trans fats found in partially hydrogenated vegetable oils, the position
of a trans double bond next to a cis double bond in CLA imparts very different
chemical characteristics as well as physiological effects. Such a juxtaposition of
double bonds with a single bond connecting them is known as conjugation in
chemical parlance.

CH, between two cis double bonds One trans double bond

_ [ 0
/N NN C—0H C—OH
ro
H
Linoleic Acid
(9,12-trans-octadecadienoic acid) /
wl Vaccenic Acid
CH; (11-trans-octadecenoic acid)

Conjugated double bonds are

adjacent to each other Metabolism by
delta-9-desaturase

/, ¢—oH
\ 0 o
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cis (6]
71 "
C—0OH
H,C cis
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CH,
Conjugated Linoleic Acid Conjugated Linoleic Acid
(10-trans-12-cis-octadecadienoic acid (9-cis-11-trans-octadecadienoic acid

FIGURE 10.4. Structures of vaccenic acid, linoleic acid, and two of its conjugated
isomers, 10-trans-12-cis-octadecadienoic acid and 9-cis-11-trans-octadecadienoic acid.
Note the relative positions of the double bonds and cis versus trans orientation around
the double bonds.
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One particular trans fatty acid, vaccenic acid, is metabolized by the delta-
9-desaturase enzyme (see chapter 2) in mammals and humans (figure 10.4)
(Lock et al. 2004). The food industry claims there are trans fats in beef and
dairy products like the trans fats found in partially hydrogenated vegetable oil,
margarine, and shortening. However, not all trans fats are created equal. The
trans fats resulting from hydrogenation of vegetable oils have an abundance of
trans double bonds in positions 9 or 10 of the fatty acid chain, which prevents
them from being metabolized by the delta-9-desaturase enzyme. Such trans fatty
acids in margarine and shortening do not form conjugated acids such as CLA.

The trans fats in beef and dairy products arise from bacterial metabolism
in the digestive system of cattle, goats, and sheep (Tsiplakou and Zervas 2008).
The major trans fat found in these ruminants is vaccenic acid, which has the
trans double bond in position 11 of the eighteen-carbon fatty acid (see figure
10.4). This allows the delta-9-desaturase enzyme in liver to add a cis double
bond adjacent to the trans double bond that is already there. Inhibition of this
desaturation metabolism in rats reversed any beneficial effects of vaccenic acid
with respect to anticarcinogenic activity.

The anticarcinogenic properties of conjugated linoleic acid (CLA) were first
revealed in Michael Pariza’s laboratory at the University of Wisconsin, Madison,
in the late 1980s. It was originally thought that the conjugated derivative was
formed at high temperatures when beef, for example, was fried or grilled. It
was later found that the conjugated isomer was present in uncooked beef and
originates from bacterial sources in ruminant animals (Chin et al. 1992). CLA
was eventually shown to be not only anticarcinogenic, but also to suppress
atherosclerosis, diabetes, and formation of adipose tissue (it may suppress
obesity). Early studies showed that CLA would inhibit tumorigenesis in the skin
(Ha, Grimm, and Pariza 1987), mammary glands (Ip et al. 1991), and stomach
(Ha, Storkson, and Pariza 1990) of experimental animals treated with specific
carcinogens.

CLA inhibits carcinogenesis at each of the stages discussed earlier (Belury
2002). It appears to inhibit initiation in several ways (figure 10.5). The conju-
gated double bonds in CLA make it much less susceptible than the unconjugated
double bonds of regular linoleic acid to lipid peroxidation. CLA inhibits free-
radical oxidation reactions and metabolism of procarcinogens to their active
carcinogenic form. It may also inhibit the interaction of carcinogens with DNA,
thereby preventing mutations. CLA alters the profile of polyunsaturated fatty
acids in cell membranes and the resulting production of eicosanoids from
arachidonic acid, which would in turn affect the regulation of cellular activities
in a variety of ways (figure 10.5, right side). CLA reduces proliferation of several
cell types grown in culture and promotes apoptosis by decreasing the produc-
tion of Bcl-2, the suppressor of apoptosis mentioned above.

As more is learned about this unusual unsaturated fatty acid found naturally
in beef, goat, mutton, and dairy products, it will be interesting to see whether
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FIGURE 10.5. Anticancer effects of conjugated linoleic acid.

proliferation of its use in dietary supplements and well-controlled clinical trials
will confirm the effects seen in laboratory animals regarding atherosclerosis and
cancer. Controlled studies of CLA supplements in women regarding appetite
suppression (Medina et al. 2000) and energy expenditure (Zambell et al. 2000)
did not support claims of its effects on lowering body fat in mice and improve-
ments seen in genetically obese rats. Perhaps it suppresses proliferation of fat
cells to prevent obesity but is not effective in reversing the process; thus it may
not remove fat cells once they are formed.

The strict dietary limitations that can be imposed in laboratory animal
studies are quite different from the dietary choices of free-living humans who
elect to take supplements, so it may be necessary to give human subjects more
guidance with regard to dietary modifications when taking supplements for a
particular health outcome. It may be necessary to reduce consumption of linoleic
acid (omega-6 vegetable oils) and/or partially hydrogenated oils containing
trans fats in order for beneficial effects of CLA to be noticed. In addition, high
consumption of fructose from sweeteners may diminish any beneficial effects
of CLA on obesity.

Studies of Dietary Fats and Cancer in Humans

The effect of dietary fats on tumor promotion is, in general, dose dependent. It
is commonly thought that higher levels of fats result in greater tumor promo-
tion. However, most dietary studies in humans rely on reporting the frequency
with which subjects consume certain foods (a food-frequency questionnaire)
and often neglect other dietary and behavioral factors in comparing dietary
fat consumption (although tobacco smoking is often taken into account). For
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example, would a person who consumes a lot of salad, and consequently salad
dressing containing polyunsaturated vegetable oil, and perhaps less butter,
margarine, and meat (as a result of heeding dietary recommendations) have
an overall healthier prognosis? Would that person have different behavioral
patterns (such as exercise) compared with an individual who is less conscious
about health, eating whatever is convenient at the time, not concerned about
environmental exposures, and perhaps living a more sedentary life in terms of
exercise? How are these differences accounted for in food-frequency question-
naires?

Even in some animal studies, in which diet and other factors are carefully
controlled over the duration of the study, lower incidences of tumors have
been found with higher-fat diets (Lawrence et al. 1984; Nauss, Locniskar, and
Newberne 1983). Since it is generally believed that high-fat diets promote cancer,
such results do not fit well into the “low-fat is healthier” paradigm. Conflicting
experimental results are frequently ignored or, if submitted, often not accepted
for peer-reviewed publication, and the reasons for the unexpected results are
seldom explored owing to lack of funding to pursue these avenues of research.
Clearly the relationships of diet to cancer and other diseases are complex and
frequently inconsistent. There are also numerous risk factors for various types
of cancer that must be taken into account, such as, in the case of breast cancer,
age, duration of reproductive life, history of estrogen replacement therapy,
genetic predisposition, and body mass index, to name a few (Erickson 1998).
Different risk factors may apply for other types of cancer, but some factors may
generally apply to many types of cancer.

If there is some threshold above which high-fat diets promote cancer, and
if most humans in a study population are consuming fats at levels well above
that threshold, then any changes in the profile of fatty acids consumed will
make little difference. For example, if the threshold were 25 percent of calories
consumed as fat compared with 35 or 40 percent consumed as fat in the diet of
average Americans, one would not expect to see much effect of subtle changes
in fatty acid composition of the diet. Furthermore, Americans and Western
Europeans typically consume levels of polyunsaturated fatty acids (6 to 10
percent or more of total calories) that are well above what is considered to be
necessary to avoid an essential fatty acid (EFA) deficiency (less than 2 percent
of calories). With these qualifying remarks made, it may be instructive to look
at some studies.

In a European case-control study of breast cancer involving women from
five countries, it was found that body mass index, family history of breast
cancer, and older age at first childbirth were the strongest risk factors for
development of breast cancer (Kohlmeier et al. 1997). Socioeconomic status,
alcohol consumption, and postmenopausal supplemental hormone use showed
no association with breast cancer. This study measured the profile of fatty
acids in adipose tissue (from the buttock), which is generally considered a
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more reliable assessment of dietary fat consumption than food-frequency
questionnaires, especially with respect to polyunsaturated and trans-fatty
acids. It was found that trans-fatty acids (mostly trans 6 and trans 9 isomers
of oleic acid) in adipose tissue were associated with breast cancer (odds ratio
of 1.4 or 40 percent higher risk for high levels versus low levels of trans-fatty
acids in fat tissue). What is more interesting is that trans-fatty acids had the
greatest influence on breast cancer development in the group with the lowest
levels of polyunsaturated fatty acids (PUFAs) in adipose tissue. There was no
association between trans-fatty acids and cancer in the group with the highest
levels of PUFAs in adipose tissue. It would seem that high levels of PUFAs in
the diet give rise to more cancers and that additional trans-fatty acids on top
of that are not augmenting tumor promotion very much. However, when PUFA
consumption is low, trans-fatty acids may show a significant effect because
there is much less influence from PUFAs. This study controlled for a wide range
of risk factors. Other studies have produced inconsistent results, but in many
cases other risk factors were not taken into account.

Although there seems to be a general perception among most scientists that
PUFAs from vegetable oils promote cancers, one review and meta-analysis (Zock
and Katan 1998) of several studies indicates that dietary linoleic acid (the major
omega-6 fatty acid found in vegetable oils) is not a risk factor for human cancers
(breast, colorectal, and prostate). Some studies show a significant decrease in
risk of cancer with high consumption of polyunsaturated oils, while others may
show a significant increase. Most of the studies show no significant relation-
ship between linoleic acid (or polyunsaturated vegetable oil) consumption and
cancer in these three organs. In most studies, the majority of subjects may have
been well above the threshold for PUFA consumption, so any additional intake
of PUFAs may have had no effect on cancer progression. There is good support
for this notion from comparison of studies done in Japan versus the United
States (see the section above on dietary effects). The omega-6 PUFAs seem to
affect predominantly the promotional stage of cancer, which would mean a
more rapid progression of the disease once initiation has taken place.

Several studies have shown that ethnic groups that consume more fish
have a lower incidence of cancers (Larsson et al. 2004). Japanese women who
decreased their consumption of fish and increased their intake of vegetable oils
over the past decades (shifting toward more Western diets) have increased their
rates of breast cancer (Lands et al. 1990). However, case-control and prospective
cohort studies within various ethnic populations or countries often produce less
convincing results, with some showing a favorable effect of omega-3 fatty acid
consumption but many showing no effect.

Again, the lack of effect in a majority of studies may be due to the rela-
tive ratio of omega-3 to omega-6 fatty acids in the diet. Differential effects of
omega-3 versus omega-6 bioactive eicosanoids have been discussed throughout
this book. The bioactive eicosanoids, as well as fatty acids, are involved in
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signals for expression of a wide range of cytokines that are involved in cell
proliferation, angiogenesis, apoptosis, metastasis, and immune surveillance,
all of which influence the ultimate outcome of the body’s battle with cancer.

Statin Drugs and Cancer

Lipid-lowering drugs (statins) are prescribed to lower blood cholesterol levels,
especially in people at high risk for developing heart disease. It is often said that
low blood cholesterol levels increase one’s risk of developing cancer. This state-
ment can be as misleading as saying that anything that raises blood cholesterol
will increase one’s risk of heart disease. Statins are very effective at lowering
blood cholesterol, so one might expect that they could increase risk of cancer,
but this does not appear to be the case. Feeding animals extremely high levels
of statins (as with many substances) can increase the frequency of cancers in
those animals. However, several studies in animals in which moderate doses
were used show that statins can have an anticarcinogenic effect (Jakobisiak and
Golab 2003).

Lovastatin has been shown to suppress proliferation of several types of
tumor cells in culture, including breast, prostate, lung, pancreatic, and gastric
carcinomas, to name a few. Lovastatin can also inhibit growth of normal cells,
but this effect is less pronounced owing to slower proliferation of normal cells
compared with tumor cell lines.

Lovastatin, as well as other statins, can induce apoptosis in many types
of tumor cells. The mechanism for inducing apoptosis is through inhibitory
effects on the enzyme responsible for cholesterol synthesis, HMG-CoA reduc-
tase, but not because of its effects on cholesterol levels. The product of the
reaction catalyzed by HMG-CoA reductase is mevalonate (or mevalonic acid),
which is used to make not only cholesterol but several other lipid products,
such as farnesyl pyrophosphate, an isoprenoid (see figure 10.6). Isoprenoid
compounds, such as the farnesyl group, are involved in regulating cell growth
and division.

Growth factors stimulate growth in cells by binding to specific receptors on
the cell membrane. This signal is transmitted in the cell via a family of proteins
known as Ras (there are many different Ras proteins). Prenylation (attaching
isoprenoids such as farnesyl) to these proteins is an essential step in trans-
formation of a normal cell into a tumor cell. Prenylation does occur in normal
cells, but the isoprenoids remain attached to the proteins only transiently and
are removed to restore the cell to its quiescent state. When HMG-CoA reductase
is inhibited by statins, the diminished production of mevalonate results in
less farnesyl pyrophosphate, hence less conversion of the Ras proteins to their
prenylated forms and less cell proliferation.

The Ras family of proteins are produced from proto-oncogenes, which are
highly susceptible to mutations that make them oncogenes. The oncogenes
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FIGURE 10.6. Production of mevalonate is inhibited by statin drugs, leading to dimin-
ished production of cholesterol, prenylated proteins, and other isoprenoid products.

produce Ras proteins that become permanently activated when a growth factor
signal is received. Normally, the Ras proteins become activated for a short
time and then are inactivated, but the genetic mutations result in expression
of proteins that remain permanently activated, leading to rapid cell prolifera-
tion. More detailed descriptions of these processes can be found in textbooks
describing the biochemistry and/or molecular biology of cancer.

Lovastatin also induces apoptosis in a wide range of tumor cells (Erickson
1998). Administration of mevalonate, the immediate product of HMG-CoA
reductase, which is inhibited by statins, resulted in suppression of statin-
induced cell death and promotion of cell proliferation. Lovastatin was also
shown to inhibit the expression of the Bcl-2 protein that suppresses apoptosis
(see above). Lovastatin has also been shown to inhibit several essential steps in
metastasis (Erickson 1998). These antitumor actions of statins are independent
of their effects on cholesterol synthesis and blood cholesterol levels.

Conclusions

Although there is evidence that omega-3 fatty acids found in fish oils can have
beneficial effects with regard to particular types of cancer, several studies that
attempted to show beneficial effects by using dietary supplements have been
less compelling. A better understanding of the role of various lipids, cytokines,
and other signaling agents in carcinogenesis allows one to make more enlight-
ened decisions regarding what effects dietary fats may have on cancer. However,
there are still many uncertainties regarding the impact of polyunsaturated
vegetable oils on carcinogenesis.
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The lack of any consistent effect with respect to levels of dietary linoleic
acid could be due to the fact that most Western and Northern Hemisphere
populations consume this omega-6 fatty acid well above the levels needed to
satisfy the nutritional requirements for this essential fatty acid. Consumption of
fats beyond a certain threshold, whether of polyunsaturated fatty acids or total
fats, may result in little or no effect when changing the overall profile of fatty
acids consumed in dietary fats and/or taken as supplements. In addition to some
clear evidence for beneficial effects of omega-3 fish oils, there is also evidence
that COX inhibitors can suppress cancers. These two facts, as well as many in
vitro studies, indicate that prostaglandins (and perhaps other eicosanoids) are
playing a role in the promotion of tumors.

It was perhaps surprising that conjugated linoleic acid (CLA), which is
found in beef, mutton, and dairy products, has anticarcinogenic properties.
Although conjugated linoleic acids have a trans double bond, they appear
to be handled quite differently from the trans-fatty acids found in partially
hydrogenated vegetable oils. The presence in body fat of trans-fatty acids from
hydrogenated vegetable oils was shown to be associated with breast cancer in a
European study. The association was strongest when there were lower levels of
polyunsaturated fatty acids in adipose tissue.

Statins may suppress cancers by inhibiting the enzyme HMG-CoA reductase,
an effect that is not due to decreased cholesterol. Inhibition of this enzyme
results in decreased production of several lipids in cells that influence prolifera-
tion of cancerous cells.

Clearly, dietary fats have effects on cancer, but there is still much more
to be learned about how they elicit these effects. Scientists and health profes-
sionals have many biases when it comes to dietary recommendations regarding
cancer, as they do with many other diseases. This chapter has focused primarily
on lipids, especially polyunsaturated fatty acids, in carcinogenesis. But as with
most health issues, genetics plays an important role.
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Neurological Development,
Memory, and Learning

The human brain is, without a doubt, the most complex structure we can
contemplate. It seems ironic that we use this same organ in its utmost capacity
to begin to understand its own complexity. Unlike most organs of the body that
are relatively homogeneous in their structure, composition, and functions, the
brain is extremely heterogeneous. It consists of billions of cells in numerous,
discrete regions that have been mapped through medical history with assign-
ments for sensory, motor, and cognitive functions.

Biomedical research has elucidated mechanisms by which neurons send
and receive messages to elicit the numerous processes of the brain. The brain
integrates bodily functions—a characteristic of nervous systems in the simplest
organisms. It is also responsible for memory, learning, and more advanced
thought processes that are often considered unique to humans. It may be
surprising to find that much of our understanding about learning and memory
has come from studies in invertebrates; the California sea slug, Aplysia, has
been used as a simple model system for probing the molecular mechanisms for
memory (Lee et al. 2008).

Overview of Brain Structure and Function

The brain is composed of two major types of cells: neurons and glia. Neurons
have held the spotlight in neuroscience for the past century because they are
considered to be responsible for all the active communicative processes that
are characteristic of the brain. Glia play a supportive role and are generally
placed into three major categories known as astrocytes, oligodendrocytes,
and microglia. Microglia have characteristics of immune cells (monocytes and
macrophages) and are responsible for cleaning up damaged brain tissue. Oligo-
dendrocytes form the myelin sheath surrounding the axons of many neurons in
the brain to effect more rapid communications. Astrocytes play a wide range
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of roles. They segregate neurons from one another, remove excess neurotrans-
mitters and waste products from interstitial spaces (between cells), modulate
synaptic activity and growth, and supply neurons with nutrients for their meta-
bolic processes. Studies in the past decade or so suggest that glial cells play a
more active role than they were given credit for earlier (Miller 2003).

Neurons account for only about one-fourth of brain weight (Bourre 2004);
there are more glia than neurons in the brain, but there are also fluid-filled
ventricles. Neurons come in a wide variety of sizes, shapes, and functions. They
have dendrites and cell bodies, which receive signals from other neurons, and
they send signals via their axons (see figure E.3 in appendix E). There may be
thousands of dendrites and synaptic connections for incoming signals on each
neuron, but there is a single axon extending from the cell body. The axon may
be branched to form hundreds or even thousands of synapses with many other
neurons. When a neuron fires (sends its signal by releasing its neurotransmitter
from the axon terminals), all axon terminals release transmitter at the same
time as a result of axon depolarization. However, there may be local signals at
specific terminals that can suppress transmitter release. Such localized effects
give rise to fine-tuning of neuronal signals.

Neurons are often categorized according to the type of neurotransmitter
they release for communication with neighboring neurons. There are several
classic monoamine neurotransmitters, such as acetylcholine, dopamine,
norepinephrine, and serotonin, as well as the amino acid neurotransmitters,
glutamate and GABA (gamma-amino butyric acid). These few neurotransmitters
make up the bulk of neurotransmitters in the brain. Consequently their proper-
ties and mechanisms have been more thoroughly studied. In addition, there are
numerous peptide neurotransmitters, which are far less abundant but can have
very potent actions and play important roles. Peptide neurotransmitters are
short chains of protein, ranging from as few as three amino acids per chain to
forty or more. The low abundance of peptide transmitters, as well as their close
physical and chemical relationship to proteins, make it much more difficult to
study them compared with the amine and amino acid neurotransmitters.

In the mid-twentieth century scientists developed techniques to identify
amine transmitters and found that individual neurons contained only one
type of amine transmitter, either dopamine, norepinephrine, acetylcholine,
or serotonin, but not two of them together. This led to the hypothesis that
one neuron would have only one neurotransmitter. If a neuron stored and
released dopamine, it was called a dopaminergic neuron. Similarly, there were
cholinergic (for acetylcholine), noradrenergic (for noradrenaline, which is also
known as norepinephrine), and serotonergic neurons. Later it was discovered
that some neurons contained peptides along with the amine (or amino acid)
transmitters, although dopaminergic neurons in some regions may contain
one peptide transmitter, while dopaminergic neurons in another region of
the brain might have a different peptide transmitter. Such combinations of
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amines with peptide transmitter seem to accommodate greater flexibility in
terms of fine-tuning signals.

Finally, there are lipids that function as signal transmitters in the brain.
Some lipid transmitters defy our traditional model of neurotransmission being
in one direction. Traditionally the axon terminal of a neuron was thought to
release transmitter that binds to a receptor across the synapse (usually on
dendrites or the cell body of the receiving neuron). Instead, many lipids act as
retrograde transmitters, meaning that they go from the postsynaptic (receiving)
cell to the presynaptic (sending) cell across the synapse. In other words, they
travel against the flow of traffic of amine or amino acid transmitters. Many of
these lipid messengers are eicosanoids that have been discussed throughout this
book, such as prostaglandins and endocannabinoids, as well as docosatrienes
(derived from DHA) and platelet activating factor (PAF). These lipid messengers
will be discussed in more detail with regard to specific brain functions or in
relation to brain disorders.

There are a large number of neurotransmitters (amino acids, amines,
peptides, and lipids) to track in this myriad of neurons and synaptic connec-
tions. Each transmitter may have several different types of receptors on receiving
cells, which may cause different cells or even different parts of the same cell
to respond differently to one neurotransmitter. For example, the excitatory
neurotransmitter glutamate has at least three types of receptors linked to ion
channels that cause depolarization of receiving cells. Glutamate also has several
different receptors linked to G-proteins in the receiving cells (see chapter 4),
which alter other proteins or enzymes, and hence metabolism.

Several different types of receptors have been characterized for all the major
neurotransmitters, as well as for many peptide and lipid transmitters. So, if the
number of different transmitters in the brain seems overwhelming, the number
of possible combinations with receptors and subsequent responses becomes
absolutely mind-boggling. A more complete overview of neuronal mechanisms
is given in appendix E.

Essential Fatty Acids and Brain Development

There has been a large body of research over the years to determine what fatty
acids are essential for the central nervous system and what roles they play in
growth, development, structure, and signaling. The brain is a unique organ in
terms of its composition, structure, and function. It has the highest percentage
(by mass) of lipids of any organ, other than adipose tissue; nearly two-thirds of
its dry mass is lipid. A major difference between brain and adipose lipids is that
brain tissue is mostly phospholipids, whereas adipose tissue is mainly triglyc-
erides. About 35 percent of lipids in brain tissue are long-chain (more than
eighteen carbons) polyunsaturated fatty acids (LCPUFAs). The eighteen-carbon
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polyunsaturated fatty acids, linoleic acid and linolenic acid, are practically
nonexistent in the brain.

DHA constitutes about 7 percent of total fatty acids in the human cere-
brum and nearly 20 percent of fatty acids in the retina of the eye. The other
main fatty acids are palmitic acid (a saturated fatty acid) and the mono-
unsaturated fatty acids, oleic and palmitoleic acids. The saturated and
monounsaturated fatty acids account for about 65 to 75 percent of fatty acids
in the brain and retina (Yavin, Brand, and Green 2002). DHA constitutes about
one-third of the LCPUFAs in the brain, with arachidonic acid accounting for
another one-third. There is a relatively large amount of docosatetraenoic acid
(22:4 omega-6) and relatively low levels of eicosapentaenoic acid (20:5 omega-
3; EPA) in brains of humans that typically consume Western diets (Bourre
2004). The relative amounts of the latter two LCPUFAs are probably a reflection
of low consumption of omega-3 fatty acids and relatively high consumption of
omega-6 fatty acids in this population.

Lipids in the brain are not used for energy but are there mostly for structural
purposes (in membranes) or for signaling after their metabolism to bioactive
messengers. LCPUFAs are found almost exclusively in phospholipid membranes
and as cholesteryl esters, with trace amounts as free fatty acids or metabolites
of phospholipids that have lost their polar phosphate group.

Unanticipated Antioxidant Properties
of Long-Chain Polyunsaturated Fatty Acids

Brain tissue has the highest concentration of docosahexaenoic acid (DHA) in
the body, except for the retina of the eye (which is part of the central nervous
system). This may seem surprising in view of the greater expected susceptibility
of DHA to lipid peroxidation—the more double bonds there are in a PUFA, the
greater its chances of reacting in free-radical oxidation reactions. However,
many studies have shown that increased consumption of DHA by lab animals
usually does not increase levels of lipid peroxidation and, in fact, decreases
lipid peroxidation in many organs, especially the brain (Yavin, Brand, and Green
2002).

There is an explanation for this contradictory effect of DHA in the brain
as well as in certain other tissues such as the retina, heart, and testes, where
DHA is also abundant. DHA is bound primarily to phosphatidylethanolamine
and phosphatidylserine phospholipids. The phosphatidylethanolamine fraction
contains a special class of phospholipids known as plasmalogens, which contain
an ether linkage to a long-chain alkyl group in addition to the ester linkage
of DHA (or other LCPUFAs). One of the more abundant of these ether-linked
alkyl groups contains a double bond adjacent to the ether linkage, making this
double bond both more reactive than a double bond in oleic acid and closer
to the surface of the phospholipid membrane. The location and its chemical
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reactivity make this double bond more susceptible to attack by free radicals
migrating to the cell membrane from the cytoplasm or other aqueous compart-
ments where these radicals are usually generated. DHA dietary supplements
may increase production of plasmalogens, thereby offering this unexpected
antioxidant protection (Kuczynski and Reo 2006).

The white matter of the brain is enriched in plasmalogens, especially the
myelin sheath formed by oligodendrocytes. The importance of plasmalogens
is evident from the wide range of disorders in humans—such as Zellweger
syndrome, infantile Refsum disease, rhizomelic chondrodysplasia punctata,
Alzheimer’s disease, and Down syndrome—that are associated with defective
production of these phospholipids (Nagan and Zoeller 200r1). Although the
exact function of plasmalogens is unclear, they may play an important role
in preventing oxidation of lipid membranes. Enrichment of LDL particles or
other phospholipid mixtures with plasmalogens makes them more resistant to
free-radical-induced lipid peroxidation (Hahnel et al. 1999). More traditional
antioxidant systems tend to be less abundant in the brain, such as catalase,
superoxide dismutase, glutathione peroxidase, and glutathione (Mizuno and
Ohta 1986). It would make sense that a special lipid antioxidant system is opera-
tional in this vital, lipid-rich organ.

DHA Is Essential for Brain Development

There is efficient accretion of DHA in the brain during fetal and postnatal
development, when myelin is being produced and synaptic connections are
being formed. The level of DHA is highly conserved once it is there. If DHA is
not available during this window of rapid brain growth (often called the brain
growth spurt) as a result of maternal dietary deficiency in omega-3 fatty acids,
the brain will substitute docosapentaenoic acid (DPA) derived from omega-6
fatty acids that are generally abundant in Western diets.

The rapid rate of brain growth in humans begins in the third trimester of
pregnancy and continues for about two years after birth. Formation of neurons
(neurogenesis) takes place mostly between the fourteenth and twenty-fifth
weeks of gestation. The ensuing brain growth spurt begins with glial cell forma-
tion, which aids formation of synapses (synaptogenesis), and this is followed
by myelination of neurons. Synaptogenesis continues throughout life where
existing neurons form new synaptic connections in the process of learning and
memory.

It is important to keep in mind that formation of new synapses is crucial
for long-term memory and learning (see below). The newly formed synapses are
composed of specialized areas of membranes on adjacent cells that are juxta-
posed for efficient and rapid communication with one another. Each neuron
may form hundreds or thousands of synaptic connections with different cells,
although there may be multiple synapses between the same two cells. Forma-
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tion of new synapses requires a supply of fatty acids to make the phospholipid
membranes, and DHA appears to be critical in this context.

During the brain growth spurt, there is an accrual of DHA, due to both
increases in overall brain mass and abundance of DHA relative to other fatty
acids. The requirement for DHA in the fetus and newborn infant is substantial
during this period, with an estimated accretion rate of 35 milligrams DHA per
week from the beginning of the third trimester of gestation until the end of
the first year of life—estimates range from 3.6 to as much as 76 mg per week
(Lauritzen et al. 2001).

Although the fetus is capable of forming DHA from linolenic acid, much of
its DHA appears to be formed by the mother and subsequently transferred to
the fetus from the mother’s blood, via the umbilical cord and placenta. When
it is being transferred from the mother’s blood, DHA is bound to phospholipids
such as phosphatidyl choline, which delivers much-needed choline to the fetus
as well. Linoleic and linolenic acids are not incorporated into the brain or retina
to any significant degree. They are either elongated and desaturated to form
LCPUFAs or, when in excess, metabolized to saturated and monounsaturated
fatty acids (see below) that are much less susceptible to free-radical oxidation.
This suggests that LCPUFAs play a unique role, more than simply increasing
fluidity of cell membranes.

Maternal Control of Polyunsaturated Fatty Acids

The most abundant fatty acid in brain phospholipids is palmitic acid (C16:0),
which is a saturated fatty acid and the major product of the fatty acid synthase
complex in humans and mammals. The relative amount of saturated fatty acids
in most tissues of the body generally ranges from 40 to 50 percent, with palmitic
acid predominating (Bourre 2004). When labeled linoleic acid and linolenic
acid were fed to pregnant rhesus monkeys, these PUFAs were metabolized
primarily to palmitic acid prior to incorporation into phospholipids of the brain
and retina of the fetus (Sheaff Greiner et al. 1996). On the other hand, labeled
DHA was incorporated into the fetal brain and retina, with relatively little of it
ending up in the saturated and monounsaturated fatty acid pool. This indicates
that the brain and retina require predominantly palmitic acid, in addition to
DHA and arachidonic acid, as the major fatty acids in the phospholipids of these
neurological tissues. The ratio of linolenic acid to DHA in maternal blood was
seventeen to one, whereas this ratio was about two to one in fetal blood. This
indicates a preferential uptake of DHA from the maternal plasma by the fetus.
These are indeed most curious findings: they indicate that the brain and
retina carefully control the composition of their phospholipid membranes.
Perhaps most surprising is the fact that excess PUFAs are recycled to saturated
and monounsaturated fatty acids in brain tissue. The latter are not susceptible
to lipid peroxidation, which can wreak havoc in any tissue. The specific pathway
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for fatty acid recycling was not shown, but it would appear that eighteen-carbon
PUFAs were metabolized by normal mitochondrial and peroxisomal beta-oxida-
tion. Most of the acetyl-CoA produced in this pathway would be reused by fatty
acid synthase to produce palmitic acid. Some of the acetyl-CoA produced in the
mitochondria would undergo complete oxidation in the Krebs cycle to form the
ATP needed for fatty acid synthesis. However, much of the malonyl-CoA used
for fatty acid synthesis is derived from peroxisomal acetyl-CoA (Reszko et al.
2004).

Are Omega-3 Supplements Necessary for Infants and Children?

The source of DHA, or its omega-3 PUFA precursors, for the developing fetus
and infant during the brain growth spurt is obviously from maternal body
stores and diet during pregnancy and lactation. There is concern about whether
contemporary Western diets contain sufficient levels of omega-3 fatty acids to
provide children with ample amounts of this vital fatty acid for proper neuro-
logical development (Simopoulos 1991). DHA levels in maternal plasma decrease
during the course of pregnancy. Furthermore, women who have had multiple
pregnancies have lower plasma levels of DHA (relative to other fatty acids) than
women in their first pregnancy (Al, van Houwelingen, and Hornstra 1997). This
is despite the fact that a woman accumulates DHA in body stores throughout
life. Highly efficient transfer of DHA across the placenta ensures that the fetus
will receive maximum amounts of available DHA from the mother. However, if
DHA availability is low, there could be less than optimal amounts incorporated
into nerve tissue during development.

Some studies have shown that pregnancies result in better outcomes, in
terms of duration of pregnancy and infant birth weight (less risk of prema-
ture birth), when the mother receives supplements of omega-3 fatty acids or
consumes seafood regularly during later stages of pregnancy (Smuts et al. 2003;
Olsen and Secher 2002; Olsen et al. 1993). Such results suggest that premature
births result from inadequate maternal levels of DHA. In addition, DHA supple-
mentation of infant formula can have a significant effect on neurological, visual,
and intellectual development of premature infants, more so than for full-term
infants (Heird and Lapillonne 2005). The greater effect of DHA supplementa-
tion on preterm infants can be explained by the fact that full-term infants have
obtained substantially more DHA from the mother prior to birth, including
significant reserves of this all-important fatty acid in adipose tissue and liver.
DHA in fat stores of full-term infants can be utilized for postnatal brain develop-
ment if there are less than adequate supplies in their diet during the first year.

Clearly DHA plays a vital role in neurological development of the fetus
and infant, but there still appears to be some controversy over whether DHA
supplements are necessary in commercial infant formulas (McCann and Ames
2005). One study in the early 1990s showed that preterm infants supplemented
with fish oil had significantly less weight gain than infants receiving a standard



NEUROLOGICAL DEVELOPMENT, MEMORY, AND LEARNING 145

unsupplemented formula during the first year of life (Carlson et al. 1993). It was
found that their weight at twelve months (corrected age) correlated well with
plasma levels of arachidonic acid measured at several times during the first
year of life. A subsequent study using formula supplemented with low-EPA (but
high-DHA) fish oil showed no significant differences in growth compared with
unsupplemented formula (Carlson, Werkman, and Tolley 1996). The reasoning
behind the latter study was that EPA in the earlier fish oil supplements was at a
level high enough to inhibit metabolism of omega-6 fatty acids, particularly the
conversion of linoleic acid to arachidonic acid.

Arachidonic acid is important in a wide range of effects in the body as
a precursor for bioactive eicosanoids. Another study performed in the early
1990s did not show differences in growth in preterm infants receiving omega-3
supplemented versus unsupplemented formulas (Uauy et al. 1994). This was
most likely because the supplements also contained soy oil, which would supply
linoleic acid needed for arachidonic acid synthesis. A recent analysis of fourteen
trials of LCPUFA supplementation of infant formulas concluded there was no
evidence that LCPUFA supplements have any (positive or negative) effect on
growth of full-term infants (Makrides et al. 2005). The positive effects of omega-
3 supplements seem to be most prevalent for preterm infants. However, there
would be no detrimental effect of omega-3 supplements for all infants, provided
adequate levels of omega-6 fatty acids are included in their diet. In addition,
growth or body weight should not be the only criterion used to assess efficacy
of omega-3 formula supplements. A summary of the effects of dietary essential
fatty acids is given in table 11.1.

Learning and Memory

One of the more fascinating advances in neuroscience is elucidation of the
biochemical events associated with learning and memory. It is generally
agreed that memory arises from development of new synaptic connections
between existing neurons. The process is generally called neurite outgrowth or
synaptic plasticity. Great strides have been made in isolating and characterizing
numerous proteins and processes involved in memory, which is prerequisite to
learning.

Dozens of proteins have been implicated in memory development. One
event that lies at the heart of memory is long-term potentiation (LTP). LTP refers
to cellular responses that are augmented or enhanced as a result of specific types
of neuronal activity. LTP is generally driven by the excitatory neurotransmitter
glutamate, although modulatory neurotransmitters also play a part (dopamine,
acetylcholine, and serotonin). Numerous biochemical events are involved,
along with associated proteins; the overall picture is still not well understood.
For example, N-methyl-D-aspartate (NMDA) receptors for glutamate are known
to play a role in LTP, but they can also induce an opposing effect known as



TABLE 11.1.
Important considerations regarding
essential fatty acid status of mother and child

Mother

Fetus/infant

Pregnancy

Accumulates omega-3 fatty acids

throughout life, with some reserves

in adipose fat.

Converts linolenic acid to DHA much

faster than fetus.

Multiple pregnancies can deplete
stores of omega-3 fatty acids.

Omega-3 fatty acid supplements
during pregnancy can improve
outcome—duration of pregnancy
and birth weight (lower risk of
premature birth).

Lactation

Human breast milk has the highest
DHA content of any land mammal.

Adequate dietary omega-3 intake
during lactation will ensure

adequate transfer to breast-feeding

infant.

Has high demand for DHA during
third trimester of pregnancy
for neurological development.

Able to convert linolenic acid to
DHA, but not as fast as mother
can.

Preferential uptake of DHA
across placenta from mother’s
blood to fetus.

Fetus will store excess DHA in
adipose fat and liver in latter
weeks of full term pregnancy;
preterm infants will have less
DHA stored.

Infant continues to get DHA from
breast milk; formula should
have adequate supply of
omega-3/DHA.

Formula milk should have
adequate (not excessive)
amounts of both omega-3 and
omega-6 fatty acids.

Most omega-3 fatty acids are converted High demand for DHA for

to DHA in mother’s liver prior to

transfer to fetus or milk.

neurological development
continues for at least first year
of life.

Source: Compiled by the author from information in the sources cited in the text.
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long-term depression (LTD), which is characterized by diminished response to
neuronal activity (Sheng and Kim 2002).

A key component of LTP is phosphorylation of proteins through activation
of various protein kinase enzymes. Protein kinases are activated by various
second messengers in cells including cyclic-adenosine monophosphate (cyclic
AMP), calcium, calmodulin, and diacylglycerol, to name a few. The protein
kinases use adenosine triphosphate (ATP) as the source of phosphate that is
attached to proteins. The mechanisms involved in memory are only beginning
to be worked out, and the role of lipids will be discussed here.

It seems LTP can account for short-term memory, whereby one can
remember something for a few minutes but, without reinforcement, that
memory is fleeting and disappears (such as a telephone number). This is
likely due to removal of phosphate from existing proteins before any new
proteins are synthesized by gene expression. Gene expression is required
to make proteins that constitute new synaptic connections for longer-term
memory, and phosphorylated proteins are involved in regulating that gene
expression.

Postsynaptic receptors at glutamate synapses are attached to large protein
complexes that are readily visible in the electron microscope and have come to
be called the postsynaptic density or dendritic spine. This protein machinery
is responsible for helping to regulate the strength or intensity of synaptic
transmission. When rats were fed high-omega-3 fatty acid diets, compared
with control diets, there were noticeable alterations in gene expression, with
increased expression of some genes and suppression of others (Kitajka et al.
2002). It would be difficult to draw any conclusions from these data alone, but
they show that dietary omega-3 fatty acids have an effect on a wide array of gene
expression, including many that were not measured in this study.

The neurological basis for long-term memory and learning, as mentioned
earlier, is formation of new synapses. This requires additional branching of axons
and dendrites, much like branching of trees to produce more fruit. Neuronal
cells grown in culture can be stimulated to produce more axonal branching.
These cells will produce longer axon branches and more of them when there
is an abundance of DHA in the growth medium (Calderon and Kim 2004).
Other LCPUFAs did not stimulate neurite growth in these neurons, including
arachidonic acid and docosapentaenoic acid (another omega-6 LCPUFA). The
latter replaces DHA under conditions of extreme omega-3 fatty acid deficiency
in growing animals, which suggests that omega-3 fatty acid deficiency may have
an effect on axonal branching and, hence, memory and learning. It may be that
DHA induces formation of antioxidant plasmalogens in these newly formed
neurites, although this was not measured. Clearly DHA has an effect on synaptic
plasticity, which would be expected to affect learning and memory. However,
studies of the effects of DHA supplementation on cognition and behavior have
not shown a convincing impact on normal individuals (see below).
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Several neuropeptide transmitters have also been implicated in learning
and memory, including vasopressin (antidiuretic hormone), oxytocin, angio-
tensin II, and insulin-like growth factors, to name a few. The large number of
studies investigating the relationship of vasopressin to memory and learning
stems from work in the late 1970s that showed vasopressin could improve
memory. A remarkable case showed reversal of trauma-induced amnesia with
vasopressin treatment (Oliveros et al. 1978).

Relatively high levels of leukotriene C, (LTC,, a component of slow-reacting
substance of anaphylaxis derived from arachidonic acid; see chapter 9) are found
in the hypothalamus and median eminence of the brain. LTC, synthase, the key
enzyme for LTC, production, is localized in the same regions as vasopressin
neurons. This could explain a relationship between arachidonic acid (or omega-
6 PUFAs) and memory, although the role of LTC, in memory or other cognitive
functions is not clear. It is possible that omega-3 fatty acids get metabolized to
the corresponding LTC;, which may have distinct actions relative to LTC,. Much
more work is needed to give a clearer picture of interactions of these peptide
and lipid signals, along with the more conventional neurotransmitters, in the
overall processes of memory, learning, and behavior.

Sleep and Memory Consolidation

Sleep is a natural and necessary physiological state that rejuvenates the mind
and body. Studies have shown that sleep deprivation impairs long-term memory
and synaptic plasticity (students pulling all-nighters before exams should take
notice). It was found that sleep deprivation causes increases in prostaglandin
D, and 2-arachidonyl glycerol (2-AG, an endocannabinoid) and a decrease in
prostaglandin E, (McDermott et al. 2003). It has also been shown that amide
derivatives of certain fatty acids (for example, cis oleamide from oleic acid) can
be isolated from cerebrospinal fluid of sleeping animals and will induce sleep
when injected into awake animals (Cravatt et al. 1995).

Anandamide (an endocannabinoid formed from arachidonic acid) also
induces sleep (Chen and Bazan 2005). The two predominant endocannabinoids,
anandamide and 2-AG, fluctuate in opposing cycles with the diurnal rhythms
of the body. Anandamide is low and 2-AG high during daylight, and vice versa
during darkness. It was suggested that sleep deprivation and its associated
elevation of 2-AG may be involved in the disruption of synaptic plasticity and
long-term memory, although definitive proof of this relationship has not yet
been reported. However, it is well known that exogenous cannabinoids (mari-
juana) can suppress memory.

Another lipid messenger, platelet activating factor (PAF), is involved in
long-term potentiation (LTP) through its actions as a retrograde messenger that
migrates back to the presynaptic neuron and augments release of glutamate at
excitatory synapses (Chen and Bazan 2005). PAF is formed in the postsynaptic
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cell and migrates back to the presynaptic cell (as a retrograde lipid messenger)
and increases the release of glutamate. The enhanced excitatory action of
glutamate then triggers postsynaptic responses, such as activation of a protein
kinase (CaMKII via calcium influx through NMDA receptors) and the cascade of
events caused by this kinase enzyme attaching phosphate to a host of postsyn-
aptic cellular proteins involved in learning and memory. This could promote
the migration of a specific type of glutamate receptors (AMPA receptors) to the
synaptic region from intracellular storage in vesicles, which initiates LTP and
stimulates gene expression in the nucleus, the latter being prerequisite for new
synapses.

Presynaptic PAF receptor antagonists can impair memory (Kim and Alger
2004). Studies with PAF receptor knockout mice (genetically manipulated
mice that lack an active PAF receptor) had reduced LTP upon stimulation of
some (lateral) neural networks, but LTP was not affected in other (medial)
neural networks. It was also found that PAF produces an increase in calcium
influx into neurons, perhaps via the occupied PAF receptor causing changes
in voltage-regulated calcium ion channels in the presynaptic axon terminals
(see appendix E).

As mentioned in earlier discussions, there are three different forms of
cyclooxygenase (COX) enzymes known, COX-1, COX-2, and COX-3. COX-3 is
derived from COX-1 through alternative m-RNA processing (retention of intron-1
of COX-1 mRNA) and seems to be found mostly in the brain (Shaftel et al. 2003).
COX-2 has received the most attention of these three isozymes, because it is
inducible in many tissues (see chapter 9), but it is constitutively expressed in
brain and some other tissues (Kim and Alger 2004). Selective COX-2 inhibitors
were developed primarily for treatment of inducible COX-2 involved in inflam-
mation and arthritis.

COX-2 is expressed in certain neurons of the cortex and hippocampus,
where it may be playing a role in LTP and memory. Expression of COX-2
increases with increased excitatory (glutamate) synaptic activity and is associ-
ated with LTP. COX-2 has been localized in dendritic spines (postsynaptic
membranes with a high density of receptors and associated proteins). There is
increasing evidence that COX-2 mediates hippocampal LTP, a vital component
of memory, through production of prostaglandins and other eicosanoid deriva-
tives (Yang and Chen 2008). Administration of COX-2 inhibitors diminished
LTP. This suggests that the ill-fated selective COX-2 inhibitors that increased
the risk of blood clots in the heart (myocardial infarction) may have also
contributed to memory impairment in the elderly population using these drugs
for arthritis. However, there is evidence that nonsteroidal anti-inflammatory
drugs (NSAIDs or COX inhibitors) may slow the progression of Alzheimer’s
disease (see chapter 13). LTP has not been affected by blocking COX-1
in a variety of studies. The suppression of LTP by COX-2 inhibition appears
to be elicited within the postsynaptic cell, with decreased excitability and
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decreased calcium influx. Whether this effect is via actions on the NMDA
receptor or other calcium channels is not clear. The actions attributed to
COX-2 activity in LTP appear to be mediated primarily through PGE, and not
PGD, or PGF,,,.

Just as traditional neurotransmitters have multiple receptors, PGE, does as
well. At least four different types of prostaglandin E receptors have been identi-
fied with three different actions elicited in cells where they are located. Two of
them (EP2 and EP4) stimulate adenyl cyclase and increase cyclic AMP produc-
tion, which in turn activates protein kinase A. One (EP3) inhibits adenyl cyclase
and suppresses cyclic AMP production. Another (EP1) activates phospholipase
C (PLC) to initiate a cascade of events that activates protein kinase C (PKC) and
increases the level of calcium in the cell. Calcium increases in this case as a
result of inositol trisphosphate (IP;) released from membrane phospholipids,
stimulating calcium channels in intracellular compartments (Cimino et al.
2008). These are the same actions described for the four major epinephrine
receptors described in chapter 4.

The different E-type prostaglandin receptors seem to be diversely distributed
in pre- and postsynaptic neurons, as well as in astrocytes (Kim and Alger 2004).
It is not clear whether calcium influx into the cytoplasm of neurons via NMDA
receptors (mentioned earlier) elicits the same or a different response compared
with its efflux from intracellular compartments via inositol triphosphate—
stimulated calcium channels in organelles. The latter mechanism for calcium
release could occur when PGE, binds EPI receptors. However, EPI receptors are
usually located on axon terminals, whereas NMDA receptors for glutamate are
generally on dendrites or cell bodies. Therefore, they are in different parts of
neurons and may evoke different effects. Different biochemical pathways in
different regions of a cell may be affected separately by these two different
mechanisms for increasing calcium in the cytoplasm.

COX-2 has been shown to catalyze another biochemical reaction in addi-
tion to synthesis of prostaglandins and thromboxanes, namely the conversion
of endocannabinoids, 2-AG and/or anandamide, to their respective glycerol
and ethanolamide prostaglandin derivatives (Yang et al. 2008). Since COX-2
inhibition can increase release of the inhibitory neurotransmitter GABA in the
hippocampus, it is possible this action is mediated through decreased meta-
bolic inactivation of 2-AG and/or anandamide. Consequently, more of these
endocannabinoids in the brain would be expected to suppress memory. Since
COX-2 is inducible and its levels can increase in response to certain conditions
in the brain, this may be another way of regulating levels of endocannabi-
noids—another level of complexity that will have to be dealt with in future
experiments. It will be interesting to see whether aspirin inhibition of COX-2
will alter its enzyme activity with regard to endocannabinoid metabolism, as it
did for lipoxin metabolism (see chapter 9).
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Conclusions

It is clear that the brain has unique requirements for essential fatty acids, many
of which are not easily assessed by carefully controlled clinical studies of the
effects of dietary manipulations or supplements. There is no question regarding
the requirement for omega-3 PUFAs in the developing brain of humans, although
there does seem to be some controversy about whether omega-3 supplements
are necessary for normal, healthy infants and children. If infants are being
breast-fed and the mother has an adequate supply of omega-3 fatty acids in the
diet, there should be no need to provide additional supplements. However, if
infants receive formula instead of breast milk, there should be assurance of an
adequate (not excessive) supply of omega-3 long-chain polyunsaturated fatty
acids (especially DHA) in the formula.

Dietary supplementation with omega-3 fatty acids seems to be a natural
recommendation for women from early stages of pregnancy through lactation.
There are no known undesirable side effects, other than palatability of certain
forms of fish oil supplements (a spoonful of cod liver oil is rarely seen today),
provided there are adequate omega-6 fatty acids in the diet. This latter provision
would not seem to be a concern to anyone consuming a normal diet (Western or
otherwise). Women who consume a reasonable amount of fish or seafood may
not need to be concerned about omega-3 supplements. Although the growing
abundance of farmed fish may result in lower levels of omega-3 oils, depending
on the sources of nutrients for those fish, there are still more omega-3 fatty
acids in farmed fish than in most other animal sources.

It seems that health professionals could easily assess whether a woman is
getting adequate omega-3 oils in the diet by asking just a few simple questions
regarding frequency of fish and seafood consumption. If there is any doubt,
there should be no hesitation in recommending omega-3 supplements. Any
amount of supplement consumed will be better than none at all in cases where
omega-3 intake is low throughout life. It seems that such attention to dietary
omega-3 status requires very little in terms of time, effort, and cost but can
provide immeasurable benefits in terms of the quality of life and mental health
of a future generation.

Although roles of long-chain polyunsaturated fatty acids in learning and
memory are only beginning to be worked out, there is much evidence that both
omega-3 and omega-6 polyunsaturated fatty acids are essential. The complexi-
ties of the brain preclude any proven recommendations for beneficial effects of
dietary supplements in general; nevertheless our ancestors’ recommendation for
a spoonful of cod liver oil every day seems to merit some validity. The following
chapters will emphasize the importance of omega-3 oils on many other aspects
of the nervous system.
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Functional Disorders
of the Nervous System

Neurological disorders can be placed into two broad categories, neurodegen-
erative diseases and functional disorders. The neurodegenerative diseases are
characterized by gross loss of specific types of cells within specific tracts of the
nervous system, with inflammation as a common thread that ties them together.
These include Alzheimer’s, Parkinson’s, and Huntington’s diseases, amyotrophic
lateral sclerosis (ALS or Lou Gehrig’s disease), and multiple sclerosis (MS). These
will be discussed in the next chapter.

The functional disorders are less well characterized in terms of specific
neurological deficits but in some cases may be associated with aberrant function
of specific types of neurons, while in others the etiology is uncertain. Depression
is usually associated with a malfunction of the serotonergic neurotransmitter
system because drugs that block the reuptake of serotonin from the synapse are
used to alleviate the symptoms of this disease. Similarly, schizophrenia is often
associated with the dopaminergic neurotransmitter system because drugs that
block dopamine receptors can alleviate some symptoms of this disease. Atten-
tion deficit/hyperactivity disorder (ADHD) is treated with drugs that block the
reuptake of dopamine and norepinephrine from the synapse, but these drugs
(methylphenidate and amphetamine) are generally classified as stimulants, and
their efficacy in the treatment of ADHD is puzzling—why would a stimulant be
effective in suppressing hyperactivity?

It is tempting to use the known actions of drugs on specific neurotrans-
mitter systems to support theories related to the role of these transmitters in
neurological disorders. Indeed, theories of drug action have been extended to
suggest theories for the neurochemical dysfunctions, such as schizophrenia
being due to overactivity of the dopaminergic system because drugs that block
dopamine can alleviate some of the symptoms. However, there are problems in
explaining why symptoms of the disorders take weeks to disappear, while the
drugs reach their effective levels in the brain within hours or days and should
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have their effects almost immediately if the theories are correct. Variance
between theory of drug action and etiology of disease is especially prevalent
in the cases of schizophrenia and depression. There are many unknowns that
lie between drugs binding to their known targets in the brain and subsequent
changes in mood or behavior. This murky area may be where dietary fats or
lipids enter the picture.

Overview of Functional Disorders

The functional disorders, such as ADHD, dyslexia, impulsive disorders, anxiety,
schizophrenia, and affective or mood disorders may be a continuum of neuro-
logical disorders that have similar origins but affect neurotransmitter systems
and consequent behavior in different ways. Studies have shown beneficial
effects of omega-3 oil supplementation for some types of each of these disorders,
although results are not always consistent. There are many bioactive products
produced from long-chain polyunsaturated fatty acids (LCPUFAs), including
several prostaglandins, lipoxins, docosanoids, and endocannabinoids, that
play important roles in the brain. Profound differences between omega-3 and
omega-6 LCPUFAs and their bioactive metabolites support arguments that
large shifts in the ratio of omega-6 to omega-3 fatty acids in modern Western
diets may be promoting these disorders in susceptible individuals (Simopoulos
2002a).

Environmental factors can play a role in the occurrence of neurological
disorders, particularly schizophrenia and affective disorders, although environ-
ment causes only a minor increase in risk. In the cases of schizophrenia and
affective disorders, people born in winter or spring months have a greater risk of
developing those disorders, which has roused speculation that pathogens such
as viruses may be contributing to developmental abnormalities (Strange 1992,
279). Premature births and birth complications have also been implicated. In
view of the acute vulnerability of the developing brain to environmental factors
in the late stages of pregnancy and early infancy, it should not be surprising that
nutritional deficiencies, infections, and various traumas have some influence
on neurological development. This is the time when neurons are proliferating
rapidly and synaptic connections are being orchestrated. Events or substances
that interfere with neuronal wiring at this fragile stage could have long-term
consequences that may not appear immediately.

There could also be hereditary influences on manifestations of these
illnesses. Genetic variants are known or suspected to increase the risk of several
disorders. Many enzymes (products of gene expression) have been implicated
in these disorders, including several involved in metabolism of bioactive lipids
(such as phospholipase A, and desaturases). It is important to keep in mind that
genetic variation may be only part of the underlying causes of these diseases
and the relative success or failure in their treatment.
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The amine neurotransmitters, particularly dopamine, norepinephrine, and
serotonin, are implicated in these disorders to varying degrees. However, these
neurotransmitters are the easiest to monitor because they can be measured
easily in cerebrospinal fluid or their metabolites can easily be measured in
urine. This is like the drunk who is looking for his lost keys under the streetlight
because that is the only place where he can see in the darkness. Implications can
be made from differences in levels of these transmitters or their metabolites,
but it is not possible to state with certainty that a particular neurotransmitter
system is the only one involved, simply because that was the only one for which
differences could be measured. Peptide neurotransmitters are seldom measured
in neurological disorders, and their actions in the brain are not well understood.
Each neurotransmitter may also affect many other transmitter systems through
signals to other neurons, and ultimately there may be influences on neuronal
outgrowth to modify synaptic connections (see chapter 11). We are currently
quite far from understanding the etiology of these disorders.

LCPUFAs, particularly arachidonic acid and docosahexaenoic acid (DHA),
clearly have influences on development of the nervous system in the fetus and
newborn, as discussed in the previous chapter. They probably play an impor-
tant role in learning and memory throughout life. Since LCPUFAs and their
precursors can be stored in lipid deposits when they have been consumed in
excess of their needs, it becomes difficult to assess their role in a wide range of
neurological disorders. It is also not easy to establish whether an essential fatty
acid deficiency exists in human subjects, because of numerous interactions of
various nutrients and the fact that most human diets have an abundance of
essential fatty acids, especially linoleic acid and, to a lesser extent, linolenic
acid. Because of the dramatic increase in the ratio of omega-6 to omega-3 fatty
acids in modern Western diets and the well-established importance of omega-3
fatty acids, particularly DHA, in neurological function, recent research in nutri-
tional neuroscience has focused on dietary omega-3 fatty acids and their effects
on a wide range of neurological disorders.

The research journal Prostaglandins, Leukotrienes and Essential Fatty Acids
devoted a special double issue in 2000 to a multidisciplinary workshop for
researchers and clinicians to explore the interactions of essential fatty acids
and phospholipid metabolism with developmental neurological disorders,
such as attention deficit/hyperactivity disorder (ADHD), dyslexia, dyspraxia
(developmental coordination disorder), and autism. These are among the most
common neurological disorders in childhood, although their identification
and management are still controversial. In April 2006 the International Review
of Psychiatry devoted an issue to the role of essential fatty acids in neuro-
logical and psychiatric disorders. In addition, there has been much interest in
exploring the effects of dietary essential fatty acid supplements on depression
and schizophrenia, as well as cognitive decline and other neurological deficits
associated with aging.
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Although some interesting relationships have been reported, most
researchers would not agree that essential fatty acid supplements are going to
be the answer to alleviating many of these neurological disorders. Their etiology
is complex and multifactorial, and little progress has been made in identifying
the biochemical parameters responsible for predisposing individuals to these
disorders. However, a closer look at the results of some of these studies begins
to reveal a general concurrence that omega-3 fatty acids are playing a critical
role in ubiquitous neurological functions. It would behoove us to heed these
cues and ensure that everyone is getting the necessary amounts of omega-3 fatty
acids throughout life. Megaquantities are not necessary, but adequate amounts
over the course of a lifetime probably are needed to help stave off a wide range
of deficits. Indeed, in many studies moderate amounts of supplements were
more beneficial than larger amounts.

The following discussion of important findings related to essential fatty
acid supplements in wide-ranging neurological disorders should lead the reader
to conclude that a good balance of omega-3 to omega-6 fatty acids in the diet
can result in a healthier mind and body. The previous chapter gave a general
overview of the role of the omega-3 fatty acids, particularly DHA, in early devel-
opment of the nervous system and its continuing importance throughout life
for learning, memory, and normal cognitive function.

Attention Deficit/Hyperactivity Disorder

Children having problems paying attention, listening to instructions, and
completing tasks may be diagnosed as having attention deficit/hyperactivity
disorder (ADHD). Such children may blurt out answers, interrupt others,
and generally disrupt class. Hyperactive children have more auditory, visual,
language, reading, and learning problems than their nonhyperactive counter-
parts (Mitchell et al. 1987). They also tend to have lower birth weights (3.058
versus 3.410 kg) and have significantly more frequent colds, polydypsia (exces-
sive thirst), polyuria (frequent urination), and serious illnesses or accidents. In
some studies they were found to have greater frequency of asthma, eczema, and
allergies (Colquhoun and Bunday 1981).

Hyperactive children had significantly lower levels of LCPUFAs (DHA,
arachidonic acid, and dihomo-gamma-linolenic acid) in their blood relative to a
control group (Mitchell et al. 1987). These findings were the basis for numerous
subsequent studies to determine whether essential fatty acid supplements
would have any impact on behavior and learning in ADHD children. The fact
that they had significantly lower birth weights suggests these children came
into this world with a DHA deficiency, since maternal DHA status has been
correlated with birth weight (as discussed in the previous chapter).

Several other studies have shown that children with ADHD have lower
levels of LCPUFAs in their blood (plasma phospholipids and red blood cells),
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particularly the omega-3 type (Burgess et al. 2000). John Burgess’s group at
Purdue University studied children with ADHD that also exhibited classic signs
of essential fatty acid deficiency, such as skin conditions and excessive thirst
(Antalis et al. 2006). They also found that college students with ADHD had a
tendency to have skin and thirst symptoms indicative of essential fatty acid
deficiency and had significantly lower levels of omega-3 fatty acids in blood
phospholipids and red blood cells compared with a control group of college
students. Dietary fatty acid intakes of the ADHD group did not differ signifi-
cantly from those of the control group, which led the authors to speculate that
the differences in fatty acid profiles of blood components might be due to a
metabolic insufficiency (genetic in origin).

The fact that thirst and frequent urination are associated with ADHD
might suggest a vasopressin (antidiuretic hormone) insufficiency in this neuro-
logical disorder. It was mentioned in the previous chapter that vasopressin has
been shown to affect memory, although its role in the memory process is not
understood. Vasopressin is a nonapeptide (protein with nine amino acids) with
a disulfide connecting two cysteine residues. As a peptide hormone/transmitter
it is not as easily studied as the classical amine transmitters. There does not
appear to have been any study to determine whether there is a correlation
between severity of ADHD symptoms and vasopressin levels in the blood. It
is also possible that a genetic mutation in either the gene for vasopressin
or the genes for vasopressin receptors is the basis for some cases of ADHD
and related learning disorders. Along these same lines, but from a different
angle, several studies have found that vasopressin binding to its Via receptor
can stimulate aggressive behavior, and an experimental drug that blocks this
receptor was shown to suppress aggression in animals (Ferris et al. 2006).
Since vasopressin is a peptide hormone, it would not be effective if taken
orally, because it would be broken down to amino acids in the gastrointestinal
tract. Vasopressin and bioactive analogs of this peptide hormone are available
for inhalation therapy.

An early study found evidence of zinc deficiency in ADHD children (Brophy
1986). Zinc is a cofactor in the delta-6-desaturase enzyme involved in the conver-
sion of eighteen-carbon essential fatty acids (linoleic and linolenic acids) to
LCPUFAs (see figures 2.4 and 3.1), so either a zinc deficiency or a genetic defect
in this enzyme could explain lower levels of LCPUFAs in these individuals when
they are consuming a diet with normal levels of essential fatty acids (linoleic
and linolenic acids). A study of the effect of zinc supplements on ADHD in
adolescents showed significant improvement in some of the symptoms of ADHD
(hyperactivity, impulsivity, and impaired socialization) but not attention deficit
(Bilici et al. 2004). Perhaps increased levels of LCPUFAs (DHA and arachidonate)
would be beneficial in the diet along with zinc supplements.

Indicators of elevated oxidative stress were not found in the ADHD group,
which might have led to a faster oxidative degradation of omega-3 fatty acids and
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accounted for the lower level of these fatty acids (Mitchell et al. 1987). Another
group of researchers found that children with ADHD exhaled higher levels of
ethane, which is a marker for oxidative breakdown of omega-3 fatty acids in the
body and would suggest greater oxidative stress (Ross et al. 2003). However, one
must use caution in interpreting the ethane exhalation results, since the site of
oxidation of the omega-3 fatty acids is not known when monitoring breath and
could be intestinal in origin; intestinal flora could be causing the production of
ethane from breakdown of omega-3 fatty acids in the diet.

Although lower levels of essential fatty acids in red blood cell membranes
are consistently found in ADHD children as well as adults, the biochemical
underpinnings of these observations are not clear. Essential fatty acid dietary
supplements are found to improve the levels of these fatty acids in the blood, but
there have not been uniform findings for behavioral improvements regarding
the symptoms of ADHD (Weber and Newmark 2007). There have been hints that
some behavioral parameters may have improved in some cases, yet overall there
is not a consistent pattern. A metabolic insufficiency (lack of an enzyme due to
a genetic mutation) could give rise to consistently lower levels of essential fatty
acids in blood, although specific enzymes or genes that would be responsible
for such metabolic defects have not been identified. Increased oxidation of
essential fatty acids also does not seem to be the cause of differences in blood
parameters. So, although differences in blood levels of essential fatty acids are
consistent, the cause is not clear. As with many disorders, there could be any
number of metabolic and/or physiological abnormalities that are contributing.

Brian Hallahan and Malcolm Garland (Hallahan and Garland 2004) have
discussed ADHD, as well as some other impulsive disorders such as hostility,
aggression, suicide, and deliberate self-harm, and indicated that all have been
shown to be associated with low blood levels of some omega-3 fatty acids, either
DHA or EPA. The few studies that have been reported for omega-3 supplements
as a treatment for aggression have indicated favorable results (no mention of
vasopressin involvement). Hallahan and Garland indicate that the serotonergic
system is another factor involved in these disorders. Several studies have found
lower than normal levels of the serotonin metabolite 5-hydroxyindoleacetic acid
(5-HIAA) in cerebrospinal fluid or blood of affected individuals.

Animal studies have shown that DHA and arachidonic acid supplementation
can increase levels of serotonin as well as dopamine in the brain (de la Presa
Owens and Innis 1999, 2000). It is generally believed that low levels of 5-HIAA in
cerebrospinal fluid or urine are due to either low serotonergic neuronal activity
or less serotonin being released when a neuron is firing (owing to lower levels
of this transmitter in the nerve terminal). The increased levels of neurotrans-
mitter with essential fatty acid supplements may be due to a more efficient
serotonergic system when DHA and/or arachidonate have been restored to their
optimum levels in the brain. Because DHA is vital to neurological membranes,
particularly in the synaptic region, DHA supplements could improve operation
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of receptors. They could also induce more efficient reuptake of transmitter from
synapses via transporters in the synaptic membrane.

Dyslexia and Dyspraxia

Dyslexic children with signs of essential fatty acid deficiency showed poorer
reading skills and auditory working memory, as well as lower general ability,
than children with lesser clinical signs of essential fatty acid deficiencies
(Richardson et al. 2000). These relationships were stronger in females, which
is interesting when considering that dyslexia is much more common in males
than females. Signs of essential fatty acid deficiency in dyslexic adult males
were also strongly correlated with severity of both visual and auditory dyslexic
symptoms, as well as linguistic and motor problems, lending further support to
the hypothesis that there may be abnormalities in essential fatty acid and/or
phospholipid metabolism in dyslexia (Taylor et al. 2000). A magnetic resonance
imaging (MRI) study of dyslexic versus control adults showed that there were
differences in the ratios of phosphate monoesters relative to diesters, reflecting
differences in membrane phospholipid metabolism in these two groups (Rich-
ardson et al. 1997).

There have been few studies of the effects of essential fatty acid supple-
ments on dyslexia and dyspraxia. A small study found that dyslexic children
have poorer dark adaptation than normal control children and that DHA supple-
ments improved dark adaptation in the dyslexic children but had no significant
effect on normal controls (Stordy 2000). It is tempting to propose that DHA
plays some role in dark adaptation, in view of its high levels in the retina, and
this condition may be worth evaluating as a counterpart to learning problems
and assessing whether DHA deficiency may be contributing.

Vitamin A may be a factor in dark adaptation, but there was no evidence
of vitamin A deficiency among subjects in that study. One control subject in
the study was a vegetarian with poor dark adaptation that improved with DHA
supplements. The report also showed that children with dyspraxia exhibited
improved motor skills after four months of high DHA and antioxidant supple-
mentation. Although this is one report with a small cohort, the results suggest
that omega-3 supplements could be beneficial for these disorders.

Epilepsy

Epilepsy is characterized by hyperexcitability (overexcitation) of a collection
of neurons in the brain as a result of either deficient inhibitory brain activity
(too little GABAergic activity) or excessive activity of the excitatory glutamate
system. The location and extent of the excessive excitatory activity will deter-
mine whether the patient experiences partial or generalized seizures. The type
of seizure is measured by electroencephalography (EEG).
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Hippocrates recommended fasting for epileptic patients. A resurgence in
the recommendation for fasting occurred in France around 1911. In the 1920s a
high-fat, low-carbohydrate diet was instituted for epilepsy in the United States,
with the rationale that this diet would mimic the ketosis induced by fasting or
caloric restriction (Geyelin 1921). The dietary approach to treating epilepsy fell
out of favor in the late 1930s with the introduction of anticonvulsant drugs,
beginning with diphenylhydantoin. Although the ketogenic diet remained a
curiosity on the fringes of mainstream medicine for the next sixty years, it
experienced a second resurgence in the mid-1990s when a young boy with
epilepsy did not respond to anticonvulsant drugs but was successfully treated
with a ketogenic diet (Huffman and Kossoff 2006). This led to creation of
the Charlie Foundation, which promotes the ketogenic diet for treatment of
epilepsy and has stimulated scientific research on the physiological basis for
the mechanism of action of ketosis on this neurological disorder.

The ketogenic diet, as originally proposed in 1921, recommended a high-fat
(75 percent of calories), low-carbohydrate (1o percent), and adequate-protein
(10 to 15 percent) diet, or a ratio between three to one and four to one for
fat relative to carbohydrate and protein. The Atkins diet, which is high fat,
high protein, and low carbohydrate, has also proven to be effective, often
with some minor modifications. Ketones, such as acetone and acetoacetate,
are two major ketone bodies circulating in the blood during ketosis that have
been found to suppress seizures in certain animal models. A third ketone
body, beta-hydroxybutyrate, is not actually a ketone but a metabolic product
of acetoacetate. It is in relatively high concentrations in the circulation during
ketosis but does not seem to be as effective as the ketones in suppressing
seizures (Bough and Rho 2007).

It is not certain which components of the ketogenic diet are responsible for
its anticonvulsant effects. Originally it was thought that ketone bodies formed
from metabolism of saturated fatty acids under conditions of low blood sugar
were primarily responsible for the anticonvulsant effect. This was supported by
the efficacy of acetone and acetoacetate in controlling seizures. The ketogenic
diet is most effective against seizures induced by GABA antagonists, which block
receptors for inhibitory signals. Ketogenic diets are less effective against seizures
induced by glutamate agonists that activate receptors for excitation. It has been
suggested that ketosis can shift metabolic pathways that favor synthesis of GABA
(Yudkoff et al. 2005).

These are just some of the ways the ketogenic high-fat, low-carbohydrate
diets may elicit their beneficial effects on epileptic seizures. It has been found
that the ketogenic diets can offer as much benefit or more in controlling seizures
as drugs (Huffman and Kossoff 2006). Studies of the efficacy of these diets found
that about one-third of patients have greater than 90 percent reduction in
seizures and about one-third have between 50 and 90 percent reduction, while
about one-third have less than 50 percent reduction in seizures (Thiele 2003).
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Two recent reviews (Huffman and Kossoff 2006; Bough and Rho 2007) give the
latest views of how the high-fat, low-carbohydrate diet may work to control
epileptic seizures but indicate there is still much to learn in order to know just
what aspects of the diet are most efficacious and how to minimize side effects.

Recent interest in omega-3 fatty acids for various neurological disorders led
to studies that showed marked reduction in seizure frequency and intensity when
omega-3 supplements were provided in combination with dietary restriction
regarding carbohydrates (Schlanger, Shinitzky, and Yam 2002). Omega-3 PUFAs
could control seizures in several ways, including effects on sodium and calcium
channels or pumps that would suppress excessive excitation (Vreugdenhil et al.
1996). Increased ratios of omega-3 to omega-6 PUFAs in plasma membranes can
increase activity of sodium pumps (Wu et al. 2004), which would restore neurons
to their repolarized state more quickly. Greater resting potential (voltage) in
neurons, as a result of a more active sodium-potassium pump, would shift
those neurons further away from the threshold potential that triggers firing (see
appendix E for descriptions of these neurological processes).

As mentioned earlier, PUFAs influence expression of specific genes (via
the peroxisome proliferator-activated receptor alpha, PPARx), which in turn
can increase efficiency of energy metabolism in cells. Reduced expression of
mitochondrial uncoupling proteins would decrease production of reactive
oxygen species (Garlid, Jaburek, and Jezek 2001). Free radicals and reactive
oxygen species, through lipid peroxidation, make membranes leaky and more
susceptible to depolarization (excitation). The role of omega-3 fatty acids, DHA
in particular, in forming antioxidant plasmalogens should also be considered as
a possibility for protection.

Depression and Affective Disorders

In the early 1980s it was postulated that eicosanoids may play a role in depres-
sion (Horrobin and Manku 1980). By the late 1980s results of clinical trials using
diet, behavior modification techniques, and drugs to lower cholesterol with the
aim of decreasing risk of heart disease showed a most unusual effect—increased
incidence of suicide, aggression, and violent deaths (Lipid Research Clinics
Study Group 1984). Joseph Hibbeln and Norman Salem hypothesized that the
increased incidence of depression and suicide was likely due to the dietary
recommendations that were used to achieve lower blood cholesterol levels,
namely substituting polyunsaturated vegetable oils for saturated fats in the diet
(Hibbeln and Salem 1995). Such practices were inadvertently increasing the ratio
of omega-6 to omega-3 PUFAs consumed.

Hibbeln and Salem pointed to increasing rates of depression in North
America throughout the twentieth century, as documented in the Epidemio-
logical Catchment Area survey (Klerman and Weissman 1989). They postulated
that dramatic increases in vulnerability to depression were due to dietary shifts
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toward omega-6 polyunsaturated oils from a few plant sources. The ratio of
omega-6 to omega-3 PUFA consumption went from about three to one at the
beginning of the century to perhaps more than twenty to one by the end of the
century.

The increase in depression parallels the increase in heart disease during
this time period. It is tempting to conjecture that dietary patterns were respon-
sible for both. Depression has been suggested as a risk factor for heart disease,
although it is not widely accepted nor as easily assessed as other, more common
risk factors (Pozuelo et al. 2009). Because DHA, the dominant omega-3 PUFA
in the brain, is important for many neurological functions, this large change
in the ratio of dietary PUFAs could be responsible for a number of neurologic
disorders.

Numerous studies have shown that populations that eat more fish have
much-reduced incidence of depression compared with populations that eat
little seafood. Perhaps this effect was most dramatic in a Finnish study in which
low cholesterol levels were associated with lower mortality from accidents
and violence in coastal Finland—where fish is prevalent in the diet. When the
researchers compared an inland Finnish population, where fish is less common
in the diet, there was no association between cholesterol levels and accidental
or violent deaths (Pekkanen et al. 1989). In the coastal regions, those who ate
fish would have had lower levels of cholesterol and higher levels of omega-3
fatty acids than those who did not eat fish.

There has been a glut of reports since the mid-1990s that show an inverse
relationship between levels of omega-3 PUFAs in red blood cell membranes (a
good marker for omega-3 fatty acid status) and the severity of symptoms in
depressed individuals (Parker et al. 2006). A recent analysis of published trials
(Appleton et al. 2006) of effects of omega-3 supplements on depression indi-
cates a complex picture. Most studies in the analysis show some benefit with
omega-3 supplements, although some do not show a benefit. But none of the
studies show any significant adverse effects of omega-3 supplementation.

What is perhaps the most interesting is that some trials using the highest
levels of omega-3 supplements show the least beneficial effect, whereas
moderate levels of omega-3 fatty acid supplements generally show greater
beneficial effects. The studies are complicated by the types of mood disorders
that were selected for study and the type of supplements given (DHA, EPA, or
a combination of these two). Some studies looked at bipolar disorders, others
monopolar depression, and some postpartum depression.

There is a decrease in prevalence of postpartum depression in populations
with high levels of seafood consumption and high levels of DHA in breast milk
(Hibbeln 2002). A small short-term (two weeks prior to birth) study of omega-
3 supplementation and another of omega-3 supplementation for four months
during breast-feeding did not show beneficial effects on postpartum depression.
The timing and duration of these studies do not permit firm conclusions to be
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drawn regarding lack of effect. The fetus is going to be drawing much of whatever
DHA is available from the mother in the last two weeks before birth, so supple-
ments given to the mother during lactation and breast-feeding would probably go
directly to the mother’s milk, with relatively little remaining for general distribu-
tion in her body. A more logical approach to the use of omega-3 supplements
for pregnant women is to begin the supplements as early as possible in the
pregnancy, or even before pregnancy, and continue their use throughout lacta-
tion and breast-feeding. This will provide both mother and child with optimum
benefits of ample omega-3 fatty acids, hopefully circumventing any complications
for the fetus or infant and minimizing risk of postpartum depression in the
mother. In addition, the improved DHA status of the child could have an impact
on his/her intellectual and psychological development later in life.

One report describes a single male patient with treatment-resistant,
severe, and unremitting depression over a period of seven years who received
an eicosapentaenoic acid (EPA) supplement along with conventional anti-
depressant treatment for a nine-month period. He exhibited dramatic and
sustained clinical improvement in all symptoms of depression, including
severe suicidal ideation, within the first month. Symptoms of social phobia also
improved. MRI at the beginning and end of the nine-month supplementation
period showed structural brain changes, particularly a reduction in volume
of the lateral ventrical (Puri et al. 2001). The same group of researchers has
published similar reports of individual cases showing clinical improvements
with omega-3 supplements.

The lack of benefit with large-dose supplements in some studies of affective
disorders may be due to high levels of EPA relative to DHA and arachidonic acid.
One could speculate that EPA would compete with arachidonic acid for synthesis
of bioactive eicosanoids or inhibit the utilization of arachidonate. Some trials
using ethyl-EPA, an ester of EPA that gets hydrolyzed in the body to give EPA,
showed beneficial effects when given at low to moderate levels. Some trials with
a combination of EPA and DHA were also effective, while trials with only DHA
supplements did not show beneficial effects. Perhaps the utility of EPA is due to
its inhibition of omega-6 fatty acid metabolism. There are still many questions
regarding the most efficacious omega-3 supplements and dosage in treating
mood disorders, but it appears they can provide some benefits in many, but
perhaps not all, cases when used in moderation.

It is not clear which omega-3 fatty acid, EPA or DHA, is the ultimate agent in
the effect of these fatty acids on mood disorders. Drugs for treating mood disor-
ders, namely lithium, carbamazepine, and valproate, decrease the turnover of
arachidonic acid and decrease the production of PGE, (Sinclair et al. 2007) It is
possible that EPA could show beneficial effects through metabolism to different
eicosanoids than are formed from this fatty acid. Alternatively, EPA could merely
be inhibiting arachidonic acid metabolism to eicosanoids. Although EPA could
exert its effects by being metabolized to DHA, the lack of efficacy by DHA alone



FUNCTIONAL DISORDERS OF THE NERVOUS SYSTEM 163

in some trials seems to indicate that EPA is playing a role in its own right. DHA
is known to have many effects in the brain, including effects on transmitter
synthesis, receptor binding, signal transduction, transporters for reuptake
of transmitters, and activities of many membrane-associated enzymes and
proteins.

Schizophrenia and Related Psychoses

Schizophrenia is a range of psychological disorders that generally strike younger
adults (and older adolescents) with so-called positive symptoms, while many
cases exhibit chronic illness displaying predominantly negative symptoms. The
broad range of symptoms include disordered thinking, delusions, perceptual
disturbances, mood disorders, and sporadic movements, which are all classified
as positive symptoms. Negative symptoms include social withdrawal, diminished
speech, reduced motor function, and loss of emotion, which are more frequently
associated with long-term illness. The acute positive symptoms usually respond
to treatment with antipsychotic drugs, although response to drug treatment is
quite variable—some patients recover completely; others may never recover and
continue to get worse. Large numbers of patients fall between these extremes,
relying on management of recurring episodes with antipsychotic drug therapy.

In the late 1980s an article postulated that there was a relationship between
the incidence of schizophrenia and the national dietary intake of fat. The rela-
tionship was even stronger when the ratio of saturated fats to polyunsaturated
oils was used as a predictor (Christensen and Christensen 1988). Although
this report focused on fats, dietary preferences are complex. Higher saturated
fat consumption will often correlate with higher refined (or processed) sugar
consumption. Multiple regression models proved sensitive to the way indepen-
dent variables were entered. Sugar proved to be the dominant predictor of poor
outcome for schizophrenia (Peet 2004). Saturated fat (from butter or ghee) gave
a positive correlation for poor outcome, albeit weaker than the correlation with
sugar. Fish and seafood showed a negative correlation. Fish consumption was
associated with a favorable outcome. Another report indicated lower lifetime
prevalence of schizophrenia and better outcomes in Asian as opposed to non-
Asian countries (Goldner et al. 2002). Many factors could be contributing to
this latter statistic, dietary fats and sugar being only some of them.

Early supplementation studies in the 1980s showed that evening primrose
oil (an omega-6 oil) provided no benefits for psychoses (Vaddadi et al. 1986),
whereas linseed oil (high in omega-3) supplements showed significant improve-
ments (Rudin 1981). Red blood cell membranes were found to be deficient in
essential fatty acids, particularly arachidonate and DHA, just as they are for
other neurological disorders discussed above. Several clinics corroborated the
lower levels of essential fatty acids in red blood cell membranes of schizophrenic
patients versus controls, which led to numerous studies of essential fatty acid
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supplementation (Peet 2004; Berger, Smesny, and Amminger 2006). Omega-3
oils, particularly EPA, were generally more effective than omega-6 supplements.
Several groups have now reported various degrees of improvement in symptoms
of schizophrenia when omega-3 supplements were used in combination with
ongoing antipsychotic medications. EPA supplements seem to be more effective
with clozapine than with other drugs.

It is curious that one trial that did not show improvements with EPA supple-
ments was in the United States, a result that may be related to high-fat and
high-sugar consumption. Restricting intake of sugar and omega-6 oils during
treatment with EPA or fish oil supplements would likely give more promising
outcomes for schizophrenia patients. Such strategies need to be explored when
future dietary studies are designed.

Malcolm Peet (Peet 2004) argues that high-sugar, high-fat diets have been
shown to reduce hippocampal brain-derived neurotrophic factor (BDNF) in
rats. BDNF is important in dendritic growth and maintenance, which plays an
important role not only in learning but in synaptic communications in general.
Reduced BDNF expression has also been observed in the prefrontal cortex of
schizophrenia patients, lending further support to this explanation regarding
the mechanism.

Autism

Autism is a severe developmental disorder that may originate at birth or in
the first few years of life. It is characterized by social and behavioral problems.
There is much evidence for real and dramatic increases in the incidence of this
disease from the early 1990s into the first decade of the twenty-first century.
Some argue that the increase may be due to changes in diagnosis. However,
there has been more than a doubling, and perhaps as much as quadrupling,
of incidences since the 1980s in most developed countries. The risk of autism
is associated with a variety of factors, such as older parental age and low birth
weight—the latter again suggesting a possible DHA deficiency, although a firm
relationship has not been established.

There has been much controversy regarding potential environmental
causes, particularly vaccines, but the scientific evidence is lacking. In fact, this
hypothesis was disproved in the case of measles/mumps/rubella (MMR) vaccine
(Honda, Shimizu, and Rutter 2005). Until the causes of this disease are better
understood, it will be difficult to make recommendations regarding dietary fatty
acids or supplements. Attention should be given to proper omega-3 dietary fatty
acid intake, as for many other disorders.

There are several similarities between autism and schizophrenia, with
the major difference being age of onset. It would seem valuable to determine
whether there is any association between this disorder and exposure to sugars,
since there does seem to be some relationship between sugars and schizo-
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phrenia. Although high-fructose corn syrup might arise as a suspected sugar
in terms of an association with the increase in autism, this sweetener is not
commonly used outside the United States. It would be important to monitor
sugar intake during fetal and postnatal development.

Conclusions

It should be clear that omega-3 fatty acids play important roles in the brain, and
there is much evidence that omega-3 essential fatty acid insufficiency could be
contributing to many neurological disorders. Although trials of dietary supple-
ments have given mixed results in many studies, there have not been reports
of omega-3 supplements exacerbating symptoms of any of these disorders.
However, keep in mind that high levels of omega-3 supplements proved to be
less effective than moderate doses in some trials for affective disorders. Similar
observations with other disorders were not seen, perhaps because large ranges
of dosage were not tested. The lack of beneficial effects of omega-3 supplements
in some trials could be due to inattention to limiting the intake of omega-6 oils
in many trials.

Considering the abundance and vital roles of DHA in neurological develop-
ment from the fetal stage through infancy, childhood, and beyond, there should
be no hesitation in recommending that everyone get adequate amounts of
omega-3 fatty acids throughout life. Excessive doses from dietary supplements
should be avoided, particularly if there is no reason to suspect DHA deficiency.
If a person’s diet and lifestyle are such that DHA deficiency is likely, analysis of
fatty acid profiles in blood lipids and red blood cell membranes could confirm
an essential fatty acid deficiency. Even without substantiation of deficiency,
omega-3 supplements in moderation, with attention to limiting omega-6
intake, would be a reasonable approach that people can take without risk of
side effects.

Most of the attention paid to dietary aspects of neurological disorders
has been focused on fats, but dietary sugars should not be ignored. Sugar
showed a stronger correlation than fats with poor outcome for schizophrenia.
In view of the rising incidence of type 2 diabetes and metabolic syndrome
that can be traced to high sugar in the diet, particularly high-fructose corn
syrup, more attention should be given to the possibility that fructose may
be contributing to some these neurological disorders. Most of the fructose
absorbed from the diet is handled by the liver and converted into fats, but
having larger amounts in the diet would just mean there would be more in
the circulation at any given time. Little is known about the fate of fructose in
the brain, but its inordinate chemical reactivity and propensity for generating
free radicals and other reactive products should make it a prime suspect in
many neurological disorders. This is certainly an area that demands greater
attention in the future.
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Neurodegenerative Diseases

The neurodegenerative diseases seem to have in common a free-radical-medi-
ated destruction of cellular components, particularly cell membranes. All seem
to have inflammation involved. Apoptosis is also prevalent in most of these
diseases, but this programmed or systematic suicide of cells appears to be a
mechanism for preserving the organism when there is damage to specific cells.
The cause of damage is not known for certain in these diseases, and may be
multifactorial. In some cases, genetics plays a major role (as in multiple scle-
rosis and Huntington’s disease), whereas in others the genetic link seems to
be a minor risk factor and environmental factors are perhaps making more
significant contributions.

Multiple Sclerosis

Multiple sclerosis (MS) is one of the most common autoimmune neurode-
generative disorders. T lymphocytes cross the blood-brain barrier and attack
oligodendrocytes, destroying the myelin sheath that surrounds long axonal
projections in the central nervous system. The destruction of myelin and its
accompanying inflammation disrupt nerve impulses, all of which become most
prevalent during a relapse. There may be some repair of damaged tissue as
well as suppression of inflammation during the remission phase. Over time,
however, the damage that accrues during relapses may become extensive and
result in considerable loss of function.

The overt symptoms of MS can vary widely from one individual to another.
There is generally muscle weakness, which leads to decreased mobility and
often results in bladder instability. Difficulty in chewing and swallowing can
lead to malnutrition. There is much anecdotal evidence that diet can influence
the course of MS, although reviews of dietary intervention trials to manage the
progression of MS have been discouraging.

166
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Epidemiology studies indicate that countries with high saturated fat intake
have higher incidence of MS than those with higher PUFA intake (Payne 2001),
although such gross associations need more careful scrutiny. The rate of MS in
Switzerland is inversely associated with altitude of residence, whereas in Norway
there is a higher prevalence of MS inland than along the coast (Hayes, Cantorna,
and DeLuca 1997). The Norwegian phenomenon has been used to argue that
omega-3 fish oils may be beneficial in suppressing MS. The Swiss phenomenon
has been explained by higher levels of vitamin D (the sunshine vitamin) in
the population at higher altitudes as a result of greater UV light intensity. The
latter explanation is further supported by the rarity of MS in the tropics and
the dramatic increase in incidence with higher latitude in both Northern and
Southern hemispheres.

One study found a large (38 percent) increase in lipid peroxidation and
other markers of oxidative stress in MS patients versus controls (Karg et al.
1999). Lipid peroxides are generally elevated when increased immune system
activity and inflammation are present. Antioxidant vitamins are often recom-
mended for MS, although clinical trials for such intervention have given mixed
results. There is a sound basis for omega-3, particularly DHA, supplements. It
was mentioned (in chapter 11) that DHA supplements increased levels of plas-
malogens, which have antioxidant properties and are normally at high levels in
myelin.

The arguments regarding vitamin D suggest that calcium is important,
along with vitamin D. However, vitamin D could be affecting MS in ways that do
not involve calcium. In view of the limited information currently available, it
seems that adequate amounts of omega-3 oils, vitamins, and minerals, particu-
larly vitamin D and calcium, may be a good approach to slow the progress of
this devastating disease.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is characterized by progressive loss of motor
neurons, particularly in the spinal cord. Patients typically succumb to the disease
within five years of onset. As with some other neurodegenerative diseases, there
is a small (5 to 10 percent) chance of it being genetic; the majority of ALS cases
are considered to be idiopathic. Hereditary ALS has been associated with several
genes. The gene for copper-zinc superoxide dismutase (SODI) on chromosome
21 has received the most attention, but only about one in every five or six cases
of familial ALS is associated with mutations in the SOD1 gene.

A transgenic mouse model has been developed using a mutant SODI gene
that mimics several characteristics of the human disease. This lends support
to the hypothesis that free radicals and reactive oxygen species are important
components of the neurodegenerative process, and may be generated by an
inflammatory immune response (Emerit, Edeas, and Bricaire 2004). Increased
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levels of proinflammatory substances have been observed in ALS, as well as acti-
vation of microglia (Moisse and Strong 2006). There also appears to be elevated
levels of the excitatory neurotransmitter glutamate in the cerebrospinal fluid of
ALS patients. It is believed that glutamate may be neurotoxic through overexci-
tation of neurons, leading to neuronal death (Consilvio, Vincent, and Feldman
2004).

COX-2 (the inducible cyclooxygenase enzyme for prostaglandin synthesis)
was increased in the spinal cords and PGE, levels were higher in the cerebro-
spinal fluid of ALS patients (Minghetti 2004). There is evidence that COX-2
may take part in excitotoxic damage caused by elevated levels of glutamate.
Treatment of SODI transgenic mice with a COX-2 inhibitor delayed the onset of
disease and prolonged the survival of these mice (Drachman et al. 2002), which
would indicate that nonsteroidal anti-inflammatory drugs (NSAIDs) could have
a therapeutic effect on ALS patients. However, COX-2 inhibitor was adminis-
tered prior to the onset of disease symptoms in the mice, and the benefits of
drug interaction after symptoms appear have not been investigated. Nitric oxide
(NO) synthase is also increased in the transgenic mouse model of ALS. NO is a
free radical and may augment further generation of damaging free radicals, in
addition to its signaling properties.

Several studies looked at markers for oxidative stress and antioxidant
status in ALS patients. Blood from patients with sporadic (idiopathic) ALS had
elevated levels of products of lipid peroxidation, although levels of antioxidants
(vitamin E, beta-carotene, glutathione, and ubiquinone) and the activity of red
blood cell SOD1 were not significantly different from those of healthy control
subjects (Oteiza et al. 1997). Another study found decreased levels of erythro-
cyte SOD1 and glutathione peroxidase in sporadic ALS patients compared with
controls, and treatment with a multiple antioxidant supplement improved the
glutathione peroxidase activity and vitamin E status but did not affect SOD1
(Apostolski et al. 1998).

There is much evidence for mitochondrial dysfunction in ALS, with some
speculation that mutated SODI may become associated with mitochondria. It is
interesting that mitochondrial dysfunction is not restricted to motor neurons
but may be a systemic defect in which motor neurons and skeletal muscle are
just more susceptible to the effects. There is impaired mitochondrial respiration
and overexpression of an uncoupling protein in mitochondria. The uncoupling
protein causes increased energy loss as heat by uncoupling respiration from
production of adenosine triphosphate (ATP) (Dupuis et al. 2004). The mito-
chondria are also involved in sending signals to cells for their programmed
demise (apoptosis). The mechanisms for various functional abnormalities in
ALS patients, or in animal models, are still not understood.

Patients with ALS exhibit a generalized hypermetabolic state, which is likely
due to mitochondrial dysfunction, although alternative causes cannot be ruled
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out. ALS patients tend to lose weight with onset of the disease, although diffi-
culty in swallowing in advanced stages of the disease accounts for much of the
malnutrition. High-fat diets have been found to extend the lifetime and prevent
loss of motor neurons in the transgenic mouse model for ALS. Transgenic mice
fed a ketogenic (high-fat, low-carbohydrate) diet had better motor performance,
longer life span, and weighed more than their normal-fed controls (Zhao et al.
2006). The ketone bodies, as well as fatty acids, would be handled differently
than carbohydrates by mitochondria.

Further support for the ketogenic diet comes from an epidemioligic study
of risk for ALS in Japan (Okamoto et al. 2007). Using food-frequency question-
naires, these investigators found a significantly higher risk associated with a
high intake of carbohydrate (odds ratio = 2.14), whereas risk was significantly
lower with a high fat intake. Saturated fat gave the lowest odds ratio (0.30),
while polyunsaturated fatty acids gave a less favorable odds ratio (0.58). As
mentioned in chapter 12, the ketogenic diet has been used with some success
in the treatment of epilepsy.

Huntington’s Disease

Huntington’s disease is named for George Huntington, who studied the inci-
dence of chorea (uncontrolled movements) in the late 1800s. It is a rare (less
than o.o1 percent of the population), inherited disease with an average age of
onset between thirty-five and forty-two years. The geneology of Huntington’s
disease sufferers in many parts of the world can be traced to emigrants from
Europe in the 1600s. One particular lineage can be traced to brothers from
Suffolk, England, who settled in Salem, Massachusetts, in 1630. It has been
suggested that some “witches of Salem” may have suffered from this disease
(Strange 1992, 187). Huntington’s disease is characterized by progressive move-
ment disturbances, dementia, and cognitive deficits.

Huntington’s disease patients often have increased appetite and increased
energy consumption, but they generally lose weight as the disease progresses.
Their high rate of metabolism is attributed to constant, uncontrollable move-
ments. However, low leptin levels (see chapter 14) have also been found, which
indicate negative energy balance (Valenza and Cattaneo 2006). Greater body
weight is associated with a slower rate of disease progression.

The cause of the disease is attributed to a mutation in a gene on chro-
mosome 4 that codes for a protein given the name huntingtin. The normal
gene has between 9 and 35 repeats of the DNA sequence CAG, which codes for
glutamine in protein synthesis. The mutated gene generally has 40 to 60 CAG
repeats, which produce a mutant form of the protein with dozens of glutamine
residues. Transgenic strains of mice have been produced with the Huntington’s
disease gene, one strain with 115 CAG repeats and another with 150 CAG repeats.
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The former animals show a slow progression of the disease, whereas the latter
exhibit profound movement and cognitive anomalies at an early age (Maccar-
rone, Battista, and Centonze 2007).

It is also possible to produce experimental Huntington’s disease in animals
by exposing them to specific neurotoxins, such as 3-nitropropionic acid. This
toxin impairs the mitochondrial respiratory chain by inhibiting the Krebs
cycle enzyme, succinate dehydrogenase. This triggers a sequence of events that
increase free-radical generation. The free radicals, in turn, generate signals for
apoptosis, particularly in the striatum. Just how this neurotoxin produces the
same effect as mutations in the gene for huntingtin is not known.

Huntingtin (the protein encoded by the defective gene in Huntington’s
disease) binds to phospholipids in the plasma membrane. It is believed to
function in setting up microdomains within the plasma membrane (lipid rafts)
that are responsible for transport and/or signaling in the synapse. Huntingtin
becomes attached to palmitate (a saturated fatty acid), which anchors
huntingtin protein to the membrane. When it gets anchored in the membrane,
it is converted to a functional or active protein (see below). The polyglutamine
extension on the mutated protein seems to impair palmitate attachment. The
attachment of palmitate to proteins is a common mechanism for movement of
signaling molecules into the nucleus to influence gene expression.

Elena Cattaneo and coworkers in Milan, Italy, used microarray analysis to
find that mutant huntingtin affected expression of about two hundred different
genes. Many of the affected genes are for proteins involved in cholesterol
biosynthesis, including HMG-CoA reductase (the enzyme targeted by choles-
terol-lowering statin drugs). They found reduced levels of mRNA for certain
key enzymes in cholesterol biosynthesis prior to the onset of disease symptoms
in mice having the gene for rapid disease progression. They also found that
these mice had reduced levels of cholesterol in the brain and reduced sterol
regulatory element binding protein (SREBP), which is responsible for moving
transcription factors for proteins into the nucleus. Because the brain relies
heavily on endogenous synthesis of cholesterol, these disruptions in cholesterol
synthesis could be playing a critical role in the manifestations of Huntington’s
disease (Valenza and Cattaneo 2006). Perhaps physicians prescribing statins
for lowering cholesterol should be aware of this relationship to Huntington’s
disease and monitor patients for such movement disorders.

Mauro Maccarrone’s group (Maccarrone, Battista, and Centonze 2007) in
Rome has focused on the role of cannabinoids in Huntington’s disease. They
found a reduction in the number of CB1 cannabinoid receptors (those located
primarily in the brain) in both transgenic strains of Huntington’s disease
mice. The relative number of CBI receptors corresponds with onset of disease.
Some cannabinoids found in marijuana have been found to ameliorate symp-
toms of Huntington’s disease and to be neuroprotective in 3-nitropropionic
acid—induced disease in animals. Interestingly, cannabidiol, a component of



NEURODEGENERATIVE DISEASES 171

marijuana that has little affinity for CBr receptors and does not produce the
psychotropic effects of tetrahydrocannabinol (THC), has been shown to protect
against neuronal damage in animal models of Huntington’s disease, probably
through its antioxidant properties (Sagredo et al. 2007). The observed relation-
ships of both cholesterol and cannabinoids to Huntington’s disease beg the
question of whether the cholesterol level in nerve tissue has some effect on
activity of cannabinoid receptors.

These are just two approaches that are being used to better understand the
underlying causes of this rare genetic disease, both involving lipids. It should
not be surprising that lipids are involved in the manifestations of this disease,
although to date there has been little reported on dietary manipulations or
supplements that might be beneficial. The role of genetics and the proteins
involved have captured most of the attention.

Alzheimer’s Disease

In the early twentieth century, the German neurologist Alois Alzheimer first
described the symptoms and neuropathology of a severe form of dementia,
which has come to be the most common form of senile dementia. The disease
is characterized by loss of memory and concentration, impaired language skills
and muscular coordination, confusion, disorientation in space and time, mood
changes, and general intellectual impairment. As the disease progresses, the
patient is unable to perform normal daily tasks and may fail to recognize close
family members. The disease appears most commonly in the elderly, especially
after age seventy, although a genetic (familial) form of the disease appears at
earlier ages. There is a nearly linear increase in prevalence of the disease from
ages seventy to eighty-five, and it afflicts nearly 50 percent of the population
by age eighty-five.

There was little progress in understanding the cause of Alzheimer’s disease
from the time of Alzheimer’s first publications until the 1970s. There was a
steady increase in incidence of the disease with increased life expectancy, partic-
ularly in industrialized countries. During the 1970s neuroscientists identified
acetylcholine as a specific neurotransmitter that was most severely diminished
in Alzheimer’s disease. Specific acetylcholine neuronal tracts completely disap-
peared in advanced stages of the disease.

Postmortem analysis of brain tissue found significantly higher levels of
aluminum in the brain tissue of Alzheimer’s patients, which led to widespread
speculation that dietary sources of aluminum should be avoided, such as
aluminum cookware and aluminum hydroxide antacid tablets. In retrospect,
the aluminum deposits in brain tissues of Alzheimer’s patients are likely due
to the strong affinity of aluminum for phosphates. In view of the large amount
of phosphate in the debris of dying brain cells in Alzheimer’s patients, it would
be natural for any circulating aluminum to be trapped in that debris. It is now
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generally believed that aluminum is not directly involved in the neurodegenera-
tion but arrives after the fact. There is also no greater incidence of Alzheimer’s
disease in regions of the world that have high levels of aluminum in drinking
water (Rondeau 2002).

By the mid-1980s the nature of protein deposits found in the cellular debris
of Alzheimer’s disease brains was identified, namely amyloid plaque and neuro-
fibrillary tangles. The beta-amyloid protein that forms the extracellular plaque
was characterized as an aggregate of fragments of amyloid precursor protein
(APP). The intracellular neurofibrillary tangles arose from tau protein, which is
a structural protein forming neurofilaments. By the 1990s mutations in specific
genes were identified in families that were prone to early onset Alzheimer’s
disease. Now, a century after Alzheimer’s elaborate descriptions of behavioral
changes and observed neuropathological changes at the microscopic level, we
are beginning to understand the biochemical and molecular aspects of this
devastating disease. However, there is still a long way to go before any effective
treatments will be forthcoming, although there have been some encouraging
reports that leave hope for optimism.

Neuropathology of Alzheimer’s Disease

Alzheimer’s disease is characterized by gross loss of neurons, particularly in
the area known as the nucleus basalis of Meynert, which provides the primary
cholinergic input to the cerebral cortex from the limbic system. There are
specific microscopic lesions known as neuritic plaques and neurofibrillary
tangles, primarily in the hippocampus and cerebral cortex. The neuritic plaques
are accumulations of beta-amyloid protein, which arise from cleavage of amyloid
precursor protein (APP) by a specific class of protease enzymes known as secre-
tases. The neurofibrillary tangles are paired helical neurofilaments, consisting
primarily of hyperphosphorylated tau protein, which is associated with micro-
tubules and the basic molecular architecture of the intracellular space. Studies
of the biochemical events that lead to these hallmark features of Alzheimer’s
disease have focused on these major protein abnormalities, in addition to the
loss of acetylcholine or cholinergic neurons.

Although these are some of the more obvious anatomical features of
Alzheimer’s disease, a multitude of molecular and biochemical features are
associated with them. Genetic studies have identified several genes that are
linked to familial Alzheimer’s disease, which accounts for only about 5 percent
of all Alzheimer’s cases. These include the genes for APP, presenilin, apolipo-
protein E (apoE), and neurofilament light chain protein, and genes for synaptin,
synaptophysin, and synaptosynapsin, which are structural proteins in synapses.
There are a number of biochemical and physiological features in Alzheimer’s
disease that produce a dizzying array of changes in cell functions, including
exacerbated inflammation, alterations in membrane enzymes and transport
proteins, changes in structural and cytoskeletal proteins, altered calcium



NEURODEGENERATIVE DISEASES 173

homeostasis and mitochondrial function, and changes in lipids and their bioac-
tive metabolic products (Varadarajan et al. 2000).

A current theory regarding the progression of Alzheimer’s disease is that
APP, an integral membrane protein prevalent in the synaptic region of neurons,
can be cleaved by specific proteases known as secretases. When cleaved by
alpha-secretase, the cleavage product does not aggregate. However, when APP is
cleaved by beta- or gamma-secretase, the protein fragments tend to aggregate to
form senile plaque. In addition, these toxic beta-amyloid fragments can generate
free radicals that promote several events that exacerbate the symptoms and
pathology of Alzheimer’s disease. It is possible that free-radical damage, such as
peroxidation of lipid membranes and alteration of other biochemical compo-
nents of cells (transport and structural proteins, enzymes, and DNA) may be an
underlying mechanism in the progression of Alzheimer’s disease. Oxidation of
lipid membranes can cause cells to leak, which can trigger an immune response
and its associated inflammation. Oxidation of membrane lipids could account
for the observed alterations in calcium homeostasis as well as decreased levels
of DHA found in Alzheimer’s tissues (Oteiza et al. 1997). However, as mentioned
in earlier chapters, DHA is not as susceptible to lipid peroxidation as other
PUFAs, and the lower levels of DHA in the brains of Alzheimer’s patients may
have preceded the disease.

Inflammation in Alzheimer’s Disease

The extracellular protein deposits and products of lipid peroxidation that
may be floating around in these regions of the brain can trigger an immune
response involving inflammatory mediators. Many clinical reports have indi-
cated beneficial effects of nonsteroidal anti-inflammatory drugs (NSAIDs) in
Alzheimer’s disease, although the specific pathways for these beneficial effects
are not certain. Several reports have conjectured a role for cyclooxygenase-2
(COX-2), which is the inducible form of COX that is prevalent in inflammatory
conditions. It was suggested that COX-2-specific inhibitors might offer greater
therapeutic value than nonspecific NSAIDs for Alzheimer’s disease. However,
there is no substantiated proof for greater efficacy of COX-2 inhibitors for
treating Alzheimer’s disease, and judging from their current status, they will
probably not be found to offer any real benefit. Moreover, COX-1 is elevated in
Alzheimer’s disease and is constantly produced by neurons and glia, so nonspe-
cific NSAIDs may indeed be more beneficial than COX-2 inhibitors (Yermakova
et al. 1999).

COX-2 levels are also higher than normal in Alzheimer’s brains and corre-
late with beta-amyloid protein levels, meaning that this enzyme is produced
more as the disease progresses (Kitamura et al. 1999). However, COX-2 levels
increase in the brain in a variety of disorders, including ischemia and seizures
(Commentary 2000). Increased levels of COX, particularly COX-2, are generally
an indication of an inflammatory response. Inflammation and its associated
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biochemical mechanisms are overtly toxic to cells. It has been found that
inflammation and the characteristic pathology of Alzheimer’s disease are local-
ized in the same regions of the brain, namely frontal cortex and hippocampus.
Inflammatory indicators are minimal in regions with the least susceptibility to
Alzheimer’s pathology, such as cerebellum.

Epidemiologic studies have shown generally favorable effects of long-term
use of NSAIDs for arthritis in suppressing or delaying the onset of Alzheimer’s
disease, although the results are not conclusive (McGeer, Schulzer, and McGeer
1996). One of the problems in designing studies for definitive proof is that
Alzheimer’s disease is a slowly progressing disease, developing over years or
perhaps decades. Postmortem analysis of nondemented elderly NSAID users
compared with age-matched controls who were not chronic NSAID users
showed similar amounts of senile plaque and neurofibrillary tangles. However,
NSAID users had a significant reduction in the amount of activated microglia
surrounding the senile plaques (Mackenzie and Munoz 1998). Activated
microglia are a sign of inflammation, and NSAIDs are likely suppressing the
inflammation that exacerbates the symptoms of Alzheimer’s disease. Animal
models have produced similar observations.

Although COX-1 and COX-2 levels are increased in specific regions of the
brain in Alzheimer’s disease, particularly those regions where Alzheimer’s
pathology is most prevalent, the role that COX and its lipid metabolites play
in the progression of the disease is not well understood. It is quite possible
that aberrant forms of APP and its cleavage products (beta-amyloid) that form
extracellular aggregates of neuritic plaque are triggering an immune response
that generates elevated levels of COX enzymes and their lipid metabolites.

Interestingly, transgenic mice that overexpress COX-2 have greater suscep-
tibility to excitotoxins (Kelley et al. 1999). It has been suggested that increased
levels of COX-2 in ischemia may promote cell death through production of free
radicals (Pasinetti 1998). It is possible that NSAID inhibition of COX can lead
to decreased production of apoptosis factors by neurons and less loss of the
neurons that disappear in Alzheimer’s disease.

Another related factor that enters the picture regarding lipids and
Alzheimer’s disease is the role of DHA-derived mediators. Recent work in the
laboratories of Nicolas Bazan at Louisiana State University School of Medicine
and Charles Serhan at Harvard Medical School has shown the effects of neuro-
protectin D1 (NPD1), a DHA-derived lipid mediator, on human cells in culture.
NPD1 promotes cell survival by inducing the expression of genes that suppress
apoptosis. NPD1 reduces toxicity of specific amyloid proteins and has a general
anti-inflammatory effect (Lukiw et al. 2005). As mentioned earlier (chapter 9),
aspirin not only inhibits the normal enzymatic activity of COX, which produces
proinflammatory prostaglandins, but also switches the activity of COX-2 to cata-
lyze production of docosatrienes from DHA, namely NPD1 (Serhan et al. 2004).
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Since the brain has the most abundant deposits of DHA in the body, other
than the retina of the eye, this effect of aspirin should be most pronounced in
the brain. NPD1 was also shown to regulate secretion of beta-amyloid peptides
(precursors of senile plaque), which in turn decreases the amount of inflam-
mation and promotes cell survival. All these effects would diminish the loss
of neurologic functions caused by Alzheimer’s disease. Lower levels of DHA in
Alzheimer’s brains would result in less metabolism of DHA by these pathways
and hence less protection.

Some studies have shown that lipoxygenase (LOX) products, particularly 12-
HETE (12-hydroxyeicosatetraenoic acid; see chapter 3 and appendix C), promote
apoptosis in beta-amyloid-exposed rat neurons grown in culture (Lebeau et al.
2004). This would indicate that, in addition to COX inhibition, lipoxygenase
inhibition may be necessary to prevent overt loss of neurons and neurologic
function in Alzheimer’s disease. Both of these enzymes (COX and LOX) catalyze
the conversion of LCPUFAs to bioactive eicosanoids. An Asian herbal medicine
(Sho-Saiko-To) containing the active ingredient baicalein, which is used for
the treatment of chronic hepatitis (inflammatory liver disease), was found to
inhibit 12-lipoxygenase (Shimizu et al. 1999). There have been suggestions that
this herb could be beneficial in slowing the progression of Alzheimer’s disease,
although studies to that effect have not yet been published.

A large, long-term (twenty-seven year) prospective study showed some
correlation between middle-age obesity and the risk of dementia later in life
(Whitmer et al. 2005). Obese people (BMI greater than 30) had a 74 percent
greater risk of developing dementia, and overweight people (BMI = 25 to 29.9)
had a 35 percent greater risk of developing dementia compared with normal-
weight individuals (BMI = 18.6 to 24.9). There are many biochemical factors
associated with obesity that could play a role in this observed relationship.
These include, but are not limited to, increased inflammation and proinflam-
matory signaling factors in obesity. This is supported by other observations
that indicate metabolic syndrome (associated with obesity) increases risk of
cognitive decline (van den Berg et al. 2008).

When a transgenic strain of mice that overproduces amyloid precursor
protein (APP) was fed a high-fat diet to induce insulin resistance (another
syndrome associated with obesity in humans), it was found that gamma-
secretase, the enzyme that cleaves APP, became more active in producing
the toxic form of beta-amyloid protein. In addition, there was a decrease
in insulin-degrading enzyme, which is normally found in the brain and is
activated when insulin binds to its receptor. The insulin-degrading enzyme
has also been found to degrade beta-amyloid protein, thus decreasing the toxic
effects and ultimate accumulation of this protein as senile plaque. These are
very significant findings in view of the fact that insulin resistance, or type 2
diabetes, is associated with a two- to threefold increased risk of developing
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Alzheimer’s disease (Ho et al. 2004). Although this may be the connection
that relates obesity to increased risk of later dementia, there are many other
possibilities. The role of dietary sugars, particularly fructose, may be another
factor that needs to be investigated, since high-fructose diets are known to
increase the incidence of type 2 diabetes (see chapter 14).

Effect of Statins in Alzheimer’s Disease

Cholesterol-lowering drugs (statins) can decrease beta-amyloid production in
vitro and in animal models of Alzheimer’s disease (Kaether and Haass 2004).
This is probably due to an increase in the cleavage of amyloid precursor protein
(APP) by alpha-secretase, the enzyme that produces a nontoxic or nonamyloid
protein product (Kojro et al. 2001). Inhibition of the enzyme that converts
cholesterol to cholesteryl esters (acyl-CoA:cholesterol acyl transferase, ACAT)
also decreases the amount of beta-amyloid deposition in the mouse model
for Alzheimer’s disease (Hutter-Paier et al. 2004). Some epidemiological studies
and clinical trials have indicated that statin use can lower the risk of Alzheimer’s
disease (Wolozin et al. 2000). Since statins reduce inflammation (chapter 8),
it is not surprising that these lipid-lowering drugs could curtail the pathology
of Alzheimer’s disease. However, it is important to be aware of the side
effects of these drugs, including cognitive impairment, which could have detri-
mental effects on the patient’s overall quality of life in the early stages of the
disease.

The active forms of the deleterious gamma-secretase (composed of prese-
nilin) and beta-secretase (or BACE) are located in lipid rafts within membranes
of cells (Vetrivel et al. 2004). It is thought that if APP comes in contact with lipid
rafts containing this pair of secretase enzymes, they will cleave the protein into
its toxic beta-amyloid products. This would promote amyloid accumulation and
subsequent neuronal death and cognitive impairment. It is not clear what roles
the secretase enzymes play in the normal scheme of brain function, but it seems
unlikely that they are there to cause trouble by their actions in producing the
toxic beta-amyloid proteins. It is also not clear whether lipid rafts, where the
detrimental secretase enzymes are located, are playing a role in the etiology of
Alzheimer’s disease.

Certain genetic variations of apolipoprotein E (apoE), which is a compo-
nent of very low-density lipoprotein (VLDL) as well as low-density lipoprotein
(LDL), have been found to correlate with Alzheimer’s disease. In particular,
there is a much higher frequency of the apoE4 genetic variant in people with
Alzheimer’s disease than of the other two main variations (apoE2 and apoE3)
(Strittmatter and Roses 1995). There is evidence that apoE2 and apoE3, but not
apoE4, bind to tau protein, which is a component of neurofibrillary tangles
in Alzheimer’s disease. It is postulated that apoE2 and apoE3 block aberrant
interactions of neurofilaments, preventing them from developing into neuro-
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fibrillary tangles. However, other interactions of these different forms of apoE
proteins could be contributing to the pathogenesis of Alzheimer’s disease.

In conclusion, there is good evidence that eicosanoids formed from poly-
unsaturated fatty acids are involved in the progression of Alzheimer’s disease
and that COX inhibitors or NSAIDs may slow this progression. Inflammation
seems to play a part, and dietary constituents that suppress inflammation
would probably be beneficial in slowing the advances of many degenerative
diseases. Conversely, the omega-6 oils, which fuel the inflammatory response,
could augment these diseases. Although statins have shown positive effects
in slowing the progress of some neurodegenerative diseases, their favorable
effects are probably via mechanisms other than lowering cholesterol, such as
anti-inflammatory effects.

Any beneficial effects of diet are likely to be gained prior to the onset of
symptoms. There might be little to be done through dietary practices once
the symptoms have begun to appear, primarily because most of the damage to
tissue has already been done. There is not much chance for repair in the central
nervous system, particularly in old age. However, moderate increases in omega-
3 oils, along with decreases in omega-6 oils, would have few undesirable side
effects and may slow the progression of many degenerative diseases, particularly
where inflammation is involved.

Parkinson’s Disease

In the early nineteenth century, James Parkinson gave detailed descriptions of
the disease he called shaking palsy, which came to bear his name. The onset
for Parkinson’s disease is generally after sixty years of age, and it afflicts about
0.15 percent of the population, with little or no difference among various ethnic
groups. Less than 10 percent of cases appear to be genetic in origin. Inherited
Parkinson’s disease tends to have an earlier age of onset than the idiopathic
form. The classic symptoms of Parkinson’s disease are tremor (while resting or
idle but not during movement or sleep), rigidity (resistance to passive move-
ment), and disturbances in movement (slow movement or bradykinesia). Other
symptoms include stooped posture, speech problems, and small handwriting
(micrographia). There is also increased risk of dementia.

The neuropathological changes include gross degeneration (loss of cells)
of the substantia nigra and appearance of abundant deposits of cell debris
known as Lewy bodies in the substantia nigra and locus ceruleus. Lewy bodies
are not restricted to these brain regions. The protein alpha-synuclein is
a major component of the cell debris in Lewy bodies. This protein is the
product of one of the genes associated with hereditary Parkinson’s disease.
Aggregation of alpha-synuclein stimulates transformation of microglia to
macrophage-type cells. The resulting generation of reactive oxygen species
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leads to inflammation and further damage in a localized region of the brain.
The orchestration of these events is analogous to that observed in Alzheimer’s
disease, albeit with a different protein (beta-amyloid in the case of Alzheimer’s
disease), a different neurotransmitter system being affected (acetylcholine in
Alzheimer’s), and different loss of function resulting from the ensuing inflam-
mation and degeneration of cells.

There is profound depletion of dopamine in the caudate nucleus, putamen,
and substantia nigra, and to a lesser extent in the globus pallidus. About 80
percent of the dopamine in striatum (caudate nucleus and putamen) disappears
before symptoms of the disease are noticed. Positron emission tomography can
be used to measure dopamine loss in Parkinson’s patients. One of the early
treatments for Parkinson’s disease was L-DOPA (L-dihydroxyphenylalanine)
therapy. L-DOPA, which is an amino acid similar to tyrosine, can cross the blood-
brain barrier via the large neutral amino acid transporter and is metabolized
to dopamine. In fact, L-DOPA is a normal intermediate in the metabolism of
tyrosine to dopamine in the brain.

It is not known what causes the loss of dopamine and dopamine neurons
in these brain regions (most brain dopamine is in these regions), but there is
much speculation that environmental factors may contribe to this loss. An envi-
ronmental cause is supported by the discovery around 1980 that a substance
called MPTP (N-methyl-4-phenyltetrahydropyridine), found as a by-product in
a synthetic street drug in the San Francisco Bay area, produced all the classic
symptoms and pathology of Parkinson’s disease in a population of young adults
using the illicit drug (Langston et al. 1983). It was eventually found that MPTP is
metabolized by monoamine oxidase B to the active neurotoxin MPP* (N-methyl-
4-phenylpyridinium ion), which is then taken into dopamine neurons by the
dopamine transporter (hence the selectivity for dopamine neurons). In the
dopamine neurons MPP* inhibits the mitochondrial respiratory chain, which
leads to the depletion of energy stores. It also generates free radicals in the
process, causing destruction of the cells.

MPP* is structurally similar to the herbicide paraquat, which was used
in no-till farming in the United States in the 1970s. Paraquat was also used to
eradicate marijuana crops in Mexico. Unfortunately, Mexican farmers salvaged
their wilted crops and sold them to dealers in the United States, whence the
paraquat came, causing serious lung damage to anyone smoking the tainted
marijuana. However, the ionic nature of paraquat precludes it crossing the
blood-brain barrier under normal conditions, so the relevance of its ability
to destroy neurons when injected directly into the brain has been questioned
(Miller 2007).

A Parkinson-like syndrome or parkinsonism was also observed in manga-
nese miners in Chile in the 1960s (Cotzias 1971). These miners were treated with
L-DOPA and found to respond as well as Parkinson’s disease patients. Exposure
to manganese dioxide dust induces the parkinsonian syndrome and degenera-
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tion of dopamine cells in the striatum, but divalent manganese ion dissolved
in water does not.

There was also an ALS-parkinsonian syndrome reported on the island of
Guam. This unusual syndrome was traced to the presence of a neurotoxin, beta-
N-methylaminoalanine, in seeds from the cycad bush that were ground into
flour and used for food during times of food scarcity on the island (Murch et al.
2004). These are just a few examples of environmental factors that can produce
Parkinson-like symptoms.

There is much evidence that Parkinson’s disease is caused by oxidative
stress resulting in degradation of dopamine neurons, with lipid peroxidation
of membranes being one eventuality. Inflammation is invoked as the source
of free radicals in the idiopathic form of the disease, which may entail produc-
tion of nitric oxide and a range of reactive oxygen species (Knott, Stern, and
Wilkin 2000). There is also speculation that glutamate-related excitotoxicity
may play a role. Genetic studies indicate that alpha-synuclein may be abnormal,
at least in one genetic form of the disease. Misfolding and aggregation of this
protein could lead to attack by microglia, resulting in inflammation (W. Zhang
et al. 2005). Although radical-mediated damage has been invoked, studies
designed to diminish oxygen radical production by inhibiting monoamine
oxidase B with selegiline (deprenyl) along with vitamin E as an antioxidant
have not been convincing. Some argue that levels of vitamin E supplements
used may have been too low to be effective. Vitamin E was found to slow
the progression of Alzheimer’s disease, but at much higher doses (Mandel
et al. 2003).

The involvement of inflammation in both diseases suggests similar
roles for lipid mediators of inflammation (prostaglandins, leukotrienes, and
lipoxins). The use of NSAIDs to suppress inflammation and slow the progres-
sion of disease would likely apply to Parkinson’s disease as well. There seem to
have been fewer studies of NSAIDs and omega-3 oils in relation to Parkinson’s
disease compared with Alzheimer’s disease, although the similarities in
etiology would recommend similar strategies.

Cannabinoids are another group of lipid messengers that may have a
detrimental influence on Parkinson’s disease. As mentioned earlier, these
retrograde lipid messengers generally travel from the postsynaptic neuron
back to the presynaptic neuron, where they decrease firing of the latter. This
action is similar to the effect of dopamine in the synapse, which can bind to
presynaptic (D2) dopamine receptors and cause a decrease in further dopa-
mine release. In the case of Parkinson’s disease, in which dopamine neurons
have disappeared, the aim is to get the remaining neurons to release more
dopamine. Consequently cannabinoids, whether from endogenous sources or
as a result of consuming marijuana or pharmaceutical Marinol, would likely
exacerbate the symptoms of Parkinson’s disease. There do not appear to be any
published reports of such effects of cannabis on Parkinson’s disease.
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Conclusions

Inflammation is inherently present in all the neurodegenerative diseases
discussed above, and it seems that anti-inflammatory agents could help to
slow the progression of most of them. There is some evidence that frequent
use of anti-inflammatory agents (NSAIDs) for arthritis and other inflamma-
tory syndromes may slow the progression of Alzheimer’s disease, although
placebo-controlled studies of these drugs may not be practical in view of the
slow progression of Alzheimer’s. Animal models for both amyotrophic lateral
sclerosis (ALS) and Alzheimer’s disease indicate a protective effect by agents
that suppress inflammation. The suppression of inflammation by omega-3 oils
suggests that a more favorable ratio of omega-3 to omega-6 oils in the diet
throughout life could help to delay the onset or suppress the progression of
these devastating neurodegenerative diseases.



PART THREE

Influence of Diet
on Overall Health






14

Obesity

Health Consequences and Dietary Influences

The incidence of obesity has escalated dramatically in the United States in the
past twenty years to reach epidemic proportions. This obesity epidemic defines
a generation with increased risks of incurring a wide range of unhealthy effects,
including high blood pressure, type 2 diabetes, coronary heart disease, stroke,
gall bladder disease, and several cancers, especially of the breast, prostate gland,
and colon. Obesity has become one of the leading causes of preventable early
death in the United States. This chapter will look at what the possible under-
lying causes are. It will be helpful first to define what is meant by obesity and
then to look at how its occurrence has increased in recent years.

Obesity is defined as having an abnormally high proportion of body fat and
is predicated on body mass index (BMI), which is calculated using a simple
formula based on height and weight:

BMI = weight (in kilograms)/height (in meters) squared; or BMI = kg/m2.

BMI can be calculated using pounds for weight and inches for height by
using the conversion factor 704.5:

BMI = 704.5 x weight (in pounds)/height (in inches)2.

Some organizations, such as the American Dietetic Association, use 700 for
the conversion factor, since BMI provides only a rough assessment of ideal body
weight relative to overweight or obese body weight. The National Institutes of
Health (NIH) adopted definitions for overweight and obesity in adults similar
to those used by the World Health Organization (WHO): BMI between 25 and 30
is classified overweight, and BMI greater than 3o indicates obesity. There is also
increasing concern regarding childhood obesity, although the federal govern-
ment does not have a generally accepted definition for obesity in children and
adolescents in terms of BML
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National statistics for the United States indicate that the prevalence of
overweight adults in the population changed very little from 1960 to 2000
(from 31.5 to 33.6 percent), whereas obesity more than doubled during that time
period and now afflicts more than 30 percent of the adult population (WIN-
NIDDK 2007). Extreme obesity, defined as a BMI greater than 40, increased
nearly sixfold between 1960 and 2000 (from 0.8 to 4.7 percent of the adult
population). The largest rate of increase occurred during the last decade of the
twentieth century.

It is generally agreed that obesity increases one’s risk of health problems.
What this really means is that a greater proportion of obese people have health
problems relative to the population whose body weight falls within the ideal
range (BMI between 18 and 25). A few examples will serve to illustrate. Two-
thirds of the seventeen million people in the United States with type 2 diabetes
have a BMI greater than 27, and nearly 50 percent have a BMI greater than 30
(WIN-NIDDK 2007). The prevalence of hypertension (systolic blood pressure
greater than 140 and diastolic pressure greater than 9o mm Hg) is about 42
percent in obese men and about 38 percent in obese women. There is a strong
correlation between blood pressure and BMI; as BMI increases, blood pressure
tends to increase (see figure 14.1).

Nearly half of postmenopausal women with breast cancer have a BMI greater
than 29. Having a high BMI shortens one’s life expectancy by several years, with
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FIGURE 14.1. Relationship of body mass index (BMI) to hypertension (cystolic pressure
> 140 and diastolic pressure > 90) and high blood cholesterol (> 240 mg/dL).

Data from WIN-NIDDK 2007.
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most of the increased risk of death at an earlier age coming from cardiovascular
causes. It is interesting to note that high serum cholesterol levels are associated
with being overweight and obese, but the prevalence of high cholesterol does
not increase with BMI, as some other risk factors do (compare blood pressure,
figure 14.1). The prevalence of high total serum cholesterol (greater than 240 mg/
dL) among obese individuals is 22 percent for men and 27 percent for women,
and varies little for high overweight and low overweight categories (figure 14.1).
In contrast, the prevalence of high cholesterol for those who are not overweight
(BMI less than 25) is only about 13 percent for men and women.

Changes in Eating Patterns

Some view the obesity epidemic as a food fight, as the title of one book suggests
(Brownell and Horgen 2004). On one side of the issue are the advocates for
healthier foods in general, but especially in schools. They argue that the food
industry uses slick and deceptive marketing to sell the public, especially chil-
dren and teenagers, snacks and fast foods that are high in calories from fats
and sugars and low in vitamins, minerals, and other essential nutrients. On the
other side of the table is the food industry, claiming that it is unfairly targeted,
because it simply offers the public what they want; the purveyors can’t help it
if the lazy populace won’t get off their obese derriéres and exercise to burn off
the excess calories they are eating.

Many argue that the obesity epidemic is a class issue (Wang 2001). It seems
the lower economic classes are the most prone to obesity in America, which
seems to defy logic. How can those who have the least money consume the most
food calories? In this land of plenty there were about thirty-six million people
living in poverty in 2004, according to the U.S. Census Bureau, including about
thirteen million children, and millions more struggling to stay above the official
poverty line (U.S. Census Bureau 2005). The lower classes tend to buy foods
that are the easiest to prepare for what is perceived to be the lowest price. This
usually means packaged, prepared foods that require little or no preparation
and little or no cooking, which often tend also to be the least nutritious.

Heads of households, who are responsible for providing meals for the family
after working extended hours in the day to make ends meet, frequently resort
to fast foods or national restaurant chains that pride themselves on the largest
portions for the lowest prices. The documentary film Supersize Me, by Morgan
Spurlock (2004), exposed the gluttonous horrors associated with one chain’s
marketing gimmick of supersized portions. It is human nature to want to get
the most for your money, and if you cannot afford to buy quality, the next best
thing in many consumers’ eyes is to purchase quantity.

Several studies have reported an increase in the relative size of food
portions over the past quarter century (Young and Nestle 2002). It seems market
researchers and marketers have convinced providers that this is what the
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public wants. Providers compete with one another to offer the biggest portions.
Children’s portions are sometimes available but are often not publicized. Adults
are usually discouraged from getting children’s portions and often denied them.
Barbara Rolls and colleagues at Pennsylvania State University found that subjects
consumed significantly more calories when larger portion sizes were offered
(Rolls, Morris, and Roe 2002).

Another consideration is food content. Many people focus on calories in
fats, since each gram of fat yields about 9 kilocalories (kcal), whereas proteins
and carbohydrates contain only about 4 kcal per gram. Most health and nutri-
tion professionals condemn the average American for consuming about 40
percent of calories as fats, recommending that fats constitute no more than
30 percent of calories in the diet. Yet 40 percent of calories derived from fats
has been the norm in America for the past forty years at least, certainly well
before the sharp rise in incidence of obesity took place. So it seems unlikely
that percentage of fats in the diet is the cause of obesity. The argument that this
high proportion of fats in the diet is unhealthy and increases risk for several
diseases is not well grounded in scientific studies. There will be more discussion
of high-fat diets in the next chapter.

The proportions of the other two major macronutrients, proteins and carbo-
hydrates, have not changed much either. Protein consumption in the United
States is higher than in many other countries because of the amount of meat in
the diet and has remained fairly constant at about 15 percent of total calories
for the past half century. The remainder, about 45 percent of calories, comes
from carbohydrates. Although the percentage of carbohydrates in the diet has
not changed much, the composition of carbohydrates has changed significantly
and is likely a major factor contributing to obesity. Although obesity seems to
be caused by the recent increase in total food consumption as a result of larger
portions and increased frequency of snacking, the role of carbohydrates and fats
in triggering hunger and satiety cannot be ignored (see below).

The Changing Face of Dietary Carbohydrates

Sugar, extracted from sugarcane, was a rare and expensive commodity in Europe
before Columbus discovered America, with ten pounds of sugar priced at more
than 25 percent of the price of an ounce of gold. Sugar was perhaps the most
instrumental crop in expanding the African slave trade, especially to the Carib-
bean basin (Hobhouse 1985). When Europeans discovered that sugar could be
extracted from sugar beets in the late eighteenth century, the price of sugar
plummeted. Today the price of sugar is a fraction of what it was in 1400, relative
to the price of an ounce of gold.

A century ago the proportion of complex carbohydrates to simple sugars
in the American diet was much higher than it is today. In addition there was
a dramatic shift in processed sugar consumption in the late 1970s. First there
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was a move in the beverage industry to introduce diet sodas with artificial
sweeteners for calorie-conscious consumers. Diet drinks accounted for about
one-fourth of soft drinks sold in the United States in 1997 (Putnam and Alls-
house 1999). However, total consumption of soft drinks went up dramatically
in the 1980s and 1990s, and most of the sweetener added to nondiet drinks was
high-fructose corn syrup.

High-fructose corn syrup became a cheaper sweetener than sucrose in the
1970s, owing to availability of waste products from the corn oil industry. Sucrose,
or table sugar, is extracted from sugarcane (a tropical grass) or sugar beets (a
root vegetable grown in temperate climates). One does not think of getting
sugar from corn (maize), even though hybrid varieties have been developed for
the “sweet corn” that is sold by the ear during summer months in American
markets and rural roadside stands. Green plants generally make sucrose as a
storage sugar, but the levels of sucrose in most plants, including corn, does not
make it worth extracting. High-fructose corn syrup is a technological feat of the
food industry, not a quirk of maize genetics.

The American food industry extracts large quantities of oil from corn and
other grains, which is apparent when looking at the vegetable oil section of any
major supermarket. Corn oil is generally hydrogenated to produce shortening
and margarine, and much of this partially hydrogenated vegetable oil is used in
processed foods. After the corn kernels are pressed to extract the oils, starches,
fiber, and protein are left in the mash. The carbohydrate to protein ratio in
corn is more than six to one, whereas in kidney beans or soybeans the ratio is
nearer three to one. This means that the protein content of corn is very low,
about one-half that of beans. The corn mash is predominantly starch, which for
years was sold as cornstarch. There was not a big demand for cornstarch, and
the corn mash was of too poor quality to be used as animal food because of its
low protein content. During the nineteenth and twentieth centuries, Americans
upgraded the worth of their corn mash by fermenting it and distilling the culture
to make corn whiskey or bourbon, the latter of which is widely considered to be
the hallmark of American liquors.

For more than a halfcentury cornstarch was treated with enzymes to convert
it into sugar, primarily glucose and maltose, and sold as corn syrup. However,
it was discovered that treatment with another enzyme converts most of the
glucose into fructose. Perhaps the original idea was to get yields of fructose
and glucose in proportions that would closely resemble those in the sucrose
molecule and some other natural sweeteners, such as honey, which has about
equal proportions of fructose and glucose. Fructose happens to be about 70
percent sweeter than sucrose, nearly 2.5 times sweeter than glucose, and about
5 times sweeter than maltose.

High-fructose corn syrup ranges from about 55 percent to as high as
80 percent fructose, with the remainder being mostly glucose and minor
amounts of maltose and other sugars (Sanda 2004). It made sense to convert
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the hydrolyzed cornstarch to larger proportions of fructose if the aim was to get
a sweeter product. By using a sweeter sugar (fructose), it would be possible for
manufacturers of processed foods to use less sweetener (in terms of quantity
and calories) in their products to achieve the same sweetness at lower cost. Yet
levels of sweetness did not stay the same. A standard 8-ounce serving of cola
in the 1960s contained between 85 and 105 kcal from sucrose, while soft drinks
today contain between 112 and 135 kcal per 8-ounce serving from high-fructose
corn syrup, in addition to being sold in 16- to 20-ounce containers that contain
up to 330 kcal per 20 ounces.

The use of sweeteners increased by more than 22 percent between 1985 and
2005, with high-fructose corn syrup accounting for all this growth (Haley et al.
2005). In fact, refined sugar (sucrose) usage showed a modest decline during
that period (see table 14.1). Perhaps an even more telling picture is given by
consumption of carbonated soft drinks, which increased 51 percent between
1980 and 1998 (U.S. Census Bureau 2000, 148). Sales of diet sodas more than

TABLE 14.1.

Statistics on per capita consumption of sweeteners, fat, and protein

Commodity 1980 1998 % change
Refined sweeteners 55.8 kg 69.9 kg 30
Sugar 38.0 kg 30.4 kg -20
High-fructose corn syrup 8.6 kg 29.0 kg 336
Carbonated soft drinks (total) 133 L 201 L 51
Regular sweetened 13 L 157 L 38
Diet 19.3 L 439L 120
Uncarbonated soft drinks 24.2 1 (1990) 34.4 1 (1997) 42
Total carbohydrate 395 ¢ 509 g 29

consumption
Total protein consumption 96 g 12 g 17
Total fat consumption 149 ¢g 156 g 5
Total calories 3,300 keal 3,800 kcal 15
Source: U.S. Census Bureau 2000, 146.
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doubled during that time period, while those of sugar-sweetened carbonated
drinks rose by 38 percent (table 14.1). During the 1990s uncarbonated soft
drinks, such as fruit punches, iced tea, and lemonade, were introduced on a
large scale. Many of these drinks are also sweetened with high-fructose corn
syrup, in addition to natural sugars in juices added to some of them.

On average, the daily carbohydrate consumption of each American increased
29 percent between 1980 and 1997, while protein consumption increased
17 percent and fat consumption increased 5 percent. Total calories consumed
per day increased from 3,300 to 3,800 kcal (15 percent) during this time period.
Annual refined sugar (cane and beet) consumption decreased by 16.6 pounds
per capita between 1980 and 1998, while that of high-fructose corn sweeteners
increased by 43.5 pounds (U.S. Census Bureau 2000, 147). Energy expenditure
did not keep pace with increased caloric intake, so the excess energy was stored
in the most efficient form possible—as adipose fat.

Metabolic Consequences of Fructose

The statistics alone indicate that the greatest contribution to increased calorie
consumption is coming from carbohydrates, with the largest amount from
high-fructose corn syrup. There have been numerous scientific studies to deter-
mine the health effects of fructose in the diet, relative to other sugars. Nearly
a century ago Harold Higgins showed that fructose was converted to fat more
easily than glucose (Higgins 1916). Work by Ian Macdonald in London in the mid-
1960s compared the effects of different dietary carbohydrates on serum lipids
in human subjects. The original aim was to determine whether sucrose has a
more detrimental effect on serum lipids than starches. Since sucrose causes
an increase in serum lipids, whereas starch, maltose (an enzymatic breakdown
product of starch), and glucose (the ultimate breakdown product of starch) do
not, it became imperative to determine whether fructose was causing this effect.
When sucrose is digested it produces equal portions of glucose and fructose.
Sure enough, fructose was found to increase levels of triglycerides in the blood
of men and postmenopausal women, but it decreased triglycerides in younger
women (Macdonald 1966). These studies were conducted before separation of
different lipoprotein fractions (HDL, LDL, and VLDL) became routine.

Studies done in the early 1980s at Beltsville Human Nutrition Research
Center of the U.S. Department of Agriculture confirmed that fructose consump-
tion (single dose) resulted in higher serum triglyceride levels in men. When
subjects were divided into hyperinsulinemic and normal insulin groups, a
dramatically elevated triglyceride level (60 percent increase) was observed in
hyperinsulinemic individuals while there was no significant change in normal
insulin subjects. In 1983 the authors concluded that moderate amounts of
fructose in the American diet can produce undesirable changes in blood lipids
that are associated with heart disease and that hyperinsulinemic men are more



190 INFLUENCE OF DIET ON OVERALL HEALTH

susceptible to these changes than men with normal insulin levels. The hyperin-
sulinemic condition is also known as insulin resistance and is often a prelude
to type 2 diabetes. Clearly fructose, whether from sucrose or high-fructose corn
syrup, cannot be ignored as a dietary factor that increases risk of developing
heart disease by affecting serum lipids. Fructose is probably doing much more
than merely raising serum triglycerides to aggravate conditions that promote
heart disease.

The increase in blood triglycerides with high-fructose diets is readily
explained by fundamental biochemical principles. A transporter protein
(GLUT5) that does not depend on insulin for activity brings fructose into cells.
When fructose enters the liver after being absorbed into the bloodstream, it will
be converted preferentially to fructose-1-phosphate and metabolized primarily
to pyruvate through the glycolytic pathway—the pathway for carbohydrate
metabolism to produce energy under anaerobic or aerobic conditions. Glucose
is preferentially converted to glucose-6-phosphate when it enters cells, which
can be stored as glycogen or enter several other metabolic pathways that are
essential for cell survival. Without going into details of these biochemical path-
ways, suffice it to say that fructose is preferentially metabolized to fats.

On the other hand, glucose is preferentially metabolized to glycogen until
the glycogen stores are filled, and then any excess will be converted to fats.
Consequently, when someone is consuming a meal with some starch and washes
it down with a high-fructose soft drink, the fructose will tend to be converted
immediately to fats. Glucose from the soft drink sweetener and from breakdown
of starch will be stored as glycogen and then converted to fats only when there
is excess.

There is a genetic disorder known as fructose intolerance that can result in
severe hypoglycemia as a result of consuming excessive fructose (Devlin 2002,
616). Prolonged ingestion of fructose by young children who have this condi-
tion (although their parents may be unaware of it) can lead to serious health
and even life-threatening consequences. Liver cells become depleted of inor-
ganic phosphate owing to formation of large amounts of fructose phosphate.
The depleted inorganic phosphate status can suppress the glucagon-induced
response of liver cells to secrete glucose when blood glucose levels are low.
Release of glucose from glycogen (glycogenolysis) requires inorganic phosphate.
Low inorganic phosphate also curtails formation of ATP from ADP in normal
cellular respiration. Even in normal individuals, high levels of fructose could
reduce levels of ATP and inorganic phosphate, which would likely alter normal
metabolism of glucose and intracellular controls involved in glucose distribu-
tion and homeostasis.

There is evidence that dietary fructose promotes insulin resistance and type
2 diabetes (Basciano, Federico, and Adeli 2005). Type 2 diabetes was originally
called adult-onset diabetes, but this latter label is being used less frequently
because it is becoming more prevalent in children and adolescents. Normally,
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when glucose levels increase in the blood, beta cells in the pancreas secrete
insulin, which in turn triggers muscle cells and adipose tissue to remove more
glucose from the blood and bring the glucose level back to normal. This is done
by activation of a glucose transporter (GLUT4) in these cells, which is a protein
that carries glucose across cell membranes. The transporter does not work until
insulin binds to its receptor. The GLUT4 transporter can be taken out of the
plasma membrane of cells when blood glucose levels are low by internalization
of membrane vesicles containing the transporter. Phosphorylation of proteins
in response to insulin results in the transporter being returned to the plasma
membrane (Watson and Pessin 200T1).

A study from Japan (Hyakukoku et al. 2003) showed that there was dimin-
ished phosphorylation (attachment of phosphate) to certain proteins involved
in the insulin response, particularly in muscle tissue, when rats were fed a
high-fructose diet. Although this indicates that fructose can interfere by this
mechanism, there are certainly other ways that fructose can diminish the
insulin response.

Fructose can initiate free-radical reactions much more than glucose. Fruc-
tose is more active than glucose at cross-linking and polymerization of proteins
as well as modification of proteins by forming advanced glycosylation (or glyca-
tion) end products (AGEs) (Sakai, Oimomi, and Kasuga 2002). Such reactions can
result in modification of proteins, including enzymes, transporters, structural
proteins, and other types. Fructose inactivates antioxidant enzymes, such as
superoxide dismutase and catalase, among others (Zhao, Devamanoharan, and
Varma 2000). It is not clear how it inactivates these enzymes, but it is probably
due to formation of reactive fructose breakdown products that bind to them
and inhibit them.

Formation of glycated proteins is common in diabetics and is the cause of
many physiological complications of diabetes, such as cataracts and destruction
of hemoglobin. Glycation of lens proteins in the eye causes cataracts and can
result in loss of vision if it is too extensive. Glycation of hemoglobin diminishes
oxygen-carrying capacity and results in fatigue from oxygen depletion in tissues.
Interference with oxygen binding to hemoglobin results in more free oxygen
floating around in the blood to wreak havoc by causing unwanted free-radical
reactions (as described in chapter 5). Other proteins in various tissues exposed
to fructose and its oxidation products could also become glycated. If the glycated
proteins are receptors for insulin or other hormones, glycation will likely result
in a diminished response to those hormones.

Hyperglycemia is known to increase the formation of oxidized LDL as well as
glycated LDL, which are both scavenged by the macrophages that cause athero-
sclerosis (Veiraiah 2005). In view of the fact that fructose is much more active at
forming AGEs than glucose, increased fructose consumption probably produces
more of the oxidized and glycated LDL, leading to more severe atherosclerosis.
AGEs will also increase damage to vascular endothelial cells, making the lining
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of arteries much less resilient and more fragile. Modification of proteins in the
vascular lining could also incite the immune system to attack and promote
inflammation that can lead to a heart attack.

Degradation of fructose results in formation of significant amounts of
formaldehyde (Lawrence, Mavi, and Meral 2008), which is a highly reactive
compound and classified as a carcinogen. Formaldehyde can cause respiratory
problems, including asthma. It was previously thought that the most common
route of exposure to formaldehyde was by inhalation, but the recent finding
that it can be present in soft drinks may change this viewpoint. Is it just a
coincidence that asthma cases have skyrocketed after high-fructose corn syrup
was introduced and became the most common sweetener in soft drinks? Unfor-
tunately, there is not an official limit regarding how much formaldehyde can be
in soft drinks. It is surprising that there was so much concern about removing
formaldehyde from indoor air several years ago (as well as from academic labo-
ratories for biology after 2001), yet there does not seem to be much interest in
getting it out of soft drinks.

The fact that fructose can initiate free-radical reactions means that it can
also cause damage to cell membranes by lipid peroxidation (Lawrence, Mavi,
and Meral 2008). It can also cause or promote genetic mutations, which would
lead to increased risk of cancer. Many studies indicate that fructose is doing
much more widespread damage in the body than glucose and will promote a
wide range of adverse health effects, such as premature aging, cardiovascular
disease, metabolic disorders, and cancer (Stanhope and Havel 2008).

Fructose also increases plasma levels of uric acid, which can lead to gout
(Macdonald, Keyser, and Pacy 1978). It is not a coincidence that fructose can
promote the same disorders that are seen in metabolic syndrome or syndrome
X, a condition that is generally associated with obesity and has risen sharply
since the introduction of high-fructose sweeteners (Elliott et al. 2002). Is high
fructose the cause of these diseases? Some may argue that it has not been
proven, but the evidence strongly supports a role for fructose in a wide range
of disorders. See table 14.2 for important metabolic consequences of fructose
compared to glucose.

Metabolic Syndrome

As a result of dietary fructose increasing fat production in the liver, there is
a concomitant increase in plasma trigylcerides due to liver secretion of very
low-density lipoprotein (VLDL). VLDL is a serum lipoprotein that carries
mostly triglycerides and relatively little cholesterol compared with LDL. Since
sweeteners such as sucrose and high-fructose corn syrup also contain glucose,
there is a rise in blood glucose that parallels the increased fructose. The rise in
glucose triggers release of insulin from the beta cells in the pancreas and facili-
tates glucose uptake from the blood into many different tissues. When there
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TABLE 14.2.

Important metabolic consequences of fructose versus glucose

Parameter Fructose Glucose
Primary metabolic product Fat Glycogen (starch)
Serum triglycerides (VLDL) Increase No change
Acute serum insulin levels No change Increase
Long-term insulin levels Hyperinsulinemia No change
Long-term glycemic effect Hyperglycemia No change
Liver inorganic phosphate Decrease No change

level
Potential for glycation High Low

of proteins
Free-radical generation Highest of any sugar ~ Lowest of any sugar?®

Production of formaldehyde Measurable Not measurable
(in drinks)

Source: Compiled by the author from information in the sources cited in the text.

a Glucose was lowest of any monosaccharide tested,
but sucrose also produced low levels.

are high levels of triglycerides (or VLDL) in the blood as a result of elevated
fructose consumption, muscle cells will utilize this source of energy when it is
available. If a muscle is not active, it will take a long time for it to metabolize
the absorbed triglycerides, and consequently it will take up much less glucose
from the blood.

It may seem as if it would be beneficial to have muscle cells taking up fats
in the bloodstream and using them, rather than having the fats deposited in
adipose tissue for long-term storage. In reality, when a muscle is utilizing fats
for energy, it is using less glucose and removing less glucose from the blood.
If muscle tissue is not active, as is often the case in a sedentary person, it
becomes resistant to insulin and consequently takes in less glucose (Booth et
al. 2008). This condition, which is characterized by hyperglycemia (high blood
sugar), hyperinsulinemia (high blood insulin), and insulin resistance (tissues
not responding to insulin in the blood), is known as metabolic syndrome or
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TABLE 14.3.

Features of metabolic syndrome (or syndrome X)

Condition Metabolic causes and consequences

Hyperlipidemia Increased serum levels of triglycerides, especially VLDL.

Triglycerides taken up by muscle tissue and utilized for
energy.

Muscle demand for glucose decreases.

Hyperglycemia High blood sugar due to low energy expenditure and
high levels of triglycerides.

Triggers insulin release, but tissues have no capacity to
absorb glucose.

Hyperinsulinemia  High blood sugar causes insulin release from pancreas.

Low energy expenditure and high triglyceride availability
decrease demand for glucose.

Blood glucose remains high, triggering further release of
insulin.

Insulin resistance Low energy expenditure, high availability of serum
triglycerides, and low demand for glucose make cells
unresponsive to insulin.

Source: Information in this table summarizes discussion in the text.

syndrome X (Zammit et al. 2001). Even if the hyperglycemia and insulin resis-
tance have not yet reached an advanced stage, they are usually precursors to
type 2 diabetes mellitus. This syndrome is also associated with increased risk of
hypertension and heart disease (see table 14.3).

A scenario that might lead to metabolic syndrome seems to be prevalent
in a typical American setting. People with sedentary lifestyles are not getting
much exercise to cause muscles to expend energy and metabolize glucose and
fats. These individuals, whether adults at home, working in an office, driving a
vehicle to visit clients, or adolescents in school, may be consuming snacks and
sweetened beverages constantly throughout the day. If between-meal snacking
happens only occasionally, the tissues may absorb and use glucose derived from
the snack, because they may not have adapted to a constant or frequent presence
of elevated levels of glucose in the blood and the resulting insulin secretion.
Also, an occasional high-fructose soft drink will probably not be immediately
funneled into fat production if there are other energy requirements in the body.
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However, if snacking and soft drinks are standard fare on a daily basis in the
absence of exercise, energy supplies in various tissues, particularly the liver
and skeletal muscle, will not have an opportunity to become diminished. Such
conditions can lead to a detrimental biochemical adaptation.

A look at the other end of the metabolic spectrum, which may be more
familiar to exercise enthusiasts, may help to illustrate the body’s capacity for
metabolic adaptation. Marathon runners have to contend with a limited reserve
of glycogen—the starch or storage form of glucose stored in muscle tissue and
liver. A well-trained athlete has adapted to frequent depletion of glycogen stores
by producing enzymes in those tissues (muscle in particular) that can result
in more glycogen getting stored. Clever athletes often push this adaptation to
the limit by a practice known as glycogen loading. This entails doing vigorous
exercise a couple of days prior to a competition, which depletes glycogen stores
that are already larger than normal because of constant training. Then the
athlete often eats a larger than normal carbohydrate-rich meal, which results
in large amounts of glucose entering the bloodstream. The glycogen-depleted
tissues absorb this glucose and produce even more glycogen from it than they
had before, which will be beneficial for prolonged expenditure of energy in a
marathon or triathalon race (Sharman 1981). There have not been thorough
studies to determine how well this technique works and how much individual
variation there is, but many athletes swear by it.

Meanwhile, the sedentary individual who is constantly snacking does not
allow the body to deplete its stores of energy. That person’s skeletal muscles
store less glycogen than they would if the muscles were being exercised regu-
larly. If fructose is part of the constant snacking fare, either from sucrose or
from high-fructose corn syrup, the sedentary body converts most of the fructose
to fat. The liver sends fat into the blood for muscle and adipose tissues to use,
hence serum triglycerides increase. Because inactive muscle has a relatively low
energy demand, it does not respond to insulin in the bloodstream and takes up
very little glucose. Consequently, glucose levels remain elevated in the blood
for a longer time, which triggers continuous release of insulin. Muscle tissue
will eventually adapt to this nutritional overabundance and will revert to an
insulin-responsive state only when exercise is resumed.

Just walking for an hour a day will consume enough energy to stimu-
late more glycogen production in muscles. This forces muscle tissue to take
up enough glucose to replenish glycogen stores. Consequently, muscle cells
continue to respond to insulin. Skeletal muscle is the most responsive tissue
to insulin, and exercising muscles can consume relatively large amounts of
glucose. In addition, skeletal muscle is the most substantial tissue in a lean
body in terms of mass, so it is easy to see the importance of even moderate
exercise in order to avoid negative metabolic sequelae that can ultimately
lead to health complications and the dreaded metabolic syndrome or type 2
diabetes.
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Natural Sweeteners

Honey, a natural sweetener that contains approximately equal amounts of
glucose and fructose, might be expected to cause the same metabolic complica-
tions as sucrose and high-fructose corn syrup, which also contain both glucose
and fructose. However, a study in France showed that substituting honey for
refined sugar in the diet of rats resulted in significantly lower levels of plasma
triglycerides and higher levels of plasma vitamin E (Busserolles et al. 2002).
Diets were matched for fructose content, so these results indicate there are
components in honey that protect the body from the ravages of fructose. In
addition, the study showed that heart muscle was less susceptible to lipid
peroxidation (destruction of cell membranes) when honey was substituted
for refined sugars. Higher levels of vitamin E in plasma would account for this
decreased lipid peroxidation. The control diet in this study contained starch as
the sole source of carbohydrate, which is digested to form glucose. The control
diet produced the lowest levels of plasma triglycerides. The levels of plasma
vitamin E and susceptibility of heart muscle to lipid peroxidation were about
the same whether the rats were fed starch or honey diets. In general, starches
do not have detrimental health effects, indicating that fructose is the major
culprit when it comes to complications from dietary sugars.

Since fructose is found in fruits and fruit juices, it is natural to ask whether
this source of fructose is also detrimental to health. The amount of fructose in
fruits can be high but, like honey, fruits contain antioxidants or phytochemicals
that suppress free-radical activity generated by fructose. The levels of sugar that
occur naturally in juices (without added sugar) are generally much lower than
those in soft drinks, and there seems to be a tendency toward moderation when
drinking fruit juices compared with artificially sweetened beverages.

Many studies have found that starches can cause larger fluctuations in
blood glucose, ergo insulin, compared with sucrose. However, this is not a
consistent finding, and there appear to be many factors (including type of starch
and fiber content of foods) involved in determining how large the glucose and
insulin fluctuations will be (Daly 2003). There were early concerns that large
fluctuations in glucose and insulin were not healthy, although the tide seems
to be shifting. Smaller changes may now be considered unhealthy, particularly
when there are high fasting levels of glucose and insulin. Figure 14.2 summarizes
the effects that lack of exercise and high levels of dietary fructose can have on
several metabolic parameters.

Obesity Hormones

Although genetic factors and endocrine dysfunction have been suspected as a
cause of obesity for a long time, it was not until the late 1970s that a genetically
obese strain of mice was developed by inbreeding (Coleman 1978). That strain,
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known as ob/ob mice, was found to have a defect in the gene that codes for a
protein named leptin (Zhang et al. 1994). The name was derived from the Greek
word leptos, meaning thin. It was found that leptin was expressed or synthesized
predominantly in adipose tissue or fat cells. As a result of their defective gene,
these mice did not produce a functional leptin protein. They ate more food
when it was available, expended less energy, and became obese.

Paradoxically, it was discovered that obese humans produce more leptin
than their thin counterparts. So, if a functional leptin is not produced, an indi-
vidual becomes obese, as in this strain of mice. But individuals with normal
leptin genes produce more leptin if they are obese than if they are thin. The
higher levels of leptin in obese individuals may be due to leptin insensitivity
or leptin resistance. This is analogous to type 2 diabetes, in which individuals
produce insulin and have higher levels of insulin circulating in the blood, but it
is not resulting in a reduction of blood glucose. The insulin receptors and their
associated glucose transporters are not responding.

The body seems to have a regulatory circuit to maintain body weight and
appetite. Leptin is part of this circuit, much as a thermostat is part of a circuit
to control heat in a building. If there is no thermostat (or leptin), there is no
control. If there is a thermostat, it can be set to either a low level or a high
level and will usually maintain the temperature at the level where it is set. In
this context, leptin can be viewed as a hormone that provides the body with
an index of its own nutritional status—a large amount of body fat produces a
higher level of leptin. However, this view seems to be falling out of favor as we
learn more about how leptin is involved in the satiety response.

Another strain of mice was developed at the same time as the ob/ob strain,
and this other strain had a defect in the gene that codes for the leptin receptor

Lack of Exercise High Dietary Fructose
Decreased Energy Increased
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FIGURE 14.2. Metabolic consequences of lack of exercise and high sugar (fructose)
consumption.
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(Coleman 1978). These are known as db/db mice (the db abbreviation indicates
that these mice are diabetic). It was mentioned earlier that obesity can predis-
pose individuals to a wide range of health complications, including insulin
resistance, diabetes, and metabolic syndrome. Inducing mutations in the gene
for the leptin receptor in mice (receptor knockout mice) resulted in obese mice
with elevated levels of leptin, insulin, glucose, and corticosterone in the blood,
indicating the interrelationship of the leptin system with the glucose-insulin
system (Cohen et al. 2001).

Blood levels of leptin increase with body weight and fall when a person
loses weight (Maffei et al. 1995). In addition, genetically obese (0ob/ob) mice
(lacking functional leptin) lose body fat and appetite when they are injected
with leptin, whereas db/db mice that lack the leptin receptor are not affected
by leptin injections. It is possible to get both strains of mice to lose weight
by limiting their food consumption, although liver pathology does not change
much with food restriction. They still have fatty liver with large deposits of
triglycerides, which are associated with leptin deficiency or nonfunctional
leptin receptors.

The leptin system mediates its effects through control centers in the hypo-
thalamus of the midbrain that regulate feeding behavior and appetite, as well as
affecting body temperature and energy expenditure. There are several neuropep-
tide transmitters in the hypothalamus and throughout the body, particularly in
the gastrointestinal tract. They include neuropeptide Y (NPY), cholecystekinin
(CCK), agouti-related peptide (AgRP), alpha- and beta-melanocyte stimulating
hormones (a- and B-MSH), obestatin, ghrelin (for growth hormone-releasing
protein), beta-endorphin (endogenous morphine), and endocannabinoids
(endogenous substances mimicked by Cannabis or marijuana) to name a few.
These hormones and neurotransmitters are involved in either increasing
appetite or suppressing appetite. Some affect gastric motility, or movement
of food through the gastrointestinal tract. The coalition of adipose tissue, gut,
bloodstream, and brain seem to be in close communication with one another
to monitor the body’s nutritional status and adjust the individual’s behavior to
eat or abstain, depending on signals transmitted.

The hormone connections in obesity are clearly complex, and there are
numerous sites where a genetic variation or genetic flaw can result in an
imbalance and lead to obesity. Attempts to reduce obesity by giving injec-
tions of leptin have had very little success (only about ten successful cases
described) (Cohen and Friedman 2004), primarily because a defect in the gene
for producing leptin is probably rare. In general, the highest leptin levels are
found in the most obese individuals. It is unlikely that the recent, sudden rise
in obesity in North America is due to mutations in genes that are involved in
appetite and weight control. (On the other hand, the relatively constant level of
extreme obesity observed in less than 1 percent of the population prior to 1980
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may well have its origins in various genetic defects. There are many sites where
a defective gene can lead to obesity.)

It seems more likely that the recent obesity epidemic has been triggered
by changes in diet. Portion sizes are important, but sugar, specifically the fruc-
tose component of sugar, is a prime candidate. Fructose is the factor that has
increased in greatest proportion in American diets in the past two decades.
Furthermore, the propensity for fructose to cause glycation of proteins may
add an additional layer of complexity to the diet-hormone-obesity interactions.
There will be more on this in the next chapter.

The Role of Exercise Cannot Be Ignored

Exercise offers important health benefits, whether a person is obese or just
overweight; its benefits also cannot be ruled out for those individuals in the
ideal weight category. If the genes are not working in an individual’s favor, diet
and exercise become much more critical for good health. The underlying physi-
ological and metabolic justifications for the effects of exercise on health are
beginning to be understood. There is strong evidence that community-based
exercise intervention programs improve health and reduce incidences of several
diseases, including coronary heart disease, stroke, type 2 diabetes, breast cancer,
and colorectal cancer (Roux et al. 2008).

Lifestyles have changed dramatically over the past fifty years in devel-
oped countries, particularly in the United States, and are changing rapidly
in developing countries. Although opportunities for exercise are abundant,
the populace tends to opt for less strenuous alternatives whenever possible.
There are sometimes barriers to exercise in our daily routines. Stairwells in
buildings are often locked, forcing people to use elevators rather than walking
one or two flights of stairs. Many suburban neighborhoods do not even have
sidewalks, forcing residents to walk in the street or drive to a local park or
fitness facility. One of the biggest pastimes for retired men (the population
at greatest risk for heart disease) is golf, but many golf courses today require
patrons to use motorized golf carts, which results in a lost opportunity for
health-conscious golfers.

Conclusions

Obesity, in and of itself, is not always life threatening. Genetics plays an
important role in longevity, but diet is also an important factor. There is good
evidence that increased portion sizes and between-meal snacking promote
obesity. Dietary fructose, whether from sucrose or high-fructose corn syrup, is
likely playing a role in many of the health complications that are frequently
associated with obesity and metabolic syndrome.
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There is much controversy over whether sugar is in fact addictive, in the
way that certain drugs are known to be addictive. However, as researchers
continue to tease the underlying physiological factors out of the complex
hunger-satiety responses and desire for sweets, it becomes clear that highly
sweetened foods and beverages are having an impact on the craving for more.
That fructose bypasses the insulin response and tends to be converted directly
to fat is well established. The insulin response, which is triggered by glucose but
not by fructose, interacts with a wide range of other hormones to elicit a feeling
of satiety and suppresses the appetite. The details of these interactions are only
beginning to be understood. The connections between high intake of fructose
from any source and insulin resistance or type 2 diabetes are compelling. People
need to understand that excess sugar in the diet is driving the deposition of fat
in adipose tissue.

Dietary fructose elevates serum levels of triglycerides and very low-density
lipoprotein (VLDL), which increases risk of heart disease and stroke. Excess
fructose in the diet arising from the high level of sweeteners in many foods may
be more detrimental than saturated fats with respect to blood lipid profiles
and risk of heart disease. The fats produced in the body from excess sugar are
mostly saturated. In addition to its effect on the blood lipid profile, fructose
is much more reactive than glucose in promoting free-radical reactions and
oxidation or modification of low-density lipoprotein (LDL), which in turn leads
to atherosclerosis.

Sucrose is more stable on the store shelf and not susceptible to the chemical
degradation found with fructose in high-fructose corn syrup. Fructose oxidation
produces formaldehyde, which may explain the rise in asthma that followed
the introduction of high-fructose corn syrup in soft drinks. Although it is not
possible to prove this latter relationship, the evidence is compelling enough to
suggest a need for a controlled clinical study.
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Dietary Choices
for Comprehensive Health

Cell membranes were once thought to be relatively static barriers separating
a cell’s surroundings from its inner workings. Today we know cell membranes
are bustling with activity. Long-chain polyunsaturated fatty acids are vital
membrane components that serve in cellular communication. These fatty acids
are released from membranes when certain signals are received by a cell and are
shuttled along metabolic pathways to form a bewildering array of potent bioac-
tive signaling molecules. The specific agent formed from these polyunsaturated
fatty acids depends on the cell that makes it—enzymes expressed in one type
of cell differ from those expressed in other cells. The products formed will also
depend on the essential fatty acid status of active membrane components and
the types of signals received.

These mercurial lipid messengers can easily pass through membranes,
so there is no mechanism for confining them in vesicular bundles (which
is generally the case for nonlipid hormones and neurotransmitters) until
the time is right for their release. The lipid messengers from fatty acids are
formed instantaneously and migrate only short distances to elicit their actions
on neighboring cells or within the cell that forms them. They exist for a brief
moment to accomplish their purpose and are rapidly inactivated by enzymes
that keep them in check. Their fleeting existence has made it difficult to study
these elusive characters, which are often major players in the orchestration of
life’s complex processes.

The polyunsaturated fatty acids may also undergo spontaneous oxidation
that is not dependent on enzymes. This process is known as lipid peroxidation
and may destroy cell membranes, which can lead to the ultimate demise of a
cell. A variety of potentially toxic and carcinogenic substances that are produced
during lipid peroxidation may spread to other cells and cause persistent damage
there. Although the polyunsaturated fatty acids are essential to life, it may be
possible to get too much of them.

201
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The saturated and monounsaturated fatty acids can be synthesized in the
body from other nutrients, typically from excess dietary carbohydrate (sugars
and starches). Consequently they are not essential fatty acids. The saturated and
monounsaturated fatty acids are resistant to lipid peroxidation, and the messen-
gers formed from them are far fewer and less formidable in their actions.

What Fatty Acids Are Better in the Diet?

There is widespread opinion that saturated fats in the diet are unhealthy. This
belief stems from early studies of the effects of dietary fats on serum cholesterol
in humans, done in the 1950s and early 1960s (discussed in chapter 1). The early
studies used saturated fat sources that had negligible amounts of polyunsatu-
rated fatty acids and consequently caused serum cholesterol levels to rise. Such
diets would not normally be consumed in a free-living population. Today we
know that moderate amounts of polyunsaturated fatty acids in the diet regulate
expression of specific genes to suppress total serum cholesterol and regulate
other metabolic pathways. The level of dietary polyunsaturated oils needed to
accomplish a more favorable lipid profile is not certain, because genetic varia-
tion is a major influence on serum cholesterol levels in any individual. Recent
research has helped to clarify some of these diverse effects of polyunsaturated
fatty acids (Bordoni et al. 2006). Some studies of the impact of dietary fats on
serum cholesterol are at odds with early studies that established the saturated
fat—serum cholesterol association and the relationship of both to cardiovascular
disease.

Two separate investigations monitored the effects of diets containing
different amounts of monounsaturated versus saturated fatty acids on serum
cholesterol levels in young, healthy volunteers with normal serum cholesterol
levels (Ng et al. 1992; Choudhury, Tan, and Truswell 1995). The aim was to
compare diets that had predominantly monounsaturated fatty acids from
olive oil with diets that had nearly equal proportions of monounsaturated and
saturated fatty acids from palm oil. Each of the diets had about 10 percent
polyunsaturated linoleic acid. Both studies found nearly identical levels of total
serum cholesterol and LDL-cholesterol in subjects at the end of thirty days or
six weeks on each experimental diet. These results refute the notion that a
higher ratio of saturated relative to monounsaturated fatty acids in dietary
fats produces a less favorable lipid profile that might increase the risk of heart
disease.

Another study compared diets containing palm oil with high-oleic sunflower
oil as the major sources of fats and showed a significant elevation in serum
total cholesterol and LDL-cholesterol of subjects when they consumed the palm
oil diet compared with the high-oleic sunflower oil diet (Denke and Grundy
1992). This latter study used older male subjects in a Veterans Administration
Hospital, and more than one-third of the participants had a history of coro-
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nary heart disease. Whether the different response was due to age, exclusively
male subjects, health status, the composition of the liquid-formula diet, or
other factors is difficult to say. The high-oleic sunflower oil also contained 58
percent more linoleic acid than the palm oil, which would be a significant factor
since palm oil has less than 10 percent linoleic acid. Perhaps the older subjects
confined to the metabolic ward of a hospital had a genetic predisposition for
the adverse response to changes in dietary fats. An important point is that some
people do not have an adverse response to dietary saturated fats relative to
unsaturated fats, while others may experience an unfavorable change in their
serum lipid profile when similar changes in diet are administered.

As these and other studies demonstrate, recommendations regarding what
dietary fats are beneficial and what ones should be avoided are complicated
by the diverse profile of fatty acids in the foods we eat and the heterogeneous
genetic makeup of the population. The assortment of enzymatic reactions some
of these fatty acids undergo as a result of the genetic dissimilarity adds to the
complexity. The polyunsaturated fatty acids help maintain the normal function
of various physiological systems, in addition to their involvement in the regula-
tion of cholesterol synthesis. Because of the complexity of essential fatty acid
metabolism and function, it is not easy to come up with a simple remedy for
each situation. A dietary recommendation that may benefit one ailment could
exacerbate another. It is also important to consider which dietary manipula-
tions will be easy to implement and follow over a long period of time—perhaps
a lifetime.

There is a widely held belief that lower total fat and less saturated fat in the
diet is healthier. This is based on certain assumptions about dietary fat that are
beginning to falter under the scrutiny of controlled scientific experiments, espe-
cially with respect to obesity and its associated adverse health effects, which are
commonly known as metabolic syndrome.

Guidelines for Weight Loss

The incidence of obesity has been on the rise since the 1980s in the United
States and is considered by many to have reached epidemic proportions. Obesity
increases the risk of many diseases, as discussed in the previous chapter. Most
notable among health complications are insulin resistance, type 2 diabetes, and
high blood pressure, which all increase the risk of heart disease.

The key to effective weight loss is to consume less energy than you expend.
There are essentially two factors that need to be adjusted to accomplish this.
One is to eat fewer calories, and the other is to exercise more to burn energy.
A combination of these two practices is generally the best approach. How one
chooses to exercise more will vary with the individual. It is best to set up an
exercise program that can be sustained throughout life. Because the exercise
component will vary so much from person to person, it is better that each
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individual get specific advice tailored to his or her goals and capabilities. It
is important to achieve a regular exercise regimen that is enjoyable and will
therefore become a permanent routine. Exercise is important not only to lose
weight but also to maintain or attain general good health.

In order to decrease energy intake, a reduction of fat in the diet would seem
like the most obvious approach, since fats supply more than twice as many
calories as carbohydrates or protein on a gram for gram basis. However, there
are certain considerations that must be taken into account when modifying
the diet for long-term weight loss. First and foremost is that total calorie intake
must be reduced, and the best way to accomplish this is to eat more satisfying
foods but smaller quantities of them. A low-fat diet generally has a higher level
of energy (calories) from carbohydrates. There are problems with this approach,
and studies have shown that it is usually not successful over an extended period
of time. An analysis of low-fat and calorie-restricted diets for weight reduction
showed there was not a significant difference in the two approaches (Pirozzo et
al. 2002).

In the early 1970s Robert Atkins developed what is widely known as the
Atkins diet (Atkins 1972). It is a low-carbohydrate, high-fat, and high-protein diet.
A few notable clinical trials compared low-fat and calorie-restricted diets with
low-carbohydrate, high-fat diets in obese patients. Patients on the low-carbo-
hydrate, high-fat diet were not restricted in their total calorie intake. In other
words, they were free to eat as much as they wished to feel satisfied, whereas
patients on the low-fat diets were strongly encouraged to carefully regulate their
total calorie intake. These randomized, controlled trials showed that subjects
consuming low-carbohydrate, high-fat diets lost more weight over the course
of six months than those on calorie-restricted low-fat diets (Brehm et al. 2003;
Samaha et al. 2003; Yancy et al. 2004). The low-fat, calorie-restricted regimen
in one of these studies was based on obesity management guidelines from the
National Heart, Lung, and Blood Institute (Samaha et al. 2003). Subjects on the
low-carbohydrate, high-fat diet in that study also showed greater improvement
in serum triglycerides and greater insulin sensitivity in participants without
diabetes relative to subjects on the low-fat diet (Samaha et al. 2003).

A more recent trial compared four popular dietary approaches for weight
loss and found the Atkins high-fat diet produced the greatest weight loss over a
period of one year (Gardner et al. 2007). The high-fat diet also showed signifi-
cant improvements in several health risk parameters compared with some or all
of the other diets, including lower serum triglycerides, higher HDL-cholesterol,
and lower blood pressure. In all these trials the high-fat, low-carbohydrate diets
did not result in any significant change in LDL-cholesterol, but HDL-choles-
terol levels were improved in some. The results of these studies suggest that
guidelines for a prudent diet set by the National Institutes of Health and other
organizations, such as the U.S. Department of Agriculture and the American
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Heart Association, particularly for management of obesity, may need to be
reconsidered.

How the High-Fat, Low-Carbohydrate Diet Works

There is a physiological explanation for the seemingly unexpected success of
the high-fat, low-carbohydrate diet. The fructose component of sugar or high-
fructose corn syrup raises serum triglycerides, primarily in very low-density
lipoprotein (VLDL). Absorbed glucose from these sweeteners and from starch
causes insulin secretion, which in turn signals cells to remove glucose from the
circulation. The majority of glucose is taken up by muscle, liver, and adipose
tissue in a normal, insulin-responsive individual. Insulin signals set in motion
a metabolic shift toward storage of energy, either as glycogen (starch) in muscle
and liver, or as triglycerides in adipose tissue. When glycogen stores are filled in
the liver, triglycerides are formed and packaged into VLDL particles for distribu-
tion to muscle and adipose tissue. Muscle tissue uses triglycerides for energy,
whereas adipose tissue stores triglycerides as fat. Higher levels of triglycerides
and VLDL in blood also seem to correlate with small, dense low-density lipopro-
tein (LDL) particles, which are known to be a greater risk factor for heart disease
than larger LDL particles (Samaha, Foster, and Makris 2007).

High-carbohydrate consumption can cause blood glucose levels to rise faster
and to higher levels than would occur with lower amounts of carbohydrate in
a meal. This causes more insulin to be secreted, which triggers a more rapid
decrease in blood glucose that ultimately overshoots the normal resting glucose
level. Consequently, another metabolic shift is initiated to bring glucose levels
back up to normal. This latter response is accompanied by a variety of hormonal
signals, as discussed in the previous chapter, that ultimately result in a hunger
sensation and a desire to eat again within a couple of hours.

When there is less carbohydrate in the form of sugars and starches in the
diet, blood glucose levels will not rise as much and therefore less insulin will
be secreted. In addition, if there is a significant amount of fiber in the diet, it
will bind sugars and starches and slow their digestion and absorption from the
gastrointestinal tract. This results in less dramatic fluctuations in glucose and
insulin and a slower return to normal without going much below the resting
glucose level. Consequently, fiber in a meal helps to delay the hunger pangs
often associated with high-carbohydrate diets that are low in fiber, as one
finds with many sweetened and starchy foods. An individual consuming a low-
carbohydrate diet, which generally means it is higher in fat, will experience less
frequent desire to eat and will naturally consume fewer calories. The studies
mentioned above did not force participants on the high-fat diets to restrict
their food intake; the participants had a longer duration of satisfaction and
ate less because they were not hungry as often. On the other hand, subjects on
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the low-fat, high-carbohydrate diets were forced to restrict their caloric intake
because those diets spark a frequent desire to eat.

The low-fat, high-carbohydrate diet, as a result of stimulating insulin
secretion, also suppresses fatty acid oxidation for energy metabolism in muscle
tissue in response to insulin signaling mechanisms (Wood 2006). Patients with
insulin resistance would benefit from a high-fat, low-carbohydrate diet because
there would be less stimulation of insulin release owing to less glucose being
absorbed from the intestinal tract. There would also be less sugar available for
synthesis of fatty acids and triglycerides by the liver and subsequent distribu-
tion via the blood in VLDL particles for storage in adipose tissue. Muscle tissue
will also utilize more fat when there is less insulin in the circulation because
the glucose transporter in muscle cells will be less active.

The high-fat diet approach to losing weight runs counter to popular belief,
but it is easily explained by well-understood physiological principles and
supported by hard scientific evidence. It is not going to be easy to persuade
some policy makers to reconsider the low-fat diet recommendations, although
many organizations, including the American Diabetes Association, are beginning
to recognize the merits of the low-carbohydrate dietary approach. Perhaps the
most difficult thing to accept is that lowering the proportion of carbohydrates
in a diet means that other nutrients are necessarily increasing in proportion,
and fat is the most likely candidate.

Protein has not entered much of this discussion mainly because it is gener-
ally around 15 percent of total energy in a diet, which for most purposes is
suitable. There would generally be no problem if protein intake increased as
a result of lowering dietary carbohydrate. However, very high levels of protein
in a diet can be risky because of the need to eliminate nitrogen when amino
acids are metabolized for energy. There could be a dangerous buildup of
ammonia in some individuals. Ingesting dangerously high levels of protein can
be accomplished only by consuming purified protein and/or hydrolyzed protein
supplements. Natural foods do not have such high levels of protein.

Nutrition Facts on the Label

A nutrition facts table is now found on labels for most packaged foods sold in
the United States and in many other countries. Certain information is required
on these labels, while other information is optional. The top of the nutrition
facts table indicates the serving size and number of servings per package. The
serving size is important, since packages that are normally eaten as a single
portion are often designated as more than one serving. The information in the
table is generally for a single serving: the number of calories (kilocalories), for
example, is given per serving. If there are multiple servings per package, then
the total calories in the package must be obtained by multiplying the calories
per serving by the number of servings per package. The number of calories
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listed on the label can be deceptive when there are two or more servings in
the container. Labels typically also include calories from fat. The remainder of
calories (those not from fat) would come from carbohydrates and protein.

Topping the list of specific nutrients is fat, with the amount of total fat,
saturated fat, and trans fat given in grams for each. The amount of unsaturated
fat can be calculated by adding the amounts of saturated and trans fats and
subtracting that sum from the total fat. However, this does not give a break-
down for the amount of polyunsaturated fatty acids versus monounsaturated
fatty acids. The amount of unsaturated fat is sometimes listed, particularly when
the manufacturer wants to promote the product because of a certain fatty acid
profile. As I have stressed, the amount of omega-6 polyunsaturated oils in foods
should be of greater concern to many individuals than the amount of saturated
fats because the omega-6 fatty acids can promote inflammation and a variety of
other syndromes.

There is rarely a breakdown of the amount of omega-3 and omega-6 fatty
acids in the nutrition facts table. This information would be good to have, since
we should try to improve the proportion of omega-3 fatty acids in the diet.
However, there are relatively few significant sources of omega-3 fatty acids in
vegetable products, and fish oils are not added to food because they are easily
oxidized and become rancid. In some cases algal extracts are used to boost the
omega-3 content of foods for promotional purposes. Since the relative amounts
of omega-3 versus omega-6 polyunsaturated fatty acids are important to know
for consumers concerned about inflammation problems, it may be time to
reevaluate what types of fats are listed in the nutrition facts table.

Meats and products made from animal fats (often dairy products) are a
major source of saturated fat in the diet. However, there are other factors in
meats that can contribute to adverse health effects, as mentioned in earlier
chapters. Processed meats generally have preservatives such as nitrites to
improve shelf life and give a better appearance. Preservatives in processed
meats could be the underlying cause for the widespread association of saturated
fats with bad health, as discussed in chapter 10 (Norat et al. 2005). It would be
valuable for future studies of relationships between diets and diseases to make
greater distinctions with regard to other factors found in foods that are gener-
ally classified as high in saturated fats.

The requirement to list trans fat on the label has resulted in food proces-
sors drastically reducing the amount of trans fat in foods. Although the amount
is not always zero as many labels imply, the amount is much less than it was in
the 1980s. If the amount of trans fat per serving is less than one-half gram, it
can be listed as zero. This can be deceptive for many products. Under current
rules, if a typical serving has five grams of total fat, nearly 10 percent of that
can be trans fat and yet the trans fat content of the food product can still be
listed as zero grams. In order to reduce amounts of trans fat, the food industry
has reformulated many foods to contain some fully hydrogenated vegetable
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oils, which are saturated fats. They combine these with regular vegetable oils,
which are mostly polyunsaturated and monounsaturated fatty acids. With
such mixtures the final products have a suitable consistency while containing
lesser amounts of the partially hydrogenated vegetable oils, which contain
trans fats.

The amount of cholesterol is also listed; it is zero for vegetable-derived
foods and present at some level when there is animal fat in the food. The
amount of cholesterol in a product should generally be of little concern, since
most foods contain relatively small amounts of cholesterol and those that
have larger amounts are not normally eaten in large quantities. Consuming
low levels of polyunsaturated fatty acids will have a greater impact on lowering
serum cholesterol levels than consuming moderate amounts of dietary
cholesterol would have in raising serum cholesterol. A typical diet generally
has sufficient levels of polyunsaturated fatty acids to give nearly optimal
suppression of serum total cholesterol and LDL-cholesterol. The total intake of
cholesterol in a day should be less than about 600 to 800 mg, an amount that
will not significantly affect serum cholesterol levels. Eggs are a major source of
cholesterol in many diets, with essentially all the cholesterol in the yolk, and
are sometimes avoided for that reason. Yet even consuming as many as two
eggs per day would not raise serum cholesterol noticeably, and egg whites are
a good source of protein.

Sodium is generally listed after cholesterol, and patients with high blood
pressure or certain electrolyte imbalances are generally advised to limit their
salt and sodium intake. Most people do not have a problem handling moderate
dietary amounts of sodium and normally excrete any excess sodium in urine
and sweat.

Protein is generally the last nutrient listed in the nutrition facts table, but I
will mention it here before carbohydrates. There has not been much said about
protein in this book, and there are many different ideas about whether we are
getting enough or too much protein in a typical diet. It should suffice to say
that the typical American diet has ample amounts of protein and a variety of
different proteins to avoid specific amino acid deficiencies.

Following the discussion regarding problems associated with high-carbo-
hydrate, low-fat diets, it should be clear that the carbohydrate section of the
nutrition facts table is most important. The term carbohydrate includes simple
sugars, starches, and fiber. Fiber does not contribute to the caloric content of
carbohydrates in foods, because it is not digested and not absorbed. The term
digestible fiber is often used, which is a misnomer in human nutrition because
it is not digested but is soluble in water. Fiber is beneficial in slowing absorp-
tion of sugars from the intestine, as mentioned above, but is also important in
helping to flush waste products from the intestine. Fiber also adds bulk to the
feces for better intestinal function. The larger the portion of dietary fiber in
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one’s total carbohydrate intake the better, since fiber does not contribute to
total energy intake and moderates the absorption of glucose from the break-
down of other carbohydrates.

This brings us to the sugar entry, which needs the most attention from
anyone striving for a healthy diet. Sugar intake should be as low as possible,
whether one is attempting to lose weight or to minimize the risks of developing
many diseases. Sugars are chemically reactive and can promote production of
free radicals and toxic by-products. Fructose is many times more reactive
than glucose in generating free radicals, cross-linking proteins, and producing
toxins. High-fructose corn syrup has a higher proportion of the more reactive
fructose than table sugar (sucrose), and the fructose in high-fructose corn
syrup is free to react and form toxic products such as formaldehyde when
standing in solution on a shelf, as is the case for many soft drinks. Although
honey is a mixture of nearly equal portions of glucose and fructose, it contains
antioxidants that slow the decomposition of fructose while standing and was
shown to have less detrimental effects on several parameters with regard to
overall health (Busserolles et al. 2002).

The amount of sugar in many common food products is quite astounding.
Sugars (sucrose and high-fructose corn syrup) are added to make foods more
desirable. As mentioned in the previous chapter, the per capita consumption
of sweeteners rose more than 20 percent between the mid-1980s and 1998.
Perhaps a major national initiative to educate the public about the adverse
health effects of sugars needs to be launched. An approach similar to the one
used forty or fifty years ago regarding the hazards of a diet high in saturated fats
and cholesterol would be a good way to start. That program was quite successful
in making people conscious of the issue. The public may not have heeded the
advice in a manner that many health authorities would have liked to see, but
the initiative certainly raised awareness and caused major changes. Whether
that dietary advice was correct or effective for reaching the intended goal is also
debatable, but the point is that the public education program brought attention
to the issue.

Dietary sugar is a graver health issue at this time than dietary fat, and the
scientific evidence for the consequences of excessive sugar intake is even more
compelling than the evidence was in the 1960s for an association between satu-
rated fat and high serum cholesterol. There is a strong correlation between the
rising incidence of obesity in America, with its associated metabolic complica-
tions, and the rise in per capita sugar consumption (Elliott et al. 2002). The
association of high serum cholesterol with heart disease led to the assumption
that saturated fats were unhealthy. Today a more thorough scientific under-
standing of the processes involved in atherosclerosis and heart disease should
shift the implications away from saturated fats with regard to risk of life- threat-
ening disease. Sugars may have a concealed role in the health effects attributed



210 INFLUENCE OF DIET ON OVERALL HEALTH

to saturated fats, since some studies showed an intercorrelation between
dietary saturated fats and sugar, such as the Seven Countries Study mentioned
in chapter 1 (Keys 1980, 252).

Rating the Fats and Oils

Since oils are a major source of fats in the diet, many consumers may want
to know which oils are best to use with regard to overall health. Olive oil is
good because it has mostly monounsaturated fatty acids and about 10 percent
polyunsaturated fatty acids. Palm oil, which was denounced years ago because
it has nearly 50 percent saturated fatty acids, would also be a good choice,
with nearly 50 percent monounsaturated and about 10 percent polyunsaturated
fatty acids, which would be sufficient to suppress cholesterol production. Other
popular oils are often considered to be good because of their high monounsatu-
rated fatty acid content, but they have higher amounts of the omega-6 linoleic
acid than olive or palm oil. Canola oil and peanut oil have about 30 percent
polyunsaturated fatty acids, although canola oil normally has about 10 percent
omega-3 linolenic acid in the polyunsaturated fatty acid fraction. A table of
the fatty acid composition of common dietary fats and oils can be found in
appendix B.

The agricultural industry has developed seed oils with high oleic acid
content. These include high-oleic versions of canola oil, safflower oil, and
sunflower oil. High-oleic sunflower oil has only about 11 percent linoleic acid,
and high-oleic safflower oil has about 13 percent linoleic acid. High-oleic canola
oil has about 17 percent linoleic acid but has 2 percent omega-3 linolenic acid to
offset the higher linoleic acid content in terms of potential physiological effects.
In general, a lower polyunsaturated fatty acid content for a vegetable oil makes
it more suitable for frying. Fried foods should be kept to a minimum in the
diet because of adverse chemical reactions that can occur at high temperatures
in most oils. Saturated fats would be the most suitable and least susceptible
to oxidative breakdown at high temperatures, even though saturated fats have
received bad press through the years.

Oils that are most suitable for salad dressings are different from those most
suitable for frying or baking. The arguments above regarding low amounts of
omega-6 polyunsaturated fatty acids in oils apply to salad dressings. Olive oil is
generally considered optimal for this purpose because of its fatty acid profile
and taste. Other suitable oils for salad dressings include high-oleic sunflower oil
and high-oleic safflower oil as well as palm oil, where these are available. There
are many oils available now in most supermarkets that have better polyun-
saturated fatty acid profiles. Check appendix B for the fatty acid composition of
many commercial oils. Consumers should be aware that mayonnaise is generally
made from vegetable oils that may have a high omega-6 content and should be
consumed in moderation for that reason.



DIETARY CHOICES 211

The best vegetable source for omega-3 fatty acids is flaxseed oil, which has
more than 50 percent linolenic acid and about 12 to 13 percent omega-6 linoleic
acid. Other oils with significant amounts of omega-3 linolenic acid are walnut
oil (1o percent), canola oil (9 percent), and soy oil (7 percent). Wheat germ is
also a source of omega-3 linolenic acid. All these latter oils with 10 percent or
less of omega-3 fatty acid have more than 50 percent linoleic acid. However,
the linolenic acid content helps to suppress metabolism of the linoleic acid to
bioactive omega-6 fatty acid derivatives.

Conclusions

By this time the reader may feel completely confused. After all, this book is
arguing that saturated fats may not be as bad for our health as is commonly
believed but polyunsaturated oils, particularly omega-6 vegetable oils, are not
healthy when consumed in excess. It is also saying that low-fat diets can be
worse than a high-fat diet. These ideas contradict the doctrine of the low-fat,
low-saturated fat, and low-cholesterol diet that has been prescribed for decades.
I feel it is time to reassess the dogma that saturated fats are bad and unsatu-
rated fats are good. I am not calling for the pendulum to swing completely in
the other direction. We need to recognize the diverse genetic constitution of the
human population and understand that some people are more prone to certain
health problems than to others. The aim of this book is to provide information
about what diet-derived fats are doing in the body, particularly the essential
fatty acids, in order to make people more aware of the impact that polyunsatu-
rated fatty acids in vegetable oils have on our health.

We have seen how polyunsaturated fatty acids are susceptible to lipid
peroxidation, which can lead to destruction of cell membranes, formation of
toxic by-products that cause cancer, and deposition of low-density lipoprotein
(LDL) along arteries to promote atherosclerosis. The polyunsaturated fatty acids
are metabolized to a host of bioactive compounds throughout the body that are
involved in signaling cells to change their course. The lipid signals may work in
concert with cytokines (proteins) to stimulate the immune system in warding
off infection, but overstimulation or errant signals could lead to autoimmune
disease, allergic reactions, and excessive inflammation. Some lipid messengers
signal platelets to aggregate and blood vessels to constrict to initiate a blood
clot when we cut ourselves, but premature clotting from damaged plaque in
coronary arteries causes heart attacks. Other eicosanoids derived from these
essential fatty acids can promote bronchial constriction during an asthma attack
and exacerbate the life-threatening symptoms.

These systems evolved in nature to protect us from a wide range of assaults
in our daily lives. A shift away from saturated fats has increased the relative
amount of vegetable oils and processed foods in our diets. Consequently, polyun-
saturated fatty acids have become a copious presence in cell membranes. These
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essential fatty acids may be aggravating many physiological responses. There is
evidence that the shift in proportions of omega-6 fatty acids to omega-3 fatty
acids in the diet may be an underlying factor in the growing incidence of several
maladies of our modern times. The pressure to decrease overall fat consump-
tion seems to have neglected the shift toward more carbohydrates in the diet.
This probably has been a major factor contributing to the obesity epidemic in
the United States (Elliott et al. 2002). Although portion size is another factor,
the high-carbohydrate proportions in the diet result in a shorter time period
until hunger returns and more frequent food consumption.

How does one go about designing a diet that will accomplish the intended
goals? Perhaps the first and foremost rule is to focus on the carbohydrates. Try
to decrease the amount of sugars especially, but also pay attention to starches.
Both of these contribute to the blood glucose and insulin fluctuations that drive
the frequency of feeling hungry and the desire to eat. Sweetened soft drinks
are a major source of sugars and should be consumed only in moderation, if at
all. This is especially important for children. Current thinking would have us
believe that a hamburger or other meat is the bane of our good health, with its
saturated fats and artery-clogging cholesterol. The above arguments regarding
the detrimental effects of high-carbohydrate diets would instead implicate the
hamburger bun, side of potatoes, and sugar-laden soft drink that come with the
hamburger.

We also need to consider moderation when looking at fats. This book
is not arguing that we need to cut out polyunsaturated oils completely but,
rather, consume them in moderation. The amounts needed to satisfy our daily
essential fatty acid requirements are quite small, about 1 to 2 percent of total
energy intake (Sanders 1999). Consuming as much as 5 to 6 percent of energy
as essential fatty acids may be optimal and enough to suppress the production
of serum cholesterol and LDL, although the amount necessary for the latter
effect has not been established. When polyunsaturated vegetable oils approach
10 percent of energy in the diet, there may begin to be adverse effects in some
individuals who are prone to inflammation and its associated health complica-
tions. Omega-3 fish oils in the diet can counteract some of the adverse health
effects of omega-6 vegetable oils, but if there is an overwhelming surplus of
omega-6 fatty acids, a small change in omega-3 fatty acids from fish or dietary
supplements may not make a significant impact. When inflammatory conditions
are prevalent in a patient, it is best to decrease consumption of vegetable oils,
including foods such as mayonnaise, margarine, and others in which omega-6
oils are prominent ingredients. Saturated fats, monunsaturated oils, and omega-
3 oils do not promote inflammation, so it should not be necessary to eliminate
all fats from the diet to treat inflammatory syndromes.

The take-home message after all this is that omega-6 fatty acids can
promote several unhealthy conditions. Although omega-6 vegetable oils
have been shown to exacerbate certain inflammatory syndromes in animals
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compared with dietary saturated fats and omega-3 oils, their effects on some
of the other syndromes may be less well documented. Studies on neurological
disorders in humans have shown favorable results from dietary manipulation
in some cases, but the underlying cause of many of the neurological disorders
discussed in the earlier chapters are not that well understood. The main point
is that omega-3 dietary supplements and foods with omega-3 fatty acids do not
pose any particular risk in the diet with regard to health complications. But
in order to reap the greatest benefit from increased omega-3 fatty acids in the
diet, it may be necessary to decrease the consumption of omega-6 vegetable
oils. This gives the omega-3 fatty acids a greater chance to compete with the
omega-6 fatty acids for metabolism to the bioactive compounds. The omega-3
bioactive derivatives generally elicit a more moderate physiological response,
which is important if the physiological system in question is overreacting or
causing pain.

The story of the essential fatty acids is long and complex, but it is not
completely baffling. The bioactive eicosanoids are powerful agents that can
sometimes get out of control. If we have a better understanding of their func-
tions, it will be easier to appreciate the dietary manipulations that are needed
to improve our general health and well-being. The saturated fats deserve a
reprieve from accusations regarding their adverse health effects. They have
been associated with unhealthy conditions, but we need to look more closely
at whether the culprits are saturated fats per se or whether these fats are
wrongly accused because of their association with other dietary bad actors,
namely the preservatives in processed meats and the sugars that accompany
them in many diets.






APPENDIX A.
FUNDAMENTALS OF
CHEMICAL BONDING AND POLARITY

Chemical symbols are generally used to represent atoms of each element in
diagrams of molecules; for example, H, O, N, and C represent hydrogen, oxygen,
nitrogen, and carbon, respectively. The chemical nature of these elements
dictates that, generally, H can have only one bond (or attachment) to other
atoms, whereas O will have two bonds, N three bonds, and C four bonds, as
shown in figure A.1.

Carbon atoms always have four bonds in biological molecules, but often
there are double bonds to another atom, which count as two bonds. When
double bonds occur between carbon atoms, the molecule is said to be unsatu-
rated, meaning that it is not saturated with hydrogen atoms. If there are two
different atoms or groups of atoms attached to each carbon forming the double
bond, such as H (hydrogen) and R (any carbon group) as shown in figure A.2,
it is possible to have cis or trans geometric isomers for that double bond. A cis
double bond has two hydrogens on one side of the plane of the double bond
and two R groups on the other side of the plane of the double bond, as seen in
the center of figure A.2. A trans double bond has the H atoms across the plane
of the double bond. This necessitates having the R groups also on opposite
sides of the plane of the double bond, as seen on the right of figure A.2. For the

—H /O \ - I?J ~ P (i: »
Hydrogen Oxygen Nitrogen Carbon

(forms (forms (forms (forms
one bond) two bonds) three bonds) four bonds)

FIGURE A.l. Normal bonding in organic chemistry. Normal bonding for hydrogen
is one bond, oxygen two bonds, nitrogen three bonds, and carbon four bonds. Pairs
of nonbonding electrons that impart polarity to molecules containing oxygen and
nitrogen are shown as two dots. Oxygen has two pairs of nonbonding electrons, and
nitrogen has one pair.
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purposes of the present discussion, the cis and trans designation occurs only
when there is one and only one H atom on each of the carbons forming the
double bond, as shown in figure A.2.

[I—l ll ]-I ~ “ ‘l H H‘ , R
E=C=C—R L=C ,C=C,
k& KR &
A saturated A cis unsaturated A trans unsaturated
compound compound compound

FIGURE A.2. Saturated and unsaturated molecules. A saturated organic molecule
(left), a molecule with a cis double bond (center), and a molecule with a trans double
bond (right). Note the positions of the two hydrogen (H) atoms in the unsaturated
compounds that determine whether the double bond is cis or trans.

The number of bonds formed by N and O atoms can differ from the norm,
but there will be a charge (positive or negative) when that happens. For
example, oxygen atoms are often found with only one bond (one fewer than
normal) to another atom and consequently carry a negative charge, as seen on
the upper right in figure A.3. Nitrogen atoms are often found with four bonds
(one more than normal) and carry a positive charge, as shown on the lower
right in figure A.3. The minus and plus symbols are used as a convention to
indicate an imbalance or uneven distribution of electrons in the molecules,
giving rise to polarity.

SO% 5
H™°H w0
Oxygen atoms bonded to two Oxygen atoms bonded to only one
other atoms are neutral other atom have a negative charge
H+
1
H-\H 3
}JI !
H
Nitrogen atoms bonded to Nitrogen atoms bonded to four
three other atoms are neutral other atoms have a positive charge

FIGURE A.3. Neutral molecules. Water (top left) and ammonia (bottom left) are
representative of neutral molecules containing oxygen and nitrogen, respectively.
It is possible for water (and certain organic molecules containing oxygen) to lose
a hydrogen ion, resulting in an anion (a negative charge on the oxygen atom in
that molecule). Ammonia (and organic molecules containing nitrogen) can have a
hydrogen ion (H*) bind to the lone pair of electrons on nitrogen, forming a cation (a
positive charge around the nitrogen atom in that molecule).
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Polarity or lack of polarity in molecules arises from the nature of the chem-
ical elements and the bonds holding the atoms together in these molecules.
In biological molecules, oxygen and nitrogen atoms will generally make the
molecules more polar, whereas carbon (the predominant atoms in biological
molecules) will tend to make the molecules less polar. Hydrogen is the fourth
common element in biomolecules, but its influence on polarity is determined
by the atoms to which it is attached.

The polar molecules behave like small magnets in the sense that opposite
poles attract one another and like poles repel one another. Water and ammonia
molecules are shown in figure A.4, with plus and minus signs representing the
positive and negative poles of the molecules. The arrows next to the molecules
in that figure are pointing in the direction of the negative pole, much as the
needle of a compass points toward the northern magnetic pole of the earth.
This polarity makes water molecules align toward the opposite poles of their
neighbors and adhere tightly together, much as a clump of magnets will do,
giving rise to droplets or beads of water on a waxed (nonpolar) surface. On the
other hand, water spreads out on a surface that has been worn or oxidized (a
surface with many oxygen atoms attached to it, making it polar).

Nonpolar substances, such as oils, will not mix with water, because the
strong attractions pulling water molecules together will exclude nonpolar
substances. Therefore, the nonpolar substances will be relegated to mix with one
another. A nonpolar hydrocarbon molecule is shown at the bottom of figure A.4.
All electrons on the carbon atoms are involved in bonds with hydrogen atoms
in this molecule, resulting in an even distribution of electrons around the atom.

H” MH
+ . .
The lone pair(s) of electrons on O and N atoms impart a
- negative polarity to that side of the atom, while H atoms
/f\} N attached to O or N will impart a less negative (more
H I—ll H positive) polarity to that side of the atom.
+
H H\ /H lil The more or less even distribution of electrons and
- _\C PASN N /C\— H H atoms around C atoms result in a nonpolar
/N H environment in the molecule.

I
g H H

FIGURE A.4. Molecular polarity. Representation of polarity in water (top) and
ammonia (middle) with the negative pole shown by a minus sign (—) and the positive
pole by a plus sign (+) for each molecule. The arrows point in the direction of the
negative pole of the molecule. A nonpolar organic molecule (butane) is shown at the
bottom for comparison. The organic molecule lacks polarity because of uniform distri-
bution of electrons and charge around the carbon atoms.
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Nonpolar substances are referred to as hydrophobic (water fearing), whereas
substances that mix with water are called hydrophilic (water loving). Similarly,
hydrophobic substances that prefer to associate with nonpolar substances such
as lipids are called lipophilic (lipid loving). Many hydrophobic drugs or other
substances that enter the body will tend to seek fat deposits and reside in those
nonpolar environments.



APPENDIX B.
FATTY ACID COMPOSITION
OF DIETARY FATS AND OILS

Several of the common fatty acids, saturated and unsaturated, are listed in
table B.1 with their symbolic representation (number of carbon atoms:number
of double bonds, and position of the double bonds relative to the acid group).
The omega-3 or omega-6 designation of the polyunsaturated fatty acids refers
to the number of carbons from the methyl end of the chain to the first double
bond. Common food sources of each fatty acid and its melting point are also
given. The melting point is useful for determining whether fats containing these
fatty acids will tend to be liquid or solid at room temperature (about 22 to 25°C).
However, triglycerides (fats) generally contain more than one type of fatty acid,
so their melting points will vary depending on which fatty acids predominate.

Table B.2 is a list of some common food sources of fats and oils, with their
approximate percentages of the more common fatty acids. If a fatty acid consti-
tutes less than 1 percent, it is not listed (except for a few cases). The percentage
of each fatty acid in triglycerides from any given source will vary depending on
environmental and genetic factors for plant sources and dietary and genetic
factors for animal sources. Some oils from genetically selected varieties of plants
used for seed oils are listed. This table is not intended to be exhaustive.
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TABLE B.1.

Common fatty acids, their sources, and their melting points

Symbolic Melting
Common name representation Common source point (°C)
Saturated fatty acids
Butyric acid C4:0 Butter -7.9
Caproic acid C6:0 Butter -3.4
Caprylic acid C8:0 Coconut oil 16.7
Capric acid C10:0 Coconut oil 31.6
Lauric acid C12:0 Coconut oil 44
Myristic acid C14:0 Butter, coconut oil 52
Palmitic acid C16:0 Palm oil, butter, lard 63
Stearic acid C18:0 Beef tallow, cocoa 70
butter
Monounsaturated fatty acids
Palmitoleic acid C16:1, AY Palm oil -0.5
Oleic acid C18:1, A? Canola oil, olive oil 13
Erucic acid C22:1, AB Rapeseed oil 33.4
Omega-6 polyunsaturated fatty acids
Linoleic acid C18:2, A912 Soy, safflower, corn oil -9
Dihomo-gamma- C20:3, A811.14 Evening primrose oil
linolenic acid
Arachidonic acid C20:4, AS8ILM4 Minor constituent of —49
foods
Docosapentaenoic acid C22:5, A%7:10.13.16 Found in brain
Omega-3 Polyunsaturated fatty acids
Linolenic acid C18:3, A9%1215 Linseed, parilla oil -17
Eicosapentaenoic acid C20:5, A581L14.17 Fish oils -53
Docosahexaenoic acid C22:6, A%7:10131619  Fjgh oils < -50

Source: Strayer et al. 2006.
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TABLE B.2.

Fatty acid composition (%) of common dietary fats and oils

Saturated Monounsat  Polyunsat

4:0-12:0 14:0 16:0 18:0 16:1 18:1 18:2 18:3

Almond oil? 6.5 17 0.6 69 29
Avocado? nmn 07 27 68 12.5 1
Beef tallow 3 24 19 4 43 3 1
Butterfat (milk 13b noo22 12 2 29 2 1
or butter)
Canola oil 4 2 62 22 10
High-oleic canola 4 2 75 17 2
Chicken fat 1 1 24 6 6 40 16
Cocoa butter 26 34 34 3
Coconut oil 62¢ 18 9 3 6 2
Corn oil 1 2 28 58 1
Cottonseed oil 1 22 3 1 19 54 1
Flaxseed oil? 5 4 20 13 53
Grape seed oil2 3 16 70
Hazelnut oil? 0.1 5.2 2 0.2 78 10
Lard 2 26 14 3 44 10
Olive oil 13 3 71 10
Palm oil 1 45 4 40 10
Palm kernel oil 554 16 8 3 15 2 1
Peanut oil 1 2 48 32
Safflower oil 2 13 78
High-oleic safflower 2 78 13
Sesame seed oil? 9 5 39 41 0.3
Soybean oil 1 4 24 54 7
Sunflower oil 7 5 19 68
Mid-oleic sunflower 4 5 65 26
High-oleic sunflower 4 5 79 1
Walnut oil2 7 2 0.1 22 53 10
Wheat germ oil? 16.6 05 0.5 15 55 7

Sources: Strayer et al. 2006; Cordain 2009.

a Source = The Paleo Diet website (Cordain 2009).
b Butterfat and milk contain 4% butyric, 2% caproic,
1% caprylic, 3% capric, and 3% lauric acids.
¢ Coconut oil contains about 1% caproic, 8% caprylic,
6% capric, and 47% lauric acids.
d Palm kernel oil contains 3% caprylic, 4% capric, and 48% lauric acids.




APPENDIX C.
CHEMICAL STRUCTURES OF EICOSANOIDS
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FIGURE C.1. Eicosanoids synthesized from arachidonic acid, the major omega-6
twenty-carbon polyunsaturated fatty acid.
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FIGURE C.2. Eicosanoids synthesized from eicosapentaenoic acid (EPA), an omega-3
twenty-carbon polyunsaturated fatty acid.
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FIGURE C.3. Eicosanoids synthesized from dihomo-gamma-linolenic acid (DHGLA), a
minor omega-6 twenty-carbon polyunsaturated fatty acid.



APPENDIX D.
HUMAN LIPOPROTEINS:
THEIR COMPONENTS, PROPERTIES,
AND ASSOCIATED PROTEINS

Lipoproteins transport lipids through the bloodstream. Because the lipids (fats
and oils) do not mix with water, they must be packaged into lipoprotein particles
that consist of phospholipids and proteins on the surface of the particles, with
triglycerides, cholesterol, cholesteryl esters, and other lipids in the core of the
particles. The major lipoproteins are chylomicra (or chylomicrons), very low-
density lipoprotein (VLDL), low-density lipoprotein (LDL), which is sometimes
divided into subpopulations of intermediate-density lipoprotein (IDL or LDL,)
and LDL (or LDL,) and high-density lipoprotein (HDL), which is also divided
into subpopulations with HDL, and HDL; being the major subgroups. These
lipoproteins are discussed throughout the book but especially in the context
of heart disease. A simple diagram of a phospholipid is shown in figure D.1.
Compositions of the lipoproteins are given in table D.1, their range of densities
and sizes (diameter) are given in table D.2, and the apolipoproteins, or protein
components of lipoproteins, are shown in table D.3.

Lipoproteins are also separated by electrophoresis and classified according
to their electrophoretic mobilities relative to a- and B-globulins. The electro-
phoretic mobilities are based on relative charge on the lipoprotein particles,
which is due primarily to the various protein components of each lipoprotein.
Lipoproteins within one density category may have several different protein
components (as seen in table D.3). Consequently, these lipoproteins are also
categorized as «-n, pre-a-n, B-n, and pre-B-n, where n is an integer (usually
from 1 to 3).

The protein components of lipoproteins are designated apolipoproteins
(apo- is a prefix used to indicate the protein portion of a proteinaceous mole-
cule that is lacking other components for its complete makeup and ultimate
function). There are several apolipoproteins that are components of the various
lipoproteins. Table D.3 lists many of the apolipoproteins and the lipoproteins
with which they are associated.
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Apolipoprotein Phospholipids

Core filled with
cholesterol
cholesteryl esters
triglycerides

FIGURE D.1. Schematic illustration of a lipoprotein particle. The particle is surrounded
by phospholipids and apolipoproteins, with cholesterol, cholesteryl esters, trigly-
cerides, and other lipids in its core.

TABLE D.1.
Composition (%) of lipoproteins found in human blood
Cholesteryl
Lipoprotein Protein ~ Phospholipid esters Cholesterol Triglyceride
Chylomicra 1.5-2.5 7-9 3-5 1-3 84-89
VLDL 5-10 15-20 10-15 5-10 50-65
LDL1 (or IDL) 15-20 22 22 8 30
LDL2 (or LDL) 20-25 15-20 3540 7-10 7-10
HDL3 50-55 20-25 12 34 3
HDL2 40-45 35 12 4 5
Source: Devlin 2002, 129.




TABLE D.2.

Classification of lipoproteins by ultracentrifugation characteristics

Lipoprotein Density (g/mL) Diameter (A)
Chylomicra <0.95 103 to 104
VLDL 0.95-1.006 250-750
LDL1 (or IDL) 1.006-1.019 ca. 250
LDL2 (or LDL) 1.019-1.063 200-280
HDL3 1.063-1.210 50-100
HDL2 1.063-1.210 70-130

Source: Devlin 2002, 127.

TABLE D.3.

Human apolipoproteins and the lipoproteins
with which they are associated (values listed are %
of total protein in each lipoprotein particle)

Apolipoprotein HDL2 HDL3 LDL IDL VLDL  Chylomicra
ApoA-1 85 70-75 trace 0 0-3 0-3
ApoA-II 5 20 trace 0 0-0.5 0-15
Apo B 0-2 — 95-100 50—-60 40-50 20-22
ApoC-I 1-2 1-2 0-5 <1 5 5-10
ApoC-II 1 1 0.5 2.5 10 15
ApoC-III 2-3 2-3 0-5 17 20-25 40
Apo D 0 1-2 — — 0 1
ApoE trace 0-5 0 15-20 5-10 5

Source: Devlin 2002, 129.




APPENDIX E.
OVERVIEW OF NEURONAL PROCESSES

There are a few (six or eight) major neurotransmitters that are relatively abun-
dant in the brain. These can be divided into two categories based on chemical
properties and physiological functions—amino acids and monoamines. The
amino acids, glutamate and GABA (gamma-aminobutyric acid) are by far the
most abundant and widely distributed. Glutamate (or glutamic acid) is one of
the twenty amino acids used by all cells in the body to make protein. GABA is
formed from glutamate by a simple, one-step decarboxylation reaction cata-
lyzed by the enzyme glutamic acid decarboxylase (GAD), as shown in figure E.1.
Although these two amino acid transmitters are closely related biochemically,
their physiologic actions are diametrically opposed to one another.

Glutamate is the main excitatory neurotransmitter, meaning that it stimu-
lates neurons to fire or release neurotransmitter. GABA is the main inhibitory
neurotransmitter, meaning that it restrains neurons and prevents them from
firing. The effects of these two transmitters sending their signals to neighboring
cells is additive, and a neuron receiving these signals will not fire until it reaches
a certain threshold corresponding to numerous incoming excitatory signals.
When inhibitory signals predominate, the receiving neuron does not release its

neurotransmitter.

COO~ -

, co, Qo
CI:IZ 2 CH,

|

CH, CH,

I Glutamate I
CH - COO~ Decarboxylase CH,

| [Vit B, Cofactor] |
NH; ’ NH3Jr

FIGURE E.1. Enzymatic conversion of glutamate to GABA by glutamate decarboxylase
(GAD).
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All cells in the body maintain a certain balance of electrolytes on the
inside and outside of their plasma membranes. There are high concentrations
of sodium, chloride, and calcium outside of cells and low concentrations of
these ions inside a cell, or at least in the cytoplasm of that cell. Calcium can be
stored within intracellular compartments and released into the cytoplasm with
certain signals. The disparate distribution of ions, particularly sodium (Na*),
potassium (K*), calcium (Ca2*), and chloride (Cl-), results in a net charge or
voltage across the cell membrane. This voltage is known as membrane potential
and functions to carry out vital cell processes, such as bringing nutrients into
cells and, in the case of neurons and glandular tissue, sending substances out
of a cell. Movement of these ions across membranes of muscle cells regulates
contraction and relaxation of a muscle. Movement of electrolytes or ions across
neuronal membranes at a nerve ending (presynaptic terminal) controls release
of its neurotransmitter.

It was mentioned that glutamate is the main excitatory neurotransmitter
in the brain. It can stimulate cells to release transmitter because glutamate
receptors on the receiving cells are linked to sodium ion channels (left side of
figure E.2). When glutamate binds to its ionotropic receptors, sodium ions are
able to rush through the membranes at these sites. This results in loss of charge
or voltage across the membrane, and we say that the membrane is depolar-
ized. When the inhibitory transmitter GABA binds to its ionotropic receptors,
which are linked to chloride ion channels, chloride is able to rush through the
membranes at these sites (right side of figure E.2). Because the inside of the cell

Excitatory Neuron Inhibitory Neuron
Releases Glutamate Releases GABA

Glutamate
filled

; GABA filled vesicles
vesicles

GABA receptors

Glutamate

receptors Hyperpolarization

Depolarization

Excitatory signals—tend to Inhibitory signals—tend to
cause receiving neuron cause receiving neuron to
to fire (release transmitter) not fire (transmitter not released)

FIGURE E.2. Neuronal excitation. Excitatory signals from glutamate cause depolariza-
tion by opening sodium channels in the neuronal membranes, and inhibitory signals
from GABA cause hyperpolarization by opening chloride channels in the neuronal
membranes.
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normally has an abundance of negative charges, the additional chloride (nega-
tively charged) ions rushing into the cell result in additional negative charge or
greater voltage across the membrane. We say the membrane is hyperpolarized.

At any given time a particular neuron may be receiving signals from
numerous other neurons, some of them depolarizing excitatory signals from
glutamate-releasing cells and some hyperpolarizing inhibitory signals from
GABA-releasing cells. If excitatory signals dominate and the membrane experi-
ences a net depolarization, particularly in the vicinity of the axon connection
to the cell body (the axon hillock), the entire axon eventually depolarizes, and
the axon terminals release their neurotransmitters. On the other hand, if the
inhibitory signals are dominating and the membrane remains polarized or
hyperpolarized, there will be no action along the axon, and neurotransmitter is
not released. A simple illustration of a neuron is shown in figure E.3.

The incoming excitatory signals conveyed by glutamate are along the
dendrites or the cell body. Because the movement of sodium across the cell
membrane in response to these signals is dependent on glutamate binding to
its receptors, the ion channels linked to the glutamate receptors are known
as ligand-gated ion channels. In other words a ligand such as glutamate is
needed to open the gates to allow sodium to enter. Depolarization of the axon

Dendrites (.ba

Cell Body

4 \Axon Hillock

Axon

" " Post-Synaptic Cell
(Dendrites)

FIGURE E.3. Basic structure of a neuron, showing the cell body, dendrites, axon, axon
hillock, nodes of Ranvier, myelin sheath, and axon terminals. The synapse is a junction
(boundary or gap) between an axon terminal of one cell and membrane of another
cell. Neurotransmitters emitted by the axon terminal of the presynaptic cell will bind
to receptors on the postsynaptic cell (see figure E.5).
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does not require glutamate. Once a depolarization threshold is reached at the
axon hillock, the rest of the axon becomes depolarized by sodium ions rushing
through the axonal membrane at specific sites known as voltage-gated ion
channels (see figure E.4). In other words, depolarization (change in voltage) at
one site causes voltage-gated channels to open at nearby sites.

Many axons, particularly those of neurons that extend relatively long
distances, are covered by a myelin sheath, which acts as an insulator. Voltage-
gated sodium channels are located at nodes (sites where the axon is not covered
by myelin) that are often separated by relatively long distances—at least by
molecular standards. Depolarization by sodium rushing across the axonal
membrane at one point causes sodium channels to open beyond the next section
of myelin. The entire axonal membrane is not depolarized; depolarization takes
place only at the nodes where the axonal membrane is not covered by myelin.
Depolarization propagates down a long axon at a rapid rate, which is a hallmark
of the nervous system. The electromagnetic field generated by movement of
ions across membranes can be detected by sensitive electrodes—the basis for
EEGs (electroencephalograms). This same electromagnetic field is responsible
for opening sodium ion channels at the next node along the axon.

When depolarization of the axonal membrane reaches the nerve termi-
nals— there may be many terminals on a highly branched axon—there is another
type of voltage-gated ion channel that allows calcium ions to enter the nerve
terminals (see figure E.5). When calcium rushes into the nerve terminals, it sets

Nodes of Ranvier

Ion channels and
sodium-potassium pump

L. )
Na* ————p Na*
e j" Na* Channel

= ATP Na* K* Pump
ADP
K-

FIGURE E.4. Ions and depolarization. There are high densities of voltage-gated sodium
channels and of potassium channels, as well as sodium-potassium pumps (Na/K
ATPases), in the axonal membranes at the nodes of Ranvier.
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into motion a series of events that ultimately result in release of neurotrans-
mitter from the nerve terminals.

Neurotransmitter molecules are packaged into vesicles (small spheres
surrounded by a membrane). The presence of calcium causes proteins associ-
ated with vesicles to fuse with the synaptic membrane and release the vesicle
contents (neurotransmitter) into the synapse. The details of this process are
not essential for discussions in this book, but it is important to understand
that voltage-gated calcium channels may be modified by proteins or enzymes
that have been activated by G-protein-linked (metabotropic) receptors on the
surface of an axon terminal. If voltage-gated calcium channels are modified in a
way that prevents calcium from entering a particular terminal, that terminal will
not release transmitter, even though other terminals along a highly branched
axon are releasing neurotransmitter(s).

There is another way of blocking calcium entry into the nerve terminal
and ultimate release of neurotransmitter. Since the level of potassium is high
inside a cell and low on the outside, there are special types of potassium chan-
nels that open in response to certain types of signals. Potassium rushing out of
the cell would cause the membrane to become hyperpolarized. In other words,

Axon Terminal

Depolarization causes voltage-gated
calcium channels to open

. Votage-gated
\\  calcium channel

Vesicles filled with
neurotransmitter

¢ ,Potassium channel
> ¢ remain closed

Calcium causes
vesicles to fuse
with membrane and
release transmitter

.. «————— Neurotransmitter

‘gl released into
~  synapse

'- et T
R VL .\_.;J_a"'—"
'\ / Polslsynaptic cell with receptors

Figure E.5. Synaptic transmission. When depolarization along the axon (action poten-
tial) reaches the nerve terminal, voltage-gated calcium channels are opened, allowing
calcium to rush into the axon terminal. The presence of calcium triggers fusion of
vesicles with the synaptic membrane and release of neurotransmitter. If potassium
channels open in the nerve terminals, that will cancel the depolarization (hyper-
polarize) and prevent the voltage-gated calcium channels from opening.
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potassium flowing out of the cell as sodium rushes in would counter the depo-
larization caused by sodium. These potassium channels are regulated by specific
types of transmitter receptors and provide another mechanism for controlling
and fine-tuning release of neurotransmitters.

The amine neurotransmitters, such as dopamine, norepinephrine, acetyl-
choline, and serotonin, are much less abundant than glutamate or GABA. They
are considered to be modulatory neurotransmitters, rather than excitatory or
inhibitory (although acetylcholine can be excitatory, particularly in the periph-
eral nervous system). They elicit their effects by binding to receptors linked to
G-proteins that ultimately alter metabolism or the activity of other proteins.
These neurotransmitters can modify the actions of excitatory and inhibitory
neurotransmitters, and their actions usually last for a longer period of time (on
the order of minutes) in contrast to the rapid actions (on the order of millisec-
onds to seconds) of excitatory and inhibitory signals.

Modulatory signals generally involve activation of enzymes (protein kinases)
that attach phosphate to other proteins. When phosphate is attached to an ion
channel, it may block that channel or it may make that channel more active.
Attaching phosphate to some receptor-linked (ligand-gated) ion channels can
cause those channels to be withdrawn from the synapse, diminishing response
to neurotransmitter in the synapse. Attaching phosphate to some proteins may
cause them to move into the nucleus of a cell for expression of genes to make
new proteins.

The myriad of events that can take place in neurons in response to certain
signals from other neurons is beyond the scope of this book. This has been a
cursory overview of how the brain works. It is intended to provide readers with
fundamentals for understanding the role that lipids or dietary fats may play in
the nervous system. Advances in molecular technologies are allowing scientists
to tease out many specific interactions and relate them to specific functions or
functional deficits, but the overall integration will continue to pose challenges
for generations to come.
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adipose fat or adipose tissue The distribution of fat storage (adipose) cells is
genetically determined, with some individuals concentrating the cells almost
exclusively in the abdominal area (especially men), some concentrating them
in the hips and thighs (especially women), while others tend to distribute the
adipose cells throughout the body (both men and women). There is some ques-
tion about how much turnover (removal and redepositing) of fats occurs in
adipose tissue.

albumin The most abundant protein in blood plasma, albumin can bind and
transport many lipids or lipophilic substances. Fatty acids are transported
through the blood on albumin, although this is relatively minor in comparison
to the fatty acids bound to triglycerides and phospholipids that are transported
by lipoproteins.

aldosterone A steroid hormone secreted by the adrenal cortex that regulates
sodium levels in the blood by its effect on sodium resorption in the kidney
tubules.

alveoli Air sacs in the lungs that can become constricted in response to certain
leukotrienes formed from arachidonic acid acting on the smooth-muscle cells
around the alveoli.

androgens Steroid hormones responsible for masculine sex characteristics, such
as muscle mass and facial hair. These include testosterone and dehydroepi-
androsterone.

antioxidants Substances that prevent the oxidation of important biologi-
cal components. Antioxidants are usually oxidized in the process of protect-
ing other biological components but are then usually recycled or reduced by
enzymes to enable repeated cycles of their oxidation. Many natural substances,
such as vitamins A, C, and E, as well as phytochemicals (derived from plants)
are classified as antioxidants.
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apolipoproteins The protein components of lipoproteins are designated apoli-
poproteins, where apo- is a prefix used to indicate the protein portion of a pro-
teinaceous molecule that is lacking other components for its complete makeup
and ultimate function. There are several apolipoproteins that are components
of the various lipoproteins. See appendix D for a more complete description of
apolipoproteins and lipoproteins.

apoptosis When cells receive damage to critical components, there seem to be
signals within the cell for its own demise, or programmed cell death (apopto-
sis). This is self-destruction of a cell, which may provide some advantage to the
organism as a whole.

arachidonic acid One of the most important fatty acids in the body, in terms of
its biochemical and physiological effects, is represented symbolically as C20:4,
delta-5,8,11,14. It contains twenty carbons and has four carbon-carbon double
bonds. It is classified an omega-6 essential fatty acid and metabolized to numer-
ous bioactive eicosanoids and related compounds.

asthma An obstructive pulmonary disease that involves constriction of the
deeper airways of the lungs, which is triggered by contraction of smooth mus-
cles surrounding airways in response to leukotrienes formed from arachidonic
acid.

atherosclerosis The accumulation of modified or oxidized low-density lipopro-
tein (oxidized LDL) in the lining of the arteries between endothelial cells and
smooth muscle results in fatty deposits known as stenosis or atherosclerosis.
This results in reduced volume in the arteries and is usually accompanied by
high blood pressure. The fatty deposits may be encapsulated in fibrous proteins
to form plaque. Breakdown of the fibrous cap over these fatty deposits exposes
the connective proteins to blood platelets, triggering formation of thromboxane
A, that causes platelet aggregation and initiates a blood clot.

autoimmune disease Autoimmune disease results when the immune system
forms antibodies against the body’s own tissues or components. This is usually
accompanied by inflammation and destruction of the tissue that is causing the
immune response.

bile The bile salts, cholesterol, lecithin, and waste products such as bilirubin
(from breakdown of heme in hemoglobin) form the bile that is stored in the
gallbladder. Bile is usually highly concentrated in bile salts before it is secreted
into the small intestine (duodenum) after a meal is consumed. Cholesterol may
precipitate or condense in the bile to form gallstones. About 75 percent of gall-
stones are cholesterol aggregates; the other 25 percent are from bilirubin. Con-
sumption of bile salts may help to break down (dissolve) gallstones.
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bile acids/bile salts Cholesterol is oxidized in the liver to form cholic acid,
deoxycholic acid, and chenodeoxycholic acid, among others. These are collec-
tively known as bile acids. Like all organic acids, they will ionize in the neutral
medium of body fluids, forming the corresponding salts that have the -ate end-
ing ( such as cholate and deoxycholate). The bile salts act as detergents in the
digestive system, along with phospholipids such as lecithin, transforming large
dietary fat globules into an emulsion.

blood-brain barrier The blood-brain barrier results from the tight packing of
cells lining the arteries and veins in the brain, requiring all substances that
enter the brain or cerebrospinal fluid to pass through these specialized cells
rather than seeping through the spaces between cells as in other parts of the
body.

bronchoconstriction Narrowing of airways in the lungs due to contraction of
smooth muscles surrounding those airways.

bronchodilation Widening of the airways in the lungs due to relaxation of the
smooth muscles surrounding those airways.

cannabinoids This refers to all substances that bind to the same receptors in
the body that bind tetrahydrocannabinol (THC, the active component in mari-
juana or cannabis). The endogenous cannabinoids are derived from arachidonic
acid (and perhaps other long-chain polyunsaturated fatty acids). These have
wide-ranging physiological effects in the body and brain.

cell adhesion molecules (CAMs) CAMs are proteins found on the surface of the
plasma membrane of most cells that may act as scaffolding or anchoring sites
for other proteins such as connective proteins, which hold cells to one another.
CAMs can cause immune cells to stick to certain cells, such as those lining
arteries, to initiate the movement of immune cells out of the bloodstream and
into specific tissues.

cephalins These are phosphatides composed of glycerol, phosphate, two fatty
acids, and ethanolamine esterified to the phosphate group.

cholesterol The mother of all steroids in the body. Cholesterol is incorporated
into cell membranes and is metabolized to a wide range of substances, includ-
ing steroid hormones (progesterone, testosterone, cortisol, cortisone, estro-
gens), vitamin D (the sunshine vitamin), as well as bile acids or bile salts. Much
of the cholesterol in lipoproteins is in the form of cholesteryl esters.

cholesteryl esters Composed of cholesterol combined with a fatty acid, usually
an unsaturated fatty acid, forming an ester.

conjugated linoleic acid (CLA) This form of linoleic acid differs from the com-
mon fatty acid found in many vegetable oils and other sources in that it contains
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a trans and a cis double bond rather than two cis double bonds. Conjugated
double bonds occur adjacent to one another, which gives them slightly differ-
ent chemical properties. Conjugated linoleic acids (there are a few isomers) are
found in beef, dairy products, and products from other ruminants and have
been shown to have anticancer activity.

coronary artery disease (CAD) or coronary heart disease (CHD) CAD is char-
acterized by buildup of atherosclerotic plaque in the arteries supplying the
heart muscle, resulting in narrowing of these arteries and decreased oxygen
supply that can cause angina pectoris (chest pains) and may eventually result
in myocardial infarction (blood clot in the heart).

cyclooxygenase (COX) This enzyme (or group of enzymes) catalyzes reactions
of polyunsaturated fatty acids with molecular oxygen to produce prostaglan-
dins G, and H, from arachidonic acid, which are further metabolized to other
prostaglandins and thromboxanes. A wide range of drugs that inhibit this
enzyme are collectively known as nonsteroidal anti-inflammatory drugs
(NSAIDs).

cytokines Most tissues of the body can produce cytokines (protein messengers)
that usually stimulate the immune system. Cytokines are also part of the nor-
mal growth and development in the body, providing signals for a wide range
of responses. The cytokines include interferons, interleukins, tumor necrosis
factor-alpha (TNF-«), as well as many other growth factors and cell adhesion
factors.

desaturases The fatty acids are initially synthesized as saturated fatty acids, and
then specific desaturase enzymes place double bonds at specific sites in the
chain to make them unsaturated. There are at least three different enzymes in
humans that place double bonds in positions 5, 6, and 9 of the carbon chain of
fatty acids.

dihomo-gamma-linolenic acid This fatty acid is a relatively minor component
of dietary fats and oils. It is a metabolic intermediate in the conversion of lin-
oleic acid to arachidonic acid. It can be metabolized to bioactive eicosanoids,
but the bioactive products may have different activity than those from arachi-
donic acid.

docosahexaenoic acid (DHA) This long-chain omega-3 polyunsaturated fatty
acid contains twenty-two (dokosi in Greek) carbon atoms, with six (-hexa-) dou-
ble bonds (-en-). This fatty acid is important in development of the brain and
retina in the eye.

eicosanoids Eicosa- is an anglicization of ikosi, the Greek word for twenty, and is
used in the names of many derivatives of fatty acids that contain twenty carbon
atoms. Many of the eicosanoids are potent bioactive molecules. The eicosanoid
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family includes prostaglandins, thromboxanes, leukotrienes, lipoxins, and can-
nabinoids, with several members in each of these groups.

eicosapentaenoic acid (EPA) This polyunsaturated fatty acid, along with arachi-
donic acid, is one of the major precursors for the bioactive eicosanoids. It got
its name because it has twenty carbon atoms (eicosa-), with five (-penta-) double
bonds (-en-). EPA is a member of the omega-3 fatty acid family, meaning it has
double bonds extending to the third carbon from the end of the fatty acid chain
farthest from the acid group.

emulsification The suspension of lipids in an aqueous (watery) medium
through the detergent action of phospholipids and bile salts.

estrogens Steroid hormones that give rise to female sex characteristics.

extracellular Refers to materials (proteins, fluid, signaling agents) outside the
plasma membrane of a cell.

fat A term that refers to a class of lipids known as triglycerides, which are stor-
age fats in living organisms and a major source of calories in our food supply.
Traditionally, “fat” referred to triglycerides that are solid at room temperature
in contrast to oils, which are liquid at room temperature.

fatty acids Fatty acids are the simplest of lipids and are components of several
other classes of lipids, including the triglycerides, phospholipids, glycolipids,
cholesteryl esters, and waxes.

fluidity Components of cell membranes, such as receptors, transporters,
enzymes, and structural proteins, must be able to move about within the mem-
brane in order to function properly. Lateral movement within the membrane is
referred to as fluidity.

foam cells These are macrophages lining the arteries with large deposits of lipid
from having engulfed large quantities of oxidized LDL. Their appearance under a
microscope is such that they look as if they are filled with foam. These form the
fatty streaks that are a prelude to atherosclerosis.

free radicals Highly reactive substances formed by removing or adding an
atom or electron from or to the parent substance. Many of the free radicals are
derived from oxygen in the atmosphere and are oxidizing substances. Antioxi-
dants prevent the destructive effects of free radicals.

glucocorticoids Steroid hormones produced in the adrenal cortex that influ-
ence cellular metabolism and affect the body’s response to stress. These include
cortisol and cortisone.

G-proteins The G-proteins are generally associated with receptors for hormones,
neurotransmitters, and other signaling agents (e.g., eicosanoids). They bind
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guanosine triphosphate (GTP) when activated and in turn activate other pro-
teins or enzymes inside the cell.

hemostasis Stopping or controlling blood leakage from an injured blood
vessel.

homeostasis Maintenance of the chemical and physical conditions of the
body and the components of the body fluids, such as electrolytes, proteins, and
water, to keep the internal environment of the body suitable for normal life
functions.

hormone A chemical mediator that is secreted by a gland and travels through-
out the body via the bloodstream to affect or influence specific target cells.

hypoxia A condition of insufficient oxygen, usually caused by a blood clot to a
specific organ or tissue. Paradoxically, the hypoxic condition will usually result
in oxidative damage to tissue.

immune system A diverse ensemble of mobile and stationary cells in the body
that impart the ability to resist or eliminate potentially harmful foreign sub-
stances and/or damaged and abnormal cells from within the body. Recognition
and destruction of aberrant cells that may be destined to become cancerous
tumors is known as immune surveillance.

inflammation Swelling and increased temperature that arises from a series
of interrelated events involving immune cells attacking foreign substances or
damaged tissue.

intracellular Refers to any substances or activities inside the plasma membrane
of a cell.

ischemia Lack of blood supply to a tissue, usually caused by a blood clot or
restriction of blood vessels supplying that tissue.

lecithin This phospholipid is composed of glycerol, two fatty acids, phosphate,
and choline and is also known as phosphatidyl choline. Lecithin is a component
of membranes and lipoproteins, and acts as an emulsifying agent in the bile for
digestion of fats.

leukotrienes These comprise one branch of the bioactive eicosanoid family that
includes LTB,, a chemotactic agent for white blood cells (leukocytes), LTC,4, LTD,,
and LTE,, which are potent bronchoconstrictors, causing difficulty in breathing in
an acute allergic or asthmatic attack. Leukotrienes with a 4 subscript are derived
from arachidonic acid, while leukotrienes from eicosapentaenoic acid (EPA)
have a 5 subscript, reflecting the number of double bonds in the respective
leukotrienes.
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linoleic acid The most abundant polyunsaturated fatty acid in vegetable oils
such as corn, soy, sunflower, and safflower oils. This is an omega-6 essential
fatty acid and is metabolized in the body to arachidonic acid, or when con-
sumed in excess may be metabolized for energy. It is highly susceptible to lipid
peroxidation.

linolenic acid An omega-3 polyunsaturated fatty acid found in small, varying
amounts in some vegetable oils, fish, seafood, and other food sources. It is an
essential fatty acid and is metabolized to eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA) in the body.

lipases Enzymes that catalyze the hydrolysis of fatty acids from triglycerides for
mobilization and metabolism of the fatty acids.

lipid An all-encompassing term that includes fats, oils, fatty acids, phospho-
lipids, steroids, fat-soluble vitamins, and other oily substances that dissolve in
nonpolar organic solvents, such as hexane or chloroform, but do not dissolve
in water.

lipid peroxidation When polyunsaturated fatty acids are exposed to free
radicals and oxygen, they react to form a wide range of oxidized products,
including fatty acid hydroperoxides (hence the term peroxidation), aldehydes,
conjugated dienes, and malondialdehyde. The process of lipid peroxidation can
destroy cell membranes and produce oxidized LDL, which is responsible for
atherosclerosis.

lipoproteins These transport lipids through the bloodstream. Lipoprotein
particles consist of phospholipids and proteins on the surface with triglycer-
ides, cholesterol, cholesteryl esters, and other lipids in the core of the particle.
The major lipoproteins are chylomicra (or chylomicrons), very low-density lipo-
protein (VLDL), low-density lipoprotein (LDL), and high-density lipoprotein
(HDL). The composition and densities for lipoprotein are given in appendix D.

liposomes These are particles composed of a bilayer phospholipid membrane
with water on both sides of the bilayer. They have an inner aqueous compart-
ment and are surrounded by water, in contrast to micelles, which have a lipid
center. They are used to model cell membranes and have been used to encapsu-
late certain drugs for delivery to target cells in the body.

lipoxins Lipoxins are a class of bioactive eicosanoids produced from arachi-
donic acid and eicosapentaenoic acid. They are produced by many different
cells and can have a wide range of effects in different tissues.

lipoxygenases These enzymes catalyze reactions between polyunsaturated fatty
acids and molecular oxygen to produce a wide range of products, including leu-
kotrienes, lipoxins, resolvins, and neuroprotectins.
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macrophages These are immune cells that originate as monocytes in the cir-
culation but become attached to specific tissues and engulf foreign substances
or damaged tissue. Macrophages surrounding the arteries, especially the coro-
nary arteries, are responsible for removing oxidized LDL from the circulation.
Arterial macrophages with large lipid deposits from engulfed, oxidized LDL are
known as foam cells because of their appearance under a microscope.

membrane potential The voltage (potential) resulting from uneven distribu-
tion of ions (electrolytes) across a membrane. Cells generally have an abun-
dance of sodium and chloride outside the cell, with potassium and negatively
charged proteins inside the cell. This results in a voltage difference of about 60
millivolts across the membrane when the cell is at rest, with the inside of the
cell more negative and the outside more positive.

micelles Lipid-filled spheres with shells of phospholipids and perhaps other
components such as bile salts. Micelles are distinguished from liposomes in
that they have a nonpolar core rather than the bilayer membrane found in lipo-
somes, which have an aqueous core.

monocytes Immune cells in the circulation that, upon receiving certain signals,
will migrate to specific tissues where they take up residence as macrophages,
engulfing foreign substances or damaged tissue.

myocardial infarction (MI) A blood clot in the arteries that supply the heart
muscle. Myocardial infarction can be life-threatening if the clot is not dissolved
quickly. This is the medical terminology for a heart attack.

nervous system One of the body’s major regulatory systems, the nervous sys-
tem responds to the external environment by coordinating rapid changes or
activities in the body. It consists of the central nervous system (brain) and the
peripheral nervous system (the spinal cord, sensory nerves, and other nerves
throughout the body).

neuromodulators Chemical messengers that bind to receptors in the nervous
system (usually not at the synapse) and cause long-term changes in the response
of neurons to incoming signals.

neuropeptides Small proteins that act as hormones and neurotransmitters for
signaling in the body. Many of the neuropeptides are released along with classi-
cal neurotransmitters at the synapse to effect long-term actions at receptors on
nerve cells. Many are also classified as neuromodulators, neurohormones, and
neurotransmitters.

nitric oxide (NO) A gas composed of one atom of nitrogen and one atom of
oxygen. Although it is a noxious air pollutant, it is produced as a signaling agent
in the body from the amino acid arginine. Nitric oxide exerts a wide range of
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physiological effects in the body, including actions as a neuromodulator and
dilation of arteries by causing relaxation of smooth muscles surrounding the
arteries.

oil This term generally refers to triglycerides that are in liquid form at room
temperature, but there are also many substances known as essential oils that
are not necessarily triglycerides.

oleic acid The most abundant monounsaturated fatty acid in nature, with eigh-
teen carbon atoms in the chain and one double bond between C9 and Cro. It
is an omega-9 fatty acid. Like saturated fatty acids, it is not susceptible to lipid
peroxidation, but unlike its saturated counterparts, it imparts some fluidity to
membranes and fats when it is present. Olive oil and canola oil are rich sources
of this monounsaturated fatty acid. The agricultural industry has developed
other vegetable oils with high oleic acid content.

omega-3 and omega-6 Polyunsaturated fatty acids with double bonds extend-
ing to the third or sixth carbon, respectively, from the methyl end of the fatty
acid chain.

oxidation A chemical reaction that decreases the number of electrons, decreases
the number of hydrogen atoms, or increases the amount of oxygen bound to an
organic molecule. This type of reaction is characteristic of chemical changes
that occur in an atmosphere of oxygen and often involves oxygen, either directly
or indirectly.

palmitic acid The most abundant saturated fatty acid found in human tissues
and in most food sources, with high levels in palm oil, hence its name. It con-
tains sixteen carbon atoms.

paracrine This term refers to chemical messengers that are secreted by specific
cells and have an effect on many cells in a local area, in contrast to hormones,
which travel throughout the body in the blood, and neurotransmitters, which
have an effect on adjacent cells across a synapse (a narrow space between two
nerve cells). Many lipids involved in signaling are paracrine messengers.

peptide Refers to small protein substances composed of several (generally
between three and sixty) amino acids linked together in peptide bonds. There
are neuropeptides (neurotransmitters) and peptide hormones, with many pep-
tides functioning as both.

phagocytosis The engulfing (endocytosis) of large or complex multimolecular
particles by a cell.

phosphatides Phospholipids containing glycerol, two fatty acids, phosphate,
and usually an alcohol group that is esterified to the phosphate. When it lacks
the alcohol group it is called phosphatidic acid. Phosphatides include lecithin
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(phosphatidyl choline), phosphatidyl ethanolamine, phosphatidyl serine, and
phosphatidyl inositol; the latter usually having additional phosphates on the
inositol group.

phospholipids Polar lipids that form bilayer lipid membranes and monolayers
surrounding lipoproteins and micelles. The phospholipids include phospha-
tides, plasmalogens, and sphingomyelins.

phosphorylation This term refers to the process of attaching a phosphate group
to a molecule. Phosphorylation is catalyzed by enzymes, which are often acti-
vated by signals from molecular messengers. The phosphate is usually derived
from adenosine triphosphate (ATP) but may come from other sources. Phos-
phorylation can affect the activities of enzymes to dramatically alter cellular
metabolism, and may affect other proteins such as receptors, ion channels,
structural proteins, and transporters.

plasma When blood is collected with an anticoagulant and centrifuged, the
red and white blood cells will settle to the bottom of the centrifuge tube. The
supernatant, which contains most of the lipoproteins, proteins. and smaller
molecules such as sugar, hormones, and electrolytes is known as plasma. It dif-
fers from serum in that it still contains fibrinogen and other clotting factors.

plasmalogens These phospholipids contain glycerol, phosphate, one fatty acid,
and one alkyl group connected to the glycerol through an ether linkage. The
alkyl group often has a double bond near the ether linkage, which gives it anti-
oxidant properties. The high levels of these phospholipids in tissues with high
levels of docosahexaenoic acid (DHA) suggest that they are protecting the DHA
from lipid peroxidation.

platelets Specialized cells (or cell fragments) in the blood that contain no
nucleus or other organelles but have enzymes for certain types of metabolism.
They are responsible for initiating a blood clot. The platelets have enzymes to
convert arachidonic acid to thromboxane A,, which causes platelets to aggre-
gate and causes smooth muscles surrounding the local arteries to contract and
constrict the blood vessel for clot formation.

polyunsaturated fatty acids Acids that have multiple (two or more) double
bonds between carbon atoms in the fatty acid chain. These tend to impart
greater fluidity to fats and membrane phospholipids when they are present in
abundance.

postsynaptic and presynaptic neurons Neurons form synapses (specialized
narrow spaces between cells) where presynaptic neurons release neurotransmit-
ters that migrate across the synapse to bind receptors on the postsynaptic cells
(neurons may communicate with many types of receptive cells, such as neurons,
glands, and muscles).
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prostaglandins A branch of the bioactive eicosanoids that include PGD,, PGE,,
and PGF, . The 2 subscript indicates there are two carbon-carbon double bonds
in the structure, whereas a 3 subscript would represent three double bonds and
a I subscript would indicate one double bond. The 1-series of prostaglandins
is derived from dihomo-gamma-linolenic acid (DHGLA), the 2-series is formed
from arachidonic acid, and the 3-series from eicosapentaenoic acid (EPA). The
different series of prostaglandins will display similar physiological actions, but
with subtle differences in activity.

protein kinases Enzymes that catalyze the addition of phosphate (phosphoryla-
tion) to specific proteins. ATP is the source of the phosphate group that is trans-
ferred to the target protein, and the phosphorylation usually results in a drastic
change in the activity or function of the target protein.

proteolytic enzymes or proteases Enzymes that hydrolyze (break down or
digest) proteins. Some types of proteases require a metal cofactor for activity
and are known as metalloproteases. These are often found in the extracellular
fluid where the immune system is active and may damage or begin destroying
structural proteins in atherosclerotic plaque to trigger formation of a blood clot.
Their normal function is to break down protein when repairing tissue.

receptors Proteins that bind to specific chemicals or messengers and are linked
to other proteins that produce some response in the cell where the receptor
is located. Receptors may be linked to ion channels that open when the mes-
senger binds the receptor, or they may be linked to other proteins, such as
enzymes that catalyze some transformation. The net effect is that something will
be altered in the cell as a result of messengers binding to receptors.

saturated fatty acids These acids have no double bonds between carbon atoms
in the fatty acid chain. They are not susceptible to lipid peroxidation and are
the most common fatty acids in cell membranes, with palmitic acid predominat-
ing in the human body.

second messenger An intracellular chemical or ion (e.g., Ca2*) that is produced
when a primary messenger (hormone, neurotransmitter, paracrine factor) binds
to a receptor that triggers the production of the secondary messenger inside
the cell. The second messenger will generally alter the protein by activating or
inhibiting its function.

serum When blood is collected and allowed to coagulate, removing large
amounts of protein clotting factors, and subsequently centrifuged to remove
blood cells, the remaining serum (supernatant) contains lipoproteins, nonclot-
ting proteins, and smaller molecules and electrolytes.

signal transduction This is the net effect of events following the binding of a
primary messenger to a receptor, which leads to some change in the cell receiv-
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ing that signal. It is usually a change in concentration of ions (when ion chan-
nels are opened) or in the activities of proteins when second messengers are
produced.

sphingolipids Polar lipids containing sphingosine, a fatty acid, and either a
phosphate or carbohydrate group. An alcohol, such as choline, is usually esteri-
fied to the phosphate to form sphingomyelins. Cerebrosides have glucose or
galactose as the carbohydrate group, and when there are multiple sugars to
form an oligosaccharide, the substance is known as a ganglioside.

stearic acid A saturated fatty acid with eighteen carbon atoms in the fatty acid
chain. It is abundant in cocoa butter and chocolate but is also found in signifi-
cant amounts in most animal fats.

steroids Organic chemicals with a characteristic structure containing three
hexagonal rings and one pentagonal ring. Cholesterol is the parent steroid in
animals. Plant steroids have the same rings in their structures but differ in the
groups attached to these rings. Many steroid hormones are formed in the body
from cholesterol.

synapse A specialized junction where communication can take place between
two cells. The communication is usually in the form of chemicals (neurotrans-
mitters) being released by one (presynaptic) cell and binding to the other (post-
synaptic) cell. There are numerous specialized proteins in the membranes of
each cell where the synapse is formed.

target cells Extracellular signals (hormones, neurotransmitters, paracrine fac-
tors) affect only cells that have receptors for those messengers. If a cell has a
receptor for a particular messenger, it is considered a target cell for that mes-
senger.

thromboxanes These are eicosanoids derived from twenty-carbon polyunsatu-
rated fatty acids that cause platelets to aggregate and cause blood vessels to
constrict. This sets up further reactions in the cascade that eventually produces
a blood clot. The most potent is thromboxane A, (TXA,), which is derived from
arachidonic acid, whereas TXA,, derived from eicosapentaenoic acid, is less
potent at platelet aggregation and vasoconstriction.

thrombus A blood clot attached to the inner lining of a blood vessel.

trans fats These are typically monounsaturated fatty acids with trans double
bonds. They are found in partially hydrogenated vegetable oils used in mar-
garine and shortening. Trace amounts of trans-fatty acids are found in meat
and milk products from ruminants. These fatty acids can increase serum total
cholesterol and LDL cholesterol, although their effects (positive or negative) on
health are not well established. The food industry has drastically reduced the
amount of trans fats in its products.
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triglycerides or triacylglycerols Storage lipids containing three (tri-) fatty acids
(-acyl-) esterified to a glycerol molecule. Triglycerides are the major components
of dietary fats and oils, and the fats in adipose tissue. They are transported
through the blood primarily in the larger lipoprotein particles, chylomicra and
VLDL.

unsaturated fatty acids Fatty acids with at least one (monounsaturated) double
bond between carbon atoms, as in oleic acid, or with two or more (polyunsatu-
rated) double bonds between carbon atoms in the fatty acid chain, as in linoleic
and linolenic acids and their longer-chain derivatives.

vasoconstriction and vasodilation The narrowing and widening of blood ves-
sels in response to specific signals or messengers. Thromboxane A, causes con-
striction of blood vessels by signaling smooth muscles to contract. Prostaglandin
I, and nitric oxide cause vasodilation by signaling the smooth muscles to relax.
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