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Series Editor’s Preface

The Functional Foods and Nutraceuticals Book Series, launched in 1998, was devel-
oped to provide a timely and comprehensive treatment of the emerging science and
technology of functional foods and nutraceuticals which are shown to play a role in
preventing or delaying the onset of diseases, especially chronic diseases. The first
five titles in the Series, Functional Foods: Biochemical and Processing Aspects.
Volumes 1 and 2; Herbs, Botanicals, and Teas; Methods of Analysis for Functional
Foods and Nutraceuticals; Handbook of Fermented Functional Food; and Handbook
of Functional Dairy Products, have received broad acceptance by food, nutrition,
and health professionals.

Functional Foods: Biochemical and Processing Aspects, Volume 1, the first volume
of the series, is a best seller and is devoted to functional food products from oats,
wheat, rice, flaxseed, mustard, fruits, vegetables, fish, and dairy products. In Volume
2, the focus is on the latest developments in the chemistry, biochemistry, pharma-
cology, epidemiology, and engineering of tocopherols and tocotrienols from oil and
cereal grain, isoflavones from soybeans and soy foods, flavonoids from berries and
grapes, lycopene from tomatoes, limonene from citrus, phenolic diterpenes from
rosemary and sage, organosulfur constitutes from garlic, phytochemicals from
Echinacea, pectin from fruit, and omega-3 fatty acids and docosahexaenoic acid (DHA)
from flaxseed and fish products. Volume 2 also covers solid–liquid extraction tech-
nologies for manufacturing nutraceuticals and dietary supplements.

The volume Herbs, Botanicals, and Teas provides an in-depth literature review
of the scientific and technical information on the chemical, pharmacological, epide-
miologic, and clinical aspects of garlic, ginseng, Echinacea, ginger, fenugreek,
St. John’s wort, Ginkgo biloba, kava kava, goldenseal, saw palmetto, valerian,
evening primrose, licorice, bilberries and blueberries, and green and black teas. The
book, which is superbly referenced, also contains chapters on international regula-
tions and quality assurance and control for the herbal and tea industry.

The volume Methods of Analysis for Functional Foods and Nutraceuticals pre-
sents advanced methods of analysis for carotenoids, phytoestrogens, chlorophylls,
anthocyanins, amino acids, fatty acids, flavonoids, water-soluble vitamins, and car-
bohydrates. The fifth volume of the Series, Handbook of Fermented Functional
Foods, provides a comprehensive, state-of-the-art treatment of the scientific and
technological information on the production of fermented foods, the microorganisms
involved, the changes in composition that occur during fermentation, and, most
importantly, the effect of these foods and their active ingredients on human health.

The volume Handbook of Functional Dairy Products addresses the latest develop-
ments in functional dairy ingredients and products, with a clear focus on the effect of
these foods and their active ingredients on human health. This volume contains
outstanding chapters dealing with probiotic lactobacilli and bifidobacteria, lactose
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hydrolyzed products, trans-galactooligosaccharides as prebiotics, conjugated
linoleic acid (CLA) and its antiatherogenic potential and inhibitory effects on chem-
ically induced tumors, immunoenhancing properties of milk components and pro-
biotics, and calcium and iron fortification of dairy products.

The current volume, Handbook of Functional Lipids, edited by Professor Casimir
C. Akoh, presents up-to-date information on all major scientific and technological
aspects of functional lipids, including isolation, production, and concentration of func-
tional lipids; lipids for food functionality; lipids with health and nutritional function-
ality; and the role of biotechnology for functional lipids. Some distinctive features of
this book include in-depth treatments of structured lipids, γ-linolenic acid, marine
lipids and omega-3 fatty acids, fortification of foods with eicosapentaenoic acid
(EPA) and docosahexanoic acid (DHA), fat substitutes, trans fatty acids and trans-
free lipids, the action of CLA in human subjects, extraction and purification of fatty
acids, physical properties of lipids, and potential markets for functional lipids. The
book contains 23 excellent chapters written by 34 international experts at the fore-
front of lipid science and technology. It is hoped that the effort will be beneficial to
food, nutrition, and health practitioners as well as students, researchers, and entre-
preneurs in industry, government, and university laboratories.

G. Mazza, Ph.D., FCIFST
Series Editor
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Preface

Functional lipids can be broadly described as lipids that provide specific health
benefits when consumed and/or that impact a specific functionality of a food product.
The desired functionality may be a physical or chemical property. Other terms that
can be used to describe functional lipids are lipids with physiological function,
nutritional lipids, and medical and pharmaceutical lipids.

The food industry and consumer are interested in functional foods and hence
the development of functional lipids to serve consumer needs. Obviously, this book
is intended as a reference source for members of the food industry, nutritionists,
product development scientists, and researchers who have an interest in providing
the consumer with healthy and beneficial foods. In addition, academicians and students
will find it helpful in their research to avoid reinventing the wheel. The book contains
up-to-date references and emerging areas of industry and research interests. Experts
in the field from different parts of the world were carefully selected to develop
chapters in their areas of interest. 

The functional food market is growing and will soon reach $20 billion. Functional
lipids have general as well as niche market appeal. Asian countries have already
embraced the concept of functional lipids by marketing various lipids with nutraceu-
tical properties. The introduction of infant formula containing docosahexaenoic acid
into the American market is a step in the right direction. Various sterol esters are
now delivered in various forms to the consumer. Omega-3-containing oils, such as fish
oil, are sought after worldwide because of their many health benefits in alleviating
chronic human diseases.

Many books have addressed the issue of dietary lipids and health, but none are
devoted to functional lipids. Many articles have been published on the isolation,
synthesis, applications, and physical and chemical properties of lipids. This book also
covers the market potential for functional lipids that was not addressed by previous
books in the same general area. This book is divided into four sections of related
topics for easy comprehension.

Casimir C. Akoh
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About the Editor

Professor Casimir C. Akoh has a B.S. (1981) and an M.S. (1985) in biochemistry
from the University of Nigeria and Washington State University, respectively, and
a Ph.D. (1988) in food science (lipid chemistry and biochemistry) from Washington
State University. Dr. Akoh is a distinguished research professor of food science at the
University of Georgia, Athens, where he teaches courses on food biotechnology, food
lipids, and food carbohydrates. Dr. Akoh’s research work is in lipid biochemistry,
chemistry, biotechnology, and nutraceuticals. He is an internationally recognized
expert on low-calorie fat substitutes and structured lipids (e.g., olestra). He has
obtained three patents on fat substitutes, structured lipids, and frying oil recovery. 

Dr. Akoh has edited the books Carbohydrate Polyesters as Fat Substitutes and
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Dr. Akoh received the International Life Sciences Institute Future Leader
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Ability in Research in Food Science and Technology, the University of Georgia
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1.1 INTRODUCTION

 

In the late 1980s consumers began to recognize that certain foods and food supplements
could have an impact on health. The first phase of this “health and wellness revolution”
belongs to dietary supplements that, through the passage of the Dietary Supplement
Health and Education Act (DSHEA) in the United States in 1994 [1], market dynamics
changed significantly — initially to the positive and then to the negative.

For the food industry, it has been a somewhat different story that has yet to play
itself out. The United States responded to industry pressure in 1990 by enacting the
Nutrition Labeling and Education Act (NLEA) [2] to allow manufacturers to promote
the benefits of their food products. This regulatory framework ‘‘kick” started the functional
foods revolution in the North American marketplace, which welcomed new food product
introductions, a revival of science, and consumer interest.

The 1980s were a period of rapid expansion in scientific knowledge about
polyunsaturated fatty acids (PUFAs), in general, and omega-3 PUFA, in particular.
Both omega-3 and omega-6 PUFAs are precursors of hormone-like compounds
known as eicosanoids, which are involved in many important biological processes
in the human body. Recently it has been suggested that the typical “Western” diet,
which is relatively high in omega-6 PUFA and low in omega-3 PUFA, may not
supply the appropriate balance of PUFAs for proper biological function. As such, a
significant industry has developed to produce and market lipids for dietary supple-
ments as well as ingredients for functional foods.

 

1.2 FUNCTIONAL FOODS

 

“Functional foods” is essentially a marketers’ or an analysts’ term and globally is not
recognized in law or defined in the dictionary. For the purposes of this report, the
definition of functional foods as proposed by Health Canada will be used. In 1998, it
was proposed that a functional food was “similar in appearance to a conventional food,
consumed as part of the usual diet, with demonstrated physiological benefits, and/or
to reduce the risk of chronic disease beyond basic nutritional functions” [3].
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As a category, functional foods include

• Conventional foods containing naturally occurring bioactive substances
(such as dietary fiber in wheat bran to promote digestive regularity or

 

β

 

-glucan in oat bran to lower blood cholesterol)
• Foods that have been modified, by enrichment or other means, in terms

of the amount, type, or nature of their bioactive substances, example,
margarine that contains added phytosterol, an extract from plant sources
that is known to interfere with cholesterol absorption, thereby lowering
serum cholesterol levels

• Synthesized food ingredients, such as some specialized carbohydrates
intended to feed microorganisms in the gut

 

1.2.1 U

 

NITED

 

 S

 

TATES

 

The most commonly referenced definition for a functional food in the United States
is that used by the California-based 

 

Nutrition Business Journal

 

 (

 

NBJ

 

) [4]. 

 

NBJ

 

 defines
a functional food as fortified with added or concentrated ingredients and/or marketed
to emphasize “functionality” to improve health or performance. Unlike Health
Canada’s definition, 

 

NBJ

 

 includes “substantially fortified,” “inherently functional,” and
“performance” foods within its definition.

 

1.2.2 J

 

APAN

 

Japan is the only country with a regulatory framework for functional foods. Foods
for Specified Health Uses (FOSHU) are defined as those to which a functional
ingredient has been added for a specific health effect, designed to promote or
maintain good health. Under FOSHU such foods include those that contain func-
tional substances that affect the physiological function and biological activities of
the body; and those that claim if used in the daily diet, one can hope for a specified
health benefit. Under the legislation, such foods must be evaluated individually and
approved by the government. FOSHU can also be used for dietary supplements [5].

 

1.2.3 E

 

UROPE

 

As in North America, several definitions of functional foods are used throughout
the 15 countries of the European Union (EU). The most widely accepted definition
is “foods that by virtue of physiologically active food components provide health
benefits beyond basic nutrition” [6].

 

1.3 DIETARY SUPPLEMENTS

1.3.1 U

 

NITED

 

 S

 

TATES

 

In 1994, the DSHEA was passed in the United States as an amendment to the Federal
Food Drug and Cosmetic Act [7]. DSHEA regulates dietary supplements, which are
defined as “a product, other than tobacco, intended to supplement the diet that
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contains at least one or more of the following ingredients: a vitamin, a mineral, an
herb or other botanical, an amino acid, or a dietary substance for use to supplement
the diet by increasing the total dietary intake; or a concentrate, metabolite, constit-
uent, or extract or combination of any of the previously mentioned ingredients.”

 

1.3.2 C

 

ANADA

 

 

 

Canada is the only global jurisdiction that has legislation related to “natural health
products (NHPs).” Final regulations for this new category were published in 

 

Canada
Gazette II

 

 on Wednesday, June 18, 2003 [8]. In Canada, NHPs include homeopathic
preparations, substances used in traditional medicine, a mineral or trace element, a
vitamin, an amino acid, an essential fatty acid, or other botanical, animal, or micro-
organism-derived substance. These products are generally sold in a medicinal or
“dosage” form. Until publication of 

 

Canada Gazette II

 

, the working definition for
a nutraceutical in Canada has been “a product that has been isolated or purified from
foods and generally sold in medicinal forms not usually associated with food.
Nutraceuticals have been shown to exhibit a physiological benefit or provide pro-
tection against chronic disease.” Health Canada decided that the product category
of nutraceuticals would be encompassed within NHP regulations.

However, like functional foods, although the nutraceutical category is not recog-
nized in law, it is used extensively as a marketing term for plant- and animal-based
bioactives and ingredients that are sold in a medicinal form.

 

1.3.3 E

 

UROPE

 

In the EU [9], dietary supplements are referred to as “food supplements,” the purpose
of which is to supplement the normal diet and to be concentrated sources of nutrients
or other substances with a nutritional or physiological effect, alone or in combination,
marketed in dose form. Such dosages are capsules, pastilles, tablets, pills and other similar
forms, sachets of powder, ampoules of liquids, drop dispensing bottles, and other similar
forms of liquids and powders designed to be taken in measured small unit quantities.

The EU adopted Directive 2002/46/EC on June 10, 2002, with the requirement
that it be passed into national laws by all member states by July 31, 2003 [10]. It
deals with laws relating to food supplements. The nutrients that are included are
restricted to vitamins and minerals. Additional nutrients such as amino acids, essen-
tial fatty acids, and fiber may be added later. In countries where products currently
exist that include ingredients not yet on the EU Directive List, these will be able to
continue to be marketed, but not permitted, for EU-wide use.

 

1.3.4 J

 

APAN

 

Since 2001, 13 vitamins, 13 minerals, and 101 herbal supplements have been reg-
ulated within the food category, rather than as drugs. In April 2001, Japan imple-
mented new regulations allowing dietary supplement labels to provide health and
efficacy information for the first time. Dietary supplements may now carry claims
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that are regulated under FOSHU or nutrient content claims. Herbals that carry health
claims are considered within the more stringent FOSHU regulations. Currently, 12
vitamins and 2 minerals have been placed within the nutrient content category. This
area represents 20% of the nutritional supplements market, while the remaining 80%
is classified as either FOSHU (requiring individual approvals for health claims) or
“other food” for which no health or efficacy claims are allowed.

With regard to market segregation, functional foods lie between the health-care
continuum of foods and drugs as indicated in the Figure 1.1 [4].

 

1.4 THE GLOBAL MARKET

 

For 2003, the NBJ estimated current world consumption of NHPs, nutraceuticals,
and functional foods to be approximately US$172 billion [11]. The primary markets
for supplements and functional foods are the United States, Europe, Japan, and
Asia [12].

 

1.5 MACRO TRENDS AFFECTING THE FUNCTIONAL 
FOOD INDUSTRY

 

Several macro trends are driving the growth of the global functional foods industry.

 

1.5.1 T

 

HE

 

 R

 

ISING

 

 C

 

OST

 

 

 

OF

 

 H

 

EALTH

 

 C

 

ARE

 

 R

 

ELATED

 

 

 

TO

 

 C

 

HRONIC

 

 D

 

ISEASE

 

In 2001 [13], chronic diseases contributed approximately 60% of all deaths world-
wide and 46% of the total burden of disease. Almost half of these deaths are from
cardiovascular diseases, obesity, and diabetes. In most developed countries health-
care costs average between 9 and 14% of the gross national product.

 

FIGURE 1.1

 

Context for functional foods and dietary supplements.

U.S. food industry
Functional

food industry

Pharm/Drug
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1.5.2 T

 

HE
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OLE

 

 

 

OF
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OOD
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REVENTION
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TRATEGIES

 

There is limited information regarding the impact of nutritional strategies in disease
prevention and health-care cost reduction. Some case studies, however, are available
that support the use of functional foods to improve the health of populations.

According to Unilever, a reduction of low-density lipoprotein (LDL) choles-
terol by 14% through the consumption of a cholesterol-lowering margarine, if
sustained over a 5-year period, could result in a roughly 25% decrease in coronary
risk in the U.K. population [14]. If this risk reduction were achieved in practice,
this would reduce U.K. heart disease patient numbers by 250,000 and save the U.K.
health-care system £433 million.

One of the principal examples is the introduction of margarine spreads fortified
with plant sterols in the United Kingdom. The U.K. National Health Service estimated
that these products have the potential to lower health-care costs for cardiovascular
disease by £100 million per year. An added benefit to this cost savings is the fact
that this reduction can be delivered at an annual cost of only £70 per patient per
annum, which is borne at the expense of the patient and not the government [15].

In Canada, Holub suggests that there is a potential for the Canadian government
to save an approximate Can$19 billion in health-care costs per annum [16] with the
introduction of several functional foods and nutraceutical ingredients, including
citrus pectins, guar gum, plant sterols, long-chain omega-3 PUFAs, cholestin (red
rice yeast), and policosanol into the diet.

 

1.5.3 S

 

AFETY
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OXICOLOGY
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Functional or nutraceutical ingredients, although intended to produce a physio-
logical effect, which can reduce chronic disease risk or otherwise optimize health,
may also produce adverse effects under certain circumstances due to the fact that
they encompass elements of drugs, nutrients, and food additives [17]. Thus, assurance
of safety for functional/nutraceutical ingredients is critical, particularly because they
are consumed by the general population in an unsupervised manner (e.g., without
medical oversight). When evaluating the safety of functional/nutraceutical ingre-
dients, clinical substantiation of safety is critical and, in particular, whether current
or historical human exposure is associated with an adverse health outcome.

Although a functional food or nutraceutical ingredient is intended to produce
optimized consumer health, because there is potential for lifetime exposure and
consumption if unsupervised, the assurance of safety is critical. The primary safety
must be derived from well-controlled randomized, double-blind human clinical
intervention trials. Safety must encompass an understanding of the physiological
activity of the functional/nutraceutical component, as it relates not only to a potential
health benefit, but also to any potential toxicological effect that may result.

 

1.5.4 G

 

LOBALIZATION

 

 

 

OF

 

 

 

THE

 

 F

 

OOD

 

 I

 

NDUSTRY

 

Many large multinational companies see the functional food industry as a way to
escape the commoditization of their products, as the profit margins in functional
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foods tend to be higher. In North America, 5 companies control nearly 40% of the
market, while the top 50 control nearly 80% of the market.

 

1.6 UNITED STATES

1.6.1 M

 

ARKET

 

In 2003, the sale of nutrition products consisting of dietary supplements and herbs,
natural and organic foods, functional foods, and natural personal care products
generated US$61.9 billion in consumer sales. The dietary supplement market gen-
erated $19.4 billion in the United States, growing only 1 to 3% from 2002 [18]. The
functional food market grew 10% to sales of $21.9 billion in 2003 [18].

A key characteristic of the U.S. functional food market is a large focus on disease
and its prevention. Products aimed at lowering blood cholesterol levels and cancer
risk, as well as weight loss, have characterized the U.S. market. The use of botanicals
in functional foods is much more popular than in Europe or Japan. Breads and grains,
especially enriched breakfast cereals, followed by functional beverages (teas and
energy drinks) are the primary functional food products in the U.S. market. Snack
foods including nutrition bars are one of the fastest growing functional categories,
experiencing a 23% rate of growth in 2003 [18].

 

1.6.2 C

 

ONSUMER

 

 T

 

RENDS

 

In the United States, chronic disease represents about 70% of health-care costs. The
U.S. Centers for Disease Control and Prevention (CDC) [19] predicted that obesity
and overweight may contribute as much as $120 billion to health-care costs. Approx-
imately 129.6 million Americans, or 64%, are overweight or obese. This has led to
an increased interest in and purchase of weight loss products. The Valen Group [20]
predicts that 59 million, or 28%, of Americans will purchase low-carbohydrate foods
in the next year. 

 

NBJ

 

 [21] estimates sales of low-carb foods reached $1.4 billion in
2003 and could reach $3 billion in the next few years.

With regard to omega-3 fatty acids, a consumer survey quoted in 

 

NBJ

 

 found
that in 2002, 58% of consumers were aware of omega-3, up from 46% in 1999 [22].
In addition, the notion of “mega” fish oil consumption has been championed by
Barry Sears in 

 

The Omega Rx Zone: The Miracle of the New High Dose Fish Oil

 

,
and commercialized as OmegaRx high-dose fish oil and OmegaZone Bar with
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Sears’ diet specif-
ically recommends the inclusion of omega-3 fatty acids in low and moderate car-
bohydrate diets [23]. Other early entrants in the high-potency foods include salmon
burgers by AQUACUISINE with 1000 mg of omega-3 per serving [24].

 

1.6.3 R

 

EGULATORY

 

 R

 

EVIEW

 

The United States has a wide variety of fortification policies and health claim
labeling, which permit consumers to make informed dietary choices. Health claims
that can be used on food and dietary supplement labels fall into three categories:
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risk reduction claims, nutrient content claims, and structure/function claims. The
responsibility for ensuring the validity of these claims rests with the manufacturer,
Food and Drug Administration (FDA), or, in the case of advertising, with the Federal
Trade Commission (FTC).

The NLEA of 1990 directed the FDA to change the way that food labels were
regulated in order to make additional nutritional information available to consumers.
As defined in this act, a health claim is a “statement that characterizes the relationship
of a substance to a disease or a health-related condition, typically in the context that
the regular dietary consumption of a substance may reduce the risk of a specific
disease or health condition.” Within the labeling claims, references that the food is
intended to “cure,” “mitigate,” or “prevent” any disease are not permitted.

In 1994, the FDA reviewed several diet–disease relationships and established
seven allowable risk-reduction health claims that can be made on conventional foods
as long as they meet specific nutritional criteria related to fat, saturated fat, cholesterol,
sodium, vitamin A, vitamin C, iron, calcium, protein, and fiber.

In January 1997, the FDA approved the first food-specific health claim under
the NLEA, in response to a petition from the Quaker Oats Company. The authorized
health claim describes the relationship between consumption of whole oat products
and coronary heart disease risk reduction.

The FDA Modernization Act (FDAMA) became law in November 1997 [25]. It
contains provisions to reduce the regulatory hurdles in the health claim approval
process. Specifically, it directs the FDA to authorize health claims that are based on
the published authoritative statements from U.S. government agencies such as the
CDC, the National Academy of Sciences (NAS), or the National Institutes of Health
(NIH). An authoritative statement is about the relationship between a nutrient and
a disease or health-related condition. Within FDAMA, health claims can be made
without going through the lengthy FDA review process, if they have already been
published by these agencies. Premarket notification to the FDA of 120 days is
required. In July 1999, General Mills received no objection for a claim linking whole
grain foods to reduced risk of heart disease and cancer, based on statements from
the NAS.

In December 2003, the FDA’s Consumer Health Information for Better Nutrition
Initiative was announced [26]. The new system allows the use of qualified health claims
when there is emerging evidence for a relationship between a food, food component,
or dietary supplement and reduced risk of a disease or health-related condition. In
this case, the evidence is not well enough established to meet the significant scientific
agreement standard required for the FDA to issue an authorizing regulation. Qual-
ifying language is included as part of the claim to indicate that the evidence sup-
porting the claim is limited. Both conventional foods and dietary supplements may
use qualified health claims.

The claims currently permitted in the United States are listed below:

 

NLEA

 

• Calcium: osteoporosis
• Sodium: hypertension
• Dietary fat: cancer
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• Saturated fatty acids and cholesterol: coronary heart disease
• Fiber-containing grain products, fruits, and vegetables: cancer
• Fiber-containing grain products, fruits, and vegetables: risk of coronary

heart disease
• Fruits and vegetables: cancer
• Folate: neural tube defects
• Dietary sugar alcohols (sorbitol, xylitol, mannitol): dental caries
• Dietary soluble fiber (whole oats and psyllium): coronary heart disease
• Soy protein: coronary heart disease
• Sterols/stanols: risk of coronary heart disease

 

FDAMA

 

• Whole grains: coronary heart disease and certain cancers
• Potassium and sodium: hypertension

 

Qualified

 

• Omega-3 fatty acids (EPA and DHA): coronary heart disease
• Vitamin B

 

6

 

, vitamin B

 

12

 

, and folic acid: coronary heart disease
• Walnuts and other tree nuts: coronary heart disease
• Selenium: cancer
• Antioxidant vitamins (E and/or C): coronary heart disease
• Phosphatidylserine: cognitive dysfunction and dementia

 

1.7 EUROPEAN UNION

1.7.1 M

 

ARKET

 

For dietary supplements like functional foods, the EU represents a dichotomous
market with regional differences apparent in market growth and individual product
sales. According to EuroMonitor [27], the overall European market for dietary
supplements experienced a growth rate of 2.2% in 2001 with sales at US$3.6 million.
The European market for functional foods in 2002 was worth about 

 

€

 

5.7 billion,
and is forecast to grow by an average of 7.5% per year over the next 5 years to
reach a value of 

 

€

 

8.2 billion by 2007, at 2002 prices and exchange rates.

 

1.7.2 C

 

ONSUMER

 

 T

 

RENDS

 

Several consumer reports have identified the EU consumer market for functional
foods as very diverse and heterogeneous, with different populations concerned with,
and suffering from, differing health concerns. However, as in North America, the
need to maintain a healthy, active lifestyle, to look and feel good, and to enjoy tasteful
food is paramount for the EU consumer.

 

1.7.3 R

 

EGULATORY

 

 R

 

EVIEW

 

Directives within the EU continue to pose problems for regulators and marketers alike.
The EU adopted Directive 2002/46/EC on June 10, 2002, with the requirement that it
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be passed into national laws by all member states by July 31, 2003 [10]. It deals with
laws relating to food supplements and includes only vitamins and minerals.

It should be emphasized that the obstacles to marketing functional foods are
very high. There are currently EU-wide initiatives to modify health claims regulation,
which are expected to be complete by 2005. Many industry experts believe that only
large EU-based companies will be able to fulfill requirements for scientific support
for health claims that will be required and to ensure accurate translation of claims
into over ten different languages.

 

1.8 JAPAN

1.8.1 M

 

ARKET

 

The dietary supplement market in Japan remains undeveloped in comparison with
those of the United States and Europe. The regulatory environment for nutritional
supplements is restrictive and cumbersome [28]. Most dietary supplements are
marketed through nonretail venues including the Internet and multilevel marketing
firms. Japan is widely recognized as the most developed and established market for
functional foods in the world and has the second largest functional food market
behind the United States with a value of approximately US$12.5 billion.

 

1.8.2 C

 

ONSUMER

 

 TRENDS

In 2001, of the Japanese population 18% was 65 years or older in comparison to
13% in the United States [29]. By 2025, this percentage will increase to 28% and
18% in Japan and the United States, respectively. The Ministry of Heath and Welfare
for Japan estimated that of deaths per 100,000 people, cancer claimed 239; heart
diseases, 118; cardiovascular diseases, 105; pneumonia, 66; and for 1998, 10 deaths
were related to diabetes [30]. The Japanese consumer spends US$166 per capita on
nutraceuticals per year, which is higher than in any other country.

1.8.3 REGULATORY REVIEW

Planning a strategy for functional food marketing in Japan is not an easy task.
Food and supplement companies are faced with a number of pathways in a maze
of regulations. FOSHU is one of the five categories covered under “Foods for
Special Dietary Uses.” Since the passage of FOSHU, the public’s interest in the
relationship between nutrition, diet, and lifestyle-related diseases and disorders
has flourished.

Since the inception of FOSHU in 1991, functional food sales have been growing
at an average of 25% annually. The FOSHU market currently accounts for nearly
US$4.1 billion of the total health food industry in Japan, which was estimated to
be worth $12 billion in 2004. Currently, the “nonhealth claim” functional food market
represents the largest sector of Japan’s food industry at around $8 billion. This is
followed by a newer category known as Foods with Nutrient Function Claims at an
estimated $5 billion and including over 1000 products according to a recent Japanese
market report [31].
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Of the seven health benefit categories approved under FOSHU, 54% of products
and 67% of sales are generated by the gastrointestinal health foods category.
Functional pre- and probiotic drinks and yogurts dominate the market. Of the 396
FOSHU products currently approved, 150 use fiber sources, 70 use oligosaccharides,
70 use peptides and proteins, 55 use lactic acid bacteria, and 10 each use diacylglycerides
and minerals such as calcium and iron. Other ingredients include noncarcinogenic
sweeteners, polyphenols, chitosan, β-carotene, green tea catechins, and DHA.

1.9 OMEGA-3 FATTY ACIDS AS INGREDIENTS IN 
FUNCTIONAL FOODS AND NUTRACEUTICALS

Over the past 150 years, significant changes in the composition of the food supply of
Western societies have occurred resulting in an increase in consumption of omega-6
PUFA and a corresponding decrease in intake of omega-3 PUFA. Today, the ratio of
omega-6 to omega-3 in North America is estimated to be in the range of 10:1 to 25:1,
in comparison with a ratio of 1:1 characteristic of diets of the Paleolithic era [32].

This alteration in the food supply and subsequent shift in the ratio of omega-6
to omega-3 PUFA is attributed to a number of factors. Modern food production
methods decreased the omega-3 fatty acid content of many foods, including animal
meats, eggs, and fish. The use of grain feeds, which are rich in omega-6 but poor
in omega-3 PUFA, has altered the fatty acid composition of domestic livestock and
thus of meats and eggs in the modern food supply. Today, domestic beef contains
little to no detectable amounts of omega-3 PUFA. Aquaculture produces fish that
contain less omega-3 PUFA than those that grow naturally and feed on plankton in
the oceans, rivers, and lakes. The industrial revolution introduced vegetable oil
technology and popularized the use of cooking oils from sunflower, peanut, and
corn, all good sources of omega-6 PUFA.

1.10 THE FUNCTIONAL LIPID INDUSTRY

In 2002, fish oil surpassed other specialty supplements with growth of 32% for total
consumer sales of US$131 million, of which $78 million was in the mass market
and $35 million in the natural retail channel [25]. Fish oils comprised 6% of the
specialty supplement segment in 2002. According to industry players such as Roche
Vitamins (now DSM Nutritionals), strong, positive science is driving sales of omega-
3 from fish oil. Growth of fish oil supplements has been averaging 30% for the last
2 years and is currently sustaining around 10 to 15% growth.

Plant oils grew at 17% in 2002 to consumer sales of $154 million and also
comprising 6% of the specialty segment. Flaxseed oil is growing in popularity, as
it is a vegetarian source of omega-3 fatty acids and has fewer taste and stability
issues. Flax contains α-linolenic acid (ALA) in addition to linoleic acid (LA), which
is omega-6. Bioriginal Food & Science Corp. (Saskatoon, Canada), a supplier of
marine and plant bulk oils, concentrates, soft gels, and powders, saw flax sales grow
at a greater rate than fish in 2002. Based on North American sales for fiscal year
2003 (ending September 30, 2003), the company anticipated 35% growth over 2002
and 66% growth in flax sales (all forms), ahead of fish oil sales.
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In addition to their use in dietary supplements, the fats and oils industry is
focusing upon adding these “good” oils to high-fat food products.

1.11 DELIVERY SYSTEMS FOR FUNCTIONAL LIPIDS

The addition of functional lipids to foods must not have a deleterious effect on flavor if
it is to be accepted by the consumer. Unlike drugs, which are not designed for consumer
acceptability, the primary concern is for the treatment of a particular disease condi-
tion. In sharp contrast, functional lipids must be presented to the consumer in a
palatable food, as they are not perceived as drugs and are bought for the added health
benefits they provide.

“Novel” refining techniques are available that produce plant and marine oils,
which can be added to a range of foods without affecting the flavor profile of the
product. Previously, fish oils have been used only in a “hardened” or hydrogenated
form to prevent the occurrence of fishy off-tastes and smells. Currently, fish oils and
dry powders, with microencapsulated oils, are available for food fortification use.
The oily forms can be added to the lipid phase, with care taken to protect the readily
oxidizable PUFA. The powdered forms are used mainly in dry goods such as bakery
products and milk powders. Microencapsulated powders are dispersible in cold water
and are exceptionally stable with a neutral taste, making such powders available for
enrichment of foods such as reduced fat products, milk drinks, salad dressings,
orange juice, drinks, and bread.

Omega-3 and -6 enriched products are currently being marketed in the United
Kingdom, Korea, Taiwan, and Scandinavian countries. However, resistance from
producers and consumers is still to be overcome and technical problems need to be
resolved in some areas. Nutritionists and food developers realize that these foods
need not only to be healthy but to taste as good as similar products. There is a degree
of prejudice against fish and fish derivatives. For instance, the idea of yogurt or
bread containing 1% fish oil is not particularly attractive.

Despite the technical issues of incorporating long-chain PUFAs into foods, there
is no doubt that this concept offers food processors the opportunity to introduce a
new range of foods associated with definite health benefits, which will enjoy the
support of the scientific community as well as help in disease prevention.

Some functional lipids have limited bioavailability and require relatively large
doses to ensure a certain amount is taken. Thus, the delivery system still remains
the crucial step in ensuring efficacy of the particular functional lipid. This has
considerable economic implications as enhanced absorption means a smaller amount
is needed because of higher bioavailability. This book covers a wide range of functional
lipids including the highly unsaturated fatty acids EPA and DHA, which, in addition,
present challenges related to their oxidative stability.

Improved solubility and stability appear to be the key challenges for functional
lipids. To this end, new developments in emulsion technology appear to hold con-
siderable promise for their incorporation into foods. The development of micro- and
double emulsions appear to be ways for improving the bioavailability, stability, and
bioefficacy of functional lipids. For example, the development of a phospholipid-
based microemulsion formulation for all-trans-retinoic acid, an active metabolite of
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retinol (vitamin A), by Hwang and co-workers [33] was shown to improve both its
solubility and stability. This was achieved without affecting its pharmacokinetic and
cancer properties. They further demonstrated that this technology could be used as
an alternative parenteral formulation of all-trans-retinoic acid. Microemulsions are
easy to form, have excellent thermodynamic stability, and are capable of solubilizing
considerable quantities of oil-soluble compounds. In addition, they provide the ability
for controlled and sustained drug or nutraceutical release [34]. Double emulsions, on
the other hand, are unstable thermodynamically. Naturally occurring emulsifiers, such
as protein macromolecules, bovine serum albumin, casein, gelatin, and vegetable
proteins, were suggested to be added as possible stabilizers [35]. The improved stability
of double emulsions afforded by these macromolecules permitted entrapping any type
of nutraceutical, including functional lipids, with controlled release over a prolonged
period of time. Further work in this area appears extremely promising for increasing
the bioavailability and efficacy of functional lipids.

1.12 WORLD RECOMMENDATIONS FOR OMEGA-3 
AND -6 FATTY ACIDS

Many countries and international organizations have made formal population-based
dietary recommendations for omega-3 PUFA to ensure adequate intakes (AIs).
Recommendations have typically been between 0.3 and 0.5 g/d of EPA + DHA and
0.8 to 1.1 g/d of ALA [36].

1. In 1999, the NIH sponsored an international workshop, which made recom-
mendations for dietary intakes for omega-3 and omega-6 fatty acids. The
NIH Working Group proposed AIs of 2 to 3% of total calories for LA, 1%
of total calories for ALA, and 0.3% of total calories for EPA and DHA [37].

2. The United Kingdom recommends that 1% of energy be obtained from
ALA and 0.5% from EPA and DHA combined [38].

3. The British Nutrition Task Force recommends a minimum of 0.5% of
energy from ALA [39].

4. In September 2002, the NASs Institute of Medicine (IOM) set an AI for
ALA of 1.6 and 1.1 g/d of ALA for men and women aged 19 to >70
years, respectively. The AI is based on the highest median daily intake of
ALA by U.S. adults and represents an intake not likely to be associated
with a deficiency of this nutrient. In conjunction with the Food and
Nutrition Board and the National Academies, in collaboration with Health
Canada, the IOM estimated an Acceptable Macronutrient Distribution
Range (AMDR) for ALA to be 0.6 to 1.2% of energy, or 1.3 to 2.7 g/d,
on the basis of a 2000 calorie diet [40].

5. The American Heart Association Scientific Advisory and Coordinating
Committee has recommended eating a variety of fish at least twice a week
to provide AI of omega-3 fatty acids, as well as flaxseed, canola oil, and
other foods rich in ALA. As reviewed by Kris-Etherton et al. [36], total
ALA intakes of about 1.5 to 3 g/d appear to be beneficial for individuals
without coronary heart disease.
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1.13 SAFETY

The two key elements that will determine the success of functional lipids, in the
management of human health, are efficacy and safety. Functional lipids must have
generally recognized as safe (GRAS) status. The safety of functional ingredients,
including functional lipids, should follow the guiding principles described by Kruger
and Mann [16] and summarized as follows:

1. The pharmacological effects of the particular functional lipid as well as
its toxicological potential must be understood to predict the impact of
exposure to different dose levels.

2. Each functional ingredient may have unique safety issues and must there-
fore be dealt with individually.

3. The safe level of ingestion or exposure must be determined as the margin
of safety between the intended level of ingestion and its toxic level may
be very small.

4. The potential for possible interaction with drugs must be determined.

Prior to human trials, evaluation of safety is based largely on animal studies. How-
ever, the most powerful evidence is that obtained from careful human trials. Since,
for the most part, functional lipids occur naturally in food, the main concern is the
possible toxicity of the isolated bioactive lipid ingredient, which may be concentration
dependent.

Because nutraceutical such as functional lipids have the potential to enhance
consumer health, decrease health care costs, and enhance economic development,
Lachance [41] pointed out the reliance on diversified research that addresses safety
and assures chemical and biological efficacy. Lachance and Saba [42] also noted
that while microbiological and chemical assays can ensure the intended quality of
functional ingredients themselves, following the terrorist attacks of September 11, 2001,
there is also a need to prevent the introduction of counterfeit products and agents
of terrorism. The latter can be assured through traceability by combining the fol-
lowing existing technologies: (1) global positioning, so that each ingredient or
functional component has a chemical identification and authentication by collecting
global positioning descriptors; (2) bar codes as a universal method to identify source,
key dates, HACCP data, and the like; and (3) HACCP to assure the microbiological
safety of the ingredient.

1.14 CONCLUSION

Functional ingredients including lipids have now become a high research priority
by universities, industries, and governments around the world. This is evident by
the establishment of institutes and centers that are totally focused on functional foods
and nutraceuticals. The success of this investment will hopefully lead to new and
exciting functional ingredients, including functional lipids, that will help to reduce
the increasing health costs associated with an aging population by slowing down or
preventing the onset of chronic diseases.
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2.1 INTRODUCTION

 

Although there has been interest in the possible production of oils and fats using
various yeasts and filamentous fungi for well over 75 years, it has only been in the
past 20 years that commercialization of these materials has occurred. The first
process that was developed for a microbial oil was for the production of an oil rich
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in 

 

γ

 

-linolenic acid (GLA, n-6), which forms the basis of this chapter. Although this
process is no longer run, due to the availability of cheaper plant sources for GLA,
the process nevertheless has provided an important milestone and benchmark for all
future microbial oil productions.

Today, several large-scale commercial processes are operated for the production of
oils rich in either arachidonic acid (20:4, n-6) or docosahexaenoic acid (22:6, n-3) using
various microorganisms [1]. The presence of such oils is now a very important part of
the nutraceutical business, especially for incorporation into infant formulae.

In this chapter, an account will be given of the first commercial microbial process
for the production of a specific oil. Much of this information has not been available
previously, as the details of the process itself were regarded as industrial know-how.
No patents were ever taken out on this process because it was considered that the
essential information about the occurrence of GLA in fungi was already in the public
domain, as were details of the cultivation systems that had to be used to ensure
maximum lipid production in an organism. With the advent of other microbial oil
processes, and the divulgence of many of the details of these processes [1], there is no
longer a need to restrict information about the GLA process. However, certain details
concerning the origins of the organisms that were screened for GLA production, as
well as the exact results of the production runs, have still remained restricted, as it
is not impossible that the process could, one day, be resurrected and brought back
into production.

The microbial GLA process has opened up the way in which other similar oils
could be produced using bioreactors of up to 200 m

 

3

 

 by using the type of tech-
nology that had been developed for the production of biomaterials such as anti-
biotics, amino acids, and even whole microbial cells for animal feed purposes.
Furthermore, the GLA process demonstrated, for the first time, that extracting oil
from the harvested microbial cells was not a major problem and could, in fact, be
accomplished using conventional oil extraction technologies. In addition, many of
the questions of safety had to be addressed with the first microbial oil, as clearly
this oil was a novel product and could not be sold to the general public without
extensive toxicological trials having been done. Again, establishing the protocols
needed to show complete safety of use has since been extended to all current
microbial oils being offered for sale. Like any product that is the first of its kind,
there is considerable, and often intense, scrutiny to ensure that the product poses
no threat to health and will be safe to consume even if taken at many times the
suggested daily dose. As each subsequent product comes along, these fears are
lessened and testing can eventually be simplified, the specifications quickly
defined, and the product then swiftly cleared by the regulatory authorities. There-
fore, we have a lot to be grateful for in the pioneering work that led to the world’s
first commercially viable single cell oil (SCO).

 

2.2 SINGLE CELL OILS 

 

The term 

 

Single

 

 

 

Cell

 

 

 

Oil

 

 was coined [1] as an obvious parallel to the term 

 

Single Cell
Protein

 

 (SCP), which was used in the 1960s to cover microbial biomass generated as a
source of protein, principally for use as an animal feed material. The term 

 

SCP

 

 was
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meant to allay fears of the public about eating microbes, which, in most people’s minds,
are probably harmful and certainly noxious. Consequently, SCP became a widely used
euphemism avoiding mention of bacteria, fungus, mold, or any other word that might
have had negative connotations with the public. SCO

 

 

 

was similarly meant to define edible
oils being produced by unicellular (i.e., single-celled) organisms and, again, allowed
their use and consumption without specifically mentioning that they were derived from
microorganisms. After all, very few people would be attracted to the idea of consuming
a fungal oil! Thus the term SCO was born [2] and has remained in use ever since.

 

2.2.1 M

 

ICROBIAL

 

 O

 

ILS

 

 

 

IN

 

 G

 

ENERAL

 

The ability of certain microorganisms to accumulate up to 70%, and even greater, of
their biomass as oil has long been known. Such species are known as oleaginous [3] and
the phenomenon of lipid accumulation is therefore known as oleaginicity though the
shorter neologism of 

 

oleaginy

 

 has been heard. This descriptor has then been used for
microorganisms capable of accumulating 20% or more of their biomass as lipid or oil.
This lower limit, though, is imprecise and the term 

 

oleaginicity

 

 was therefore originally
intended to indicate a general propensity for lipid accumulation rather than defining,
with any accuracy, what was the minimum amount of lipid that had to be accumulated
for an organism to be classified in this way. Not all microorganisms, however, are
oleaginous and, even when grown under the most appropriate conditions for lipid accu-
mulation, they will not accumulate more than a few percentages of their biomass as oil.

For an oleaginous microorganism to produce its maximum content of lipid, it is
necessary to grow it in a culture medium which is so formulated that the content of
nitrogen (usually supplied as an ammonium salt) is exhausted after a day or so (see
Figure 2.1 as a general example). Up until this point, growth of the organism has
been in a balanced nutrient situation, known as the 

 

tropophase

 

, where all the necessary
nutrients for growth — C, H, N, O, S, P, K, Mg, etc. — are available. After nitrogen
exhaustion, the cells enter an unbalanced phase, sometimes known as the 

 

idiophase

 

,
in which further cell proliferation is prevented by the absence of nitrogen, which, of
course, is essential for both protein and nucleic acid synthesis. Provided a supply of
carbon, usually glucose, remains available, the cells then continue to assimilate it but,
because of their inability to generate new cells, this carbon is essentially surplus to
growth requirements and is converted into a reserve storage material within the cells.
If the cells should ever become starved of carbon, they are able to mobilize this
reserve storage material as a source of carbon and energy. In the oleaginous yeasts,
molds, and some algae, this reserve storage material takes the form of triacylglycerol
(or triglyceride) oil. In other organisms, the storage material might be polysaccharides
or materials such as poly-

 

β

 

-hydroxybutyrate and poly-

 

β

 

-hydroxyalkanoates, as are
found in many bacteria.

 

2.2.2 T

 

HE

 

 O

 

IL

 

 A

 

CCUMULATION

 

 P

 

ROCESS

 

 

 

IN

 

 O

 

LEAGINOUS

 

 
M

 

ICROORGANISMS

 

The biochemistry of the conversion of the surplus carbon into lipid has been studied
in some detail in the author’s laboratory [4]. In brief, the oleaginous organism
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possesses a different mechanism of generating acetyl-coenzyme A (CoA) units, as
the essential precursor of fatty acid biosynthesis, to the nonoleaginous species. The
key to the process is that when nitrogen is exhausted from the growth medium, there
is a change in the respiration of the cells so that citric acid, produced from glucose,
is no longer oxidized by the citric acid cycle (Krebs cycle) and instead begins to
accumulate. It is then cleaved by an enzyme called adenosine triphosphate (ATP):
citrate lyase, which is found only in the oleaginous cell. This enzyme then generates
acetyl-CoA and is probably physically linked to the fatty acid synthesizing system
to ensure rapid conversion into fatty acids. In oleaginous species, but perhaps not in
all, there is a second enzyme that generates the reducing power needed to reduce the
acetyl units as they are elongated into saturated alkyl chains. This enzyme is malic
enzyme. It uses malic acid and nicotinamide adenine dinucleotide phosphate (NADP)
as substrates and generates pyruvic acid and NADPH (reduced form of NADP), which
then acts as the requisite reductant for the fatty acid synthase. No other enzyme seems
to be able to carry out this function and malic enzyme, like ATP:citrate lyase, is
thought to be physically attached to the fatty acid synthase protein.

 

FIGURE 2.1

 

Idealized representation of lipid accumulation in an oleaginous organism. The
organism grows initially with all nutrients in excess; the composition of the medium is so
adjusted, however, that the supply of nitrogen (usually an ammonium salt) is quickly exhausted
but a surfeit of carbon (usually glucose though other substrates can be used) remains. The
excess carbon continues to be assimilated by the cells and, as it no longer can be converted to
protein or nucleic acids because of the absence of nitrogen, the carbon is converted to
triacylglycerols as a reserve storage material. The extent of lipid accumulation depends on
the strain of the organism being used.
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The biochemistry of oleaginicity has been described in detail elsewhere and
the erudite reader wishing to know more about this should consult a recent review
by the author and one of his colleagues [4]. The lists of oleaginous microorganisms,
covering yeasts, molds, and algae [5–7], are not long ones. The attribute of accu-
mulating large amounts of oil in a microbial cell probably rests with just about 100
or so species throughout all three of these groups, though more may be discovered
as further exploration of this topic still continues. It is clear from an examination
of these lists that the maximum amount of oil that any particular microorganism
can accumulate is fixed and, moreover, can vary from species to species and even
from strain to strain with a single species (see Table

 

 

 

2.2 for examples). Thus each
organism appears to have its own ceiling of the maximum amount of lipid that it
can accumulate; some species can have a limit of, say, 25% of their biomass as
lipid; in others it may be 40 or even 50%, with the very highest levels being 70
to 80%.

This limitation of lipid accumulation therefore appears to be genetically con-
trolled, as it is not possible to exceed it under any growth condition that might be
tried. It is therefore part of the genetic makeup of an organism and is possibly due
to the manner in which the gene regulating the synthesis of malic enzyme is con-
trolled. Malic enzyme, as mentioned above, is the enzyme that generates NADPH
for fatty acid synthase and it would appear that, in the oleaginous species that produce
the lower amounts of lipid, the gene for malic enzyme synthesis is switched off
shortly after nitrogen exhaustion. This then means that the supply of reducing power
into fatty acid synthesis ceases and no more lipid is produced. The cells have the
ability to limit their own obesity. Whether or not this is the general phenomenon,
and whether it might be used to explain the variation in oil accumulation ability in
plants, is still an open question.

 

2.3 COMMERCIAL ASPECTS OF SCO PRODUCTION

 

Early commercial attempts to produce SCOs focused mainly on yeasts [8], which
were the most prolific producers of triacylglycerol oils. However, these oils were
essentially the equivalent to those that could be obtained from plant seeds. The oils
were high in contents of oleic acid (18:1), linoleic acid (18:2), and palmitic acid
(16:0), but did not offer anything that could not be obtained much more cheaply
from agriculture. Even attempts to produce a cocoa butter substitute fat using yeast
technology [9,10] did not succeed in being economic even though cocoa butter itself
commands a price of between US$2000 and $3000 per ton compared with, say,
$400 to $600 per ton for soybean oil, corn oil, and the like.

The economics of SCO production dictate that only the most expensive of oils
can be produced in this way. For the production of 1 ton of oil, a minimum of 5 tons
of sugar are needed, but more sugar is needed to generate the cells within which the
lipid is stored. A typical SCO process may therefore consume between 7 and 10 tons
of sugar to produce 1 ton of oil. Sugar itself may not be expensive but even at about
$250 to $300 per ton we have a total substrate cost of around $1800 to 3000 though
this might be less if glucose syrup or molasses is used. Add to this the high cost of
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fermentation technology, which is probably not less than $1000 per ton of biomass
generated, and we have an inherently expensive oil.

To produce microbial cells with an oil content of, say 50%, would probably cost
a minimum of $2000 per ton of cells (i.e., $4000 for a ton of oil). For an organism
with an oil content of 25%, where 4 tons of biomass would be needed, the fermen-
tation costs per ton of oil now rises to $8000. Thus the minimum cost of producing
1 ton of SCO cannot be much less than $4000 and could be as much as double or
even treble this if a slow-growing, low-yielding organism were to be used. To these
costs, the costs of oil extraction and refining have to be added and, though this may
not add much more than $500 per ton of oil, it still has to be taken into account.

From simple fermentation economics, only the most valuable of oils can thus
be contemplated for production. Using microorganisms to try to produce substitutes
for corn oil, groundnut oil, canola oil, or even cocoa butter is just not an economic
proposition. Therefore, one has to aim for much higher valued oils. 

 

2.4 MICROBIAL OILS AS A SOURCE OF 

 

γ

 

-LINOLENIC 
ACID (GLA)

2.4.1 GLA: S

 

OURCES

 

 

 

AND

 

 A

 

PPLICATIONS

 

GLA (18:3, n-6) has a very long history of use, occurring as it occurs in the seed
oil of the evening primrose (

 

Oenothera

 

 

 

biennis

 

). Evening primrose oil (EPO) has
been used as a quasi-medicinal oil for centuries; it is known as “King’s Cure-All”
and thus has been recommended for the alleviation of a wide number of illnesses
[11–16], including the improved well-being of the elderly [17]. In the 1970s, it was
suggested as a possible treatment for multiple sclerosis, a claim that has since been
rescinded. Also at this time, EPO was regarded as highly useful for the relief of
premenstrual tension and also for the treatment of eczema, particularly childhood
and atopic eczema [15,16]. All these properties were attributed to the presence of GLA
in the oil, even though the amount of GLA in the oil being sold at this time was only
about 10%. GLA itself is a precursor of certain prostaglandins that fulfill essential
physiological roles in the body, and thus a continual

 

 

 

supply of GLA is needed to
ensure continuous synthesis of the prostaglandins, as they have only a short half-
life in the body. Normally, though, GLA is synthesized in the body from linoleic
acid (18:2, n-6) by a specific 

 

∆

 

6 desaturase and supplementation of the diet should
be unnecessary. However, under certain conditions, the activity of the 

 

∆

 

6 desaturase
may decline, leaving the body with a deficiency in GLA and therefore in prostag-
landins. Under such conditions, supplementation of the diet by oils containing GLA
has been advocated [11–17]; however, it has to be stated that the evidence is not
without its critics, and the efficacy or otherwise of EPO as a dietary supplement has
been questioned, principally because 90% of it is not GLA and whatever effects it
may bring about could be attributed to something other than GLA.

GLA, however, continues to be an attractive nutraceutical as a source of n-6 fatty
acids. Oils rich in this fatty acid are still recommended for the treatment or alleviation
of a number of clinical conditions: further information about the medical applications
of GLA may be found in two recent monographs devoted to this topic [13,14].
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The demand for EPO began to increase in the mid-1970s because of the many
claims of its benefits. With this came a concomitant increase in price as demand
began to exceed the supply. Top prices for EPO in the mid-1970s and early 1980s
reached over $50 per kg (i.e., over $50,000 per ton). It was then one of the highest,
if not the highest, valued triacylglycerol oils produced.

 

2.4.2 T

 

HE

 

 S

 

EARCH

 

 

 

FOR

 

 

 

THE

 

 “B

 

EST

 

” GLA-P

 

RODUCING

 

 F

 

UNGUS

 

The monopoly enjoyed by EPO led to searches for alternatives sources of GLA. The
presence of GLA in 

 

Phycomyces

 

 fungi had been known since the 1940s [18], and
it was subsequently found to be a common fatty acid in fungi classified as “the lower
fungi,” which included the genus of 

 

Phycomyces

 

 [19–21]. The lower fungi are
sometimes known collectively as the Phycomycetes order but are more correctly
classified into two subgroups: Mastigomycotina and Zygomycotina, with members
of both groups producing GLA in their lipids. Interestingly, no other group of
microorganism — bacteria, yeast, or higher fungi — produce GLA, though it is found
in many marine and freshwater algae.

With the known occurrence of GLA in fungal microorganisms, it was therefore
attractive to consider a biotechnological route for its production. Up to this time, no
process had been developed on a commercial scale for the production of any micro-
bial oil. Nevertheless, it seemed that if an appropriate organism could be identified,
then production of a GLA-SCO should be feasible using the technology that was
available for large-scale cultivation of microorganisms, including filamentous fungi.

Work began in the author’s laboratory in 1976 to identify a possible fungal
source of GLA. Over 300 species and strains were eventually screened over the next
6 years for GLA production. Table 2.1 lists the main genera that were examined.
Within each genus, a diversity of species was examined to ensure that as wide a net
as possible was cast to find the most promising species. All organisms were obtained

 

TABLE 2.1
Genera of the Lower Fungi (Phycomycetes) 
Screened for GLA Production

 

Absidia Mucor
Basidiobolus Phlyctochytrium
Choenephora Phycomyces
Cunninghamella Pythium
Delacroixia Rhizopus
Entomophthora Zygorhynchus
Mortierella

 

In each case, a number of representative species were screened
for growth performance, lipid production, and GLA content of
the lipids. Those species that appeared to be the most promising
(see text) were then examined in detail. See Table 2.2.
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from major culture collections; no attempt was made to isolate possible organisms
from the environment.

The criteria that were used to evaluate performance in this screening process
were as follows:

• The organism should grow readily in submerged culture attaining at least
10 g/l in 3 d or less in simple stirred vessels. It should not pose problems
for extensive filamentous growth or for pellet formation.

• It should have an extractable oil content of not less than 20% of the
biomass.

• It should preferably have a GLA content of the total fatty acids of as near
to 20% as possible and, preferably, over this value.

• The oil should be over 90% triacylglycerol.
• The organism should pose no hazard for large-scale cultivation. It should

not be an animal pathogen or a plant pathogen. It also should have no
history of causing any allergic reaction or toxicity.

• Ideally, the organism should grow at 30

 

°

 

C or slightly higher because if it
had a lower growth temperature requirement, this could otherwise incur
additional expenditure for cooling large-scale cultures.

After an initial cultivation in shake-flask cultures, all organisms were grown in
vortex-aerated 1 l bottles [22]. In all cases, a glucose-based medium was used and,
as the pH was not controlled in these vessels, diammonium tartrate was used as the
N source

 

 

 

with small amounts of yeast extract, malt extract, and peptone (totaling
0.5 g/l) added as sources of any vitamin that may be required. (Ammonium tartrate
was used as the N source because this prevents acidification of the medium that
occurs when ammonium chloride or ammonium sulfate is used, as the uptake of the
ammonium ion leaves HCl or H

 

2

 

SO

 

4 

 

behind that quickly acidifies the medium and
prevents microbial growth.) The medium composition was carefully balanced so that
it would become N-limited after about 24 to 30 h (see Figure 2.1); a C:N ratio of
40:1 was therefore selected as able to induce lipid accumulation in an oleaginous
microorganism.

After evaluating the performance of over 200 organisms, it seemed that the most
promising species lay in the genera of 

 

Cunninghamella

 

 and 

 

Mucor

 

, with 

 

Rhizopus
stolonifer

 

 a further candidate. Accordingly, extensive examination then began of
the key species in each of the two likely genera by looking at the performance of
as many strains of each species as could be obtained from culture collections
worldwide. Table 2.2 lists the results of 57 individual strains taken from just 8
species.

As can be seen, the lipid and GLA content of the fatty acids could vary enor-
mously within a single species: for example, with 

 

Mucor

 

 

 

circinelloides

 

 the content
of lipid in the cells, all grown under identical conditions, ranged from 3 to 37% and
the GLA ranged from 8 to 32%. This wide divergency indicates that screening can
often miss the best organism, and therefore one should be prepared to examine the
complete range of strains that are available in order to ensure that the best organism
is not overlooked.
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TABLE 2.2
Final Screening of Individual Strains for the Best GLA-Producing Organism

 

Organism Lab. Strain No. Lipid (% Dry Wt) GLA (% Total Fatty Acids)

 

Cunninghamella blakesleeana

 

237 33   8
239 28 13
247 32   7
248 36   8
249 34 10
281 23 10

 

C. echinulata

 

151 21 16
244 22 18
245 18 18
246 20 17
282 23 13

 

Mucor circinelloides

 

116 13 15
119 37   8
162 12 18
232   6 13
233 13 12
240   8 17
252 21 12
253   9 20
254 14 18
255 17   8
271 21 13
272   6 11
273 19 16
274   3 22

 

M. genevensis

 

158 10 32
241   2 11
256 17 13
269 27 20
275 20 17
158 10 32
241   2 11
256 17 13
269 27 20
275 20 17

 

M. mucedo

 

118 17 25
223 28   1
226 10   8
242 14 22

 

(

 

continued

 

)
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From the results given in Table 2.2, combined with observations on the growth
patterns of the organisms and their ability to grow as dispersed cultures in 5 l, fully
controlled, stirred bioreactors, the final list of three organisms was chosen. These
were

•

 

M. circinelloides

 

 strain 119
•

 

M. genevensis

 

 strain 269
•

 

M. racemosus

 

 strain 267

(The strain numbers given here and in Table 2.2 refer to the numbers allocated to
the strains in the author’s laboratory and do not correspond in any way to coding
systems used by the various culture collections from which these organisms were
obtained.) This then completed the laboratory work on these fungi.

Further work beyond the laboratory scale now had to be carried out in partnership
with the company that intended to produce the GLA oil commercially, using its
equipment and expertise to translate a laboratory process into an economically viable
production. This company was J. & E. Sturge, Ltd. of Selby, North Yorkshire,

 

TABLE 2.2 (Continued)
Final Screening of Individual Strains for the Best GLA-Producing Organism

 

Organism Lab. Strain No. Lipid (% Dry Wt) GLA (% Total Fatty Acids)

 

278   9 24

 

M. racemosus

 

217   9   5
218 14   7
219   3   0
231 12   0
243 24   7
259 23 14
262 22 10
265 28 11
266 32   9
267 30 13
277 24 12

 

Rhizopus stolonifer

 

121   7 24
227   6   8
228   7 16
229 11 20
279   9 21
280 11 28

Each organism was grown in a 1 l vortex-stirred bottle [32] with a medium having a high C:N ratio to
encourage maximum lipid accumulation (see Figure 2.1 and text).
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United Kingdom, which was major producer of citric acid using 

 

Aspergillus

 

 

 

niger

 

 and
had expressed a keen interest in this GLA process. The company had available four
220-m

 

3

 

 stirred fermenters for citric acid production plus a number of smaller pilot-
scale fermenters that were used to evaluate possible process improvements. Production
of the GLA-SCO could then be contemplated by using one of the production-scale
fermenters, as the technology used for citric acid production would be similar in most
respects to that which would be needed for GLA production.

Each of the three fungi listed above were then grown in pilot-scale fermenters
up to 10 to 15 m

 

3

 

 to produce sufficient guidance as to their likely performance in
the final production vessel of 220 m

 

3

 

. The quality of the oil extracted from each
organism was also evaluated and compared. From a consideration of all the various
factors, the final choice of which organism to use was 

 

M.

 

 

 

circinelloides

 

 strain 119.
It was found, however, that the performance of the organism was not quite the same
as that which had been initially found in the preliminary survey shown in Table 2.2.
Instead of the cells reaching 37% oil content as they had done earlier, the ceiling
now appeared to be about 25% oil, but, at the same time, the content of GLA in the
fatty acids increased from 8 to 18%. This was then taken as the best overall yield
for GLA that could be reasonably attained.

 

2.4.3 P

 

RODUCTION

 

 

 

OF

 

 GLA-SCO

 

The first large-scale production run for GLA was carried out in 1984 using one of the
citric acid fermenters with full pH, temperature, and aeration controls. 

 

Mucor.

 

 

 

circinel-
loides

 

 was grown at 30

 

°

 

C, which was just high enough to obviate the necessity for
refrigeration to regulate the temperature, as would undoubtedly have been needed if
the optimum growth temperature had been 

 

28°

 

C or less. The medium used, however,
was different from that used for citric acid production and was formulated with a high
C to N ratio so as to promote lipid accumulation and also to achieve as high a biomass
as possible (see Figure 2.1). In the event, it was found advisable, because of the
morphological characteristics of the organism, to restrict the biomass density to
about 50 g dry wt/l. Above this density, there were problems with pumping the cells
from the production vessel to the holding tank (see Figure 2.2). The final cell density
was therefore controlled by limiting the initial glucose concentration to about 125 g/l.

 

2.4.3.1 Problems with the First Product

 

The first run produced sufficient biomass to evaluate methods for oil extraction and,
when this had been solved, for there to be sufficient oil to carry out toxicological
trials. The initial toxicological trials used brine shrimp as a very sensitive indicator
organism. The first results with the brine shrimp were, however, a disaster. The oil
was apparently toxic and most of the brine shrimp were killed; however, it was
quickly realized that the culprit was the presence of free fatty acids in the oil (the
reasons for their occurrence are given below). Once these had been removed, the
oil was found to be extraordinarily safe: further and extensive animal feeding trials
were carried out using mice, rats, and, of course, brine shrimp. The oil proved to
be equal or superior to any other plant oil that was used in comparison.
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The presence of the free fatty acids in the first batch of oil produced was
something of a surprise, though we had known for many years that these materials
were artifacts arising very readily in microbial oils if appropriate precautions to
avoid their formation were not taken. As oils are produced as a reserve storage
material in response to a nutritional deficiency other than carbon, it then follows
that if the cells subsequently become devoid of a supply of external carbon, they
will then commence to utilize the lipid that they have previously accumulated. After
all, that is what it is there for. During the harvesting of cells from their culture
medium, there will be only a little carbon remaining in the culture broth; and, even
if some does remain, then this remnant is certainly removed during the harvesting
of the cells. The harvested cells are thus starved of carbon. Accordingly, as they are
still metabolically active, they immediately mobilize their lipid reserves and this
entails the expression of a lipase to release fatty acids from the triacylglycerol, which
are then oxidized to yield energy as well as acetyl-CoA to be used for synthesis of
new cell material. The induction of lipase activity occurs instantly when the cells
are starved of carbon. These events have been followed and reported for other
oleaginous microorganisms [23]. Similarly in 

 

M.

 

 

 

circinelloides

 

, as it was harvested
from the fermenter, lipase activity was induced in the cells; and then, during the oil
extraction itself, the lipase continued to work, thereby releasing free fatty acids that
subsequently contaminated the final oil.

Once the presence of free fatty acids was recognized, it was then important that
the activity of the lipase was prevented at the earliest possible stage. To achieve this,
the simplest way was to heat the culture broth prior to harvesting the cells. This heating
could be applied to the entire fermenter itself, though it was found more expedient to
evacuate the entire contents of the fermenter at the end of the lipid accumulation phase
into a heated holding tank (see Figure 2.2). An alternative was to pass the culture broth
through a heat exchanger in the transfer of the entire culture from final fermenter into
the holding tank. Heating to about 60

 

°

 

C was found sufficient to inactivate all lipase
activity; it also served to stabilize the cells from other hydrolytic enzyme activities.

2.4.3.2 Process Operations

The process of GLA-oil production is shown in Figure 2.2. In keeping with most other
large-scale fermentation processes, the organism is grown through a series of fermenters
of increasing size; each one is inoculated with the culture from the previous vessel after
about 24 h to ensure that the cells are growing as rapidly as possible. The final production
fermenter is inoculated with 10% of its volume with M. circinelloides; it is only in the
final fermenter that there is a need to ensure that the medium has a surfeit of carbon
and a deficiency of nitrogen. Prior to this, the medium is more or less balanced in terms
of the C and N requirements of the cells, as this ensures the cells are growing at their
maximum rate at the time they are inoculated into the next fermenter.

The pH, temperature, and aeration rates are carefully monitored and controlled
throughout growth in all fermenters: it is important that the cells remain as dispersed
as possible and that pellet formation, which is a common feature among filamentous
fungi, is avoided as far as possible. Mucor circinelloides, fortunately, can be maintained
as dispersed cells with very little clumping into pellets, which is then an advantage
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to ensure good aeration and oxygen transfer to the cells. These are all important
characteristics which need to be considered before the final choice of organism is
made. It is therefore vitally important that the biochemical engineers responsible
for running the process and for the final harvesting of the biomass are consulted at
the earliest stages of selecting the likely production organism. Simply judging the
organism on its productivity, yield of oil and GLA content is not sufficient.

After completion of growth, the biomass is transferred into a holding tank and
is heated to prevent lipid hydrolysis (see above). The use of a holding tank into
which the entire final culture can be discharged is also expedient to give the minimum
turnaround time with the main fermenter allowing it to be cleaned and recharged
with fresh medium, and the next run then commenced with the minimum of delay.
The holding tank also allows downstream processing of the heat-stabilized cells to
take place at a rate that is commensurate with the capacity of the harvesting equip-
ment, whether this be by centrifugation, rotary drum filtration, or any other means.
In this case, the cells were harvested by rotary drum filtration with final pressing of
the filtered cells to remove as much water from the cells as possible.

The final product was moist, packed, heat-stabilized cells. The cells did not need
to be spray dried to remove all the water, as this was unnecessary for the final process
of oil extraction (see next section). No deterioration of the oil apparently occurred in
the cells once they had been heated. One production run from the 220 m3 fermenter
yielded over 10 tons dry wt (approximately 13 to 14 tons moist wt) of cells containing
about 2.5 tons of oil. The duration of the final fermentation run was between 3 and 4 d.

2.4.3.3 Oil Extraction

Oil was extracted from the cells using a small-scale hexane extraction unit that was
normally used for the extraction of essential oils from plant materials. Extraction
units that deal with commercial quantities of plant oil seeds were simply too big to
warrant use with the relatively small amount of fungal biomass that had to be dealt
with. Such extraction units deal with tens of tons of material per hour and have a
hold-up volume within the extraction plant of up to 100 tons — in other words, over
100 tons of new oil have to be extracted from any one source to displace the existing
oil still in the system from the previous material used. The processing equipment
used have could have handled the entire output of one of the production fermenters
in less than a day of processing.

The extracted oil from M. circinelloides still required further processing (as do
all oils, irrespective of their origins). This necessitated carrying out refinement and
deodorization in order to remove nontriacylglycerol components of the oil, mainly
phospholipids and some other polar lipids, as well as removing any volatile materials
that could have adversely affected the smell or taste of the oil. This further processing
was again carried out using small-scale equipment that was normally used for
handling small batches (i.e., about 1 ton) of experimental oils coming from various
exotic sources. These processes were exactly the same as those used in conjunction
with other plant oils and did not need any major changes in their technology to
handle the mold oil. The final product was a clear yellow oil with a triacylglycerols
content of over 98% (see Table 2.3).
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2.4.3.4 Specifications of GLA-SCO, Safety Evaluation, 
and GRAS Status

Table 2.3 gives the specification of the final fungal oil that was offered for sale. As
can be seen, a small amount of vitamin E was added to the oil to ensure long-term
stability, though this was done merely as a precaution, as the oil itself proved remark-
ably stable. Preparations of the oil have been held in the author’s laboratory, at room
temperature, in air, and in sunlight for over 15 years without any sign of deterioration
of the oil, with the content of GLA in the oil remaining completely unchanged. This
indicates that the organism itself must produce effective antioxidants that are lipid
soluble and so are coextracted with the oil and remain with it during the final clean-
up processes. The nature of the antioxidant has not been investigated, though it is
likely that it is related to known antioxidant materials such as the tocopherols.

The toxicological trials of the final oil preparation, including long-term feeding
trials with experimental animals, confirmed the inherent safety of the oil. The oil
was also able to claim a safe record of use, as the production organism, M. circinel-
loides, has a long history associated with fermented foods such as tempeh and tapé.
Tempeh and tapé are traditional foods eaten throughout Indonesia and southeast Asia.

TABLE 2.3
Specifications of GLA-SCO

Production organism Mucor circinelloides ( = javanicus)
Production company J. & E. Sturge Ltd, Selby, N. Yorks, United Kingdom
Cultivation system 220 m3 fermenters; duration: ~ 4 d; biomass

contains 25% extractable oil

Oil
Trade name Oil of Javanicus
Appearance Pale yellow, clean and bright
Specific gravity 0.92 at 20°C
Peroxide value 3 (maximum)
Melting point 12–14°C
Free fatty acids <<1%
Triacylglycerol content of oil >97%
Added antioxidant Vitamin E
Stability No deterioration at 20°C over 12 months

Fatty Acyl Composition (rel.% w/w) of Oil
14:0    1%
16:0  22–24%
16:1 (n-9)    1%
18:0    5–7%
18:1 (n-9)  38–40%
18:2 (n-6)  10–11%
18:3 (n-6)  18–19%
18:3 (n-3) 0.2%
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They are produced by a fermentation process that uses a mixture of fungal organisms,
one of which is M. circinelloides. Thus, generations of people who have consumed
tempeh as a staple component of their diet have, in fact, been eating M. circinelloides
and this, of course, includes its lipid components. Therefore, as tempeh is a recog-
nized food material with a long history of safe consumption, it was entirely reason-
able to conclude that M. circinelloides was in itself safe to eat. Indeed, M. circinel-
loides is accorded generally recognized as safe (GRAS) status.

As the entire mold is safe to eat, it then follows that a component of it must also
be safe. Further, as the oil itself could be defined in terms of its total composition,
with all the components established as being present in a number of existing edible
oils and food materials, there were no qualms about the safety of the Mucor oil. All
the fatty acids that were present in the oil were, again, identifiable components of
other edible oils. The production organism had no history of producing any unusual
metabolites associated with any toxic condition; indeed the Mucor fungi are remark-
able for their lack of producing “interesting” bioactive compounds. As far as the
pharmaceutical industry is concerned, Mucor species are probably the most boring
of all fungi with their complete inability to produce any biologically active compound.

Complete confidence in the safety of the oil could then be indicated, not only
from a detailed toxicological examination of the oil, but also from its analysis
showing that every component was already a component of other oils, and, finally,
with the organism itself having a complete record of safe consumption over many
centuries if not millennia.

2.4.3.5 Marketing

At this point, a GLA-rich oil had been produced, which exceeded the specification
of EPO, against which it was designed to compete. It now had to be marketed and
sold. The oil was given the name Oil of Javanicus, coming from the older name for
the organism, Mucor javanicus. This name had arisen because the organism was
originally isolated from Java, and, indeed, this is where its association with tempeh
and tapé had first been recognized. Figure 2.3 shows some of the marketing material
that was produced to help with the launch of the new oil.

Not without justification, a number of claims could be made for the oil to indicate
its superiority over EPO. First, its specifications were superior to EPO, with almost
twice the content of GLA (see Table 2.4). Then, the specifications of the oil itself could
be guaranteed on a year-round basis, as clearly the fermentation process was not subject
to the vagaries of the weather or climate. The quality of EPO could be somewhat variable
and was dependent on where and when the plant had been grown, for how long the
seed had been stored before extraction, and for how long the oil itself had been stored.
The specifications of the EPO sold in the fall need not necessarily be the same as that
sold the following summer. EPO from Eastern Europe need not have the same speci-
fications as that produced in Western Europe; the quality of the oil this year might not
be quite the same as last year’s and may be different again next year.

Finally, the GLA-SCO could be claimed to be truly organic: agricultural crops
are normally sprayed with various chemicals several times during their growth to
keep down adventitious weeds and to prevent insect damage, and also fungicidal
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agents may need to be applied to the seeds if these are to be stored for any length
of time to prevent fungal growth and spoilage of the product. Products from fer-
menters do not have to be sprayed with any herbicide, pesticide, or fungicide and,
consequently, Oil of Javanicus could be claimed to satisfy all the requirements to
be labeled as “organically produced.” It had the absolute minimum amounts of
residues of these chemical spray materials. However, it was interesting to find that
some minute residues of these materials could be found in the final mold oil, which
were traceable to their presence in the original glucose feedstock used in the fer-
mentation. The levels were, though, absolutely minute and were less than those
found in EPO samples that were analyzed simultaneously; but, it should be empha-
sized that the level of chemical residues in EPO were well below permitted levels
for such materials in plant seed oils and constituted no hazard to the consumer.

Not unnaturally, the arrival of this new oil, destined as a direct competitor to
EPO, led to considerable opposition from the growers of evening primrose and from
the suppliers of this oil to the general public. Their main response was to lower the
price of EPO in an attempt to forestall the success of Oil of Javanicus. There were
also major advertising campaigns to reinforce the benefits of EPO, not so much as a
source of GLA, and for which Oil of Javanicus was demonstrably twice as good, but
to keep the name of EPO at the fore as the oil of choice to alleviate various disorders,
specifically premenstrual tension. Women who had found benefit from taking EPO
were apparently reluctant to switch their allegiance to an “unproven” oil — after all,
the success of EPO might have nothing to do with its GLA content. This was one of
the major problems that had to be faced; the public wanted EPO because it was
EPO — what GLA had to do with EPO’s efficacy was not a concern to them. Indeed,
at least 50% of all people buying EPO had no concept of its main active ingredient.

FIGURE 2.3 Promotional material for the marketing of the world’s first microbial oil — Oil
of Javanicus.
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EPO worked and that was sufficient: why change a winning preparation? Neverthe-
less, in spite of EPO’s strong placement in the market, sales of Oil of Javanicus
gradually began to take off and found greatest uptake by those people who considered
a supplementary source of GLA in their diet beneficial.

Most Oil of Javanicus was sold under the separate trade name of GLA-Forte,
which was distributed, mainly by mail order, by a small nutraceutical company based
in Birmingham, United Kingdom. (Although this company no longer exists, the
trade name of GLA-Forte continues to be used as a name for borage oil — see below.)

Some suggestions, though, were made that the GLA in Oil of Javanicus, and
indeed in other oils containing GLA such as borage or black currant oils (see below
and Table 2.4), might not be as nutritionally beneficial as the GLA in EPO. The
inference was that the mold oil (and borage and black currant oils) was in some
way inferior to EPO, even though EPO had the lowest of all contents of GLA [24].
This was based on the apparent differences in the rates of hydrolysis of the oils by
pancreatic lipase [25], with the release of GLA governed by its positional distribution
in the triacylglycerol and by the presence of neighboring long chain polyunsaturated
fatty acids [25,26]. As Table 2.5 shows, there are differences in the distribution of
the various fatty acyl residues in all four oils: EPO, Oil of Javanicus, borage, and
black currant [27]. However, the positional distribution of GLA is not dramatically
different at the sn-2 and sn-3 positions of all four oils; and, furthermore, it would
be expected that the hydrolysis of all oils to their component fatty acids would be
complete during the digestive process. The experiments that were done to show
differences in digestibility of borage and EPO used an isolated lipase operating over
15 to 20 min [25], but this is probably not a sufficient indicator of what happens in
vivo when there is longer contact between lipase and substrate to ensure complete
hydrolysis of all the fatty acyl components of the oils, irrespective of their position
on the original triacylglycerol molecule. Certainly, other workers have not reported
on any difference between GLA availability from borage oil compared with EPO
[28], whereas according to the work of Horrobin and colleagues [25], there were
differences. As borage oil and Oil of Javanicus are somewhat similar in their distri-
butions of GLA (see Table 2.5), the same conclusions reached by Raederstorff and
Moser [28] might also then be taken to apply to the mold oil.

TABLE 2.5
Stereospecific Distribution (%mol/mol) of GLA in Triacylglycerol
Oils from Four Sources

Position
Evening Primrose 

Oil
Borage

Oil
Black Currant 

Oil
Mucor Circinelloides 

Oil

All   9.3 24.8 15.9 17.9
sn-1   3.6   4.0   4.1 13.3
sn-2 10.7 40.4 17.4 19.6
sn-3 13.5 30.1 25.8 19.6

Source: From Lawson, L.D. and Hughes, B.G., Lipids 23, 313–317, 1988. With permission.
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It should perhaps be pointed out that the main evidence favoring EPO as a nutri-
tional source of GLA, rather than Oil of Javanicus or borage oil, has come from the
company Efamol Ltd., which was, and still is, one of the major suppliers of EPO in
the United Kingdom and elsewhere. No declaration of interest was ever given in this
key publication [25] or in others suggesting EPO was the preferential source of GLA.

2.4.3.6 The Demise of the GLA-SCO Process: Competitors
and Economics

During the development of the fermentation process for GLA-SCO in the early and
mid-1980s, there was increasing interest in finding other oils that contained GLA. These
researches led to the discovery that GLA could also be obtained from the plant known
as borage: Borago officinalis, which, like evening primrose, is often found growing as
a wayside weed. GLA had also been identified as a component fatty acid in the oil
extracted from blackcurrant seeds (Ribes nigrum) that are a waste product from the
processing of this fruit [11]. Although the oil content of these seeds is quite high (30%),
the oil also contains a high proportion of α-linolenic acid (ALA) along with the GLA
(see Table 2.4), making it somewhat unattractive if one is trying to extol the virtues of
an oil rich in n-6 fatty acids. This was therefore not regarded as a significant competitor
of the mold oil. Borage oil, however, was a much more serious competitor. Interest in
developing it as a cash crop was sharply stimulated when the company carrying out
the initial work with borage approached J. & E. Sturge, the producers of the GLA-
SCO, to enter into an agreement regarding GLA oils but were very firmly rebuffed. In
retaliation, interest in developing borage oil as a source of GLA was then intensified.

The GLA content of borage oil is 22%, which is higher than that of the GLA-
SCO (see Table 2.4), and could be produced more cheaply than either EPO or SCO.
Borage, unlike evening primrose, is an annual plant: it can be grown and harvested
in a single season. However, like evening primrose, borage produces minute seeds
that pose some technical problems for harvesting, but, using the same procedures
that were used with evening primrose, borage seeds could be harvested and their oil
subsequently extracted. The oil, which has been given the name Starflower Oil after
the appearance of the borage flowers, could also be produced more cheaply than the
fungal oil, and, eventually, this price competition led to the fermentation process being
discontinued in 1990.

A major additional reason for abandoning the GLA-SCO process was that the
production company had been sold to another company, Rhone-Poulenc Ltd., which
decided that the profitability of the Mucor process was too low and it would require
substantial sums of money to be spent to develop the process and to market the oil
to the level where sales could be substantially increased. The competitive price of
borage oil, together with the falling price of EPO to now about $10 per kg, forced
this decision, as clearly this was about the very lowest price that the mold oil could
be produced, thereby leaving no margin for a reasonable profit.

To some extent, however, the GLA-SCO was not in a fair price competition with
these plant oils. Both plant oils were classed, under European Union (EU) regulations,
as nonfood crops and, as such, enjoyed subsidies from the EU to be grown in place
of conventional food crops, which were in abundance with much of the produce
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surplus to requirements. The EU agricultural policy was, and still is, to diminish the
amounts of food crops grown to the point where only a sensible margin of surplus
is provided. Thus, the main agricultural competitors of Oil of Javanicus were sub-
sidized materials and, if that was not enough, the costs of fermentation were penal-
ized, again by EU agricultural rules.

As has been stated above, about 10 tons of sugar are need to generate 1 ton of
oil using M. circinelloides, which has a oil content of only 25%. (The 75% of the
biomass that is not oil still has to be produced from sucrose or glucose in the fermenter,
and this pushes up the final conversion ratio of sugar to oil.) In Europe, the majority
of sugar is produced from sugar beet but glucose can also be produced by hydrolysis
of corn starch and this, as glucose syrup, is normally the favored feedstock to use in
fermentations. Unfortunately, there is an EU tariff on sugar to protect the sugar beet
growers; neither sucrose nor glucose can therefore be bought at world prices, but
have to be purchased at the prevailing and artificially enhanced EU prices.

The GLA-SCO process thus suffered a double whammy: its production costs
were forced higher than need be by the EU tariffs on the fermentation feedstock,
and the final product then competed against plant oils whose growers received direct
subsidies to lower their prices. Against such a doubly unfavorable pricing system,
it is little wonder that the profitability of Oil of Javanicus was deemed insufficiently
attractive for further investment and development. The process ceased in 1990, after
6 years of production, during which time about 50 tons of oil had been produced.

These artificial price restraints, of course, do not operate outside Europe and the
opportunity therefore exists to reactivate this process in more economically favorable
conditions. However, the demand for oils rich in GLA is probably more than satisfied
by EPO and borage oil.

One of the main advantages of the fungal oil is its low content of linoleic acid
(18:2) — see Tables 2.3 and 2.4 — which enables GLA to be fractionated from the
oil in relatively high recoveries. This is more difficult, and costly, to achieve with
either EPO or borage oil, where the content of 18:2 is much higher, and also with
black currant oil with its high content of ALA. However, processes for the enrichment
of GLA from these sources have been described [11,29,30]. For GLA enrichment,
the entire oil is esterified to its methyl or ethyl esters and then can be subjected to
the standard procedures of urea crystallization, low-temperature crystallization, and,
if necessary, final purification by column chromatography. Purities of GLA from M.
circinelloides of up to 98.5% have been obtained in this way (F.D. Gunstone, personal
communication, 1980). If one were now to use preparative scale high-performance
liquid chromatography as the final step, purifications of virtually 100% would be
anticipated. While such a purification is possible from the fungal oil, it is by no
means certain that pure GLA is required for any purpose.

2.5 OTHER SOURCES OF MICROBIAL GLA

The only other commercial process that was developed for the production of GLA
using microorganisms was by Idemitsu Kosan Company Ltd, Tokyo, Japan, a major
petroleum company, working (it is believed) in conjunction with scientists from the
National Chemical Laboratory of Industry, Tsukuba, Ibaraki, Japan. This work began
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about 1980 [31]. Interest in the process appears to have been taken on by Meiji
Seika Kaisha Ltd, Kanagawa, Japan, a food specialities company, though it is
uncertain whether production still continues today.

In the initial phase of the work, which began with a survey of possible organisms,
Mortierella isabellina and M. ramanniana were identified as the most promising
species [31,32]. Unlike the screening process described above, the main emphasis
of the Japanese work appeared to be to identify a high-oil producer with just a
moderate level of GLA. Accordingly, both these organisms had oil contents of 40
to 50% of the biomass but with only 8 to 10% GLA in the oil (see Table 2.4). This
was clearly a different philosophy of approach to our own where a 20% GLA content
of the oil had been the target.

Further work with M. ramanniana did, though, succeed in pushing up the GLA
content to over 18 to 20% of the oil [33], but this was by using a novel impeller (the
Maxblend) in a small-scale (nonproduction) fermenter and by using a cultivation time
of 9 d. Biomass yields were not exceptionally high at 63 g/l. The productivity of
the process, expressed as grams of GLA produced per hour per liter of fermenter volume,
was thus less than that achieved with the Mucor circinelloides process described above.

Interestingly, the GLA content of Mortierella ramanniana was also increased
by isolating cold-tolerant mutants of it, which when regrown at 30°C, had GLA
contents of the oil now at 13.5% instead of the original 7% [34]. When one such
mutant was cultivated in a 600 l fermenter, the GLA content of the oil went up to
over 18%; though, again, cultivation times needed to be rather lengthy at 8 to 10 d.

Further interest in developing a GLA process in the United Kingdom was initiated
by Efamol in the 1980; Efamol was the major supplier of EPO and was somewhat
anxious that the process developed at J. & E. Sturge (see Section 2.4.3) should not
erode its market position. Overtures by Efamol to enter into an agreement with Sturge
met with the same negative response as had been received by the company interested
in developing borage oil (Section 2.4.3.6). A pilot-scale process was developed at the
University of Dundee with the collaboration of Efamol with Professor Rod Herbert.
Although no account of this work has been published, patents were taken out (see,
e.g., [35]), which revealed that the organism to be used was also Mucor circinelloides
(now deposited in a culture collection as IMI 307741). Oil contents of the organism
were about 40% with a GLA content of about 14%. Work on the process, however, did
not proceed beyond 3000 l; though clearly if large-scale production had been under-
taken, it would have been a serious rival process to the Sturge Oil of Javanicus process.

Some potential interest in producing GLA using M. circinelloides grown on
acetic acid as a feedstock was expressed by a South African group led by Professor
Ludwig Kock working at the University of the Orange Free State in conjunction
with Sasol Company Ltd., the large South African fuel oil company [36,37]. Acetic
acid was chosen as a potential feedstock, as it was a waste by-product arising from
the gasification of the coal process operated by Sasol. Improved oil production
occurred using acetic acid rather than glucose, with over 30% oil contents of the
biomass achieved [38–41]. A suggestion was also made that it might be possible to
fractionate the final mold oil into a GLA-rich fraction with the remainder useful as
a cocoa butter equivalent (CBE) fat [41]. However, although several patents for these
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processes were taken out (see, e.g., [36,37]), no subsequent production of a GLA
oil, or of a CBE, appears to have taken place.

The results of a number of laboratory-based screening programs looking for
GLA-producing microorganisms have been published over the years [42–47]. There
have also been a relatively large number of publications reporting the production of
GLA in a variety of fungi, but these are of insufficient value to warrant separate
citations, as they merely continue to catalog well-established information. Not unex-
pectedly, almost all surveys of potentially useful microorganisms for GLA produc-
tion have concentrated on various species of Mucor, Mortierella, Cunninghamella,
and Rhizopus. There was, however, one exception.

The most significant finding of these surveys was the discovery of a hitherto
unexamined fungus: Syzgites megalocarpus [47]. This fungus is a member of the
order of Mucorales within the lower fungi division; one of its synonyms is Mucor
aspergillus. It is a mycoparasitic fungus that lives on decaying mushrooms such as
Boletus. In the initial survey, this organism produced only 10% lipid in its biomass
but had an unparalleled level of 62% GLA in its oil (see Table 2.4). Subsequently,
when it was grown on a medium with a high C to N ratio, the lipid content of the
cells went up to 25%, though the GLA content of the total fatty acids was now
between only 40 to 50% — the exact proportion depended on the growth period,
which ranged from 8 to 14 d [47]. The biomass yield of this organism, however,
was not very high at only 3.7 g/l, but little seems to have been done to optimize the
overall growth performance using stirred tank bioreactors. Further studies on this
organism as a potential source of GLA would appear to be strongly advisable if
further interest in a microbial source of GLA is continued. Syzgites megalocarpus
is, without exception, the highest GLA producer of any microorganism or plant.

The occurrence of GLA in marine and freshwater algae —  both prokaryotic
organisms such as Spirulina [5,48] and eukaryotic ones such as Chlorella [5]  —
has been known for many years. None of these sources, however, represent signif-
icant or even potential sources of the fatty acid: they are costly to cultivate because
they are photosynthesizing organisms that require expensive photobioreactors. They
grow very slowly, often needing several weeks to complete their growth, and final
cell densities rarely exceed 2 to 3 g/l. Thus, although they get their carbon (CO2)
and energy (sunlight) for nothing, the cost of production is still an order of magnitude
beyond that of a microbial SCO process.

2.6 A FUTURE FOR A GLA-SCO?

The possible future for a microbial source of GLA is unquestionably tied up with
whether GLA itself has a future as a nutraceutical, dietary supplement, or medical
agent. The jury seems to be out on this issue [21]. As the vast majority of published
information has been done with EPO, which has a GLA content of 10%, this has
made it difficult to be entirely sure of the efficacy of GLA itself, and the effects
have not been brought about by the much higher content of linoleic acid (see Table 2.4)
or even of vitamin E, which is included in the oil. The American Cancer Society
has indicated [49] that GLA has had a beneficial effect on the neurological problems
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related to diabetes, especially in patients whose condition is already well under
control [50]. However, neither EPO nor GLA has been shown effective in the
treatment or prevention of any cancer in humans.

Whether oils containing GLA are useful in the treatment of disorders already
mentioned above (see Section 2.4.1) is still subject to much research. Ultimately as
oils, such as borage and evening primrose oils, are purchased as over-the-counter
supplements, and their use is not governed by the same rules that apply to prescrip-
tion medicines, their take-up by the public will depend very much on hearsay opinion
as well as marketing strategies. Perception of effectiveness is a very powerful reason
for purchase. If a GLA-SCO is to penetrate this market, it must either offer a clear
improvement in efficacy for whatever ailment it is taken to alleviate or be much
cheaper than any alternative. As the latter seems unlikely in view of the availability
of evening primrose and borage oils, the case must therefore rest on some company
prepared to carry out the necessary clinical and/or nutritional studies to establish a
GLA-SCO as a main source of this fatty acid. This presupposes that a supply of the
oil is created with which to carry out the necessary trials. As this also seems unlikely,
the future for a GLA-SCO may therefore be over.
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3.1 GENERAL ASPECTS AND OCCURRENCE

 

The very first scientific report on 

 

γ

 

-linolenic acid (GLA) was from Heiduschka and Lueft
in 1919 [1]. Their study reports on the seed oil of evening primrose (

 

Oenothera
biennis

 

 L.), a Native American herbal plant that was transplanted to Europe during the
17th century. An unusual form of linolenic acid present in the evening primrose seed oil,
which yielded a hexabromide derivative of linolenic acid (LA) with very different phys-
ical characteristics from the other two common forms, 

 

α

 

- and 

 

β

 

-isomers present in linseed
oil, has been described in their report. This unusual fatty acid was named as the 

 

γ

 

-isomer
or GLA [1]. Eibner and Schild [2] have characterized the exact chemical structure of
GLA and Riley [3] verified it. GLA belongs to n-6 polyunsaturated fatty acid (PUFA)
group and its three unsaturated double bonds are arranged in a methylene-interrupted
fashion and are of 

 

cis

 

 configuration (Figure 3.1). GLA can be expressed as all-

 

cis

 

-
6,9,12–octadecatrienoic acid or 18:3 (

 

∆

 

6,9,12; Figure 3.1). Certain higher plants (in
seeds and leaves), algae, fungi, and protozoans accumulate GLA in considerable
amounts. Mammal tissues contain GLA in trace amounts and are not ubiquitously found.

 

3.1.1 S

 

OURCES

 

 

 

OF

 

 GLA

 

GLA-containing oil is legally approved as a single food ingredient and therefore not
subjected to food additive regulation. As a result GLA-containing oils are available as
nutrient supplements or nutraceuticals and are very popular in North America. The
unreceding interest in this LA isomer has led to the exploration of GLA-rich sources

 

FIGURE 3.1

 

Chemical structures of LA, GLA, ALA, DGLA, and AA. Linoleic acid (LA),

 

γ

 

-linolenic acid (GLA), 

 

α

 

-linolenic acid (ALA), dihomo-

 

γ

 

-linolenic acid (DGLA), and arachi-
donic acid (AA). Both omega (n) and delta (

 

∆

 

) numbering system is indicated for LA. (

 

∆

 

)-
Numbering system starts carboxyl terminus and (n)-numbering starts at methyl terminus carbon.

HOOC

HOOC

HOOC

HOOC

HOOC

17 15 13 11 8 5 3 1

1295 731 15 17

18:2 (n6), LA

Delta (∆) designation

Omega (n) designation

18:3 (n6), GLA

18:3 (n3), ALA

20:3 (n6), DGLA

20:4 (n6), AA
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as well as the ways to enrich GLA content in natural sources. The bioconversion of
LA to arachidonic acid in animals results in very low levels of accumulation of the
intermediate product, GLA, and makes animal lipids poor sources of GLA. A limited
number of fungi and seed oils have been reported as sources of GLA. Table 3.1

 

TABLE 3.1
Contents of Oil and GLA in Selected Plants

 

Plant Ref.
Seed Oil

Content %
GLA Content % 

of Total Fatty Acids

 

Boraginaceae

 

Adelocaryum

 

 

 

coelestinum

 

[4] 22.0 12.4

 

Alkana

 

 

 

froedinii

 

[4] 47.0   9.9

 

A.

 

 

 

orientalis

 

[4] 23.0 12.4

 

Amsinckia

 

 

 

intermedia

 

[4] 28.0   8.2

 

Borago

 

 

 

officinalis

 

[5] 29.0–35.0 20.0–25.0

 

Brunnera

 

 

 

orientalis

 

[4] 27.0 15.4

 

Echium

 

 

 

plantagineum

 

[6] 23.7   9.2

 

E.

 

 

 

aculeatum

 

[6] 17.1 22.3

 

E.

 

 

 

giganteum

 

[6] 12.0 21.7

 

E.

 

 

 

triste

 

[6] 19.9 17.2

 

E.

 

 

 

fastuosum

 

[6] 13.7 23.8

 

E.

 

 

 

sventenii

 

[6]     7.25 24.4

 

E.

 

 

 

nervosum

 

[6] 20.5 24.5

 

E.

 

 

 

acanthocarpum

 

[6] 15.1 24.5

 

E.

 

 

 

callithyrsum

 

[6] 17.8 26.3

 

Lithospermum

 

 

 

latifolium

 

[7] 16.3 23.9

 

Pectocarya

 

 

 

platycarpa

 

[4] 15.0 15.2

Onagraceae

 

Oenothera

 

 

 

biennis

 

[4] 25 10.0

 

O.

 

 

 

grandflora

 

[4] 4   9.3

 

O.

 

 

 

lamarckiana

 

[4] 28   8.2

 

O.

 

 

 

strigosa

 

[4] 29   7.0

Scrophulariaceae

 

Scrophularia

 

 

 

lanoceolata

 

[4] 26   8.0

 

S.

 

 

 

marilandica

 

[4] 38   9.6

Saxifragaceae

 

Ribes

 

 

 

alpinum

 

[4] 19   8.9

 

R.

 

 

 

grossularia

 

 (yellow gooseberry) [8] 19.8–21.9 5.6–8.1

 

R.

 

 

 

nigrum

 

 (black currant) [8] 18.0–22.3 11.9–15.8

 

R.

 

 

 

nigrum

 

 

 

×

 

 

 

R.

 

 

 

hirtellum

 

 (jostaberries

 

)

 

[8] 18.0–23.6 6.1–8.8

 

R.

 

 

 

rubrum

 

 (red currant) [8] 11.2–22.4 3.3–7.0

 

R.

 

 

 

rubrum

 

 (white currant) [8] 18.0–23.6 6.1–8.8

 

R.

 

 

 

uva

 

 

 

crispa

 

 (gooseberry) [9] 18.3 10.0–12.0
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provides a list of plants and the reported content of GLA in their seed oils. According
to the literature, GLA is present in the oil of plant species from Boraginaceae, Ona-
graceae, Scrophulariaceae, and Saxifragaceae families. Only the Boraginaceae family
includes species with GLA contents higher than 20% of total seed fatty acids. Accord-
ing to the review by Ucciani [10] 5 out of 87 species analyzed contain this. However,
commercial production of seeds for GLA-rich oils is still limited to borage (

 

Borago
officinalis

 

 L

 

.

 

), black currant (

 

Ribes

 

 

 

nigrum

 

), and evening primrose (

 

Oenothera

 

 

 

biennis

 

L

 

.

 

). Oil fraction of hemp (

 

Cannabis

 

 

 

sativa

 

 L.) seed also contains GLA up to 4% of
total fatty acids [11]. Among the microbiological sources, 

 

Mucor

 

 

 

javanicus

 

 and 

 

Spir-
ulina

 

 

 

platensis

 

 are reported to contain 15 to 18 and 21% GLA, respectively [12–15].
The other reported unconventional sources of GLA are marine green algae 

 

Chlorella
spp

 

. NKG 042401 (10.5% of total fatty acids) [16] and safflower petals (2 to 3% of
total fatty acids) [17]. A review compiled by Gunstone [5] provides more details on
microbial sources of GLA.

 

3.1.2 B

 

IOSYNTHESIS

 

 

 

OF

 

 GLA

 

3.1.2.1 In Plants

 

In the fatty acid synthesis pathway of higher plants, double bonds can be inserted
at the 

 

∆

 

9, 

 

∆

 

12, and 

 

∆

 

15 positions (Figure 3.1). The presence of 

 

∆

 

9- and 

 

∆

 

12-
desaturase results in formation of oleic (18:1[n-9]) and LA (18:2[n-6]) respectively,
while the presence of 

 

∆

 

15-desaturase results in the occurrence of 

 

α

 

-linolenic acid
(ALA) (18:3, [n-3]) in plant tissues and seeds (Figure 3.2). In several plant species
in the families of Onagraceae and Boraginaceae, the activity of 

 

∆

 

15-desaturase is
absent; therefore ALA is not synthesized. However, the presence of 

 

∆

 

6-desaturase

 

FIGURE 3.2

 

Simplified biosynthetic pathway of polyunsaturated fatty acids in plants and
mammals. For each fatty acid numbers in parentheses indicate location of double bond according
to 

 

∆

 

-numbering (refer to Figure 3.1). (Modified from Horrobin, D.F., 

 

Prog.

 

 

 

Lipid

 

 

 

Res.

 

, 31, 163,
1992; Phillips, J.C. and Huang, Y.S., in 

 

γ

 

-Linolenic

 

 

 

Acid:

 

 

 

Metabolism

 

 

 

and

 

 

 

Its

 

 

 

Roles

 

 

 

in

 

 

 

Nutrition
and

 

 

 

Medicine

 

, Huang, Y.-S. and Mills, D.E., Eds., 1996, p. 1. With permission.)
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in these plant species allows the insertion of a double bond at the 

 

∆

 

6 position of
LA and also to the accumulation of GLA in the tissues. In addition to 

 

∆

 

6-, 

 

∆

 

9-
desaturases are active in 

 

Ribes

 

 spp. Accumulation of both GLA and stearidonic acid
(SDA, 18:4[n-6], all-cis- 6, 9,12,15-) occurs. In contrast to animals, the synthesis
of GLA in plants occurs in the linoleoyl moiety linked to phospholipids as the
substrate for the ∆6-desaturase. The ∆6-desaturase is position specific and utilizes
the linoleate only in position 2 of sn-phosphatidylcholine [18–20].

Lower plants such as algae and yeast use the phospatidylcholine-linked oleoyl
(both sn-1 and sn-2) to form linoleoyl-phosphatidylcholine similar to higher plants.
In GLA-rich microorganisms, the linoleoyl-phosphatidylcholine is desaturated by
∆6-desaturase to form GLA [21–23]. However, in certain strains of cyanobacteria
(e.g., Spirulina platensis, Synechocystis PCC6714), ∆6-desaturation takes place with
LA bound to glycerolipids as a mono- and digalactosyl diacylglycerol derivative
[24–25].

Identification of genes involved in desaturation of PUFA at carbon 5 (∆5-desaturase)
and at carbon 6 (∆6-desaturase) in lower organisms has led the way to generate
transgenic microorganisms and plant cells [26–28]. This has been used to produce
transgenic plants that are capable of producing the fatty acids arachidonic acid (AA),
eicosapentaenoic acid (EPA, 20:5[n-3]), GLA, and/or SDA depending upon whether
the nucleotide sequence encodes a ∆5- or ∆6-desaturase [29–31]. The development
of oilseed crops and microbial sources that are designed to produce substantial
quantities of GLA is a major goal for plant biotechnologists.

3.1.2.2 In Mammals

In mammals, GLA is produced constantly via desaturation (a further double bond
is introduced) of LA, by ∆6-linoleate desaturase in the liver to dihomo-γ-linolenic
acid (DGLA, 20:3 [n-6]; see Figure 3.2). Consequently, DGLA can be converted
into AA [20:4, (n-6)], a critically important fatty acid. Chain elongation and desat-
uration of AA may continue in mammals and eventually produce docosahexaenoic
acid (DHA, 22:6, [n-3], Figure 3.2).

In animal tissues, the enzyme ∆6-desaturase requires the coenzyme A (CoA)
derivatives of LA as the substrate [34,35]. It is accepted that during the course of
evolution, animals have lost the ability to insert double bonds into fatty acids beyond
the ∆9 position (e.g., ∆12 and ∆15 positions) and, therefore, are not able to transform
18:1(n-9) to 18:2(n-6) and 18:2(n-6) to 18:3(n-3). However, the ability to insert
double bonds between the existing bond and the carboxyl end of the acyl chain is
retained. That is manifested as the ability to metabolize dietary 18:2(n-6) and 18:3(n-3)
through ∆6-desaturation, elongation, and ∆5-desaturation to form long-chain (n-6) and
(n-3) molecules, respectively [32].

The endogenous conversion or desaturation of LA to GLA is believed to be
the rate-determining step in the formation of DGLA, hence AA and the rest of
the crucial metabolites. In normal individuals, dietary provision of LA by virtue
of its resulting conversion to GLA and AA satisfies the dietary need of GLA and AA.
However, several disease states may impair ∆6-linoleic acid desaturase activity, thus
resulting in reduced conversion of AA in the biosynthetic pathway. Extensive research
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has helped to identify n-6 essential fatty acids (EFAs) as fatty acids, which can
reverse all the symptoms that result when all n-6 fatty acids are excluded from
diet [18,36–38]. According to experiments, it has been demonstrated that LA,
GLA, and AA supplementation can reverse the features of EFA deficiency
[18,37,38].

3.2 PRODUCTION AND PURIFICATION

3.2.1 EXTRACTION AND ANALYSIS

The predominant uses of GLA-rich oils are based on the pharmacological prop-
erties of GLA. Different methods of extraction are utilized for black currant,
borage, and evening primrose seeds to recover their lipids. These include appli-
cation of hot or cold pressure to express oils or extraction of lipids with hexane
or supercritical CO2 [39–42]. These oils are available either of virgin quality, which
is obtained by cold pressing, or of refined quality that has gone through a specified
purification process [39].

Determination of GLA in lipids is carried out the same any other fatty acid
analysis by converting to respective methyl ester and separation on a suitable sta-
tionary phase for gas chromatographic analysis. Capillary columns of polar station-
ary phase material (e.g., Carbowax) are preferred as they give good separation of
linoleic, γ-linolenic, and α-linolenic methyl esters that originate from fatty acids
naturally present in GLA-rich sources [5].

High-performance liquid chromatography (HPLC) separation of GLA-containing
triacylglycerols (TAGs) is possible with a silver ion or a reversed phase [43–45].
Although it is possible to separate in seed oil TAGs with identical acyl carbon
numbers and degree of unsaturation (e.g., ALA or GLA) with reversed-phase HPLC
alone [46,47], Christie [44] recommends using a combination of silver ion and
reversed phase HPLC for the analysis of GLA-rich oils. Supercritical fluid chroma-
tography (supercritical CO2) may also be utilized to separate GLA containing TAGs.
Blomberg and group [48] have utilized supercritical fluid as the mobile phase and
a packed capillary column impregnated with silver nitrate to separate TAGs of borage
oil. Using the stationary phase of 25% cyanopropyl–75% methylpolysiloxane in
capillary supercritical chromatography, it is possible to separate GLA- and ALA-con-
taining TAGs [49]. Manninen and co-workers [49] showed that by using two 10-m
columns in tandem the resolution between 1,3-dioleoyl-2-γ-linolenoyl-sn-glycerol
and 1,3-dioleoyl-2-α-linolenoyl-sn-glycerol can be enhanced.

The distribution of GLA in the TAG molecule is significant in determining the
cleavage potential by pancreatic lipase, and thus the availability of GLA for absorption.
Alternatively, the association of GLA with other fatty acids in the TAG species of the
oils may modulate GLA potency in exerting its beneficial effects. There are several
methods available for determining fatty acid stereospecific/positional distribution of
TAGs based on thin-layer chromatography and chiral-phase or normal-phase HPLC [50].
The stereospecific distribution of the fatty acids in native evening primrose oil and
borage oil has been determined by several research groups [50–53]. It is found that
GLA in both borage and evening primrose oils is distributed asymmetrically and is
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preferentially located at sn-2 and sn-3 positions [50–53]. Positional fatty acid distri-
bution of individual TAG fractions (Table 3.2) and intact oil (Table 3.3) of borage and
evening primrose lipids shows that long-chain fatty acids (22:1[n-9] and 24:1[n-9]) are
exclusively located at the sn-1 position [50].

3.2.2 CONCENTRATION AND PURIFICATION

Because of the pharmaceutical value of GLA, a concentrated and pure form of GLA
is essential for research studies as well as for commercial products. Natural sources
contain GLA only up to 25 to 27% (w/w) of maximum (Table 3.1). In purification
of polyunsaturated fatty acids that have pharmaceutical value, several methods have
been described in literature. These include chromatography (high-performance liquid,
silver-ion exchange, and supercritical fluid) and enzymatic methods, especially selec-
tive hydrolysis and selective esterification [54]. Low-temperature crystallization,
urea complexation, and centrifugal partition chromatography (CPC) have been
applied to obtain GLA in highly concentrated form.

Separation of fatty acids according to their solubility differences in organic
solvents can be achieved at low temperatures in combination with the crystallization
differences according to unsaturation. The low-temperature crystallization process
is developed by exploiting this behavior and requires free fatty acids (FFAs) as the
starting material. Use of low-temperature solvent crystallization to develop a GLA-
concentrated product (as FFAs obtained from borage oil) has been described by
Chen and Ju [55] and they were able to raise the GLA of borage oil (as FFA) from
23.4 to 88.9% with a yield of 62.0% under the optimum reaction conditions.

In urea fractionation, enrichment of PUFA in the liquid fraction occurs due to
complex formation of saturated and monounsaturated fatty acids with urea. The
hexagonal crystals (urea–fatty acid clathrates) can be easily separated from the
supersaturated PUFA in the liquid (solvent) medium. Urea fractionation has been
very successful in enriching GLA in a mixture of fatty acids obtained from natural
seed oils (e.g., black current and borage) or microbial sources. Most GLA-rich oils
will produce 70 to 90% concentrates in one to three crystallization steps [5]. Several
patents [56–58] have been granted for the processes that use urea complexation for
generating concentrates, including GLA (as free acid or methyl ester).

CPC may also be a useful tool in purifying and concentrating GLA. Borage oil
FFAs (starting GLA content 21.8%) could be processed to obtain 98.3% GLA product
by CPC using hexane/dichloromethane/acetonitrile (5:1:4, v/v) as the solvent [59].
CPC offers an alternative to other methods of chromatography in purifying PUFA,
such as GLA, that have high commercial value and could scale up to produce large
quantities.

Lipases are specific to the fatty acids in catalyzing hydrolysis reaction of TAGs,
and thus discriminate between the fatty acids for their chain length and unsaturation.
This opportunity has been used to develop concentrated forms of PUFA including
GLA from source oils. The strategy is to enrich GLA in the FFA fraction by
hydrolyzing GLA-containing oil with a lipase that selectively hydrolyze, the
GLA–glycerol ester bond. However, a lipase that acts as such has not yet been
discovered from natural sources or engineered. Therefore, a two-step approach is
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often utilized in performing the selective esterification process. In the first step,
generation of FFAs by hydrolyzing GLA-containing oil using a lipase that acts on
PUFA/GLA as effective as on other constituent fatty acids is conducted. Then the
enrichment of PUFA in the FFA fraction is achieved by esterification of FFAs other
than GLA with an alcohol using a lipase that acts very weakly on GLA [54].

Shimada and group [54,60] have described a small-scale purification method
for GLA starting with borage oil that contained 22% GLA at the start and obtained
70% GLA-containing concentrate. Lipase from Pseudomonas spp., which was
found to be the most suitable for hydrolysis of borage acylglycerols, was used as
the catalyst to obtain FFAs in the first step in this process. Several factors that
affect hydrolysis reaction (e.g., oil-to-solvent ratio, enzyme-to-substrate ratio, reac-
tion time, and temperature) have been studied. Under the specified conditions
described by Shimada and group [60,61], hydrolysis of borage oil for 24 h resulted
in the release of FFAs (92%), including 93% recovery of GLA in the FFA fraction.
Free GLA obtained from this hydrolysis step was then selectively esterified with
lauryl alcohol catalyzed by Rhizopus delemer lipase; single-step esterification
resulted in a 74.2% recovery of GLA in the FFA fraction and concentration of GLA
was raised to 93.7% by a second step of selective esterification under the same
conditions [60]. This process has been adapted in large-scale preparation of GLA
concentrate [61]. In this scaled-up process, a molecular distillation step has been
included in removing the selectively esterified fatty acids. However, 15 to 20%

TABLE 3.3
Positional Fatty Acid Composition of Borage and Evening 
Primrose Oil (Expressed as mol%)

Fatty Acid

Borage Oil Evening Primrose Oil

Total sn-1a sn-2b sn-3c Total sn-1a sn-2b sn-3c

16:0 11.5 20.2 –3.1 17.5   6.0 11.3 –0.4   7.1
18:0   4.2   4.9   1.4   6.4   2.2   3.9   0.7   2.0
18:1 18.0 17.5 18.9 17.5   9.0   9.8   7.8   9.4
18:2n-6 42.0 38.5 53.4 34.2 74.4 70.0 81.5 71.6
18:3n-6 17.7   3.6 32.2 17.4   8.5   4.9 10.3 10.2
20:1n-9   3.3   5.9   0.0   4.0
22:1n-9   2.0   6.1 –1.7   1.7
24:1n-9   1.2   3.5 –0.9   0.9

a 3 × [TAG} – 2 × [sn-2,3-DG urethane].
b 3 × [TG] – [sn-1] – [sn-3].
c 3 × [TG] – 2 × [sn-1,2-DG urethane].

Source: Modified from Redden, P.R. et al., J. Chromatogr. A, 704, 99, 1995. With
permission.
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lauryl esters still remained in the concentrate and a urea adduct formation step was
necessary to remove them completely. Starting from 45% (w/w) GLA-containing
oil, Shimada and co-workers [54] were able to obtain concentrated GLA in FFA
form (98.6% purity) with a recovery yield of 20% (w/w).

3.2.3 STRUCTURED LIPIDS WITH GLA

Several researchers have studied the possibility of developing structured TAGs with
GLA and other selected fatty acids. The position of GLA in the TAG molecule is
significant when it comes to the in vivo bioavailability of GLA. It is well proven that
the ingestion of GLA-enriched oils results in the accumulation of DGLA in tissue
phospholipids and TAGs; however, the absolute level of GLA in the oil may not be
the sole determinant of biological efficacy of the oil. GLA bioavailability is influenced
by the precise stereospecific composition of the TAG and the cellular kinetics of
phospholipases and acyltransferases [62]. A good example is the formation of com-
parable amounts (per gram basis) of anti-inflammatory prostaglandin E1 (PGE1,
Figure 3.3) by borage and primrose oil, although the GLA concentration of borage
oil is twofold higher than that of primrose oil [63]. A previous section of this chapter
describes the stereospecific distribution of GLA in borage and evening primrose oils.

A process based on esterification of GLA (obtained from natural sources) with
glycerol in order to obtain 1-monoglyceride ester of GLA has been developed and
patented by Jowett [64]. The GLA-monoacylglycerol so obtained may have the
advantage of easy accessibility to GLA by digestive enzymes and also readily form
emulsions with water, which are beneficial properties in medical and cosmetic appli-
cations. This patented process describes utilization of GLA obtained by chemical
hydrolysis of natural sources and then reaction with glycerol to form monoacylglycerols
(MAGs). Molecular distillation is suggested to recover the enriched product.

Kawashima and group [65] have reported preparation of TAG with medium-
chain fatty acids (M) at the 1,3-position and the long-chain fatty acid (L) at the
2-position that resulted in a medium-chain/long-chain medium-chain fatty acid
(MLM)-type TAG. The process is started with a GLA-enriched oil (45% w/w) and
acidolysis reaction was performed with a GLA/caprylic acid (G/C) mixture using
immobilized Rhizopus oryzae lipase as the catalyst. The resulting product con-
tained 10.2 mol% MAG and 27.2 mol% diacylglycerol (DAG) and 44.5 mol% TAG
(mainly 1,3-capryloy 1-2-γ-linolenoy glycerol [CGC]) based on total acylglycerols.
Part of the reaction mixture contained tricaprylin (CCC) and partial acylglycerols,
which could be removed by molecular distillation and would result in increase of
CGC content up to 52.6 mol%. Using borage oil and Candida rugosa lipase,
structured TAG containing 50 mol% CGC may be produced by this two-step
process via selective hydrolysis.

The study carried out by Akoh and group [66] showed that EPA could be
incorporated into the glycerol backbone of evening primrose oil by transesterification
catalyzed by Candida antarctica lipase. Senanayake and Shahidi [67,68] have stud-
ied the possibility of esterifying EPA and DHA into GLA-containing borage and
evening primrose oils via Pseudomonas spp. lipase catalyzed acidolysis in order to

2162_C003.fm  Page 57  Monday, June 20, 2005  12:27 PM



58 Handbook of Functional Lipids

obtain a TAG containing all these three PUFAs. According to their process, highest
EPA incorporation of 39.9 and 37.4% in borage and evening primrose, respectively,
occurred at the stoichiometric mole ratio of 1:3 for oil to EPA [67,68].

3.3 FUNCTIONS OF GLA IN MAMMALS

3.3.1 METABOLIC ELONGATION OF GLA

Distinct biological activities of individual PUFA are still debatable. It is generally
accepted that mammals including humans require 1 to 2% of total dietary energy as LA
to prevent EFA deficiency [69]. Changes in EFA intake may alter the fatty acid compo-
sition of cell membranes [70,71]. In many animal tissues, LA is converted to AA by an
alternating sequence of ∆6-desaturation, chain elongation, and ∆5-desaturation, in which
hydrogen atoms are selectively removed to create new double bonds and then two carbon
atoms are added to lengthen the fatty acid chain (Figure 3.3). Dietary GLA bypasses the
rate-limited ∆6-desaturation step and is quickly converted to DGLA by elongase, with
only a very limited amount being desaturated to AA by ∆5-desaturase. However, limited

FIGURE 3.3 A simplified pathway to illustrate metabolic elongation of dietary linoleic and
γ-linolenic acid. (Adapted from Fan, Y.-Y. and Chapkin, R.S., J. Nutr., 128, 1411, 1998. With
permission.)
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activity of the ∆5-desaturase enzyme in rodents and humans results in conversion of only
a small fraction of DGLA to AA. This was supported by the observation that in several
cell types DGLA, the elongated product of GLA, is accumulated rather than AA after
GLA supplementation [72,73]. DGLA can be converted to PGE1 via the cyclooxygenase
pathway and/or converted to 15-(S)-hydroxy-8,11,13-eicosatrienoic acid (15-HETrE) via
the 15-lipoxygenase pathway [74]. The importance of 15-HETrE is that it is capable of
inhibiting the formation of AA-derived 5-lipoxygenase (proinflammatory) metabolites.
The oxygenated compounds, such as prostaglandin E2 (PGE2) and leukotriene B4 (LTB4),
are also potent mediators of inflammation. As these eicosonoids are predominantly
derived from EFAs, dietary manipulation or direct administration of precursor fatty acids
may be employed to alter the eicosanoid profile.

The increase in the DGLA production relative to AA is capable of augmenting
the bioconversion of AA metabolites, 2-series prostaglandins, 4-series leukotrienes,
and platelet activating factor (PAF), which can exert anti-inflammatory effects on
humans [73]. GLA supplementation helps to bypass a key regulatory rate-limiting
step of ∆6-desaturase, which controls the formation of long-chain n-6 PUFA. Even
if the intake of LA is adequate, substantial reduction of ∆6-desaturase activity due
to various physiological/pathological conditions, including aging, impaired health
(diabetes, viral infections, premenstrual syndrome, atopic dermatitis, rheumatoid
arthritis, cancer, cardiovascular disease), lifestyle factors (alcohol, stress), certain
dietary elements (high intake of cholesterol, saturated fats, and trans fatty acids),
may result in a state of functional n-6 EFA deficiency [33,62,75]. Therefore, abun-
dance of LA in the diet does not ensure the abundant generation of long-chain
metabolites because the process of conversion is rate-limited by the activities of ∆6-
and ∆5-desaturase, which is modulated by many nutritional and physiological
factors. As the biosynthetic pathways of PUFA consist of several series of rate-
determining desaturase and elongase steps (Figure 3.3), it is logical that dietary GLA
and AA may have superior biopotency compared with LA. Much clinical evidence
supports that dietary supplementation of GLA, the ∆6-desaturation product of LA,
can alleviate this inadequacy.

3.3.2 METABOLIC OXIDATION OF DGLA

The formed DGLA is cyclooxygenated (by Cox-1/2) to 1-series prostaglandins
(PGE1) and/or is metabolized (by 15-lipoxygenase) to 15-HETrE, depending on the
cell type. These two oxidative metabolites of GLA are able to exert clinical efficacy
in a variety of diseases, including suppression of chronic inflammation, vasodilation
and lowering of blood pressure, and the inhibition of smooth muscle proliferation
associated with atherosclerotic plaque development [72,76].

Several cell types, including neutrophiles, macrophages/monocytes, and epidermal
cells, metabolize DGLA into 15-lipoxygenase product, 15-HETrE. It is evidenced that
15-lipoxygenase-derived hydroxy-fatty acids inhibit the synthesis of AA-derived
5-lipoxygenase metabolites [77,78] (Figure 3.3). AA-derived 5-lipoxygenase products
(e.g., LTC4 and LTB4) are associated with several pathological inflammatory, hyper-
proliferative disorders [79]. It is also found that 15-HETrE can be incorporated into
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the membrane phospholipid, phosphatidylinositol 4,5-bisphosphate (Ptdlns 4,5-P2),
and released as 15-HETrE-containing DAG [80].

3.4 RELATIONSHIP TO DISEASE PREVENTION

The EFAs in human nutrition belong to both n-6 (LA) and n-3 (ALA) series. GLA
is a derived EFA as it is produced via desaturation of a parent EFA, LA. As previously
mentioned, the enzyme ∆6-desaturase is the rate-limiting factor in (n-6) EFA metab-
olism cascade, and it is influenced by changes in metabolic and endocrine regulation
as well as by the progression of certain diseases.

3.4.1 INFLAMMATORY DISORDERS AND RELATED CONDITIONS

Decreased levels of GLA are reported in subjects with inflammatory disorders. Abnor-
mal EFA metabolism including that of eicosanoid production has been implicated in
impairing the immune function and pathogeneses of inflammatory, autoimmune, and
neoplastic diseases [81–83]. GLA is an intermediate precursor of both the 1- and
2-series prostaglandins (PGs) and 3- and 4-series leukotrienes (LTs) (Figure 3.3).
Studies have shown that an increase in GLA intake enhances PGE1 levels while
decreasing PGE2 levels [84–86]. PGE2 for the most part has been responsible for exerting
a suppressive effect on cell-mediated immunity, including lymphocyte proliferation and
the production of T cell growth factor interleukin-2 (IL-2) [87,88]. Increased intake of
GLA may help to influence immune function via these interconnected reactions.

3.4.1.1 Rheumatoid Arthritis

The clinical manifestation of inflammatory disease of the synovium is rheumatoid
arthritis (RA), which is a chronic disease. RA results in pain, stiffness, swelling,
deformity, and eventually loss of functions in the joints. Since GLA intake produces
anti-inflammatory substances including PGE1, that, in turn, helps to reduce clinical
symptoms of RA. According to the proposed mechanism of how GLA helps to
reduce RA-related inflammation, several studies have suggested the key contribution
of DGLA-derived PGE1 synthesis in macrophages. GLA and DGLA are able to
suppress T cell activation by interfering with early events in the TcR/CD3 receptor-
mediated single transduction cascade [89]. This, in turn, results in suppression of
T cell proliferation after GLA administration [90].

Experimental findings of several research groups have indicated that PGs are
solely mediators of inflammation; this has led to the investigation of PG-precursor
fatty acids as potential therapeutic agents for RA and systemic lupus erythematosus,
which are characterized by acute and chronic inflammation [91–93]. In several
experimental animal models, suppression of acute and chronic inflammation as well
as joint tissue injury has been observed when a GLA-enriched diet was provided
[84,94,95]. Under such treatment, cells from inflammatory exudates are enriched with
GLA and DGLA, while the PGE2 and LTB4 concentrations are reduced and the
leukocyte effector function (chemotaxis, lysosomal enzyme release) is suppressed [94].
It has also been observed that the tissue DGLA to arachidonate ratio is increased
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substantially in animals fed a combination diet enriched in GLA as well as EPA.
Callegari and Zurier [93] have explained that the increase is due to the inhibition
of conversion of DGLA to AA by EPA makes more DGLA available to compete
with AA for oxidation.

The study of Pullman-Moor and group [96] reported that administration of GLA
(1.1 g/d) to patients having active RA resulted in increased proportion of total and
phospholipid DGLA in circulating mononuclear cells. The ratio of DGLA to AA
(DGLA:AA) and DGLA to stearic acid (SA) (DGLA:SA) showed a significant
increase in these cells. Since SA is a major saturated fatty acid in the cell membrane
and remains at a relatively fixed concentration, the changing ratio (DGLA:SA)
reflects incorporation of DGLA into the cell membrane. Longer term administration
(12 weeks) of GLA reduced production of stimulated peripheral blood monocytes
(PBM) of PGE2, LTB4, and LTC4, all of which are mediators of inflammation [96].
When the patients with RA and active synovitis were treated with GLA (1.4 to 2.8 g/d)
for up to 1 year in a randomized, placebo-controlled trial [97,98], a progressive
improvement was observed in the patients who continued the treatment for the entire
year, suggesting that GLA functions as a slow-acting, disease-modifying antirheu-
matic drug [62]. A systematic review of the studies on RA patients given treatments
prepared with GLA-containing oil indicates that there is moderate support for the
idea that GLA has a medium to strong effect in reducing pain and tender joint count
and a small effect in reducing stiffness [99].

3.4.1.2 Atopic Eczema

A series of studies published by Burr and Burr [100,101] reports about the “new
deficiency disease produced by the rigid exclusion of fat from the diet” and also
recognizes that the major defects associated with EFA deficiency in cutaneous
biology are epidermal hyperproliferation and increased permeability of the skin to
water. LA is the most abundant PUFA in human skin, and there is evidence to
indicate that one functional role of LA is its involvement in the maintenance of the
epidermal water barrier; disruption of this barrier is one of the major abnormalities
in cutaneous EFA deficiency. AA is the second most prominent PUFA and makes
up about 9% of the total fatty acids in the epidermal phospholipids of human skin
[102–104]. The functional role of AA is due to generation of oxidative metabolites
(PGE2, PGF2α, and PGD2) via the cyclooxygenase pathway and 15-HETrE via the
lipoxygenase pathway. The amount of 5-lipoxygenase in the epidermis is negligible;
therefore, most often 15-HETrE is found as the major lipoxygenase metabolite, not
LTB4, which is proinflammatory [105]. DGLA, the GLA elongated product, is metab-
olized to PGE1 and 15-HETrE by epidermal cyclooxygenase and 15-lipoxygenase,
respectively. The epidermis of both humans and guinea pigs contains active elongase
enzyme that converts dietary GLA to DGLA [106].

In atopic eczema, a reduced rate of conversion of LA to GLA is observed;
therefore lower levels of GLA metabolites, indicating impaired ∆6-desaturase activ-
ity, is present. Since ∆5-desaturase enzyme is deficient in the epidermis, dietary GLA
is not metabolized in significant amounts to AA. Therefore, the beneficial effects of
GLA-containing oils in clinical management of inflammatory hyperproliferative
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disorders of the skin [107,108] may be due, at least in part, to the epidermal generation
of PGE1 and 15-HETrE from elevated tissue DGLA concentrations [105].

Administration of GLA (2 to 6 g evening primrose oil/day) has produced a signif-
icant dose-related rise in plasma phospholipid DGLA in patients with atopic eczema
and a less consistent rise in AA [109]. The rise in DGLA contributes to an anti-inflam-
matory and proliferation control effect in the skin in two ways. One way is that DGLA
can be converted to PGE1, which can stimulate cyclic AMP and inhibit phospholipase.
This can reduce the selective hyperactivity of parts of the immune system [110]. The
other possibility is 15-OH-DGLA (15-HETrE) inhibits lipoxygenases and, therefore,
leukotriene formation is inhibited. Elevated levels of soluble IL-2 receptor concentrations
have been observed in atopic eczema. Therefore, GLA induced suppression of IL-2
receptor concentration may have a significant effect on atopic eczema [111].

The first clinical study carried out on treating eczema with GLA (for 3 weeks)
showed moderate beneficial effects [107]. Since then several randomized, placebo-
controlled trials have been carried out and results show a mixed effect, but the balance
of evidence indicates that moderate doses of GLA produce clinical improvement,
particularly in itching. The review done by Horrobin [110] provides a comprehensive
analysis of these clinical studies.

3.4.2 CARDIOVASCULAR DISEASE

3.4.2.1 Modulation of Atherogenesis

Smooth muscle cells (SMCs) and macrophages are two of the major reactive cell
types involved in the progression of atherosclerosis. It is well known that macrophage-
derived growth regulatory molecules (e.g., IL-1, nitric oxide, tumor necrosis factor-α ,
transforming growth factor-β, and macrophage derived growth factor [MDGF]) can
influence SMC proliferation, and dietary lipids may influence the profile of these
growth factors [112–114]. Atherosclerotic lesions result from an excessive inflam-
matory fibroproliferative response to various forms of disturbances to the endothelium
and smooth muscle of arterial wall.

Dietary GLA can downregulate atherogenic potential by enhancing macrophage
PGE1 biosynthesis [63]. The antiproliferative cyclooxygenase product of PGE1 elicits
an array of biological responses by binding to select G protein-coupled surface
receptors on SMCs, increasing intracellular 3′,5′-adenosine monophosphate (cAMP)
levels [115]. cAMP is capable of stimulating the expression of numerous genes
through the protein kinase A (PKA)-mediated phosphorylation of the nuclear cAMP
response element binding (CREB) protein [116]. PGE1 exhibits inhibition of vascular
SMC proliferation through this mechanism [117]. It is known that agents that can
reduce the migration and proliferation of vascular SMC can also retard the typical
artherosclerotic plaque [118,119]. The macrophage-derived PGE1 is capable of
inducing SMC intercellular cAMP levels, resulting in the inhibition of vascular SMC
proliferation, which is a major part of the atherogenic process. Also, it has been
proved that dietary GLA can reduce the size of atherosclerotic lesions in ApoE
genetic knockout mice, indicating that similar retardation may occur in humans
[62,120].
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3.4.2.2 Regulation of Blood Pressure and Hypertension

Current evidence indicates that dietary GLA is a potent blood pressure lowering
nutrient, which may be useful in nutritional interventions in treating hypertension.
In the studies carried out on hypertensive rats, significant alterations in the fatty acid
composition of plasma, hepatic, and vascular tissues induced by dietary GLA have
been found. GLA may alter lipid composition of vascular SMC membranes that
affect receptor interaction and also it is a known fact that PUFAs influence regulation
of membrane-bound receptors [121]. Compositional changes in fatty acids can affect
cell membrane fluidity and, therefore, functional properties of the cell. Lowering of
systolic blood pressure by GLA in adult spontaneously hypertensive rats (SHRs)
may be mediated at least in part by interference with the rennin–angiotensin–aldes-
terone system at the level of the adrenal angiotensin II receptors [122]. GLA may
inhibit receptor binding of angiotensin II and synthesis of aldosterone adrenal cells
[122,123]. It is suggested that GLA may affect renal Na+/K+ adenosinetriphosphatase
(ATPase) enzyme activity, which promotes natriuresis and results in blood volume
reduction that lowers blood pressure [125,126]. A comparative study carried out by
Engler et al. [127] showed that in relation to GLA, content of fungal oil is the most
potent in lowering high blood pressure in SHRs, and also it is the most potent
component in evening primrose oil. The active component GLA in evening primrose
oil may reduce blood pressure through its simulative effects on the synthesis of 1-
series PG, and also 2-series PG to a certain extent, which have vasoactive effects
and might play a role in the control of renal function [125].

3.4.2.3 Hypocholestrolemic Effect

Studies by Takayasu and Yoshikawa [128] reported that addition of methyl-GLA
can significantly lower plasma and liver cholesterol concentrations when animals
were concomitantly fed a high-cholesterol diet. The studies carried out using the
TAG form of GLA (as evening primrose oil) have found positive hypocholesterolemic
effects on both animals and humans.

The change of PG profiles that results from GLA administration and subsequent
influence on DGLA formation may influence cholesterol metabolism in several
tissues. According to Horrobin [129,130], PGE1 can inhibit cholesterol biosynthesis.
In rat models, intraperitoneal administration of PGE1 (1 mg/kg for 5 d) significantly
decreased cholesterol, triacylglycerol, and phospholipid in serum and HDL [131].
Studies on isolated human mononuclear leukocytes showed that PGE1 (and prosta-
cyclin analogue, iloprost) is capable of suppressing sterol synthesis through an
increase in cyclic AMP [132]. Cyclic AMP has the ability to inhibit 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase and to suppress sterol synthe-
sis [132,133] and also to decrease binding, uptake, and degradation of LDL by
decreasing the number of LDL receptors in several cell lines [134,135]. Fox and
colleagues [136] suggest that the hypocholesterolemic effect of GLA may be directly
attributable to redistribution of plasma cholesterol to body tissues through an increase
in tissue receptors, rather than a change in endogenous cholesterol synthesis or
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catabolism [136]. Huang and group [137] also hypothesized that the decrease in
liver cholesterol levels by evening primrose oil in rats is attributed to HMG-CoA
reductase activity, the rate-limiting enzyme of cholesterol biosynthesis; however,
this hypothesis is not further confirmed.

3.4.3 TUMOR AND CANCER

One of the proposed mechanisms for the action of PUFAs in modulation of can-
cerous and tumorous cell growth is related to lipid oxidation. EFAs, especially
GLA, AA, EPA, and DHA, are capable of inducing apoptotic cell death of tumor
cells [138–142]. A review provided by Das [143] lists the following as the most
relevant metabolic events in tumor cells that have relation to PUFA metabolism:
(1) excess production of PGE2 and PGF2α, which have immunosuppressive action;
(2) decrease in free-radical generation coupled with a relative increase in antioxi-
dative capacity; (3) a decrease in the content of PUFAs, which are necessary to
trigger oxidative metabolism in human neutrophils and tumor cells; and (4) an
increase in polyamines.

Impaired lipid oxidation has been observed in tumor cells [144–146]. EFAs are
important structural components of cell membranes, and thus substrates for gener-
ation of lipid oxidation products, which have inhibitory activity on cell proliferation.
Some PGs derived from cis-unsaturated fatty acids including GLA have antineo-
plastic properties [147,148]. Also, it has been noted that tumor cells (e.g., human
macrophage-like cells, line U-937 and promyelocytic leukemia cells, HL-60) do not
constitutively express phospholipase A2 (PLA2) activity, but do so when induced to
differentiate in vitro [149,150]. The PLA2 catalyzes the rate-limiting step in the
release of cis-unsaturated fatty acids from the cell membrane lipid pool, which form
precursors to various PGs. Therefore, it can be rationalized that the deficiency in
PLA2 activity in tumor cells prevents the formation of antineoplastic PGs. Tumor
cells are also deficient in ∆6-desaturase enzyme and secrete excess of PGE2, which is
immunosuppressive and mutagenic [151–153]. 

GLA, AA, EPA, and DHA can selectively enhance both superoxide anion and
hydrogen peroxide generation and the level of lipid peroxides in the tumor cells,
but not in normal cells [141,154]. The observed high antioxidant activity and reduced
levels of microsomal cytochrome P450 and cytochrome B5 [155,156] and increased
levels of reduced glutathione content [156,157] in tumor cells is still puzzling. It
has also been observed that decreased levels of superoxide dismutase during early
stages of tumorrogenesis continue to remain depressed [158,159]. The reduction in
lipid peroxidation in tumor cells has been attributed to the increased contents of
lipophilic antioxidants in tumors, which is mainly due to α-tocopherol [160]. In
normal cells, when DNA synthesis is at maximum, lipid peroxidation is suppressed
and vice versa; therefore, cells have evolved a mechanism of changing their antioxidant
content to protect the genetic material from free-radical damage [144,155,161].

DeVries and Van Noorden [159] suggest that the reduced lipid peroxidation in
tumor cells may be due to the lack of adequate amounts of specific PUFA substrates
and also to the loss of the lipid oxidation mechanism. The lack of adequate amounts
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of specific PUFA substrates may be due to reduced formation or uptake of PUFA
by tumor cells. Several investigators have showed that tumor cells are deficient in
PUFAs and contain higher amounts of oleic acid and decreased amounts of AA and
C22 PUFAs [162]. Since the longer chain PUFAs stimulate higher rates of lipid oxidation
than C18 PUFAs, this may be one of the rate-limiting factors in lipid peroxidation
in tumor cells. Decomposed lipid peroxidation products (e.g., malonaldehyde,
4-hydroxynonadienal, 4-hydroxyhexenal) generated from PUFAs may have a regu-
lating effect on DNA duplication enzymes, and thus function in regulating cell
proliferation and uncontrolled tumor cell growth [159]. The reviews provided by
Das [142] and De Vries and Van Noorden [159] extensively discussed how EFAs,
including GLA, affect tumor cells via the lipid peroxidation pathway.

In the studies on growth and metastatis of rodent mammary tumor cells, atten-
uated levels of PGE1 were found in opposition to PGE2 in nonmetastatic cells
[163–165]. AA-derived eicosanoids play an important role in down regulating growth
and metastasis of tumor cells.

In mixed culture cells, GLA showed a more selective tumoricidal action than did
AA or EPA [139] and in vivo studies showed antitumor [166] and antiangiogenic [167]
activities and may increase the sensitivity of tumor cells to radiation and chemother-
apeutic agents [168,169]. Das and co-workers [170] and Bakashi and group [171]
described the use of GLA as a therapy for human gliomas, which can occur anywhere
in the brain but usually affect the cerebral hemisphere. They have treated patients with
grade-4 gliomas with 1 mg GLA for 7 d by intratumoral injection. It was concluded
from this study that GLA is capable of enhancing the sensitivity of tumor cells to
conventional anticancer and radiation treatments as found in studies of breast cancer
[172,173] and also has the beneficial property of the lack of side effects.

Studies on GLA related to cancer therapy propose that GLA has a value as a
new cancer therapeutic agent having selective antitumor properties with negligible
systemic toxicity. The proposed mechanisms of activities include modulation of
steroid hormone receptors (e.g., estrogen receptors in breast cancer). The clinical
study carried out by Kenny et al. [172] concludes that GLA is a useful adjunct to
primary tamoxifen treatment in endocrine-sensitive breast cancer. GLA may affect
on estrogen receptor function and exert an additive or synergistic action with tamoxifen
via enhanced down regulation of estrogen receptor-stimulated growth.

3.4.4 DIABETES AND RELATED CONDITIONS

It is found that desaturation and elongation of LA are decreased in subjects with
type 1 diabetes (insulin-dependent, diabetes mellitus) [174]. Decreased levels of
DGLA and AA in serum lipids in association with increased plasma levels of PGE2

and PGF2α have also been observed. In children with deficient levels of insulin and
high levels of blood sugar supply, formation of DGLA from LA is lowered and
decreased formation of PGE1 has been observed [175]. Under conditions of diabetes
mellitus, this restricted conversion of dietary LA to GLA has been attributed to the
reduced ∆6-desaturase activity [176,177].

Platelet abnormalities are linked with vascular disease and diabetes has a high
incidence of vascular complications. Studies on the fatty acid composition of platelet
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phospholipids showed that increased levels of AA in type 2 diabetes patients compared
with the age-matched controls and the levels were disproportionately high compared
with those in plasma total lipids [178]. Diabetic subjects with proliferative retinopathy
showed significantly higher AA uptake activity than those with little or no background
retinopathy; however, no difference was found for LA uptake activity in platelets
between the two groups [179]. Positive results obtained from several clinical studies
have evidenced that providing GLA to bypass blocked ∆6-desaturase activity can
favorably alter platelet fatty acid composition and prostonoic metabolism [180–182].
Poisson and co-workers [183] provided a good review on this aspect of GLA.

Diabetic neuropathy is a characteristic of diabetes that affects sensory nerves and
also of neuropathy affecting autonomic nerves. Lack of GLA metabolites is also a
considered factor for normal neuronal structure, function, and microcirculation; thus
impaired membrane function and nerve damage are observed in diabetic neuropathy
[184,185]. Several observations made on diabetic animals suggest that the neuropathy
may relate to changes in the phospholipid structure of the neuronal membrane and/or
to abnormal neuronal microvascular function. Low levels of AA have been found in
neuronal phospholipids (PLs) from diabetic animals with neuropathy [186].

TAGs containing GLA have been shown to normalize nerve conduction velocity
and sciatic endoneurial blood flow [187,188]. GLA is able to correct nerve conduc-
tion abnormalities by enhancing the synthesis of the cyclooxygenase-derived vasodi-
lator prostanoid, PGE1, which is capable of increasing vasa nervorum perfusion
[189]. Studies carried out on diabetic rats showed that ascorbate combined with
GLA has therapeutic advantage over GLA alone; thus ascorbyl GLA may be suitable
in clinical trials for diabetic neuropathy [62].
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4.1 INTRODUCTION

 

Urea inclusion compound (UIC)-based fractionation of free fatty acids (FFAs) has
been employed for over 50 years on both analytical and preparative (kg) scales. This
approach has potential value as a large-scale and continuous-mode process due to its
mild operating conditions: low temperature and pressure, low cost, and its use of
environmentally friendly and agriculturally derived materials (urea, ethanol, water).
For these reasons, the method has recently received attention as a low-temperature,
inexpensive, and environmentally favorable alternative or prefractionation step for
molecular distillation in the purification of polyunsaturated FFAs (PUFAs). This
chapter provides a physical description of UICs, their employment on a bench and
preparative scale, and their potential use on a large scale for FFA fractionation and
purification. A two-part review on UIC-based fatty acid fractionation has been recently
published [1,2]; the goal of this review is to briefly summarize the review, provide
updated information, and expand the discussion given therein on large-scale process
development. In fact, Daniel Swern’s review of UIC-based purification of lipids,
written almost 50 years ago, remains a valuable tool to educate newcomers to the field
[3]. In addition to serving as a means of downstream extractive purification, UICs also
have potential applicability as a host system for chemical and free-radical polymerization
reactions [4] and microscale chromatographic separations [5–7].
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4.2 PHYSICAL DESCRIPTION OF UICS

 

Comprehensive reviews on the physical and chemical properties and behavior of
UICs are available from the research groups of M.D. Hollingsworth at Kansas State
University and K.D.M Harris at the University of Birmingham [4,8]. A short descrip-
tion will be given her.

At room temperature urea exists in tetragonal crystalline form; however, as
discovered serendipitously by Bengen in the 1930s, in the presence of molecules with
linear alkyl chains, urea forms long, needle-like clanthrates possessing hexagonal
crystalline morphology [9,10] (Figure 4.1 [11]). The resultant UICs consist of a series
of parallel, linear channels formed by a network of spiral, antiparallel, hydrogen-
bonded strands of urea molecules with the linear alkyl chain inclusion compound
guests residing in the channels’ interior. Each oxygen atom of a urea molecule forms
hydrogen bonds with four nitrogen atoms, and each nitrogen atom forms hydrogen
bonds with two oxygen atoms. The inner diameter of the channels ranges between
0.55 and 0.58 nm. UICs are “incommensurate” (i.e., the vertical position of guest
molecules in neighboring channels and the distance separating adjacent guests molecules
in a given channel are variable). In other words, the channel walls can be considered
“smooth,” meaning that the “guests” will pack randomly with respect to the lengthwise
direction of the channels. However, despite the incommensurate relationship, guest
molecules in adjacent tunnels influence the chemical behavior of each other in a
manner not fully understood [12]. Other physical and thermodynamic properties of
UICs laden with FFA guests are listed in Table 4.1 [3,4,13–19].

 

FIGURE 4.1

 

Front view of a UIC containing a hydrocarbon guest. Leftmost and rightmost
arrows depict a UIC hydrocarbon guest and a urea molecule, respectively. Atoms depicted as
white, black, red, and blue represent H, C, N, and O, respectively. (From Lee, S.-O. and
Harris, K.D.M., 

 

Chem.

 

 

 

Phys.

 

 

 

Lett.

 

 307(5,6), 327–332, 1999. With permission.)
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Inclusion compounds are also formed using homologues of urea. For instance,
thiourea produces inclusion compounds with larger channel diameters than UICs
(0.61 nm compared with 0.55 to 0.58 nm for urea), allowing for selective removal
of branched and cyclic molecules from linear molecules, the latter of which are too
narrow in width to serve as host [4,8]. Selenourea also forms inclusion compounds [4,8].
Furthermore, urea forms inclusion compounds of alternate structure with other small
molecules, such as diacids and hydrogen peroxide [20–23].

 

4.3 BASIS OF SELECTIVITY FOR UIC-BASED 
FRACTIONATION

 

As introduced above, UIC formation occurs most readily when the UIC guest contains
a long alkyl chain in an extended planar zigzag conformation; moreover, short-chain
length, branching, cyclic groups, and multiple double bonds make UIC formation
less energetically favorable. Branched molecules are more likely to form UICs when
the branched group is located near one of the terminal positions of the guest’s
backbone and when a backbone carbon does not contain multiple branched groups.
(Inclusion guests with bulky or hydrogen-bonding groups near the C

 

1

 

 position, such
as 2-undecanone, often form flat plate hexagonal crystals due to the hindrance of
vertical crystal growth by the bulky terminal groups.) Guests with 

 

trans

 

 double bonds
are more likely to form UICs than 

 

cis

 

-containing guests due to the greater molecular
linearity of the former. There usually exists a minimum chain length for a series of
homologous organic molecules in order for UICs to occur. For instance, alkanes with
chain length of C

 

5

 

 or smaller do not form UICs, presumably because the chemical
potential driving force for UIC formation is insufficiently small. A guest’s stereochem-
istry may also be a factor, as suggested recently [24,25]. However, “poor” guests are
often incorporated into UIC

 

s

 

 in the presence of “good” guests, perhaps because bulk
phase molecules replace guests in the UIC channels [5–7] or because poor guests
become entrapped randomly in the clathrates during UIC formation.

Linear polymers such as poly(caprolactone), poly(ethylene glycol), and poly-

 

L

 

-lactic acid, as well as block copolymers containing linear polymer segments, also
form UICs, some of which possess nonhexagonal crystalline structure [26]. Polymers
recovered from UICs frequently exist in a highly crystalline morphological state.

 

4.4 METHODOLOGY FOR BENCH-SCALE UIC-BASED 
FRACTIONATION

 

The overall process consists of the following steps:

1. Cosolubilization of urea and the molecules to be fractionated (e.g., FFA)
via use of a solvent and/or addition of heat

2. Heat removal to induce UIC formation
3. Sedimentation to separate the UICs, consisting solely of urea and linear

and long-chain FFA (perhaps mixed with tetragonal urea crystals), from
a solvent-rich phase containing urea, PUFA, and short-chain FFA

4. Isolation of the FFA product from the UICs and/or the solvent-rich phase
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“Step zero,” the prepurification of feed material, may be required. For instance, refining
steps such as degumming are important for a crude FFA source since sulfur-containing
compounds, peroxides, surfactants, and phospholipids inhibit UIC formation [27,28].
Perhaps the inhibitors function by increasing the solubility of the guest molecules in
the bulk solvent-rich phase, reducing their propensity to partition to the UIC channels.

An important ingredient required for effective fractionation is the solvent, whose
role is to cosolubilize urea and the molecules to be fractionated, for example, FFA,
prior to UIC formation. The best solvents are polar and lack the ability to serve as
UIC guest (e.g., methanol, ethanol, dioxane, and methylene chloride). The absence
of solvent can result in the occurrence of complicated phase behavior [29,30].

The nature of the temperature programming to be employed during the cooling
process is an important consideration. Most papers have employed a slow cooling
process. Lee reports that a rapid temperature reduction leads to the coprecipitation of
UICs and tetragonal urea, hence reducing extractive efficiency; however; as conceded
by the author, a slow cooling process has disadvantages of long processing time and
susceptibility to oxidative degradation for unsaturated FFA due to the long exposure at
elevated temperatures [31]. To concur, Hayes and co-workers have performed prelim-
inary investigations that demonstrate the amount of UICs formed for a given set of
operating conditions decreases as the rate of cooling decreases (unpublished data). Lee
recommends a moderate cooling rate of about 0.5 degrees per minute and the slow
addition of FFA in small batch increments as a means of minimizing the disadvantages
of both rapid and slow cooling processes [31]. Hayes, Van Alstine, and co-workers
report that a rapid cooling process (cooling from 

 

∼

 

60

 

°

 

C to room temperature within a
minute) is sufficiently selective, efficient, and precise for FFA fractionation [27,32,33].

If desired, the occurrence of UICs can be verified by a variety of techniques,
such as light microscopy, differential scanning calorimetry (DSC), x-ray diffraction,
and Fourier transform infrared (FT-IR) spectroscopy. DSC can also be used to detect
the presence of tetragonal urea and other molecules that do not reside in the UIC
channels. Examples of the application of these techniques to analysis of UICs are
given in [34–36] and discussed as an overview in [1].

To recover guest molecules from UICs, three different approaches can be
employed, all of which lead to UIC decomposition:

1. An extractant is used in which the UIC guest is highly soluble; the
extractant should not be capable of serving as UIC guest (e.g., isooctane).

2. A polar extractant is used that selectively removes urea (e.g., warm water,
which should have a pH below 7 for use with FFA purification to prevent
saponification).

3. Heat is applied to increase the UICs’ temperature above their decompo-
sition temperature, the latter of which is typically between 100 and 

 

135°

 

C
(Table 4.1).

Usually, choice 2 is the simplest and most cost effective; however, a disadvantage
of this approach is the difficulty and/or expense required for recovery of urea. Choice
1 is usually not practical due to the high cost of the solvent and the requirement of
an additional process step to isolate the guest from the solvent. Choice 3 is rarely
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chosen due to the high energy cost and the possible thermal degradation of guest
molecules and urea.

The recovery of guest molecules from the solvent-rich phase must also be carefully
considered, since the solution also contains urea. The recommended procedure is to
first remove solvent via evaporation, resulting in a physical solid-phase mixture of
urea and guest molecules. Then warm water and/or guest-selective solvent (e.g., hexane
for FFA) is applied to separate urea from the guest. For ethanol-rich solutions resulting
from UIC-based fractionation of FFA, the direct addition of warm (

 

∼

 

50

 

°

 

C), slightly
acidic water (in the absence of solvent evaporation) resulted in the precipitation
of 

 

∼

 

75% of the FFA, which was recovered by sedimentation or extraction with hexane
[32]. However, removal of the solvent via evaporation under reduced pressure prior
to water addition increased the recovery of FFA to near 100% [32].

 

4.5 UIC-BASED FFA FRACTIONATION: APPLICATIONS

 

Molecular distillation, the most common method for fractionating FFA for decades
[37], provides high selectivity, but, as a result of its high operating temperature
(typically between 

 

100

 

 and 

 

200°

 

C) and ultralow pressure, it leads to high operating
costs, possible thermal degradation of PUFA and oxygenated FFA species, and safety
concerns. UIC-based fractionation does not possess the degree of selectivity of
molecular distillation, but employs a much lower operating temperature and atmo-
spheric pressure. Since the process involves relatively benign operating conditions
and chemicals that are “generally regarded as safe” (GRAS) by the U.S. Food and
Drug Administration (FFA, urea, water, ethanol), it can be labeled as “ecofriendly,”
and it can be safely employed in rural settings. Although its selectivity is lower than
molecular distillation, it can be used as a preliminary fractionation step in conjunc-
tion with other separation methods, such as low-temperature crystallization, lipase-
selective esterification, and chromatography, resulting in a high-purity FFA product.
A multiple-stage UIC process greatly enhances FFA product purity.

UIC-based FFA fractionation has been employed for the following general
purposes:

1. It is to isolate PUFA or ring-containing FFA of interest in the solvent-
rich phase by forming saturated and monounsaturated FFA-rich UICs.

2. It is to improve the quality of food-related FFA by removing saturated
FFA-rich UICs.

3. It is to improve the oxidative stability of food-related FFA by selectively
forming a solvent-rich phase containing PUFA such as linoleic and 

 

α

 

-
linolenic acids. The FFA product resides in the UICs, resulting in the
former’s protection from auto-oxidation agents such as O

 

2

 

 [38,39].

Specific examples of UIC-based FFA purification are given in Table 4.2 [27,32,40–55].
The most frequently encountered application is the isolation of PUFA from fish oils.
Several of the citations employed a UIC-based fractionation in two stages to first remove
saturated FFA, and then PUFA [31,49,53,54]. Note that UIC fractionation is also
effective in fractionating fatty acid esters (e.g., methyl esters) and fatty alcohols [3].
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4.6 CONSIDERATIONS FOR LARGE-SCALE UIC-BASED 
FATTY ACID FRACTIONATION

 

Bench-scale experiments should be performed first to help select operating conditions
to be used for scale-up. With regard to selecting the amount of UICs that are formed,
there exists a trade-off between product purity and yield. For instance, if one’s product
of interest is PUFA collected from the solvent-rich phase, as the overall weight fraction
of UICs increases, the purity of the PUFA in the desired product increases at the
expense of product yield. For recovery of product from the UICs, the purity increases
and the recovery decreases as the weight fraction of UICs decreases [32]. The weight
fraction of UICs is increased by increasing the initial weight fraction of urea, decreas-
ing the initial weight fraction of solvent, decreasing the solvent’s polarity (i.e., its
solubility for urea), and decreasing the final temperature during the cooling process.

To predict the outcome of a UIC-based FFA fractionation, the author has devel-
oped a mathematical model based on lever rule equations derived from experimentally
determined phase diagrams at several different temperatures, mass balances, and
experimentally derived partition coefficients for the FFA species, which were depen-
dent only upon the percentage uptake of total FFA by the UICs [33]. This approach
was applied successfully to predict the resultant UIC and solvent-rich phase compo-
sitions for FFA derived from low erucic acid rapeseed oil/ethanol/water/urea system

 

TABLE 4.2
UIC-Based Fractionation of FFA

 

FFA Source

 

a

 

Application

 

Fish oil Isolation of AA, EPA, and DHA [27,40–45]
Black currant or borage oil Isolation of GLA [27,46,47]
Conjugated linoleic acid reaction 
mixture

Isolation: 18:2

 

9c,11t

 

 and 18:2

 

10t12c

 

 [48,49]

Linseed oil Isolation of ALA [27,50,51]

 

Bombax munguba

 

 (cotton) oil Isolation of malvalic FFA [52]

 

Sterculia foetida

 

 (kapok) oil Isolation of sterculic FFA [52]
Rapeseed oil Removal of saturated FFA [32]
Meadowfoam oil Fractionation: 20:1 [5] and 22:2 [5,13,27]
Milk fat Separation of long-chain saturates from short-chain 

saturates and C

 

14

 

–C

 

18

 

 unsaturates [53,54]
Shark liver oil 1-

 

O

 

-alkylglycerol ether
lipids

Separation of saturated and unsaturated ether 
lipids [55]

 

a

 

ALA, GLA, AA, EPA, DHA, malvalic, and sterculic acids refer to 

 

α

 

-linolenic (18:3

 

9c,12c,15c

 

), 

 

γ

 

-linolenic
(18:3

 

6c,9c,12c

 

), arachidonic acid (20:4

 

5c,8c,11c,14c

 

), eicosapentaenoic acid (20:5

 

5c,8c,11c,14c,17c

 

), docosa-
hexaenoic acid (22:6

 

4c,7c,10c,13c,16c,19c

 

), 

 

cis

 

-8,9-methylene heptadec-8-enoic, and 

 

cis

 

-9,10-methylene octadec-
9-enoic acid, respectively.

 

Source:  

 

From Hayes, D.G., 

 

INFORM

 

 13 (Nov), 832–834, 2002. With permission.
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employing rapid cooling during the UIC formation process and water to ethanol ratios
of 10:90 v/v or less [33]. Moreover, the bench-scale experiments provided data to
create the phase diagrams and partition coefficients. In addition, phase equilibria were
determined by measuring the UIC formation temperature as a function of the overall
mixture’s composition during slow cooling.

To date, UIC-based FFA fractionation has been employed at the kilogram scale
[41] or smaller. A possible process plant design for large-scale continuous-mode UIC
FFA fractionation is depicted in Figure 4.2. Low temperature and pressure would
be employed throughout. The main unit operations of the process are a mixing vessel
where the four components (FFA, urea, water, and ethanol) are cosolubilized at an
elevated temperature (

 

∼

 

50

 

°

 

C), followed by a crystallizer held at a reduced temper-
ature (e.g., 25

 

°

 

C). Heat integration is possible in this design, where a water stream
that removes heat in the crystallizer can be used to provide heat for the mixing vessel.
The slurry that exits the crystallizer is separated into liquid and solid (UIC) phases
by centrifugation. The FFA product will more frequently be in the former phase.
The latter phase perhaps can be used directly as a fertilizer feedstock, or separated
into FFA enriched in saturates and urea using warm water to extract the latter from
the UICs. The FFA product is isolated by first evaporating away solvent (and a partial
amount of urea since the later is slightly volatile); then, the remaining urea is extracted
away from the FFA using water. The urea-rich water stream and the solvent-rich
evaporate are then recycled back to the process. Fresh urea must be added to the system
to compensate for the loss of urea in the UIC product. As an alternative process
configuration, the FFA source can be purified using a pseudo-multistage scheme, where
the FFA product/solvent-rich phase leaving the centrifuge is recycled back to the heated
mixing vessel rather than subjected to evaporation (dotted line in Figure 4.2).

A key process parameter is the solvent type. The ideal solvent must be inexpensive,
safe, and highly miscible with both urea and FFA and cannot serve as a UIC guest,
as discussed above. Ethanol or ethanol/water mixtures rich in ethanol (such as the
azeotropic 95% ethanol mixture) are recommended by this author. However, a
concern for using ethanol (or methanol) is the formation of ethyl (or methyl) car-
bamate, a possible carcinogen. Carbamates form from a reaction between ethanol
(or methanol) and urea at elevated temperatures [56,57]. It is possible that carbamate
formation may occur in the mixing vessel and/or the evaporator in the proposed
process scheme depicted in Figure 4.2, depending upon the temperature and the
residence time. The presence of carbamate will be tested in the author’s laboratory.

 

4.7 CONCLUSIONS

 

UIC-based fractionation is a valuable process step in the purification of FFA.
Although currently employed at a bench-to-preparative scale, it can be readily
applied to a large scale since it requires commonly used chemical processing equip-
ment. The importance of UIC-based fractionation is expected to increase due to the
increased need for energy efficiency, environmental friendliness, and increased
development of novel FFA via enhanced capabilities in gene expression in plants
and microorganisms.
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5.1 INTRODUCTION

 

Oils and fats are recovered from diverse biological sources by mechanical separation,
solvent extraction, or combination of the two methods [1,2]. These materials include
animal tissues (e.g., beef, chicken, and pork); crops specifically produced for oil or
protein (e.g., soy, sunflower, safflower, rape/canola, palm, and olive); by-products of
crops grown for fiber (e.g., cottonseed and flax); crops for food and their coproducts
(e.g., corn germ, wheat germ, rice bran, coconut, peanuts, sesame, walnuts, and
almonds); nonedible oils and fats (castor, tung, and jojoba); and other oil sources (oils
and fats from microbial products, algae, and seaweed). There are many physical and
chemical differences among these diverse biological materials. However, the similarities
are that oils (edible and industrial) and other useful materials (e.g., vitamins, nutraceu-
ticals, fatty acids, and phytosterols) can be extracted from these materials by mechanical
pressing, solvent extracting, or combination of pressing and solvent extraction. The
preparation of the various materials to be extracted varies. Some need extensive clean-
ing, drying (optional), fiber removal (cottonseed), dehulling, flaking, extruding, and the
like, all of which affect the solvent–substrate interaction and, therefore, the yield,
composition, and quality of the oils and other materials obtained.

Historically, the advancement of processing technology for recovering oils and
other useful materials has been primarily driven by economics. Each extraction
process was optimized through trial and error with the available technology to
produce maximum yield of high-quality products at the lowest cost. For thousands
of years, stone mills, and for several centuries, simple hydraulic or lever presses,
were used as batch systems. The continuous mechanical presses became reality only
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during the early 1900s. It was not until the 1930s that extraction solvents were used
more widely, which greatly enhanced the recovery of oil from oilseeds or other oil-
bearing materials. In recent years, safety, health, and environmental regulations for the
solvents used for extracting oil from oilseeds have prompted research efforts to find
solvents to replace commercial hexane. These solvents, including ethanol, isopropanol,
water, and supercritical carbon dioxide, are technically feasible as oil extraction solvents,
but at present are economically unacceptable [1]. Recent research to use commercial
isohexane in two separate cottonseed oil mills [3,4] has demonstrated energy savings
and throughput increases. In the near term, it appears that commercial isohexane can
be used as an alternative to commercial hexane. Research continues on acetone, since
it is not regulated by the United States Environmental Protection Agency (U.S. EPA)
as a hazardous air pollutant (HAP) or as a volatile organic compound (VOC) that is a
precursor of ozone [5].

While oil extraction has a long development history, the oil refining methods were
largely introduced during the 20th century. Until the recent past, crude oil production
and oil refining were two separate industries. However, during the last quarter century,
shear economics and product synergy have caused both horizontal (merge of similar
operations) and vertical integration (combination of different but related operations)
of these businesses to occur. Now many companies do both crushing and various
degrees of oil refining, such as water degumming and caustic or physical refining. To
ensure consistent oil quality, most of the cottonseed crushers in the United States
incorporate miscella (oil–solvent mixture) refining, and some cottonseed companies
further process the oil to final marketable refined, bleached, deodorized (RBD) oil.

Economic forces and governmental regulations will likely continue to prompt many
changes in both oil extraction and oil refining industry. A general overview of the critical
steps of the oil extraction and oil refining processes using soybean and cottonseed as
examples are presented, and regulatory concerns and toxicity of extraction solvents
(commercial hexane and other potential alternative solvents) are also discussed.

 

5.2 OIL EXTRACTION PROCESS

 

Four types of processing systems are used to extract oil from oil-bearing materials:
hydraulic press, expeller or screw press, prepress solvent extraction, and direct
solvent extraction. Selection of the process scheme is usually dictated by the oil
content of the starting materials. High oil-containing materials such as canola or
rapeseed, sunflower seed, corn germ, and peanut usually use the prepress solvent
extraction process to produce oil and meal. Cottonseed kernel contains close to 34%
oil, which is high enough for prepress solvent extraction and is now mostly processed
with direct solvent extraction in the United States. Seed, such as soybean, contains
less than 30% oil, and is routinely extracted by direct solvent extraction. Prior to
extraction, oil-bearing materials have to be prepared for extraction to separate the
crude oil from the meal [1,2] (see Figure 5.1). Careful control of moisture and
temperature during processing must be exercised to maintain the quality of the
protein in the meal, to minimize the damage to the oil, and to maximize oil extraction.
Crude oils are refined by conditioning with phosphoric acid to make phospholipids
more hydratable for removal and treating with sodium hydroxide (alkali or caustic
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FIGURE 5.1

 

Flow diagrams of oilseed extraction process. (a) Soybean. (b) Cottonseed.
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refining) (see Figure 5.2). Refined oil is dried and bleached with activated clay to remove
color pigments and residual soap. Bleached oils are then deodorized by steam distillation
to eliminate odorous components. When the soybean oil is of good quality and the free
fatty acid (FFA) content is low, the oil can be physically refined. Physical refining
involves water washing to recover lecithin followed by phosphoric acid pretreatment
and bleaching to remove the nonhydratable gum (primarily phospholipids). After
bleaching, the oil is steam deodorized to remove the FFA. The RBD oil is used to
produce various finished products (e.g., salad and cooking oils, shortenings, and mar-
garine). Some of the finished products also require the oil to be hydrogenated, which
changes the consistency and solid content of the oil and increases stability to oxidation,
which extends the shelf life of the finished products. Also, some of the oils (e.g.,
cottonseed and sunflower) are winterized to remove the higher melting constituents or
wax. The solid fraction removed from winterization can be used in confectionery
products; the winterized oil is less likely to become cloudy in refrigerated storage. 
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5.2.1.1 Storage

 

For optimum extraction and quality of oil, the oil-bearing material should be stored
at dry and relatively low temperature. If it is wet, it should be processed as soon as
possible after harvest. Oils in the presence of water can deteriorate rapidly due to

 

FIGURE 5.2

 

Flow diagram of edible oil processing.
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lipid hydrolysis catalyzed by lipases, forming FFAs and causing greater refining loss
of usable triglycerides.

 

5.2.1.2 Seed Cleaning

 

The first step in the commercial processing of oilseeds is cleaning to remove foreign
materials, such as sticks, stems, leaves, other seeds, sand, and dirt using dry screeners
and a combination of screens and aspiration. Permanent electromagnets are also
used for the removal of trash iron objects. Final cleaning of the seed usually is done
at the extraction plant just prior to processing.

 

5.2.1.3 Dehulling

 

This process may include the removal of excess moisture by drying, cracking the
seed, and removing the outer seed coat (hull) of the seed. The hull contains little or
no oil, so its inclusion makes the extraction less efficient and dilutes the protein
content of the meal. Also, the hull will reduce the total yield of oil by absorbing
and retaining oil in the press cake. An acceptable level of hull removal must be
determined, depending on the desired protein level of the final meal. Hulls are usually
broken loose from kernels with impact hullers and removed by aspirators and
undehulled seeds are removed from the kernels by screening and returned to the
hullers. Some meats still adhere to the hulls, which are beaten, and then screened
again to obtain the meat. In the case of high oil content seed for direct solvent
extraction, such as cottonseed and sunflower seed, a certain quantity of hull material
is added to the kernels to provide the structural strength and matrix needed for the
solvent extraction process.

 

5.2.1.4  Grinding, Rolling, or Flaking

 

After dehulling, the meats are reduced in size and flaked to increase surface area
and to facilitate oil removal. Proper moisture content of the seeds is essential for
proper flaking, and, if the moisture level is too low, the seeds are “conditioned” with
water or steam to raise the moisture to about 11%. In the case of soybean, heat will
be applied to soften the meats prior to flaking. For solvent extraction, flakes are
commonly not less than 0.203 to 0.254 mm (0.008 to 0.010 in.), which can be solvent
extracted efficiently with less than 1% residual oil. Thinner flakes tend to disintegrate
during the solvent extraction process and reduce the miscella percolation rate.

 

5.2.1.5 Cooking

 

Prior to extraction, the flakes are heated. The purpose of cooking the flakes is to (1)
break down cell walls to allow the oil to escape; (2) reduce oil viscosity; (3) control
moisture content (to about 7% for expanding operation); (4) coagulate protein;
(5) inactivate enzymes and kill microorganisms; and (6) fix certain phosphatides in the
cake, which helps to minimize subsequent refining losses. Flakes are cooked in stack
cookers to over 87.8

 

°

 

C (190

 

°

 

F) in the upper kettle. Flakes with high phosphatide content
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may benefit from being cooked at slightly lower temperatures to avoid elevating refining
losses. The temperature of the flakes is raised to 110 to 132.2

 

°

 

C (230 to 270

 

°

 

F) in the
lower kettles. The seeds are cooked for up to 120 min. Overcooking lowers the nutri-
tional quality of the meal and can darken both the oil and meal. Poor-quality seeds with
high levels of FFAs cannot be cooked for as long a period as high-quality seeds because
of darkening. Darker oil requires additional refining to achieve a certain bleachable
color. For soybeans, this heat treatment is often done prior to flaking process.

 

5.2.1.6 Expanding

 

Sometimes low shear extruders called expanders are used. This equipment has the
capability to process both low- and high-oil content materials. The meats are fed
into an extruder after dehulling, flaking, and cooking and are heated as they are
conveyed by a screw press through the extruder barrel. The meats are under consid-
erable shear, pressure, and temperature when they reach the exit of the extruder. The
change in pressure as the material leaves the extruder causes it to expand and most
of the oil cells are ruptured, releasing the oil, which is rapidly reabsorbed to the
porous “collets” or pellets. The expanded collets produced are then cooled and
extracted with solvent. Because of the excellent efficiency of expanders, almost all
cottonseed in the United States is direct solvent extracted from the expanded collets.
Large amounts of soybean are also expanded and direct solvent extracted.

 

5.2.2 O
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 E

 

XTRACTION

 

 

 

5.2.2.1 Mechanical Extraction

 

Olive oil is still routinely obtained from olives by using a low-temperature hydraulic
press process, referred to as “cold press.” This is done to minimize the heat-related
degradation to olive oil. Palm fruit and some cottonseed are extracted with an expeller
or screw press; both are continuous processes. To achieve a higher yield of oil, often
a higher heat treatment of the cottonseed flakes is carried out prior to expelling. This
process can extract up to 90% of the available oil from the cottonseed kernels and
leaves about 3 to 5% residual oil in the pressed cake. The cake is ground or palletized
as feed protein ingredients for the livestock.

 

5.2.2.2 Prepress Solvent Extraction

 

In this process, the oil-bearing material is first mildly pressed mechanically by means
of a continuous screw press operation to reduce the oil by half to two thirds of its
original level, before solvent extraction to remove the remaining oil in the prepressed
cake. Pressing followed by solvent extraction is more commonly used when high-
oil-content materials (e.g., canola/rapeseed, sunflower seed, flaxseed, corn germ,
and cottonseed) are processed. This process reduces the amount of oil to be extracted
by solvent and, therefore, requires a smaller extractor and less solvent than a direct
solvent extraction facility of the same throughput.
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5.2.2.3 Direct Solvent Extraction

 

This process involves the use of a nonpolar solvent, usually commercial hexane,
which consists of 50 to 80% 

 

n

 

-hexane and other isomers of six carbon paraffins, to
dissolve the oil from oilseed flakes or collets without removing proteins and other
non-oil-soluble compounds. Solvent extraction yields about 11.5% more oil than
does the screw press method, and less oil remains in the meal. The cooked flakes
or collets are mixed with solvent in a batch or continuous countercurrent extraction
operation. The high vapor pressure of hexane limits the practical operating temper-
ature of the extraction and its contents to about 50 to 55

 

°

 

C. The resulting miscella
(oil–solvent mixture) and the marc (solvent-laden collets or flakes) are heated to
evaporate the solvent, which is collected and reused. The oil is freed from the
miscella by using a series of stills, stripping columns, and associated condensers,
which were designed to maximize the recovery of solvent while minimizing the
thermal damage of the extracted crude oil. The essentially hexane-free oil (i.e., crude
oil) is cooled and filtered before leaving the solvent extraction plant for storage or
further treatment. This is the crude oil normally traded in the commodity market.
To minimize the settling problem during storage and shipping, crude soybean oil is
often degummed before it is traded. Occasional overheating of the crude oil will
cause irreversible color changes in the oil. The crude oil should be stored at the
lowest temperature possible (<60

 

°

 

C, 140

 

°

 

F) without solidification and maintaining
an easy flowing property.

Due to economic factors and product quality concerns, most of the cottonseed
mills in the United States further integrate oil refining as part of the routine operation.
The majority of the cottonseed mills conduct miscella refining with sodium hydroxide
to produce a once refined or Prime Bleachable Summer Yellow (PBSY) cottonseed
oil [6]. The primary benefit of this additional refining operation is to achieve a more
consistent oil quality in terms of its color and reduced refining loss. Several U.S.
cottonseed oil mills further process the cottonseed oil to finished RBD cottonseed
oil, which is sold directly to the market or food processors.

The extraction solvent used in the extractor is normally recovered from the
miscella and solvent-laden flakes or collets and reused. The small amount of solvent
loss that occurs through vents, crude oil, and desolventized flakes is unavoidable
(i.e., fugitive loss). Estimated solvent loss from each of these emission points is
given in Figure 5.3. Management and control of emission loss during solvent extraction
is an important issue for worker safety and protection of our environment.

 

5.2.2.3.1 Factors Affecting Extraction

 

There is little theoretical basis to be followed for the extraction of oilseeds [7–10].
The study of the extraction of oilseeds is complicated by the fact that the total
extractable material is variable in quantity and composition [7,8]. Composition of
the early extracted material is nearly pure triglycerides. As the extraction progresses,
an increasing amount of nonglyceride material will be extracted [7,8]. It is believed
that the majority of the oil from oilseed flakes is easily and readily extracted [7,9].
While the thickness of flakes affects extraction rate, the concentration of miscella
below 20% does not greatly increase the amount of time to reduce the residual oil
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in flakes to 1% [7]. Good [10] summarized much of the early effort in soybean
extraction: (1) the first oil extracted is superior in quality to the last small fraction;
(2) while other solvents have been used in the past, hexane has become the primary
solvent due to a combination of properties; (3) flake thickness is the most important
factor in achieving good extraction results; (4) higher extractor temperatures up to
nearly the boiling point, improve extraction results; (5) moisture control is important
throughout the extraction process; (6) heat treatment affects the total extractables;
and (7) the soaking theory of extraction indicates that weak miscellas are very
effective in helping to achieve good extraction results.

Particle size, which relates to the surface area available for extraction, is obviously
one of the most important factors for extraction study. Coats and Wingard [11] noticed
that particle size was more influential when the seed grit was being extracted. When
oilseed flakes were being extracted, the flake thickness would be a more important
factor than size of the flakes. Moisture content in oilseed can affect the extraction
results [12–14]. Optimum moisture content of cottonseed meats for extraction was
first reported by Reuther et al. [13] to be from 9 to 10%. Work by Arnold and Patel
[14] indicated 7 to 10% to be the optimum moisture for cottonseed flakes and very
little variation in extraction rate for soybean with moisture content between 8 and 12%.

Wingard and Phillips [15] developed a mathematical model to describe the effect
of temperature on extraction rate using a percolation extractor as follows:

Log (time, in minutes) 

 

=

 

 

 

n

 

 log (temp, in 

 

°

 

F) 

 

+

 

 log 

 

k

 

or time 

 

=

 

 

 

k

 

 (Temp)

 

n

 

(5.1)

where time is defined as the number of minutes required to reach 1% residual oil
in the oilseed flakes. For all practical purposes, they concluded that the time in
minutes required to reduce the oilseed to 1% residual oil content on a dry basis
varied inversely with the square of the extraction temperature in degrees Fahrenheit.

 

5.2.2.3.2 Evaluation Methods

 

Except for the pilot plant batch or countercurrent extraction described by various
laboratories [16–18], most of the solvent extraction evaluation work found in the
literature was done in one or several of the lab-scale devices. The percolation batch
extraction apparatus of the Soxhlet type has often been used to evaluate the rate of
extraction of hydrocarbon solvents, such as the one described by Bull and Hopper
[8]. Wingard and Shand [19] described a percolation-type extractor and a cocurrent
batch extractor. They claimed that these extractors to be useful to study the factors
influencing equipment design and plant operation as well as fundamental studies
contributing to a general understanding of extraction. Wan et al. modified the design
of the percolation-type extractor to closely simulate single-stage countercurrent mis-
cella extraction conditions as practiced in the factory [20]. The cocurrent batch
extractor with numerous variations was also frequently applied for evaluating the
extraction properties of selected solvents. The extractions were often operated

 

 

 

at room
temperature [19,21]. Soxhlet extraction [20,22] and the Soxtec System HT6 (Perstorp
Analytical, Herndon, Virginia) were also frequently used to evaluate solvents [23].
The Soxhlet extractor allows vaporized and condensed pure solvent to percolate
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through an oilseed sample. The temperature of the condensed solvent is normally
lower than its boiling point. Depending upon the cooling efficiency of the condenser
and the room temperature, the temperature of the condensed solvent and the temper-
ature of the extracting solvent in the extractor largely varied from lab to lab. This
extraction temperature variability was minimized with the Soxtec method by refluxing
the oilseed sample in the boiling solvent for 15 min and was followed by a Soxhlet
type of rinsing for 35 min. In theory, the Soxtec method is more efficient and better
reproduced. However, the Soxtec method utilized only a 3-g oilseed sample. The
heterogeneity of an oilseed sample could be a significant source of variation.

Flakes of oilseeds were most frequently used for the solvent extraction studies.
Sometimes, ground oilseed kernels through a specified sieve size were used [23].
Residual oil content in the extracted flakes after a certain specified extraction condition
or oil content in miscella was examined and the percentage of total oil extracted
determined [8–15,19]. The total extractable oil of the flakes was determined by 4 h of
Soxhlet extraction with petroleum ether or hexane. Wan et al. [20] used a precision
densitometer to determine the miscella concentration (percentage of oil in miscella by
weight) after a given time of extraction from which the percentage of oil extracted
from cottonseed flakes was calculated. From these data, Wan et al. [20] were also able
to estimate the initial rate of extraction and final extraction capacity for each solvent
as fresh and at selected initial miscella concentrations up to 30%.

Bull and Hopper [8] conducted extraction of soybean flakes in a stainless steel
batch extraction apparatus of the Soxhlet type with petroleum solvents, Skellysolve F
(boiling range, 35 to 58

 

°

 

C) at 28

 

°

 

C and Skellysolve B (boiling range, 63 to 70

 

°

 

C) at
40

 

°

 

C. The extraction was carried out to permit the miscella obtained by each flooding
of the flakes with solvent to be recovered separately. Their results showed that the
iodine number decreased and the refractive index increased slightly with the extraction
time, which implied that more saturated fat was extracted during the later stages of
the extraction. Oils extracted during the later stages of the extraction were found to
contain greater amounts of unsaponifiable matter and were rich in phosphatides, as
high as 18% of the last fraction. Skellysolve B, which is a hexane-rich solvent,
demonstrated a much faster initial rate of extraction than that of Skellysolve F, which
is a pentane-rich solvent; therefore, it took longer to complete the extraction for
Skellysolve F. The fatty acid profile of each fraction showed a slight increase in
saturated fatty acid and a slight decrease in unsaturated fatty acid in the later fractions.

Arnold and Choudhury [24] reported results derived from a lab-scale extraction
of soybean and cottonseed flakes in a tubular percolation extractor at 135 to 140

 

°

 

F
with pure, high-purity, and commercial hexane and with reagent grade benzene.
They claimed that pure hexane extracted soybean slower than high-purity and com-
mercial hexane. During the first 60 min of extraction, benzene extracted more oil
than the hexanes. However, at the end of 80 min, benzene extracted only slightly
more than pure hexane but definitely less than commercial hexane. Similar results
were obtained for the four solvents when cottonseed flakes were extracted.

A laboratory extraction study of cottonseed flakes using various hydrocarbon
solvents was reported by Ayers and Dooley [22]. A Soxhlet extractor and Waring
blender were used for these experiments. Among the petroleum hydrocarbon solvents
tested were branched, normal, and cycloparaffins, as well as aromatic hydrocarbons
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with various degrees of purity. They were pure grade (99 mol% purity) 

 

n

 

-pentane,
isopentane, cyclohexane, benzene, and 

 

n

 

-heptane; technical grade (95 mol% purity)
neohexane, diisopropyl, 2-methylpentane, 3-methylpentane, 

 

n

 

-hexane, and methyl-
cyclopentane; technical grade (90 mol% purity) cyclopentane; and commercial grade

 

n

 

-heptane, isohexanes, 

 

n

 

-hexane, isoheptane, and 

 

n

 

-heptane. To assess the perfor-
mance of these solvents, they used the following empirical formula:

Quality-efficiency rating 

 

=

 

 0.4 (oil yield factor) 

 

+

 

 0.4 (refining loss factor)

 

+

 

 0.2 (refined and bleached oil color factor) (5.2)

When comparing the oil yield factor alone, 3-methylpentane was rated the best.
When comparing the solvents based on the empirical quality-efficiency rating for-
mula, they concluded that methylpentanes (3- and 2-methylpentane) were superior
extraction solvents for cottonseed oil. The normal paraffins, highly branched iso-
hexanes, cycloparaffins, and aromatics were progressively rated as less efficient than
methylpentanes. Therefore, they recommended that a tailor-made solvent for the
extraction of cottonseed should exclude aromatic hydrocarbons, have low limits on
cycloparaffin content, and consist largely of normal and isoparaffin hydrocarbons.

A more recent study by Wan et al. [20] using a laboratory-scale dynamic
percolation-type extractor (Figure 5.4) operated at the following conditions: temper-
ature (5

 

°

 

C below the boiling point of each solvent) and miscella flow rate (9 gal/min/
ft

 

2

 

), similar to those applied in the oil mill practice. Commercial grade hexane,
heptane, isohexane, neohexane, cyclohexane, and cyclopentane were used to extract
cottonseed flakes, which had 5.8% moisture and 31.4% oil. When these solvents
were tested near their boiling points, hexane apparently extracted cottonseed oil
at a higher initial rate (>94% oil extracted after 2 min) than all other solvents.
Both heptane and hexane were also able to extract more oil at the end of 10 min of
extraction. Isohexane demonstrated an adequate initial extraction rate (80% oil
extracted after 2 min) and extraction capacity (93% oil extracted after 10 min of
extraction), but is noticeably less effective than hexane. Similar to findings by Ayers
and Dooley [22], results from the study by Wan et al. [20] also demonstrated that
neohexane, cyclohexane, and cyclopentane performed distinctly less efficiently than
hexane, heptane, and isohexane. Conkerton et al. [23] tested commercial heptane
vs. hexane in a Soxtec extractor. Under this extraction condition, heptane actually
extracted more oil than hexane from ground cottonseed kernel passed through a
20-mesh screen. The oil and meal quality were not appreciably affected by the higher
temperature extraction of heptane.

 

5.2.2.3.3 Plant Scale Results

 

Although hydrocarbon solvents have been used for oilseed extraction since the
1930s, very little plant operating data are available. During the spring of 1994, Wan
et al. [3] conducted plant trials with commercial heptane and isohexane at a 300 ton/d
cottonseed crushing plant, which was constructed more than 90 years ago as an
expeller plant and routinely used hexane as the extraction solvent at the time of the
plant trials. Test results indicated that heptane performed well as an extraction solvent.
However, it required extra energy and time to recover and consequently reduced the
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throughput rate of cottonseed processed. Isohexane, on the other hand, was termed
by the plant engineers as an “easier” solvent to operate than hexane. The plant also
experienced a 40% steam savings and better than 20% throughput increase when it
was operating with isohexane [3]. This encouraging result prompted a second plant
trial with commercial isohexane [4]. The second plant trial was carried out at a
cottonseed oil mill with a relatively new extraction and miscella refining facility,
which was constructed in 1988 with a designed capacity of 500 ton/d but operated
at only 270 ton/d due to limited delinting capacity. After week-long testing with
commercial isohexane, this plant experienced more than 20% natural gas usage
and easily increased the throughput rate by close to 10% when compared with
commercial hexane. This energy savings with commercial isohexane over commer-
cial hexane may be largely attributed to the difference in the amount of water
present in their corresponding azeotropes. Isohexane requires an additional step —
isomerization — in manufacture and will always be priced higher than hexane. But
based on the two cottonseed oil mill trials, isohexane can be a cost-efficient solvent [25].
One additional benefit is that the shorter residence time of the extracted cottonseed

 

FIGURE 5.4

 

Schematic of bench-scale dynamic percolation extractor.
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marc in the desolventizer/toaster because of the lower boiling range of isohexane
will likely preserve more vegetable protein in the final meals, which has been
observed by both plants during the tests [3,4]. The benefit in improved quality of
oils was not obvious in both plant trials but might be realized with extended trials.
These plant trials have motivated others to evaluate commercial isohexane in their
extraction facilities. Currently, it is estimated that more than 20% of the oilseed
extraction capacity in the United States uses commercial isohexane.
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5.2.3.1 Solvents

 

Research in solvents for extraction has been carried out for more than 150 years.
The effort intensified since the first patent was issued to Deiss of France in 1855
[1,26,27]. This cumulative effort has yielded the partial list of the various solvents
being tested in Table 5.1. In the early effort of selecting the extraction solvent, the
availability, operation safety, extraction efficiency, product quality, and cost were
the major concerns. In recent decades, toxicity, biorenewability, and environmental
friendliness have been added to the solvent selection criteria. Among this score of
solvents tested, the majority of the candidate solvents was excluded on the grounds
of toxicity and safety and only a handful of solvents are used in various degrees.
These are acetone, alcohol, hexanes, heptane, and water [1,27–31]. Water is used in
the rendering of fat from animal tissues and fish and in coconut processing [31],
alcohol for spice and flavorants extraction [27,29], and acetone for lecithin separation
and purification [28]. For commodity oils derived from vegetable sources, only
hydrocarbon solvents have been used since the 1930s. Acetone was used by an Italian
cottonseed oil mill during the 1970s [28]. Aqueous acetone and acetone–hex-
ane–water azeotropes were studied by the scientists at the Southern Regional
Research Center of Agricultural Research Service, U.S. Department of Agriculture
(USDA) during the 1960s and 1970s [28]. The effort was stopped due to the cost
of retrofitting the existing extraction facility required for the industry, the difficulties
in managing the mixture of solvents with the presence of water, and the product
quality concerns — a strong undesirable odor associated with the acetone extracted
meals [28]. Ethanol and isopropanol were studied in the 1980s as a potential replace-
ment for hexane in oil extraction. Both were proved technically feasible but eco-
nomically unacceptable [29,30]. Therefore, the only cost-effective solvents for com-
modity extraction are still petroleum-based paraffins. Composition and properties
of several commercial grade hydrocarbons are given in Tables 5.2 and 5.3 [3,20].

 

5.2.3.2 Toxicity of Extraction Solvents

 

Many halogenated and aromatic solvents have been examined in the past and are
effective in extracting edible oils. However, these solvents have various degrees of
toxicity and, therefore, are not likely to be used as alternates or replacements for
commercial hexane for edible oil extraction. Several hydrophilic solvents have also
been studied as oil extraction solvents. They are not toxic but their overall performance
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as an oil extraction solvent is not acceptable. This is why hydrocarbon-based solvents
are likely to be used for oil extraction for the foreseeable future.

5.2.3.2.1 Commercial Hexane
Commercial hexane has been used for decades as the solvent to extract oils from
biological sources. It is a mixture of six carbon saturated compounds, with n-hexane
as the predominant component. Pure n-hexane causes peripheral nerve damage in
rats and humans when inhalation exposures are maintained for several months at
500 ppm in rats or 125 ppm in humans [32,33]. However, commercial hexane, which
contains 52% n-hexane and a mixture of hexane isomers (see composition below),
does not cause peripheral nerve damage in animals.

The composition of the commercial hexane tested [34] is as follows:

52% n-hexane
16% methylcyclopentane
16% 3-methylpentane
13% 2-methylpentane
3% cyclohexane

This was shown by extensive animal inhalation studies, which were mandated by the
U.S. EPA under Section 4 of the Toxic Substances Control Act (TSCA) [35]. The test
results, summarized by Galvin [34], showed that this commercial hexane blend was
not a neurotoxin. In addition, the following tests also were negative: acute toxicology,
subchronic neurotoxicity, mutagenicity (both in vitro and in vivo studies), oncogenicity,
and development and reproductive studies (with the above described commercial hexane)
at a vapor concentration as high as 9000 ppm for 6 h/d, 5 d/week up to 13 weeks. The
EPA Integrated Risk Information System (IRIS) file [46] contains detailed toxicity
information on n-hexane.

5.2.3.2.2 Commercial Isohexane and Hexane Isomers
One alternative to commercial hexane, which would require minimum retrofit of
existing extraction facilities, is commercial isohexane. This solvent, a blend of

TABLE 5.3
Physical Properties of Commercial Grade Hydrocarbon Solvents

Properties

Types of Solvent

Hexane Heptane Isohexane

Boiling range, °F 152–156 195–212 131–142
Heat of vaporization, btu/lb 143.9 136 139
Liq. spec. heat, cal/g/°C 0.533 0.528 0.52
Vap. spec. heat, cal/g/°C 0.386 0.385 0.39
Specific gr., (16 °C/60 °F) 0.679 0.694 0.66
Density of liquid, lb/gal (at 60°F) 5.63 5.8 5.49
Vapor pressure, psia (100°F) 5 2.3
Flash point, °F –15 15

2162_C005.fm  Page 110  Monday, June 20, 2005  12:28 PM



Solvent Extraction to Obtain Edible Oil Products 111

hexane isomers (2-methlypentane or isohexane, 3-methylpentane, 2,3-dimethylbutane,
2,2-dimethylbutane, and <1% n-hexane), has not been tested as extensively as com-
mercial hexane. The individual components, however, have been tested in various
toxicological assays. Based on the available information commercial isohexane is
not a neurotoxicant [34].

5.2.3.2.3 Other Solvents
Many other solvents have been examined by various research teams as potential
alternatives to commercial hexane for the extraction of edible oils. Toxicity infor-
mation for the most common ones is summarized in Table 5.4. More discussion on
these solvents can be found in the summary by Wakelyn and Adair [36].

Most of the solvents mentioned in this section, with the exception of acetone,
are regulated by the U.S. EPA as VOCs (40 Code of Federal Regulation (CFR)

TABLE 5.4
Some Toxicity Information for Potential Alternate Solvents

Solvent (CAS Number) LD50 Other Toxic Concerns

Acetone (67-64-1) 5.8 g/kg in rats A central nervous system depressant in 
animals and humans

20 g/kg in rabbits
2-Butanone (methyl ethyl ketone) 
(78-93-3)

2.74 g/kg in rats Eye and skin irritation and cause of 
narcosis

13 g/kg in rabbits
Cyclohexane (110-82-7) 12.7 g/kg in rats Moderate irritation to eyes and mucous 

membrane
Cyclopentane (287-92-3) Narcotic
Ethyl acetate (141-78-6) 5.6 g/kg in rats Irritation to the eyes, mucous membranes, 

respiratory tract
3.0 g/kg in cats

Ethyl alcohol (ethanol) (64-17-5) 7.06 g/kg in rats Irritation to the eyes, mucous membranes
Heptane (142-82-5) 2.22 g/kg in mice Central nervous system depressant
Isopropyl acetate(108-27-4) 3.0 g/kg in rats Irritation to the eyes, mucous membranes
Isopropyl alcohol (isopropanol) 
(67-63-0)

5.05 g/kg in rats Irritation to the eyes, nose, throat

12.8 g/kg in rabbits
Methyl alcohol (methanol) (67-
56-1)

5.628 g/kg in rats Headaches and visual impairment

15.8 g/kg in rabbits
Methylcyclohexane (108-87-2) Similar to that of heptane
Methylene chloride 
(dichloromethane) (75-09-2)

Decreased visual and auditory function; 
headaches, dizziness, nausea, and 
memory loss; a B2 probable human 
carcinogen

n-Propyl acetate (109-60-4) 9.37 g/kg in rats Irritation to the eyes, respiratory system
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51.100(s)) because they can undergo photochemical oxidation in the atmosphere in
the presence of sunlight and nitrogen oxides (NOx) to form ozone at a greater rate
than ethane (C2H6). They are also regulated by the U.S. EPA as HAPs. The main
component of the hydrocarbon solvents used for edible oil extraction, n-hexane, is
a neurotoxin and considered a HAP by the EPA. Thus, n-hexane-containing solvents
are more stringently regulated than commercial isohexane (see Section 5.4).

5.3 THE OIL REFINING PROCESS

Since integration in oil refining processes has become a common practice in the oil
extraction industry, the various steps of oil refining operation as outlined in
Figure 5.2 are briefly described in the following [37].

5.3.1 PROCESSING CRUDE OIL

Most crude edible oils, obtained from oil-bearing materials, consist primarily of
triglycerides (triacylglycerols). The triglycerides (approximately 95% of the crude
oil) are the constituents recovered for use as neutral oils in the manufacture of
finished products. The remaining nontriglyceride portion contains variable amounts
of other lipophilic compounds, such as FFAs, nonfatty materials generally classified
as “gums,” phospholipids (phosphatides), tocopherols, color pigments, trace metals,
sterols, meal particles, oxidized materials, waxes, moisture, and dirt. Most of these
minor lipid components are detrimental to the finished product color, flavor, and
smoking stability and so must be removed from the neutral oil by a purification/sep-
aration process. The object of the purification/separation steps is to remove the
objectionable impurities while minimizing possible damage to the neutral oil and
tocopherols and loss of oil during such processing.

Lecithin and cephalin are the principal common phosphatides found in edible
oils. Soybean, canola/rapeseed, corn, and cottonseed are the major oils that contain
significant quantities of phosphatides. Alkaline treatment used for FFA reduction is
also capable of removing most of the phosphatides from these crude oils. Tocopherols
are important minor constituents of vegetable oils, which are natural antioxidants that
retard the development of rancidity.

Refining, bleaching, and deodorization are necessary if the oil is to be used in
food applications. Oil that has gone through these three critical processing steps is
called RBD oil. These oils are most frequently found in the salad and cooking oil
applications. Figure 5.2 illustrates the processing pathways.

5.3.1.1 Refining

Refining involves the removal of nonglyceride materials (phospholipids, color, and
trace materials) and FFAs. The goal is to produce high-quality refined oil with the
highest yield of purified triglycerides. Refining is by far the most important step in
processing. Improperly refined oil will present problems in bleaching and deodorization
and reduce quality.
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Some solvent-extracted crude oils, including soybean and canola/rapeseed, con-
tain approximately 2 to 3% gums, which are mainly phosphatides (lecithin and
cephalin) and require degumming. Gums can cause problems through higher than
necessary refining losses or by settling out in storage tanks. The degumming oper-
ation exploits the affinity of most phosphatides for water, converting them to hydrated
gums that are insoluble in oil and readily separated by centrifugal action. Lecithin
can be recovered and concentrated from the gums in a separate solvent extraction
process (referred to as deoiling), usually with acetone.

Either water-degummed oil or crude oil can be treated with sodium hydroxide
solution to saponify impurities that are subsequently removed as soap stock by a
primary refining centrifuge. Conventional alkali refining is by far the most wide-
spread method of edible oil refining. The success of the alkali refining operation is
the coordination of five prime factors: (1) use of the proper amount of reagent
(sodium hydroxide), (2) proper mixing, (3) proper temperature control, (4) proper
residual contact time, and (5) efficient separation.

Oil is alkali refined by the addition of sodium hydroxide solution at a level
sufficient to neutralize the FFA content of the oil. An excess of sodium hydroxide
is required to reduce the color of the refined oil, to ensure the completion of the
saponification reaction, and to remove other trace elements. The amount and strength
of the sodium hydroxide solution needed to neutralize the FFAs is dependent on the
amount of both FFAs and phosphatides present in the crude oil. Water-soluble soaps
are formed in the primary reaction between the sodium hydroxide and FFAs. The
hydratable phosphatides react with the caustic, forming oil-insoluble hydrates. The
caustic used in alkali refining is normally diluted to about 8 to 14% NaOH,
although higher concentrations are occasionally used to reduce color. The proper
amount of NaOH solution added to the oil will produce adequately refined oil
with a minimum of triglyceride oil loss. The amount of NaOH solution (neutral-
izing dose plus excess) is determined by experience and adjusted according to
laboratory results.

After the NaOH solution is injected, it is mixed for 6 to 10 min to ensure thorough
contact. The treated oil is then heated to assist in breaking of the emulsion prior to
separation of the soap stock from oil in continuous centrifuges.

Any soap remaining after the primary soap stock separation is removed through
continuous hot water washings. In this step, water is added at 10 to 15% at a temper-
ature sufficient to prevent emulsification, generally 82 to 90.5°C (180 to 195°F). The
oil is again separated from the soapy phase in water wash separators and dried under
partial vacuum conditions prior to bleaching.

5.3.1.2 Physical Refining

This process uses steam distillation to remove the FFAs in the oil and is, therefore,
called steam refining. The technology was first applied to high-FFA-containing oils
in 1930. The palm oil industry adopted the process in the 1950s. Physical refining
of soybean oil, which contains phospholipids and low FFAs, became a reality only
recently. In physical refining, the crude oil is first water degummed and this may be
followed by phosphoric acid treatment, which may be required to remove nonhydratable
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phospholipids prior to the bleaching step. The bleached oil is then steam distilled
to remove FFAs. This is a normal operation of a deodorizer. The physical refining
process has numerous advantages; it is a simpler and less costly process and has a
reduced wastewater load.

5.3.1.3 Miscella Refining (Caustic Refining 
in the Presence of Solvent)

The final oil concentration of the miscella at the end of extraction is usually around
20 to 25% by weight. After going through the initial evaporator, the concentration
of oil in the miscella is increased to close to 40 to 50%. In miscella refining, the
concentrated miscella is then refined with caustic soda (16 to 24 degree Be°). The
FFAs in the oil react with the sodium hydroxide in a continuous tubular mixer and
reactor at 130 to 135°F (54 to 57°C). The refined oil in the solvent is then separated
from the soap by centrifugation prior to entering the second stage evaporator and
mineral oil scrubber. The once-refined oil should then have less than 80 ppm residual
solvent and be ready for bleaching and deodorization or other further processing.
In recent years, oilseed extraction mills have been motivated to use miscella refining
because of improved neutral oil yield, more consistent oil color, and elimination of
water washing when this process is used.

5.3.2 BLEACHING

The oil is further purified by bleaching, which removes color bodies and trace metals,
as well as entrained soaps and some oxidized products that are adsorbed into the
surface of bleaching agents or adsorbents. This improves the appearance, flavor,
taste, and stability of the final product. Types of adsorbents most commonly used
include neutral clay, acid activated clay, and activated carbon. The choice of adsor-
bent will depend on a balance between activity of the adsorbent, oil retention loss,
and adsorbent cost.

The process is generally carried out via batch or continuous bleaching. Adsorbent
(e.g., bentonite clay) is mixed with the refined oil creating a slurry that is agitated
to enhance contact between the oil and the adsorbent. This is generally carried out
under a vacuum at 90 to 95°C (194 to 203°F) for 15 to 30 min. Vacuum bleaching
offers the advantages of an oil with improved oxidative and flavor stability. Finally,
the adsorbent is filtered from the oil using pressure leaf filters precoated with
diatomaceous earth. Spent clay is steamed for efficient oil recovery.

5.3.3 WINTERIZING

The term “winterization” derives from the observation that refined cottonseed oil,
stored in outside tanks during the winter months, will form a solid fraction. A batch
process to mimic the winterization process has been used for decades to fractionate
the solid portion of an oil (i.e., separate the higher melting fraction from the lower
melting fraction). This process is applied to ensure that the finished oil will not
easily become cloudy in cool storage conditions. The winterization process is commonly
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done in a chilled room held at 42°F (5.6°C) with the oil in deep, narrow, rectangular
tanks. After 2 to 3 d, the solid portion of the oil will grow to desired crystal size,
which is separated by a filtration step.

5.3.4 DEODORIZATION

Deodorization, which removes the volatile compounds along with residual FFAs, is
a critical step in ensuring the purity of any vegetable oil and improves flavor, odor,
color, and oxidative stability. Many of the volatile compounds removed are formed
by the auto-oxidation of fat, which produces aldehydes, ketones, alcohols, and
hydrocarbons that are associated with undesirable rancid flavors and odors. The
process also is effective in removing any remaining residues of pesticides or pesticide
metabolites that may be in the oil.

Deodorization, which can be conducted as a batch operation in smaller plants
or as a continuous or semicontinuous process in larger deodorizing facilities, consists
of a steam distillation process in which the oil is heated to 230°C (446°F) under a
vacuum of 2 to 10 mmHg. Steam is sparged through the oil to carry away the volatiles
and provide agitation. The odor and flavor compounds, which are more volatile than
the triglycerides, are preferentially removed. After deodorization and during the
cooling stage, 0.005 to 0.01% citric acid is generally added to chelate trace metals,
which can promote oxidation. Deodorized oils preferably are stored in an inert
atmosphere of nitrogen to prevent oxidation. Tocopherols and sterols are also par-
tially removed in the deodorization process. Tocopherols can be recovered from the
deodorizer distillate in a separate operation.

The deodorization process is usually carried out as the last step prior to packaging
or bulk shipping. If the oil is to be further processed, as described in the following
section, the oil is normally processed through bleaching, the further processing step or
steps (e.g., hydrogenation, esterification, fractionation, and formulation) are performed,
and then the product is deodorized as the final step.

5.3.5 FURTHER PROCESSES OF FATS AND OILS

RBD oils are the largest and still growing segment in the U.S. fats and oils market.
Fats and oils used for other major applications, such as shortenings for frying and
baking, margarines, high-stability oil, and food emulsifiers, require additional pro-
cessing steps to achieve the desired functional characteristics. In this section, only
hydrogenation and blending, esterification and interesterification, and fractionation
are briefly described [37].

5.3.5.1 Hydrogenation and Blending

The primary objective of hydrogenation is to modify the melting properties of oils.
This is accomplished by converting a certain number of the unsaturated double bonds
in the liquid oil to saturated bonds by reaction with hydrogen using a metal catalyst.
Nickel is the most frequently used catalyst for this process. The targeted melting profile
or solid content of the end product is controlled by the concentration of catalyst
(0.01 to 1%), amount of hydrogen (hydrogen pressure 10 to 60 psig), temperature
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(380 to 500°F), and reaction time (30 to 90 min). Most hydrogenation processes are
carried out in a batch operation. Since the hydrogenation process is not entirely
selective, several side reactions can also occur during the process, which create both
geometric and positional isomers. Naturally occurring double bonds in the liquid oil
are normally in the cis form, where the hydrogen atoms are on the same sides of the
double bonds. Instead of saturating the double bond, the hydrogenation process can
create a new double bond with the two hydrogen atoms on the opposite side of the
double bond, which is the trans isomer. The formation of the trans double bonds is
often accompanied with a migration of the double bonds from their naturally occurring
positions. These are positional isomers. All three events occur simultaneously during
the hydrogenation reaction but the degree of hydrogenation can be controlled in a
repeatable manner. A series of hydrogenated oils with various melting profiles can be
generated and serve as the base stocks. These hydrogenated base fats will then be used
to formulate or blend into the final margarine, baking shortening, stable frying short-
ening, and the like. Hydrogenation and blending have many advantages in meeting
the market demands: they are flexible, easy to manage, and cost effective. During the
last 50 to 60 years, hydrogenation and blending gradually have replaced most of the
traditional applications where animal fats were used.

The formation of trans fats by the hydrogenation process has become an important
health-related issue. As a result, the U.S. Food and Drug Administration (FDA) pub-
lished a final rule in 2003, which starting on January 1, 2006, requires manufacturers
to list trans fats on the nutrition facts panel on food packaging and some dietary
supplements sold at retail (see section 5.4.3.2). This regulation has caused the vegetable
oil producing and extracting industries to reformulate many products. Instead of par-
tially hydrogenating soy oil, some manufacturers are totally hydrogenating some soy
oil and adding that to unhydrogenated soy oil to get the desired consistency and
functionality. Other methods are being considered to lower or eliminate trans fats in
human edible products.

5.3.5.2 Esterification and Interesterification

The esterification reaction between hydroxyl-rich moieties (glycerol, propylene glycol,
polypropylene glycol, and sucrose) and fats or fatty acids are frequently applied to
produce food emulsifiers, such as monoglycerides, propylene glycol monoglycerides,
polyglycol esters, and sucrose esters. The interchange of fatty acids between two
different fats and oils is called interesterification. Both esterification and interesterifi-
cation reactions are commonly catalyzed by sodium methoxide. Interesterification can
also be carried out using lipase. Chemically catalyzed interesterification is not selective
like lipase interesterification; therefore, it is sometime called randomization or random
rearrangement. Even though randomization is a mature technology, randomized inter-
esterification was never popular due to the cost, limited choices of base fat, difficulties
in carrying out the process, and product quality control. Therefore, lipase interesteri-
fication is favored by the industry as the means to produce various base fats for
formulation and blending. Recently, nutritional concerns about trans fatty acids generated
during the hydrogenation process have prompted scientists to reactivate the interest-
erification technology as the means to deliver functional fats.
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5.3.5.3 Fractionation

Winterization is the most common type of fractionation used in the fats and oils industry.
This technology is often used to fractionate cottonseed and palm oil into olein (liquid
and oleic acid-rich) and stearin (solid at room temperature and stearic acid-rich) fractions.
Fractionation using solvent, combined with temperature control, is used in deoiled
lecithin production and for very high stability liquid oil from cottonseed for coating
applications. Acetone is the primary solvent used in these fractionation applications.

5.4 REGULATORY ISSUES

Safety, health, and environmental issues for edible oil extraction facilities vary
depending on the extraction method used. For example, aqueous extraction, super-
critical fluid extraction, and mechanical extraction facilities have different requirements
than those of organic solvent extraction facilities. Many workplace, environmental,
food safety, and other regulations apply to oilseed processors and oil refiners [38].
Some of the regulations required in the United States are discussed here. Many other
countries have similar requirements, but if they do not, it would be prudent for
oilseed solvent extraction operations and vegetable oil refiners to consider meeting
these regulations and for these industries to have environmental, health and safety,
and quality management programs [39–41]. A glossary of terms for the abbreviations
used in this section is included at the end of this chapter.

5.4.1 WORKPLACE REGULATIONS (OSHA)

Workplace regulations are promulgated and enforced in the United States by the Occu-
pational Safety and Health Administration (OSHA), which is part of the U.S. Department
of Labor, under the Occupational Safety and Health Act (OSH Act; PL 91-596 as
amended by PL 101 552; 29 U.S. Code 651 etseq.). OSHA general industry health
and safety standards (29 CFR 1910) apply to oilseed extraction and oil refining. In
addition, even if there is not a specific standard, OSHA can site a facility under the
“general duty clause” (Sec. 5(a)(1) of the OSH Act), since the OSH Act requires
the employer to maintain a safe and healthful workplace. Some health and safety
standards that affect oil extraction and refining are listed below.

5.4.1.1 OSHA Health Standards

• Air Contaminants Rule, 29 CFR 1910.1000 (the permissible exposure
limit [PEL] for n-hexane is 500 ppm [1800 mg/m3], 8 h time-weighted
average; PELs for sodium hydroxide, sulfuric acid, vegetable oil mist,
nuisance dust, etc.)

• Hazard Communication Standard, 29 CFR 1910.1200
• Cotton Dust Standard, 29 CFR 1910.1043 (cottonseed oil mills having

medical surveillance, record keeping, and reporting requirements)
• Blood-Borne Pathogens, 29 CFR 1910.1030
• Occupational Exposure to Hazardous Chemicals in Laboratories, 29 CFR

1910.1450
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5.4.1.2 OSHA Safety Standards

• Process Safety Management, 29 CFR 1910.119 (for n-hexane)
• Emergency Action Plan, 29 CFR 1910.38(a)(1)
• Fire Prevention Plan, 29 CFR 1910.38(b)(1)
• Fire Brigades, 29 CFR 1910.156
• Permit-Required Confined Space, 29 CFR 1910.146
• Lockout-Tagout, 29 CFR 1910.147
• Occupational Noise Exposure, 29 CFR 1910.95 and 

• Hearing Conservation Program, 29 CFR 1910.95(c)
• Ergonomics — no standard but can be regulated under the OSHA “general

duty clause”
• Personal Protection Equipment

• General Requirements, 29 CFR 1910.132 
• Eye and Face Protection, 29 CFR 1910.133
• Respiratory Protection, 29 CFR 1910.134
• Head Protection, 29 CFR 1910.135
• Foot Protection, 29 CFR 1910.136

5.4.2 ENVIRONMENTAL REGULATIONS (EPA)

The U.S. EPA administers all regulations affecting the environment and chemicals
in commerce. EPA regulations are intended to protect human health and welfare and
the environment. The individual states and state environmental regulatory control
boards implement and enforce most of the regulations.

The legislation that serves as the basis for the regulations can be divided into

1. Statutes that are media-specific (Clean Air Act [CAA] and Clean Water
Act [CWA])

2. Statutes that manage solid and hazardous waste (Resources Conservation
and Recovery Act [RCRA] and Comprehensive Environmental Response,
Compensation and Liability Act [CERCLA; “Superfund”])

3. Statutes that directly limit the production rather than the release of chem-
ical substance (Toxic Substances Control Act [TSCA] and Federal Insec-
ticide, Fungicide and Rodenticide Act [FIFRA])

Some of the more important environmental regulations that affect oilseed extraction
and refining are given below.

5.4.2.1 Clean Air Act (CAA; 42 U.S. Code 7401 et seq.)

States and state air control boards are required to implement regulations and develop
state implementation plans (SIP) [42]. HAPs, such as n-hexane, are regulated with
National Emissions Standards for Hazardous Air Pollutants (NESHAP) and criteria
pollutants (e.g., ozone [O3], particulate matter [PM], nitrogen oxides [NOx], sulfur
oxides [SOx], carbon monoxide [CO], and lead [Pb]) are regulated with National
Ambient Air Quality Standards (NAAQS).

n-Hexane is a regulated HAP, but isohexane and acetone are not. Regulated
criteria pollutants such as O3, PM, CO, and NOx, can also be emitted during the
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extraction and refining of cottonseed oil. Industrial boilers emit some of these criteria
pollutants as well as HCl and other regulated pollutants. In exhaust gases from
stationary reciprocating internal combustion engines (RICE), about 27 HAPs have
been measured, mainly formaldehyde, acrolein, methanol, and acetaldehyde.

5.4.2.1.1 HAPs or Air Toxics (40 CFR 61)
If a facility is a major emitter of n-hexane, the EPA requires sources to meet national
emissions standards [43,44]. The air toxic control measures for source categories are
technology-based emission standards (not health-based) established for major sources
(10 ton/year of one HAP or 25 ton/year of total HAP) that require the maximum
degree of reduction emissions, taking costs, other health and environmental impacts,
and energy requirements into account. Compliance with an NESHAP involves the
installation of maximum achievable control technology (MACT); MACT essentially
is maximum achievable emission reduction. The NESHAP for Solvent Extraction for
Vegetable Oil Production (4/12/01, 65 FR 34252; 40 CFR 63 subpart GGGG) requires
all existing and new solvent extraction processes that are major sources to meet HAP
emission standards, as a 12-month rolling average based on a 64% n-hexane content.
Covered solvent extraction facilities are those that produce crude vegetable oil and
meal products by removing crude oil from listed oilseeds (corn germ, cottonseed,
flax, peanuts, rapeseed, safflower, soybeans, and sunflower) through direct contact
with a solvent. HAP emission standards (solvent loss factor) for cottonseed oil
production are as follows: for cottonseed, large (process >120,000 ton/year) 0.5
gal/ton; and for cottonseed, small (<120,000 ton/year) 0.7 gal/ton. Compliance with
the vegetable oil NESHAP was required April 12, 2004. Since the emission loss
factor values are 12-month rolling averages, the first compliance report was due no
sooner than 48 months after the standard was promulgated (i.e., April 12, 2005).

If a solvent extraction facility, as of April 12, 2004, was not using commercial
hexane, and the new solvent was addressed in their Title V federal operating permit,
then they are not covered by the vegetable oil NESHAP. However, if a facility switched
from commercial hexane to another extraction solvent that was low-HAP or non-HAP
after 4/12/04, they would have been covered by all the burdensome recordkeeping and
reporting requirements of the vegetable oil NESHAP, except for a direct final rule
amendment (40 CFR 63.2840) to the vegetable oil NESHAP in 2004 (9/01/04; 69 FR
53338) for pollution prevention. This amendment eliminates the recordkeeping and
reporting requirements that are unnecessary for determining compliance at these veg-
etable oil production facilities that exclusively use a qualifying low-HAP (e.g., iso-
hexane containing less than 1% n-hexane) or non-HAP (e.g., acetone) extraction
solvent. The new requirements are minimal-vegetable oil producers only need to
document and report that they are using a solvent that meets the low-emitting criteria.

If a solvent extraction facility is not covered by the vegetable oil NESHAP but
is using a volatile organic liquid (VOL; [40 CFR 60.11b(k)], any organic liquid that
can emit volatile organic compounds into the atmosphere) with storage vessels ≥75
m3, it would be covered by the Standards of Performance for Volatile Organic Liquid
Storage Vessels (Including Petroleum Liquid Storage Vessels) (40 CFR 60 subpart Kb).
There are control and record-keeping requirements. However the VOL requirement
does not apply to vegetable oil processing facilities that are using commercial hexane
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and are in compliance with the solvent loss rate in the vegetable oil processing
NESHAP (i.e., vessels subject to 40 CFR 63 subpart GGGG).

Vegetable oil processing plants also may be covered by the Industrial Boiler
MACT (NESHAP for Industrial, Commercial, and Institutional Boilers and Process
Heaters; 69 FR 55218, 9/13/04; 40 CFR 63 Subpart DDDDD) and the RICE MACT
[NESHAP for stationary Reciprocating Internal Combustion Engines; 69 FR 33474,
6/15/04; 40 CFR 63 Subpart ZZZZ). The RICE MACT targets engines with a site
rating of more than 500 brake hp; The U.S. EPA is also intending to promulgate a
rule for small engines (<500 hp) located at major sources by December 2007.

5.4.2.1.2 NAAQS
The NAAQS are set at levels sufficient to protect public health, including the health
of sensitive populations (primary air quality standards) and public welfare (secondary
air quality standards) from any known or anticipated adverse effect of the pollutant
with an adequate (appropriate) margin of safety.

VOCs are essentially considered the same as the criteria for pollutant ozone
[41,42]. n-Hexane and hexane isomers are VOCs. Most U.S. cottonseed oil extracting
facilities would be major sources of VOCs and would be covered by the requirements
for ozone emissions and attainment, unless they used a solvent that was not classified
as a VOC (e.g., acetone).

Most vegetable oil production facilities are major sources of particulate matter
(PM). (see the Glossary of Terms). Depending on the oilseed processed, PM emis-
sions can be 0.1 to 0.3 lb of total suspended particulate (TSP), which is about 50%
PM 10 and less than 2% PM 2.5, per ton of seed processed. PM controls would also
have to be part of a facility’s federal and state permits. Cottonseed oil production
facilities probably also have to include NOx, SOx, and CO emissions in their federal
and state permits.

Any new or significantly modified facility would have to comply with the new
source review (NSR) requirements. NSR is a preconstruction permitting program.
If new construction or making a major modification will increase emissions by an
amount large enough to trigger NSR requirements, then the source must obtain a
permit before it can begin construction.

5.4.2.1.3 Odor
There are no specific federal regulations for odor. However, since odor is a nuisance,
states can regulate odor if they choose to and some states do (e.g., Colorado and Idaho).

5.4.2.1.4  Federal Permits (40 CFR 70)
All major sources of regulated solvents are required to have federally enforceable
operating permits (FOP) [42], also referred to as Title V permits. If a facility is a
major source for any pollutant, e.g., hexane, and thus requires a Title V federal permit,
then all emissions of HAPs have to be included in their federal operating permit.

5.4.2.1.5  State Permits
Most states require state permits for facilities that emit listed air pollutants [43,44].
In some states federal permits and state permits are combined, while in other states
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facilities are required to have both a state or county (air district) permit and a federal
permit. As part of annual emission inventory reporting requirements, many states already
require reporting of HAP and VOC because of their state implementation plan (SIP).

5.4.2.2 Clean Water Act (CWA; 33 U.S. Code 1251 et seq.)

Under the CWA, the U.S. EPA establishes water quality criteria used to develop water
quality standards, technology-based effluent limitation guidelines, and pretreatment
standards and has established a national permit program (National Pollution Discharge
Elimination System [NPDES] permits; 40 CFR 122) to regulate the discharge of
pollutants. The states have the responsibility to develop water quality management
programs and enforce most of the regulations promulgated pursuant to the CWA.

Oilseed processing and oil refining may be covered by the following [45]:

• Basic discharge effluent limitations require NPDES permits (40 CFR 122)
for pollutant discharges.

• Storm water regulations require a storm water permit (40 CFR 122 and 123);
Phase I covers industrial activities and construction sites (land disturbing
activities) of >5 acres; Phase II addresses construction sites of 1 to 5 acres
(64 FR 68722, December 8, 1999; coverage due March 10, 2003). The storm
water permit for runoff from industrial activities is now part of the NPDES
permit; for construction a construction general permit is required.

• Oil spill prevention and response plans (40 CFR 112) were amended in
2002 to have an aggregate threshold of 1320 gal for oil spill prevention
plan (spill prevention, control, and countermeasures [SPCC] plan). The
response plan threshold is 42,000 gal and requires a federal response plan.

• Requirements applicable to cooling water intake structures (33 U.S. Code
Section 316[b]) (40 CFR 125) cover new manufacturing facilities
(65 FR 65256, December 12, 2001; 68 FR 36749, June 19, 2003) and are
being developed for existing manufacturing facilities. Regulations are to
ensure that the location, design, construction, and capacity of cooling
water intake structures reflect the best available technology available for
minimizing adverse environmental impact (applies to point sources that
have a design intake flow >2 million gal/d).

5.4.2.3 Resource Conservation and Recovery Act 
(RCRA; 42 U.S. Code 6901 et seq.)

RCRA Subtitle D covers nonhazardous wastes. Subtitle C (40 CFR 261) is a federal
“cradle-to-grave” system to manage hazardous waste (including provisions for clean-
ing up releases and setting statutory and regulatory requirements). Materials or items
are hazardous wastes if and when they are discarded or intended to be discarded.
Hazardous wastes are either listed wastes (40 CFR 261.30–.33) or characteristic
wastes (40 CFR 261.21–.24). The U.S. EPA defines four characteristics for hazardous
waste: ignitability (40 CFR 260.21); corrosivity (40 CFR 260.22); reactivity (40 CFR
260.23); and toxicity (40 CFR 260.24).
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5.4.2.3.1 Spent Bleaching Clay
This is not an RCRA hazardous waste (40 CFR 302). It is usually disposed of by
taking it to a regular landfill. There sometimes can be a spontaneous combustion
problem (oxidation of unsaturated fatty acids in the retained oil, causing self-heating
and leading to combustion) when it is taken to the landfill. The potential for spon-
taneous combustion in bleaching earth depends on the type and amount of oil retained
and rises with increasing unsaturation of the fatty acids in the retained oil. The U.S.
Department of Transportation classifies materials liable to spontaneous combustion
as Class 4.2 hazardous materials (49 CFR 173.124 [b] and Appendix E 3). Spent
bleaching clay can be finely ground and put in small quantities into animal meal in
operations that do oil extraction. With the increase concern about dioxin in food and
feed product by the FDA and EPA, this is discouraged.

5.4.2.3.2 Spent Nickel Catalyst
This is not considered an RCRA hazardous waste (40 CFR Table 302.4). No reporting
of release of this substance is required if the diameter of the solid metal released is
equal to or exceeds 100 µm. The reportable quantity (RQ) for particles greater than
100 µm is 100 lb. Most, if not all, spent nickel catalyst is recycled.

5.4.2.4 Emergency Planning and Community Right-to-Know 
Act (EPCRA; 42 U.S. Code 11001 et seq.)

EPCRA requires states to establish emergency planning districts with local commit-
tees to devise plans for preventing and responding to chemical spills and releases.

5.4.2.4.1 Section 313 (40 CFR 372), Toxic Release 
Inventory (TRI)

Businesses are required to file annual reports with federal and state authorities of
releases to air, water, and land above a certain threshold for chemicals on the TRI/Sec-
tion 313 list (40 CFR 372.65) by July 1 each year for the previous year’s releases
[46a]. TRI requirements are triggered if a facility is involved in manufacturing with
10 or more full-time employees, manufactures, processes, or other uses with one or
more listed substances in a quantity above the statutory reporting threshold of 25,000
lb/year (manufactured or processed) or 10,000 lb/year (other use). Beginning with
the 1991 reporting year, such facilities also must report pollution prevention and
recycling data for such chemicals pursuant to Section 6607 of the Pollution Prevention
Act (42 U.S. Code 13106). n-Hexane was added to the TRI list in 1994 with reporting
for 1995 emissions [40,41]. Isohexane is not on the TRI list.

5.4.2.5 Toxic Substances Control Act (TSCA; 15 U.S. 
Code 2600 et seq.)

If a chemical’s manufacture, processing, distribution, use, or disposal would create
unreasonable risks, the U.S. EPA, under the TSCA (40 CFR section 700, et seq.),
can regulate it, ban it, or require additional testing.

2162_C005.fm  Page 122  Monday, June 20, 2005  12:28 PM



Solvent Extraction to Obtain Edible Oil Products 123

5.4.2.5.1 Inventory Update Rule (IUR) (40 CFR 710)
The IUR was established in 1986 to require manufacturers and importers of chem-
icals listed on the master TCSA inventory to report current data every 4 years on
the production volume of chemicals imported or produced. The IUR was amended
in 2003 (IURA) to add more reporting and use requirements for chemicals with a
production volume greater than 300,000 lb. Food and feed products produced from
natural agricultural products, such as oilseeds, are not required to be reported, but
all oil and meal products obtained by solvent extraction that are sold for other than
food or feed use (e.g., oils as chemical raw materials and meal as fertilizer) are.
Cottonseed oil and other vegetable oils, soap stocks, acidulated soap stocks, deodor-
ized distillates, and hydrogenated vegetable oils are some of the substances reported
by extraction and refining operations under the IUR.

5.4.3  FOOD SAFETY (FDA)

In the United States, the U.S. FDA regulates all aspects of food under the Federal
Food, Drug, and Cosmetic Act (FFDCA; 21 U.S. Code 321 et seq.) including food
ingredients and labeling.

5.4.3.1 Premarket Approval of Solvents/Other Processing Aids

An extraction solvent or other processing substances that can be in food are subject
to premarket approval by the U.S. FDA unless its use is generally recognized as
safe (GRAS) by qualified experts [47]. Oilseed extraction solvents and food pro-
cessing substances, to be legally used in the United States, must have been subject
to an approval by the FDA or the U.S. Department of Agriculture (USDA) from
1938 through 1958 for this use (prior sanction); must be GRAS for this use by the
FDA “GRAS affirmation” (21 CFR 170.35) (substances do not have to be specifically
listed and there are several ways to determine GRAS); or must be used in accordance
with food additive regulations promulgated by the FDA (21 CFR 170.3[h][I]). Food
additives generally fall into two broad categories: (1) those added directly to food
(21 CFR 172), and (2) those added indirectly to food through contact with packaging
materials, processing equipment, or other food-contact materials (21 CFR 174–178).

Many prior sanctions and early GRAS determinations are not codified in the
U.S. FDA regulations. Extracting solvents used in food manufacturing, such as
n-hexane or isohexane, have been labeled as a food additive or incidental additives
(i.e., “additives that are present in a food at insignificant levels and do not have any
technical or functional effect in that food”). Incidental additives can be “processing
aids” (i.e., “substances that are added to a food during processing but removed from
the food before it is packaged”). Most food-processing substances, including sol-
vents, can be regarded as “incidental additives” and thus are exempt from label
declaration in the finished food product.

Since vegetable oil and other human food-grade oils undergo refining, bleaching,
deodorization (steam distillation), and sometimes other purification processes as part
of the manufacturing process prior to being used as a food product, they should not
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contain any (0 to <100 ppb) of the extraction solvent, if proper manufacturing
practices are followed.

Commercial hexane, containing about 50 to 85% n-hexane (the rest are the hexane
isomers, which make up commercial isohexane), has been in major use since the 1940s
as an oilseed extraction solvent on the determination that it is GRAS and it may also
be subject to a prior sanction. Like many other food-processing substances, there is
no U.S. FDA regulation specifically listing n-hexane as GRAS or prior sanctioned.
However, under FDA regulations hexane has been cleared as a solvent (residue not
more than 5 to 25 ppm) for use in many products [47,48]. Isohexane/hexane isomers
also are not specifically listed as GRAS or prior sanctioned.

In Europe, the maximum residue limit (MRL) for n-hexane in vegetable oils has
been established as 5 ppm n-hexane (European Union [EU], 1988, Community
Directive 88/344/EECC of June 13, 1988; Official J. Eur. Commun. L 157, 24 June
24, 1988, pp. 0028–0033). There is no MRL for isohexane/hexane isomers.

In summary, extraction solvents can be considered incidental additives/process-
ing aids that are exempt from label declaration. GRAS status may be determined
by a company or an industry (“GRAS self-determination” [49] or “GRAS notification”
[April 17, 1997; 62 FR 18938]), an independent scientific organization (e.g., “FEMA
GRAS” [50]), or the U.S. FDA (GRAS affirmation [21 CFR 170.35]). The FFDCA
(21 U.S. Code 321 et seq.) does not provide for the U.S. FDA to approve all
ingredients used in food, and the U.S. FDA explicitly recognizes that its published
GRAS list is not meant to be a complete listing of all substances that are in fact
GRAS food substances. Although there is no requirement to inform the U.S. FDA
of a GRAS self-determination or to request FDA review or approval on the matter,
the U.S. FDA has established a voluntary GRAS affirmation program under which
such advice will be provided by the agency. Solvents that do not have prior sanction,
a GRAS determination of some kind, or a tolerance set probably should be evaluated
for compliance under food safety requirements, if a facility is considering changing
its extracting solvent.

5.4.3.2 trans Fat Labeling

In Europe trans fatty acid labeling of retail foods is required. In July 2003, the U.S.
FDA published a final rule requiring manufacturers to list trans fats on the nutrition
facts panel of food and some dietary supplements sold at retail stores (68 FR 41434;
July 11, 2003; 21 CFR 101). This rule, which goes into effect on January 1, 2006,
requires all foods containing at least 0.5 g per serving of trans fat to declare the
amount of trans fat per serving on the nutrition facts panel; products containing
<0.5 g per serving are required to express trans fat content as “0.” 

5.5 FUTURE TRENDS

In the future, there most likely will be new demands for highly specialized extraction
solvents as newly domesticated species that make useful novel oils [51] and other
products. New or altered biological products with enhanced nutritional and industrial
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properties will be developed through conventional breeding and genetic engineering for
use as “functional foods” [52] (e.g., phytosterols to achieve cholesterol lowering); as
oils with altered lipid profiles [53] (e.g., for lower saturated fat) or with more vitamin
E; as new drugs/nutraceuticals and industrial chemicals (e.g., fatty acids for lubricants,
and for cosmetics, coatings, detergents, surfactants, flavors, and polymers); as sources
for specialty chemicals; and as value-added products [54–59]. There will be demands
for solvent systems for the simultaneous removal of undesirable meal components (e.g.,
mycotoxins, gossypol, flavors, and odors) that offer the potential for upgrading meal
for use as higher value animal feeds and human foods. Solvents that offer energy savings
and that pose lower health, environmental, and fire hazards will also be sought.

Oil refining process innovation will continue to be focused in the area of more
efficient operation, lower energy demand, least or no waste generated, and minimum
undesirable chemical modifications of the oils. Interesterification and fractionation
may become more important choices of operation than hydrogenation to minimize the
formation of geometric (trans- v. cis-double bonds) and positional (repositioned double
bonds) isomers of unsaturated fatty acids in the final fats and shortenings.

Genetically engineered/biotech crops make up a growing share of the agricultural
output [60,61]. In the United States in 2003, about 78% of the cotton acreage (21%
globally; about 33% world production) [62], about 85% of the soy acreage (55%
globally), about 40% of the corn acreage (11% globally), and about 16% of the
canola acreage globally were biotech crops [61]. Biotechnology is a powerful tool
in the hands of agricultural scientists. The ability to breed desirable traits or eliminate
problematic ones can yield potentially spectacular benefits, such as various chemicals
of importance, including improved fats and oils (e.g., high oleic acid oils), vaccines
and medicine, improved nutrition (e.g., casaba, oilseeds, rice, and sweet potatoes),
and improved yields with the use of fewer agricultural chemicals. Biotech crops
could be increasingly developed as “biofactories” for a wide range of products,
including nutrients, pharmaceuticals, and plastics. There is much promise for being
able to produce products that would protect millions from disease, starvation, and
death. 

However, biotechnology and biotech crops have become very controversial and
have run into serious problems in the European Union (EU), particularly in the
United Kingdom [63]. Currently, traceability and labeling for biotech products for
whole food products and animal feeds are required in some places in the world (e.g.,
the EU, Japan, Mexico, Australia, and New Zealand). Highly refined foods (e.g.,
vegetable oil, food thickeners, and starches) are explicitly excluded, except in the
EU. In the EU, as of April 18, 2004, all foods, feeds, and additives are covered
[64,65]. Vegetable oilseed meal, vegetable oil, and other food products made from
cottonseed and other vegetable oils are covered or will be covered by the EU
traceability and labeling regulations. For example, genetically modified (GM) feed
is covered at present, and food additives produced from genetically modified organ-
isms (GMOs) (e.g., refined cottonseed oil), feed additives produced from a GMO,
and feed produced from a GMO are not covered at present but will be in the future.
Even if DNA or protein from the transgenic plant cannot be detected in the refined
vegetable oil, documentation is required to show that the product did not come from
a biotech plant to be able to label a product “GM free.” “Adventitious or unavoidable”
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presence of a biotech product has a threshold of 0.9% for EU-approved GMOs and
0.5% for EU-unapproved GMOs that have been through the regulatory process of
the exporting country—after 3 years the threshold will be 0%. Thus, even though
this technology has great promise for increased use of new and existing solvents for
extraction of products from diverse biological materials, there are also many potential
problems because of misperceptions and misinformation.

The trans fat labeling regulation (See section 5.4.3.2) is resulting in reformula-
tion of many products by the vegetable oil producing and extracting industries, such
as totally hydrogenating some soy oil and adding that to unhydrogenated soy oil to
get the desired consistency and functionality. Other research is underway to develop
other methods to lower or eliminate trans fats edible products.

It is clear that the future has much uncertainty at the same time that it offers
much promise. As our knowledge about nutritional requirements and quality
management of fats and oils is enhanced, more cost-efficient and innovative
processing technologies will be needed. Continued advancement in software and
hardware will further promote more accurate analytical methods. The new generation
of professionals that enter into the fats and oils business with their improved
knowledge and tools will likely face many exciting and more complicated
challenges.

GLOSSARY OF TERMS

ACGIH American Conference of Industrial Hygienists, an independent stan-
dards setting organization

BACM Best Available Control Measures
BACT Best Available Control Technology
CAA Clean Air Act, 42 U.S. Code 1251 et seq.
CERCLA (Superfund) Comprehensive Environmental Response, Compensa-

tion, and Liability Act, 42 U.S. Code 9601 et seq.
CFR Code of Federal Regulations, where the U.S. federal regulations after

promulgation are codified, The preceding number, the Title, the succeed-
ing number (after CFR); is the Part of Section (e.g., 29 CFR 1910, Title 29
Code of Federal Regulations at Part 1910)

CWA Clean Water Act (Federal Water Pollution Control Act), 33 U.S. Code
1251 et seq.

EPA Environmental Protection Agency, 42 U.S. Code 4321 et seq.
EPCRA Emergency Planning and Community Right-to-know Act, part of

CERLA/Superfund, Title III of SARA, the 1986 amended Superfund
FR Federal Register; where regulatory announcements and new rules and their

justification are published; preceding number, the volume, the succeeding
number (after FR); the page, usually followed by the date when it
appeared (e.g., 51 FR 27956, Volume 51 Federal Register, page 27956)

GRAS Generally Recognized As Safe
HAP Hazardous Air Pollutant, 40 CFR 61
HCS Hazard Communication Standard, 29 CFR 1910.1200
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IUR Inventory Update Rule, 40 CFR 710
LAER Lowest Achievable Emission Rate
MACT Maximum Achievable Control Technology
MSDS Material safety data sheet, required under OSHA HCS
NAAQS National Ambient Air Quality Standard, 40 CFR 50
NESHAP National Emission Standard for Hazardous Air Pollutants under the CAA
Nonattainment Areas that are not meeting NAAQS, 40 CFR 51.100 et seq.
NPDES National Pollution Discharge Elimination System, the national permit

program under the CWA, 40 CFR 122
NSR New Source Review
OPA-90 Oil Pollution Act of 1990
OSHA Occupational Safety and Health Administration (part of the U.S. Dept.

of Labor), 29 U.S. Code 651 et seq.
Ozone (O3) One of the compounds on the NAAQS list that is formed through

chemical reaction in the atmosphere involving VOC, NOx, and sunlight;
also a primary constituent of smog

NOx Nitrogen Oxides
PEL Permissible Exposure Limit for an air contaminant under OSHA standards
PM Particulate Matter; one of the NAAQS; denotes the amount of solid or liquid

matter suspended in the atmosphere; the EPA regulating PM as PM10 (“coarse”
particulate 10 µm and less) and PM2.5 (“fine” particulate 2.5 µm or less)

POTW Publicly Owned Treatment Works, for indirect wastewater discharge
PSD Prevention of Significant Deterioration, a requirement of NSR
PSM Process Safety Management standard
RACM Reasonably Achievable Control Measures
RACT Reasonably Available Control Technology
RCRA Resource Conservation and Recovery Act, 42 U.S. Code 6901 et seq.
RCRA-Characteristic Wastes Hazardous wastes that are ignitable, corrosive,

reactive, or toxic, 40 CFR 260.64
RQ Reportable quantity
RCRA-Listed Wastes Specially listed hazardous wastes in 40 CFR 261.30–33
SARA Superfund Amendments and Reauthorization Act
TCLP Toxic characteristic leaching potential under RCRA, 40 CFR 261.24
Title V The part of the Clean Air Act that deals with federal permits, 40 CFR 70
TLV Threshold Limit Value for an air contaminant under ACGIH regulations
TRI Toxic Release Inventory, under Section 313 of EPCRA
TSCA Toxic Substances Control Act
TWA Time-weighted average
U.S. Code The United States Code where legislation, including health, safety,

and environmental legislation, is codified once it is passed by Congress
(e.g., 42 U.S. Code 7401 is Title 42 U.S. Code at paragraph 7401)

VOC Volatile Organic Compounds; a group of chemicals that react in the atmo-
sphere with nitrogen oxides (NOx) in the presence of heat and sunlight to
form ozone; does not include compounds determined by EPA to have
negligible photochemical reactivity
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6.1 INTRODUCTION

 

Understanding the physical properties of lipids is critical to the formulation and
manipulation of fats, oils, and fat-structured food products. Rheological properties,
and ultimately texture, are closely related to the structures of underlying fat crystal
networks (FCNs) in foods. Figure 6.1 shows the hierarchy of parameters that deter-
mine the physical properties of lipids and lipid-based materials. Composition and
processing parameters determine the crystalline structure and rheological properties
of FCNs. Differences at the nano- and microstructural levels in fats translate into
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differences in terms of functionality and sensory properties. Other networks, includ-
ing protein, polysaccharide, and ice, may also be present in foods. Each network
and the interactions between ingredients all contribute to the overall sensory impres-
sions of foods. This chapter will review the physical properties of lipids, including
melting, crystallization, phase behavior, polymorphism, microstructure, and rheol-
ogy, and the ways in which the physical properties of fats can be modified.

 

6.2 THE

 

 

 

PHYSICAL

 

 

 

PROPERTIES

 

 

 

OF

 

 

 

LIPIDS

6.2.1 T

 

HE

 

 

 

E

 

FFECTS

 

 

 

OF

 

 

 

C

 

OMPOSITION

 

Molecular composition lays the foundation for a fat’s physical character. Triacyl-
glycerols (TAGs) constitute the bulk of the lipid mass in natural fats and oils,
although minor lipids and other lipid-soluble components may also be present and
can impact on the behavior of fats and oils [1–3]. Considering the large number
of fatty acids (FAs) that exist in nature and the potential for positional variability
along the glycerol backbone, a wide range of TAGs is possible. For example, over
400 different FAs have been identified in milk fat [4]. Fatty acids may be saturated
or unsaturated, branched or linear, and short- or long-chained [5]. Saturated FA
chains tend to adopt a straight-chain configuration, with the long carbon chains
adopting an in-plane zig-zag pattern. In the case of unsaturated FAs, a bend occurs
at the position of the double bond and leads to a decrease in packing density.
Because of their closer packing, saturated FAs have higher melting temperatures
than their corresponding unsaturated FAs in the 

 

cis

 

 configuration. Geometric isom-
erism at sites of unsaturation allows for double bonds to exist in either the 

 

cis

 

 or

 

FIGURE 6.1

 

Levels of lipid structure that determine the rheological properties and texture
of fats and fat-based foods.
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trans

 

 configuration. 

 

Trans

 

 fatty acids (TFAs) have higher melting points than their
corresponding 

 

cis

 

 isomers. For example, the melting point of oleic acid (18:1 

 

cis

 

)
is 16

 

°

 

C, while its geometric isomer, elaidic acid (18:1 

 

trans

 

), has a melting
temperature of 44

 

°

 

C.
The types and positioning of FAs within a TAG determine its melting behavior.

For instance, long-chain unsaturated FAs in vegetable oils are responsible for their
low melting points and liquid state of oils at room temperature. In comparison, palm
stearin is solid at room temperature because it contains a much higher proportion of
high-melting-point TAGs. Natural fats generally contain many different TAGs, each
with its own unique melting temperature. Therefore, food lipids possess melting
ranges rather than melting points. For example, the TAGs in milk fat have melting
points between –40 and 40

 

°

 

C [6]. This results in a fairly wide range of plasticity and
gradual melting behavior. In contrast, cocoa butter has a much sharper melting profile.
The solid TAGs cocoa butter contains at room temperature melt between 32 and 35

 

°

 

C
[7]. Cocoa butter is composed of mainly symmetrical TAGs with oleic acid (O) at
the 

 

sn

 

-2 position and saturated FAs at 

 

sn

 

-1 and 

 

sn

 

-3 positions. The most common
TAGs in cocoa butter are POP, SOS, and POS, where P and S are palmitic acid and
stearic acid, respectively. This relatively narrow distribution of TAG species leads to
a steep melting curve, although melting behavior is also influenced by polymorphism.
The positional distribution of FAs can also influence a fat’s physical properties. For
example, when lard is interesterified to decrease the proportion of palmitic acid at
the 

 

sn

 

-2 position, a less grainy

 

 

 

consistency is obtained and the baking performance
of the fat is improved. As stated before, molecular composition lays the foundation
for a fat’s physical properties. Inarguably, it has an enormous influence on melting
behavior, crystallization behavior, polymorphism, and solid fat content (SFC).

 

6.2.2 L

 

IPID

 

 

 

C

 

RYSTALLIZATION

 

Crystallization behavior determines the SFC, polymorphism, microstructure, and
ultimately the rheological properties of a fat crystal network. At a temperature below
its melting point, a molecule experiences supercooling. Sometimes termed under-
cooling, this is the equivalent of supersaturation. It represents the thermodynamic
driving force toward crystallization (i.e., the transformation from the liquid to the
solid state). The factors influencing crystallization are both kinetic and thermody-
namic in nature [8]. Kinetic parameters include molecular clustering, solvation/
desolvation, adsorption, surface/volume diffusion, and conformational rearrange-
ments during fat crystallization. Thermodynamic considerations include the surface-
melt interfacial free energy and the crystallization temperature, which is the chem-
ical driving force to nucleation based on the supersaturation ratio [8].

Fat crystallization is an exothermic process. It includes both nucleation and
crystal growth events. Nuclei must be formed before crystal growth can occur, but
these events are not mutually exclusive. Nucleation can continue to take place while
crystals grow on the surfaces of existing nuclei [9]. Nucleation begins when the melt
deviates from thermodynamic equilibrium [8]. TAGs aggregate into tiny clusters
called embryos. Embryos continue to form and redissolve until some critical size is
reached. At this point, a stable nucleus is formed. This will occur only when the
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energy related to the heat of crystallization exceeds the energy required to overcome
the increase in surface area [10]. The Gibbs free energy of a spherical crystal embryo
(

 

∆

 

G

 

n

 

) involves contributions from both the surface and volume changes and is
defined according to Equation 6.1:

(6.1)

where 

 

r

 

 is the nuclei radius, 

 

σ

 

 is the surface free energy per unit surface area, 

 

∆

 

G

 

m

 

is the molar free energy change associated with the liquid–solid-phase change, and

 

V

 

m

 

 is the molar volume [11]. 

 

∆

 

G

 

n

 

 will reach a maximum at some critical embryo
radius (

 

r

 

c

 

) as defined by Equation 6.2.

(6.2)

To minimize the free energy, clusters smaller than this critical size will dissolve
and those larger than 

 

r

 

c

 

 

 

will continue to grow [11]. At higher degrees of supercooling
(i.e., at lower temperatures), the critical radius required for stability is decreased
because of decreased crystal solubility [12]. Also, at higher degrees of supercooling
the critical radius is reduced because 

 

∆

 

G

 

m

 

 is larger. Figure 6.2 shows the nucleation
free energy as a function of nuclei radius. 

 

∆

 

G

 

 was calculated using Equation 6.1
and values of 

 

σ

 

, 

 

∆

 

G

 

m

 

, and 

 

V

 

m

 

 as indicated. The critical radius (

 

r

 

c

 

) occurs when 

 

∆

 

G

 

n

 

reaches a maximum and can be calculated using Equation 6.2. For TAG crystalli-
zation, the concept of radius may be misleading. Dimers of TAG molecule probably
align laterally and then arrange into bilayers [13].

 

FIGURE 6.2

 

Free energy of nucleation (

 

G

 

n

 

) as a function of nuclei radius (

 

r

 

) for a lipid melt.
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Primary homogeneous, primary heterogeneous, and secondary nucleation can
occur. With significant undercooling (i.e., at a temperature much lower than the
melting temperature of a fat), primary homogeneous nucleation can occur. This type
of nucleation is, however, rare in fats. It can occur only in pure solutions in the
absence of foreign interfaces. In reality, nucleation is usually catalyzed by the
presence of foreign particles (existing crystals or other food ingredients) or by
interfaces like the walls of a container. Primary heterogeneous nucleation needs
significantly less supersaturation than homogeneous nucleation [11]. Foreign sur-
faces decrease the surface energy term in the crystallization free energy expression
(Equation 6.1) [11,14]. Surfaces and foreign particles introduce small regions of
order that exceed that of the bulk liquid [15]. In a mixture of TAGs, the highest
melting species crystallize first. Secondary nucleation can take place after primary
nucleation has occurred [13]. Secondary nucleation refers to the formation of new
crystal nuclei upon contact with existing crystals. This can be very significant,
particularly in bulk fats where the number of nuclei needed to induce crystallization
is very low (1 per cubic millimeter or less). In an emulsion, the likelihood of every
fat globule containing a nucleus or catalytic impurity to induce crystallization is
low. As a result, emulsified fats require more supercooling (i.e., lower temperatures)
than bulk fats [16].

The driving force required for crystal growth is relatively small compared with
that for nucleation [8]. TAG crystal growth involves both the diffusion of molecules
from the bulk solution across a boundary layer and the incorporation of TAGs into
the crystal lattice of an existing nucleus or crystal [17]. It depends on a number of
factors, including the degree of supersaturation, the rate of molecular diffusion to a
crystal surface, and the time required for molecules to fit into a growing crystal
lattice [18]. The entropic losses associated with a molecule incorporated into a crystal
lattice are enormous. Therefore, the activation energy for this event is high. This
tends to be the rate-determining step in fat crystallization [19–21]. In a multicom-
ponent fat (i.e., containing many TAG species), crystallization is especially slow
because the supersaturation for each TAG molecule is very small [21]. There is also
competition between similar molecules for the same sites in a crystal lattice [22].

Crystallization and physical properties are influenced by both internal factors
(diffusion, molecular compatibility, crystal size, TAG species, nuclei composition,
and quantity) and external conditions (crystallization, temperature, tempering, cool-
ing rate, shear, and storage conditions) [11,22]. Melt viscosity, for example, has a
significant effect on crystal growth rate. It limits both molecular diffusion and the
dissipation of the latent heat of crystallization away from a growing crystal face [16].
As a result, growth rate is inversely proportional to melt viscosity. Melt viscosity
tends to increase with decreasing temperature [12] and is also affected by shear
forces in a system.

Crystallization temperature and cooling rate have a large influence on solidifi-
cation, SFC, and rheological properties. Temperature dictates how many TAGs are
undercooled and to what extent. Lower temperatures and higher levels of supersat-
uration result in higher rates of nucleation and crystallization [23]. Faster cooling
is associated with extensive nucleation, while more gradual cooling is generally
correlated with increased crystal growth [14]. Samples cooled slowly tend to have
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fewer, but larger, crystals that cluster into aggregates. They also tend to be softer in
nature. Figure 6.3 shows polarized light micrographs of lard cooled at 0.1

 

°

 

C/min
(Figure 6.3A) and 5.0

 

°

 

C/min (Figure 6.3B). Although the SFCs of these samples
were similar (30.3 

 

±

 

 0.2% and 33.2 

 

±

 

 0.3% for Figure 6.3A and 6.3B, respectively),
the slowly cooled sample was much softer. Penetration depths for the rapidly and
slowly cooled lard were 15.1 

 

±

 

 2.9 

 

×

 

 10

 

–1

 

 

 

mm and 40.2 

 

±

 

 3.5 

 

×

 

 10

 

–1

 

 

 

mm, respectively,
as determined by cone penetrometry [24].

Fast cooling also favors the formation of more metastable polymorphs [25]. The
presence of shear during and after crystallization can also have a huge impact on
fats [26]. Shear increases the overall mixing, leading to more effective molecular
interactions, better heat transfer, and increased nucleation rate. Agitation serves to
break up crystallites, creating seed crystals, which will act as surfaces for secondary
nucleation. Mazzanti et al.

 

 

 

[27] demonstrated increases in crystalline orientation with
increasing shear.

 

FIGURE 6.3

 

Polarized light micrographs of lard cooled slowly (0.1

 

°

 

C/min) and rapidly
(5.0

 

°

 

C/min).
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At present, there is debate concerning the nature of the liquid to solid-phase
transitions in fats. There is some evidence that an intermediate state of matter exists
between the amorphous liquid melt and crystalline solid states. The liquid crystalline
state was observed in organic materials over a century ago and in synthetic polymers
during the 1950s [28]. Such phases were called liquid crystals because they have
properties that lie between those of completely amorphous substances and crystalline
materials. They exhibit liquid-like flow, but show varying degrees of molecular order-
ing. In fats, however, the presence and nature of a true liquid crystalline state is still
a matter of active debate. Fat and oil processors are familiar with a concept referred
to as crystal memory, where remnants of the crystalline state can remain after a fat is
melted. If crystal memory is not destroyed by sufficient heating, a fat seems to
“remember” its previous crystalline history and is influenced toward that conformation.
Some researchers would argue that this is evidence of liquid crystalline order in fats.

Larsson [13,29] was the first to propose that TAG molecules associate into bilayer
regions in the liquid state. Support came from x-ray diffraction (XRD) studies
showing the occurrence of a diffuse peak in the long spacing range of fats upon
melting. The peak’s position corresponded to an arrangement of TAG bilayers in
which glycerol backbones are aligned together and the hydrocarbon chains are in a
liquid-like conformation. Short-range lamellar ordering has also been observed
above the melting temperature in liquid TAGs using very fast cooling freeze-etch
electron microscopy [16]. Additional evidence of ordering in the melt [30] and liquid
oils [31] has been reported. The debate continues surrounding the exact nature of
the ordering in the liquid state of TAGs [32].
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In the liquid state, TAGs are nearly ideally miscible. No changes in heat or volume
occur when liquid fats are mixed [16]. However, in the solid state, incomplete
miscibility can result in multiple distinct solid phases. Mixed or compound crystals
contain more than one molecular species [18,33]. They form in natural fats with complex
TAG compositions and fractions of TAGs [16,34–38]. The likelihood of compound
crystallization increases when the molecular species are more similar in shape, size,
and properties [17]. Also, mixed crystals form more extensively at lower tempera-
tures because more TAGs are supersaturated and to a greater extent so crystallization
proceeds more rapidly [16]. Compound crystals have lower densities and enthalpies
of fusion than pure crystals of the same modification and tend to slowly rearrange
into purer crystals [17].

A consequence of complex phase behavior is that rapidly cooled milk fat has a
higher SFC than the same milk fat cooled in a slow and stepwise fashion [18,39].
Also, the higher melting TAGs in a fat tend to dissolve in the lower melting species. As
a result, the melting curve of a fat does not equal the sum of its component TAGs [16].
Thermal eutectics occur when the melting point of a fat mixture is less than that of
the individual fats present in the blend. Eutectics are a consequence of incompati-
bility of the solid phases present. When the solid phases present are compatible,
solid solutions form. In contrast, eutectics are evidenced by softening in mixtures
of fats. Eutectics are observed between cocoa butter and some cocoa butter equivalents,
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for example. In Figure 6.4, the melting temperatures of cocoa butter mixed with the
middle- and high-melting fractions of milk fat (MMF and HMF, respectively) are
shown. The melting point depression for blends of cocoa butter with MMF
(Figure 6.4A) indicates a eutectic. When these fats are mixed, solid solutions do not
form at all concentrations. Instead, softening occurs. Softening is not observed when
HMF is mixed with cocoa butter (Figure 6.4B), but rather a solid solution forms.

 

FIGURE 6.4

 

Blends of cocoa butter with middle- and high-melting fractions of milk fat
(MMF and HMF, respectively) showing the formation of a eutectic with MMF (A) and
compatibility in the solid phase with HMF (B).
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In the solid state, lipids form lamella-type structures. Both the tilt of the FAs present
and the packing of atoms between the FAs can vary. These differences lead to the
existence of polytypism and polymorphism in fats. Polytypism refers to differences
in the stacking of TAGs in crystal lamellae. It is described by the long Bragg spacings
in XRD studies. This d-spacing or lamellae layer thickness depends on the length
of the TAG molecules and also on the angle of tile between the chain axis and the
basal lamellar plane [12]. Polytypism is indicated with a -2 or -3 designation
following the polymorph type for a bilayer or trilayer arrangement, respectively (see
Figure 6.5). The bilayer arrangement of FA chains is the most common packing
structure for natural fats, although trilayer structures have also been identified.
Trilayer structures are commonly observed in TAGs in which the FA at the 

 

sn

 

-2
position differs significantly from those at the 

 

sn

 

-1 and -3 positions [12].
Polymorphism has been well established and studied extensively in both pure

TAG and natural fat systems. Polymorphism exists when a material of set chemical
composition possesses different subcell packings in the solid state [5,40,41]. These
materials are identical in the liquid state, but can arrange into more than one type
of solid lattice. Polymorphism refers to differences within the unit cell structure of
crystals [8]. It arises from variations in the tilt of the TAG molecules in a bilayer
and also from variations in how the hydrocarbon chains are packed [13].

As early as 1849 (as reported by Chapman [42]), multiple melting events were
observed in pure fats. Polymorphism explains this phenomenon. In 1934, Clarkson
and Malkin [43] confirmed the existence of different crystalline forms in tristearin
by XRD. Today, it is commonly accepted that three main crystal polymorphs exist
in the solid state of TAGs: alpha (

 

α

 

), beta prime (

 

β′

 

), and beta (

 

β

 

), in order of
increasing stability and melting temperature. Within these polymorphs, subforms
are possible [44–46]. The 

 

α

 

 subcell has a hexagonal arrangement in which the FA
chains show disorder and rotational mobility along the hydrocarbon chain axes [13].

 

FIGURE 6.5

 

Schematic representation of polytypism in triacylglycerols. Triacylglycerols
aligned in bilayer and trilayer arrangements.
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It appears as a close packing of oscillating FAs [47,48]. In contrast, the 

 

β′

 

 polymorph
has a more fixed subcell arrangement referred to as orthorhombic perpendicular. In
this polymorph, every second zigzag plane (created by the zigzag pattern of the
hydrocarbon chains) is perpendicular to the other planes. The 

 

β′

 

 polymorph displays
intermediate stability. The most stable 

 

β

 

 crystal has a triclinic subcell with the
hydrocarbons arranged parallel to each other [5,49] and very tight stacking of the
bilayers at the methyl end group planes [50]. Other metastable polymorphs are also
observed in mixed TAG systems [48].

Differences in crystal packing give rise to differences in density, melting tem-
perature, and heats of fusion between the polymorphs. Therefore, fat polymorphism
can be explored using melting methods [41]. Vibrational spectroscopy [51,52] and
nuclear magnetic resonance [53] are also used to study polymorphism, although
XRD is the most definitive method. The 

 

α

 

, 

 

β′,

 

 and 

 

β

 

 polymorphs have characteristic
XRD short spacings of 0.415, 0.38 and 0.42, and 0.46 nm, respectively [5,54].
Instruments allowing temperature controlled, simultaneous time-resolved XRD at
both small and wide angles and differential scanning calorimetry (DSC) measure-
ments are valuable tools for studying polymorphic transitions [55,56].

Fat polymorphism is related to physical character and functionality. For example,

 

α

 

 crystals tend to be very thin and small crystals, while the 

 

β′

 

-polymorph morphology
has a longer needle-like shape, typically less than 5 

 

µ

 

m. In contrast, 

 

β

 

 crystals have
been described as much larger and having a plate-like morphology [57]. In palm oil,

 

α

 

 crystals appear as spherulites in contrast to the needle-like 

 

β′

 

 crystals [58].
Polymorphism has implications on the functionality of fats and fat-containing foods.
For example, shortenings, which contain 

 

β

 

 crystals, typically have poor aeration in
cakes [59]. Instead, 

 

β′

 

 crystals are preferred in shortenings and margarines. Similarly,
in whipped toppings, the 

 

β′

 

 polymorph is associated with desirable functionality and
shine [60]. In chocolate, the defect known as bloom can occur when improperly
tempered cocoa butter undergoes a polymorphic transformation. Phase separations
and oil migration with subsequent recrystallization may also lead to the development
of fat bloom [61,62]. Tempering is conducted to ensure that the desired crystalline
form (form V or 

 

β

 

 in cocoa butter depending on naming scheme) is obtained in
cocoa butter. When chocolate is tempered properly, it exhibits desirable snap and
melting properties, high gloss, and stability against bloom [63]. Cocoa butter and
chocolate polymorphism have been studied extensively [56,64–66].

The polymorphic form that develops during fat crystallization is influenced by several
factors, including fat purity, TAG compatibility, temperature, supercooling, cooling rate,
shear, catalytic impurities, solvents, and seed crystals [40]. For example, at higher cooling
rates, the α polymorph predominates in milk fat [46]. Transitions from one polymorphic
form to the next can occur during processing and storage depending on the internal
crystal/solvent conditions and external processing conditions [40,41,67]. Polymorphic
transitions in fats are accelerated by the presence of shear [67,68].

Because the β form has the highest melting point, and hence the lowest solubility,
it is the most thermodynamically stable of the three main polymorphs. However,
nucleation in the α  polymorph is favored. Although the β′ and β crystals are relatively
less soluble and more supersaturated, but the α crystal has a lower surface free
energy and lower heat of crystallization [10]. Therefore, although the β polymorph

2162_C006.fm  Page 144  Monday, June 20, 2005  12:29 PM



Physical Properties of Fats and Oils 145

is thermodynamically the most stable form, nucleation and crystal growth rates are
higher for the β′ polymorph, and especially for the α polymorph [8]. Figure 6.7
shows that the activation free energy of nucleation (∆G#) for the α polymorph is
lower than for the more stable polymorphic forms.

Polymorphic stability depends on van der Waals interactions and packing
density [1]. When multicomponent fats do transform, they exhibit monotropic rather
than enantiotropic polymorphism. Transformations proceed only from the less to the
more thermodynamically stable forms [47]. To return to a less stable polymorph, the
crystal structure must be completely destroyed through the melt as shown in Figure 6.6.
TAG polymorphic transitions to more stable polymorphs can occur through either
the melt or the solid state [69]. In monoacid short-chain TAGs, the α form can
transform to the β′ form during heating either via melting and then recrystallization or
directly without being melted. The direct transformation is preferred in short-chain
TAGs (C12) while it occurs via melting for longer chain TAGs (C18) because of the
relatively high stability of the α form [1]. At least some order remains during transitions,
as evidenced by persistent short spacings in continuous XRD measurements [50].

FIGURE 6.6 Dynamics of polymorphic transformations in fats.

FIGURE 6.7 Free energies of nucleation for the α, β, and β ′ polymorphs in fats.
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Although the α crystal tends to form first in many fats, it typically transforms
to a more stable polymorph. This is related to, among other things, chemical com-
position. The diversity of FA chain length, TAG carbon number, and amount of
liquid oil present determine which polymorph is favored in a fat [13,41]. Fats tend
to prefer either the β′ or β modification. For example, milk fat, beef tallow, and
palm fats are β ′-tending. The majority of their solids remain in the β′ modification
even after prolonged storage. In contrast, lard and fully hydrogenated soybean oil
are examples of β fats. Multicomponent fats tend to be more stable in metastable
states than those fats with narrow and symmetrical distributions of FAs [47,70]. For
example, when palm oil is introduced into hydrogenated canola oil, the increased
FA diversity stabilizes the β′ polymorph [71]. Surfactants also delay polymorphic
transitions by interfering with the transformation kinetics [1,72].

Fat polymorphism is related to and complicated by phase behavior [73]. In blends
of fully hydrogenated canola oil and soybean oil, intersolubility and polymorphic changes
occurred simultaneously [74]. In milk fat, the α crystal has a relatively long lifetime in
milk fat, perhaps due to stabilization related to compound crystal formation [75].

6.2.5 FAT CRYSTAL NETWORKS

Fats and fat-based foods consist of partially crystalline fat suspended in liquid oil.
Once crystals form, Brownian motion and van der Waals forces cause them to
aggregate into a three-dimensional network [76]. With as little as 10% crystalline
material, a semisolid network in which the oil is immobilized can be observed. The
strength of FCNs can increase for an extended period of time because of continued
crystallization, crystal rearrangement, and crystal aggregation [77–79]. Sintering
refers to the development of solid bridges in the narrow gaps of fat crystal networks
after crystallization [17,80,81]. Butter hardness can increase for months after man-
ufacturing, depending on temperature [82–84]. Indeed, thermodynamic equilibrium
may never be attained in a complex fat system. Segregation leading to crystals of
higher purity and rearrangement into more stable polymorphs can continue indefi-
nitely depending on several factors, including composition and storage temperature.

Although the ratio of solid to liquid fat is a big determinant of fat consistency, the
type of solids formed, the way in which these solids are arranged, and the interactions
between them are very important [78,85–88]. Fat microstructure refers to the level of
structure between roughly 0.25 and 200 µm (Figure 6.1). The importance of fat micro-
structure on physical properties has been demonstrated [85,86,89]. At this level, crystal
number, shape, density, clustering, and distribution all affect the properties of a fat. These
parameters are themselves determined by chemical composition and processing condi-
tions [80,90,91]. For example, when milk fat fractions are processed at higher agitation
rates, nucleation is enhanced. The average crystal size is reduced and a more viscous
nature and lower elastic modulus was observed [92]. When blends of a high melting
milk fat fraction and sunflower oil were crystallized slowly, the crystals were larger and
more densely arranged, and had more regular boundaries than when fast cooling was
employed [93]. In turn, crystal properties can dramatically affect texture [39,41,96]. For
example, smaller crystals are generally associated with a harder fat. In contrast, platelet-
like crystals greater than 30 µm give foods a grainy and sandy mouthfeel.
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Microscopy is a valuable tool for studying the relationships among processing
conditions, microstructure, and physical properties in fats. Fat crystal networks can
be visualized by various techniques including electron microscopy [86,95–98], con-
focal scanning light microscopy [86,92], multiple photon microscopy [99,100], and
polarized light microscopy [57,88,101]. By visualizing the microstructure of FCNs,
we can quantify them in terms of crystal, shape, density, and arrangement. Recent
advances in quantifying the arrangement of fat crystals have strengthened the link
between processing and physical properties [102–104]. Fractal dimensions (Df),
which can be determined from microscopy or rheology, indicate both the degree of
occupancy in a crystal network and also the heterogeneity in the distribution of that
mass. This concept strengthens the ability to quantify fat microstructure and the
ability to explain rheological properties [24,89,105,106]. Milk fat and lard compo-
sition and processing conditions were related to microstructure and ultimately to
rheology [24]. Compared with gradually cooled fats, samples cooled quickly had
higher SFCs and smaller crystalline particles that formed in metastable states. Higher
cooling rates were also associated with more homogeneous distributions of mass
(i.e., lower Df) and firmer consistencies as measured by cone penetrometry [24].

6.2.6 RHEOLOGICAL PROPERTIES

6.2.6.1 Small Deformation Testing

A sample’s response to very low levels of stress or strain says something about its
structure. Microstructure can therefore be probed using dynamic or oscillatory test-
ing in which the amount of stress or strain applied is varied in a sinusoidal fashion.
Such tests must be performed at such low levels of strain that sample integrity is
maintained (<<1% deformation). Under these conditions, fat crystal networks dem-
onstrate viscoelastic behavior. For viscoelastic materials, the phase shift between
the applied strain and resulting stress (or vice versa) is determined by the contribu-
tions from the elastic and viscous components and ranges between 0 and 90° [107].
The storage modulus (G′) corresponds to the elastic (i.e., in phase) component of
the material, whereas the loss modulus (G′′) corresponds to the viscous (i.e., out of
phase) component of the material. Based on these values, several other parameters,
including the phase angle (tan δ), complex modulus, complex viscosity, dynamic
viscosity, and complex compliance can be determined [108]. To characterize these
parameters, experiments should be conducted within the linear viscoelastic region
(LVR) where the relationship between stress and strain is linear. Figure 6.8 shows
the results of an oscillatory stress sweep for a sample of cocoa butter. In the initial
LVR, values of ∼5 × 107 Pa and 0.4 × 107 Pa, for G′ and G′′, respectively, are
observed. The sample “broke” at around 0.05% strain.

Rheological parameters determined by small deformation testing provide infor-
mation about fat crystal networks and have been correlated with hardness and
spreadability. This testing is a valuable tool for studying the physical properties of
fats and for relating microstructure to rheological properties [103,105,109–112]. It
can be used to characterize behavior such as melting [113] and to compare the effect
of composition and processing conditions on structural integrity [39,89,111,114].
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For example, Toro-Vazquez et al. [115] used oscillatory rheometry to follow the
polymorphic changes in cocoa butter during static crystallization.

6.2.6.2 Large Deformation Testing

Texture and the macroscopic properties of fats can be analyzed by sensory evaluation
or by instrument. In both cases, large deformations are applied and the nature of the
structure is explored by destroying it. Rheometers are typically used to measure a
particular mechanical attribute, such as penetration resistance, yield force, cutting
force, or resistance to flow. Rheometry does have the advantages of efficiency, reli-
ability, and reproducibility, although the values obtained are arbitrary. They have little
practical meaning unless they are correlated with findings from sensory evaluation
or with a particular processing parameter. To achieve this, rheological tests and probes
have been developed to imitate sensory panels [116,117]. The real power for a
rheological test comes when the results correlate with sensory analysis [118–121].

Plastic fats consist of both solid crystals and liquid oil at room temperature.
Because of their partially solid consistency, some measurement of “hardness” is com-
monly used to study the texture of these materials [122]. When a force is applied,
plastic fats have some structural integrity with which to resist that force. However,
above a certain point (i.e., at a yield value), they begin to flow [85,123]. A typical
load-deformation curve for a plastic fat is shown in Figure 6.9A. There is an initial
linear region in which elastic behavior is demonstrated and an elastic constant can be
obtained (Figure 6.9B), but at some point (i.e., at the yield force) the material is broken.

Cone penetrometry is perhaps the most common method used to investigate the
textural properties of fats [85]. In constant force cone penetrometry, the distance to

FIGURE 6.8 Results of small deformation oscillatory testing of cocoa butter. Storage
modulus (open circles), loss modulus (closed circles), and strain (asterisks) as a function of
applied shear stress.
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FIGURE 6.9 Typical load-displacement curve for a sample of fat compressed between two
flat plates at a constant rate of deformation. Yield force, yield work, and yield deformation
determinations are shown.
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which a cone of particular mass and geometry sinks into a fat under the force of
gravity and within a set period of time is determined. The depth of penetration is
reported in units of 0.1 mm [124]. Penetration depth can also be converted to a
“yield value” [125] or “hardness” [126]. Penetrometry can also be performed by
driving a cone or a differently shaped probe into the fat at a constant speed. In this
case, the maximum force at a specified depth is typically reported. Similarly, samples
can be compressed under a constant speed between two parallel plates. Compression
testing can be more sensitive and reveals more about the plastic nature of a fat than
penetrometry [59].

6.3 MODIFYING THE PHYSICAL PROPERTIES
OF LIPIDS

Fats and oils can be tailored to have specific functionalities and physical properties
[127]. This can be accomplished by manipulating composition and/or crystallization
and storage conditions. Changes in composition can be brought about by altering
the original FA and TAG composition, by fractionation, hydrogenation, interesteri-
fication, or blending. Often a combination of these approaches is used to tailor
specific properties.

6.3.1 CHANGES THROUGH BREEDING, FEEDING, 
AND GENETIC ALTERATIONS

Vegetable oils and fats can be altered by traditional breeding practices or through
genetic modifications [128–133]. These developments have implications for both
oxidative stability and physical functionality [134]. For example, high-oleic, high-
palmitic sunflower oils developed from mutant seeds had altered oxidative stabilities
and melting ranges [135].

The physical features of animal fats can also be manipulated through feeding
and control of environmental factors [136–138]. For example, butter spreadability
is improved by increasing the level of unsaturates in cow feed [139–141], provided
the oils are protected from hydrogenation in the rumen. This effect of unsaturated
feed is seen naturally in butter produced during the summer when cows typically
graze on fresh, and therefore more unsaturated, fodder. Summer butters have higher
levels of unsaturates, higher iodine values, and better spreadability than winter
butters. When cows were fed an algal-supplemented diet, the level of TFAs in the
butter was increased and correlated with altered physical properties [106].

6.3.1.1 Hydrogenation of Fats and Oils

Hydrogenation involves the addition of hydrogen atoms to double bonds in unsat-
urated FAs. It serves to increase the oxidative stability of oils and increases the solid
consistency by increasing the level of saturation. In most cases, vegetable oils are
partially, rather than fully hydrogenated. This results in the formation of TFAs.

Both the saturates and TFA that form increase the melting temperature of a
hydrogenated fat. Hydrogenation is a very complex reaction [142]. Initial oil
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composition, temperature, hydrogen pressure, type and amount of catalyst, agitation,
and presence of poisons can affect the hydrogenation process [143,144]. The range
of plasticity, polymorphic tendency, and TFA levels of hydrogenated oils are influenced
by processing. By manipulating processing conditions, a wide range of product
functionalities can be achieved [145].

Hydrogenation can be carried out under either selective or nonselective condi-
tions. In selective hydrogenation, reaction conditions are tailored to preferentially
saturate the most unsaturated FA present. This approach can be used to eliminate
polyunsaturated FAs and improves an oil’s oxidative stability. Nonselective hydro-
genation results in a wider range of plasticity, although the partially hydrogenated
products suffer from high levels of TFAs, which are of particular concern, at present,
from a health perspective [146–148]. There is currently much interest in alternatives
to partially hydrogenated fats for various food applications [149].

6.3.1.2 Interesterification of Fats and Oils

TAGs with desired functionalities can be structured using interesterification. This
reaction involves the exchange of FAs within and between TAGs. The process can
be used to improve the spreadability and baking properties of lard [150–153], to
manufacture inexpensive confectionary fats [154–156], to replace hydrogenated fats
in various applications [157–161], and to produce structured lipids with specific
health benefits [162–164].

Interesterification can be carried out chemically using metal alcohols or enzy-
matically using random, FA specific, or positional specific (sn-1,3 - or 2-specific)
lipases as catalysts. Chemical interesterification is random when the reaction is
carried out at a temperature above that of the highest melting TAG present. The
reaction is “directed” when carried out at a temperature below that of a certain TAG
species. The temperature induces crystallization of the TAG in question and shifts
the equilibrium toward producing more of that TAG.

Interesterification is not as established a technique as hydrogenation and is
currently a more expensive option. However, the advantages of specificity and
absence of TFA in interesterified oils make interesterification a promising tool for
lipid modification [165].

6.3.1.3 Fractionation of Fats and Oils

Fractional crystallization accomplishes three objectives in fats [166]. It can remove
a high melting species, which would otherwise crystallize in an oil during storage
(i.e., winterization). It is also used to enrich an oil with more unsaturated species
and to recover a TAG fraction with desirable melting properties for use in confec-
tionary applications. Finaly, the functionality of fats and oils can be extended by
fractionating to produce products with differing melting points, solid fat contents,
and rheological properties [167].

The fractions of palm oil lend themselves to various applications [168]. Palm
oleins demonstrate high oxidative stability for frying and dressing applications while
the mid- and high-melting fractions have use as cocoa butter substitutes and hard
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stocks for margarine and shortening manufacture, respectively. Anhydrous milk fat
can also be fractionated [169–174]. The fractions obtained can either be recombined
in order to produce a butter with better cold spreadability [172] or used in other
applications [170]. For instance, the higher melting milk fat fractions have use in
pastry making and as bloom inhibitors in chocolate.

6.3.1.4 Blending of Fats and Oils and Combining Technologies

Blending of fat fractions or of fats and oils themselves is another approach to
reformulating products with altered physical properties [175–178]. Blending a hard
stock into a liquid oil increases the overall melting range and can extend the range
of plasticity. For example, when milk fat is blended with vegetable oils, firmness is
decreased [152,179]. In some cases, the eutectics, which form when some fats are
blended, can help to achieve a desired range of plasticity [180,181]. Blending can
also be used to manipulate polymorphism. To maintain the desirable beta prime
polymorph in margarines and cake shortenings, a β '-tending fat like palm oil or
hydrogenated palm oil is often incorporated [41].

Groups of TAGs classified according to their structure and melting temperatures
can be related to the properties they impart on spreads [182]. The presence of non-
TAG materials can also influence fat physical properties. Emulsifiers, for example,
can modify fat crystallization and control polymorphism [3,44,62,183–185].

Often a combination of the above methods is used to tailor the desired function-
alities of fats [176,186]. For example, plastic fats with no TFAs can be prepared by
fractionating palm oil and recombining the fractions in different proportions [187].
Regional differences also exist in terms of fats and oils and modification technolo-
gies. Compared with North America, which relies heavily on soybean and canola
oil basestocks, Europe uses a wider range of vegetable oils and fats. As a result,
fractionation and interesterification technologies are used more extensively in the
European market [188].

6.3.2 CHANGES RELATED TO PROCESSING OF FATS AND OILS

Some ways in which crystallization parameters affect fat crystal networks have
already been discussed. Manufacturing considerations such as temperature treat-
ments, mechanical working, and scale of operation are important [189]. Temperature
has a large influence by determining the proportion of TAGs that will solidify. In
margarine manufacture, temperature determines SFC, polymorphism, and consis-
tency [190]. Cooling rate determines the rates of nucleation, crystal growth, and
aggregation. It therefore determines crystal size, number, and polymorphism. Cool-
ing rate also influences mixed crystal formation.

The importance of tempering in some fats emphasizes how critical temperature
control and manipulations are to the physical properties of fat crystal networks.
Tempering ensures that the desired crystalline form is present. Seeding with crystals
of a desired polymorph is sometimes done in conjunction with temperature manip-
ulations. Tempering is an invaluable tool in the confectionary and shortening indus-
tries. In shortenings, it influences firmness [191], polymorphic stability [90], and
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functionality [189,192]. During storage, temperature fluctuations can induce melting,
recrystallization, and polymorphic transformations. Fluctuations are generally asso-
ciated with an increase in crystal size due to Ostwald ripening, dissolution of smaller
crystals, and growth of larger crystals.

Shear also affects a fat’s physical properties. It influences heat and mass transfer
in a crystallizing system. When introduced during crystallization, it breaks crystals,
promoting secondary nucleation and a finer, more granular crystal network. This is
the case when shortenings are manufactured in a votator and when butter is churned,
although churning also accomplishes phase inversion. Mechanical working of short-
enings and margarines is an important determinant of functionality [189]. In mar-
garine production, agitating the blend after crystallization extends the product’s
plastic range by disrupting intermolecular forces. Stirring leads to a lower SFC and
softer texture when fats are stored [110]. In various shortenings, the presence of
shear alters polymorphism and hardness [193].

6.4 CONCLUSIONS

The functionalities of lipids in foods are determined by their physical properties.
Complex relationships exist between the parameters that determine the structure of
a fat. Because these parameters are interrelated, it can be difficult to isolate the effect
of just one factor on texture. However, with continued research we are better able
to understand, predict, and manipulate fat behavior to achieve desirable results.
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7.1 THE FUNCTIONAL ROLE OF LIPIDS
IN EMULSIONS

 

In most foods, the lipid and aqueous material coexist in some form of dispersion.
Prevalent amongst of these are emulsions where the oil is present in fine droplets
in an aqueous continuous phase (or vice versa, although in the context of this work
only oil-in-water emulsions will be considered). The functionality of an emulsion
depends on its microstructure, which in turn depends on the ingredient interactions
as affected by process conditions and time. The development of quantitative rela-
tionships among emulsion composition, structure, and functionality is one of the
major successes of food physical chemistry. Several books and reviews summarize
the current state of knowledge focusing on the fundamental colloid science (e.g., [1])
or the application of these principles to foods (e.g., [2,3]).

A common approach to understanding structure–function relationships in emul-
sions is to consider the droplets as hard spheres. Fine droplets are certainly spherical
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because of the need to minimize surface area, and the shear forces under normal
use conditions are rarely sufficient to deform them. The droplets are also inevitably
coated with a layer of amphiphilic material, usually protein, which provides kinetic
stability to the product. In purely physical terms, then, it is reasonable to be more
concerned with the interactions between the coating layers and to regard the droplets
themselves as inert “space-fillers” bound to surfactant. However, in foods, the lipid
in the product plays an important functional role in the product beyond its nutritional
value as fat. Defining functionality as the set of human responses to the overall food,
we shall see that the flavor, texture, and stability of the food can be affected by the
lipid composition in ways that cannot be explained by modeling the droplets as hard
spheres. In this work I will examine the roles lipid chemistry and physics can play
in controlling food emulsion functionality.

 

7.2 EFFECTS OF LIPID ON EMULSION STABILITY

 

At its simplest, the role of a lipid in an emulsion is to be water insoluble. The same
phenomena that lead to the molecular insolubility of a lipid molecule in water (i.e.,
the hydrophobic effect of very strong water–water attractions dominating over rela-
tively weak water–lipid attractions and the entropy of mixing) lead at a bulk scale to
interfacial tension and, hence, phase separation. Strong oil–water interfacial tension
(

 

∼

 

27 mN m

 

–1

 

 for triglycerides and 50 mN m

 

–1

 

 for alkanes [4]) has three primary
consequences for emulsion structure: (1) lipid droplets in oil tend to be spherical,
(2) there is a strong thermodynamic pressure for lipid droplets to coalesce to minimize
the interfacial area, and (3) amphiphilic molecules will adsorb at the surface.

A molecule will adsorb to an oil–water interface when the energetic gain
achieved by solubilizing part of its structure in either phase outweighs the loss in
translational entropy cost of restricting its mobility. The energetic “benefit” is largely
due to moving the hydrophobic group of the amphiphilic molecule from water to
an oil phase. There is limited evidence that the relatively small differences between
triglyceride food oils cause significant difference in sorption behavior; however,
Chanamai and others [5] noted that while decane droplets could be stabilized with
gum arabic, decanol droplets could not. They argued that the relatively low
decanol–water interfacial tension was inadequate to allow gum sorption and the
droplets were consequently inadequately protected against coalescence.

 

7.2.1 C

 

REAMING

 

Despite the stabilizing effect of adsorbed material, emulsions are still thermodynam-
ically unstable structures. Phase separation in an emulsion can proceed by a mixture
of creaming, flocculation, coalescence, and Ostwald ripening. Creaming is the grav-
itational separation of oil from water due to the density difference between phases
as retarded by the frictional drag on the moving droplets. At its simplest the terminal
velocity of a creaming particle is given by [6]

(7.1)v
gr

Stokes = −2
9

2∆ρ
η
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where 

 

r

 

 is particle radius, 

 

∆

 

ρ

 

 is the density contrast between the phases, 

 

η

 

 is the
continuous phase viscosity, and 

 

g

 

 is the acceleration due to gravity. 
Food oils could potentially have different creaming rates due to their different

densities; however Coupland and McClements [7] showed that the standard error in
liquid oil density for a set of 14 published values of diverse composition was only
4%, and it seems unlikely this small difference would lead to any significant differences.
Oil-soluble weighting agents (e.g., brominated vegetable oil and ester gums) can be
used to increase the dispersed phase density and decrease the creaming rate. Chanamai
and McClements [6] showed that the amount of these ingredients needed to match
the aqueous-phase density (and hence stop creaming) was relatively large (25% for
brominated vegetable oils and >45% for the oil-soluble gums selected) and their
effects could readily be overcome by aqueous sucrose. The gums also reduced the
homogenization efficiency by increasing dispersed phase viscosity.

 

7.2.2 F

 

LOCCULATION

 

 

 

AND

 

 C

 

OALESCENCE

 

Droplet flocculation and coalescence require two droplets to closely interact (either via
Brownian or orthokinetic collision or by their close proximity in a concentrated emulsion
or cream layer) and either a semipermanent covalent or noncovalent attraction to hold
them in close proximity (i.e., flocculation) or the lamella separating the two droplets
to rupture allowing their contents to merge (i.e., coalescence). (Partial coalescence, a
phenomenon related to both coalescence and flocculation, is discussed in more detail
in “Droplet Crystallization,” section 7.3.) Smoluchowski’s classic formulation of aggre-
gation kinetics assumed the droplets were hard spheres with no forces acting between
them and would completely, immediately, and irreversibly coalesce upon collision [8].
However, the rates predicted are much faster than observed in reality and many workers
have used a collision efficiency term (<<1) to attempt to reconcile the differences.
Collision efficiency is typically governed by the interfacial layer on the droplets so any
differences on the type or extent of adsorption, particularly on relatively polar lipids [5],
may make some differences in flocculation and coalescence rate.

 

7.2.3 D

 

ISPROPORTIONATION

 

Ostwald ripening is the diffusion of lipid molecules from smaller to larger droplets
and is driven by differences in interfacial curvature. The solubility of oil in water is
so low [9] for most food oils that the rate of Ostwald ripening is usually negligible.
However, solubility increases with decreasing carbon chain length [10] and presence
of polar groups so for certain fine flavor emulsions it can significantly contribute to
the rate of phase separation. For example, Chanamai and others [5] showed that while
low-polarity, low-solubility (i.e., hexadecane) droplets were stable to Ostwald ripening,
low-polarity, higher solubility (i.e., decane), higher polarity, and higher solubility
(i.e., decanol) droplets showed significant changes in particle size over 100 h.

From the preceding discussion it can be seen that variations in oil structure can
play a small but sometimes important role in altering the stability of food emulsions.
In the next section, we will see how these effects become much more significant
when the oil crystallizes.
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7.3 LIPID CRYSTALLIZATION IN EMULSIONS AND ITS 
EFFECT ON STABILITY

 

When a liquid oil is cooled below its melting point, there is a thermodynamic pressure
for crystallization. At moderate supercooling, the kinetic barrier to crystallization can
be significant and the onset of crystallization particularly prolonged. The barrier to
crystallization is the free energy cost of forming a stable nucleus in the melt and this
is usually overcome by nucleating at some appropriate heterogeneous solid surface. In
emulsion droplets, lipid crystallization is complicated because each droplet must nucle-
ate independently and because the presence of the interfacial material (and indeed the
curvature of the surface itself) may impact crystal formation [11]. For fine dispersions
of relatively pure oils (e.g., simple alkanes), the number of catalytic impurities can be

 

FIGURE 7.1

 

DSC thermograms for (a) bulk hexadecane, (b) emulsified hexadecane, (c) bulk
salatrim, and (d) emulsified Salatrim

 



 

. Heating and cooling cycles were conducted at 5

 

°

 

C min

 

–1

 

against an empty cell blank. In all cases the cooling thermogram is offset below the heating
thermogram of the same sample and the 

 

y

 

-axis is rescaled to allow easier differentiation of peaks.
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much less than the number of droplets, and the bulk of the oil must crystallize via
homogeneous nucleation [12]. Walstra advanced an argument based on the temperature
dependence of nucleation times that homogeneous nucleation is not reasonable in most
food oils; and, in fact, except in the finest droplets of very pure oils, a heterogeneous
mechanism dominates [13]. This is illustrated in Figure 7.1, which shows the heating
and cooling thermogram of 

 

n

 

-hexadecane and salatrim as bulk fat and fine emulsions.
The amount of supercooling seen in the alkane in bulk is 2 to 3

 

°

 

C and in emulsion

 

∼

 

18

 

°

 

C, while for the Salatrim, the supercoolings are about 1 and 5

 

°

 

C, respectively. Deep
supercooling is characteristic of homogeneous nucleation and consequently only the
emulsified alkane is believed to crystallize via this mechanism. Note that the broad
heating and melting curves in the Salatrim (due to multiple polymorphic transitions)
make unambiguous definition of supercooling, from thermograms alone, difficult. (Some
workers have argued that, in fact, many food oils crystallize homogeneously and extremely
rapidly into the 

 

α

 

-polymorph, and then slowly convert to more stable forms [14,15].)
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Walstra also pointed out that in emulsion droplets there is typically more than
one fat crystal present [13]. This is illustrated in Figure 7.2, which shows large
(

 

∼

 

10 

 

µ

 

m) emulsion droplets before and after crystallization. This observation runs
contrary to the view of nucleation-limited crystallization that would predict one
nucleation event and hence one crystal per droplet. One interpretation is that for
many food oils, the growth of the crystal is slow due to the difficulty of incorporating
a triglyceride from a complex melt into the growing crystal face and that sometimes
ordered lipid molecular clusters can detach from the existing crystals and act as
secondary nucleation sites. However, measuring the fat crystal structure within
emulsion droplets is difficult, as they are too small to allow conventional microscopy
and often too dilute to allow conventional x-ray scattering. Making inferences from
small to large droplets is problematic, as the effects of surface curvature and small
volumes decrease with the square and cube of radius, respectively.

Using a purpose-built integrated calorimeter with synchrotron x-ray diffraction,
Ollivon and others [16] have been able to reveal subtle changes in polymorphic form
as the phase transition proceeds. Crystals in emulsions, particularly the more unstable
polymorphs, are often more disordered than those in bulk and often remain in the
unstable polymorphic form longer than the bulk fat [14,15]. In very fine droplets,
crystallization leads to the formation of needle-shaped particles (solid lipid nano-
particles, Figure 7.3). These often have thicknesses of a few molecular dimensions
with unusual melting characteristics [17,18].

A phase transition in the lipid causes little change to the functional properties of
the emulsion, provided the hard-sphere model applies. For example, the diameter of

 

n

 

-octadecane (as measured by dynamic light scattering by the author) and 

 

n

 

-eicosane
(by electroacoustics [19]) droplets decrease about 5% upon crystallization (due to
density differences between the solid and liquid phases). The resultant changes in

 

FIGURE 7.2

 

Diagrammatic representation of the potential alignment of fat crystals at a droplet
interface: (a) crystals lie parallel to the surface; (b) a crystal network permeates the droplet; (c)
a large crystal extends away from the surface. (Adapted from Walstra, P., in 

 

Encyclopedia
of Emulsion Technology

 

, Becher, P. Ed., Marcel Dekker, New York, 1996, p. 1.

(b)

(c)

(a)

 

2162_C007.fm  Page 168  Monday, June 20, 2005  1:39 PM



 

Beyond Hard Spheres: The Functional Role of Lipids in Food Emulsions

 

169

 

volume fraction (and hence viscosity) would be expected to be minimal. However,
in some cases the fat crystals can protrude through the interfacial layer and interact
with other droplets, causing partial coalescence of the dispersed phase [20,21]. The
crystal bridge between the droplets is reinforced by liquid oil flowing out to cover
the link and the droplets are permanently linked (Figure 7.4b). Partial coalescence
is similar to flocculation in that the effective (hydrodynamic) volume fraction
increases as a result of the interaction, but is also similar to coalescence in that there
is direct oil-to-oil contact between droplets. Partially coalesced droplets will com-
pletely coalesce if the solid fat supporting the double shape is melted.

 

FIGURE 7.3

 

Diagrammatic representation of a solid lipid nanoparticle showing the bound
drug solubilized between the solid fat and the surfactant layer. Typical end-to-end length would
be ~100 nm. (After Bunjes, H., Koch, M.H.J., and Westesen, K., 

 

Langmuir

 

, 16, 5234, 2000.)

 

FIGURE 7.4

 

Optical micrograph of (a) liquid and (b) crystalline confectionary coating fat
emulsion droplets. The polarizing filters were adjusted to allow crystalline and noncrystalline
features to be seen simultaneously. At this scale several independent crystals can be seen in
several droplets and there is limited protrusion of fat into the aqueous phase, but it is unclear
whether a similar morphology will persist in submicron droplets.
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Different fats have different tendencies to partial coalescence. First, the droplets need
to be semicrystalline in order to react. Walstra [22] argued that a solid fat content of 10
to 50% was optimal, while Vanapalli et al. [23] showed that 

 

n

 

-alkane droplets tended
not to partially coalesce during steady-state cooling while coating fat droplets did, as the
alkane suddenly and completely crystallized. A second factor affecting the tendency of
a fat to partial coalescence is the alignment of the crystals relative to the interface. Walstra
[21] observed three main types of configuration (Figure 7.2); which is preferred depends
on the solid fat–liquid oil and solid fat–water interfacial energies. Crystals that protrude
more into the aqueous phase are more prone to partial coalescence (Figure 7.2c). Con-
focal microscopy has shown distinct crystal protrusion from the surfaces associated with
partial coalescence of the emulsion [24]. However, optical microscopy observations of
fat crystals in droplets can be conducted only when the droplets and crystals are quite
large. Electron microscopy of submicron droplets has revealed extensive partial coales-
cence in the absence of recognizable surface crystals [25].

 

7.4 EFFECTS OF LIPIDS ON SMALL-MOLECULE 
FUNCTIONALITY IN FOODS

 

The distribution of molecules in a multiphase system is described by their partition
coefficients, the ratio of the activities of the components in either phase. In many
cases, the concentration is low and so the activity coefficient is approximately 1 and
the partition coefficient can be expressed as a ratio of concentrations. Partition
coefficients depend on the molecular structure of the small molecule, with more
polar molecules favoring the aqueous phase (i.e., low 

 

K

 

ow

 

) and more nonpolar
molecules accumulating in the droplets (i.e., high 

 

K

 

ow

 

). This simple parameter reveals
the role lipid droplets can have in the effective concentration and, hence, reactivity
of small molecules in food emulsions. Consider as an example the partition of the
antioxidants methyl carnosate (

 

K

 

ow

 

 

 

=

 

 96.2) and gallic acid (

 

K

 

ow

 

 

 

=

 

 0.017) in a 40%
oil-in-water emulsion [26]. The proportion of the antioxidants in the oil phase would
be 98.5 and 1.2%, respectively. In this case, it is anticipated that the effectiveness
of the antioxidant depends on its physical partitioning into the lipid phase [27]. (In
fact, partitioning in an emulsion is often more complex than suggested by these
simple two-phase models. For example, Wedzicha and Ahmed [28] examined the
partitioning of benzoic acid in an emulsion system and found a significant fraction
of the bound acid [

 

∼

 

6 mg m

 

–2

 

] was in fact associated with the surface protein rather
than the sunflower oil droplets.)

Partition is more complex when the solute of interest has ionizable groups.
Charged molecules are effectively oil insoluble while the uncharged group may
partition into the oil phase. This is particularly important for antimicrobial organic
acids that have a negative charge at pH > pK. Only the aqueous acid is an effective
antimicrobial, so its effectiveness can be expected to decrease in an emulsion at high
pH. An effective partition coefficient can be calculated as follows:

(7.2)K
c

cow
o

w

=
+ −( )pH p1 10 K
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where 

 

c

 

 is the concentration in the oil and water phases, respectively. The dramatic
effect of pH and fat content is illustrated by considering benzoic acid as an example.
Using Equation 7.2, the relative aqueous concentration of benzoic acid (pK 

 

=

 

 4.18)
was calculated as a function of pH for emulsions (Figure 7.5), assuming 

 

K

 

ow

 

 

 

=

 

 5.27
but neglecting effects due to dimerization of the acid [29]. Effectively all of the acid
is aqueous above the pK value as the anionic form is exclusively water soluble.
Below the pK there is some partitioning into the oil phase and so the higher the
volume fraction of fat, the lower the amount in the aqueous phase.

Ingredient partitioning is particularly important in understanding the flavor of
food emulsions. Our sense of flavor depends on a combination of three chemical
senses: taste (e.g., sweet, sour, salt, and bitter), trigeminal (e.g., pungency) in the
mouth, and aroma in the retronasal passages. (In fact, our sensory response to taste
probably is affected by many other nonchemical factors. Interestingly, Bourne [30]
in his book on food texture cites a study showing large numbers of people are
unable to identify the flavor of a homogenized food product without the accompa-
nying texture and visual cues.) Among these factors, the headspace concentration
of flavor volatiles is the most directly affected by the presence of emulsion droplets.
The headspace–food partition coefficient will be diminished if the volatiles can be
incorporated into oil droplets [31]:

(7.3)

where 

 

K

 

 is the partition coefficient between the subscripted phases (

 

g

 

 

 

=

 

 headspace,

 

e

 

 

 

=

 

 overall emulsion, 

 

d

 

 

 

=

 

 dispersed phase, and 

 

c

 

 

 

=

 

 continuous phase) and 

 

φ

 

 is the

 

FIGURE 7.5

 

The effect of pH and oil volume fraction on the proportion of benzoic acid
(p

 

K

 

 

 

=

 

 4.18) in the aqueous phase of an emulsion. While the protonated acid has some tendency
to partition into oil, the anionic form is exclusively water soluble.
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volume fraction of fat. Using this equation and tabulated data [31] for some common
food odorants, the equilibrium headspace concentration above various emulsions
was calculated (Figure 7.6). Octanal (the most hydrophobic volatile) partitions
strongly into any oil present and the headspace concentration is depressed, while
butanol (the most hydrophilic) is excluded by the fat and forced into the headspace
at high-volume fractions. Butanal and butan-2-one are more volatile, so the overall
headspace concentration is higher, although increasing the oil fraction will bind up
some of the former. Rabe and co-workers [32] showed that the type of liquid oil did
not significantly affect the amount of headspace volatile above an emulsion.

While the effect of liquid oil droplets on volatile molecules can be explained in
terms of partitioning (or exclusion), the interactions between solid fat droplets and
volatiles is more complex. A simple approach is to treat the crystalline fats as
impermeable to other molecules so crystallization has an effect of lowering the
effective oil volume fraction (i.e., replace 

 

φ

 

 in Equation 7.3 or Figure 7.6 with 

 

φ

 

liquid

 

).
Crystallization would therefore increase the headspace concentration of lipophilic
volatiles and have little effect on more hydrophilic volatiles. Roberts and others [33]
studied the effect of solid fat content on the headspace concentration above a food
emulsion. While this approach worked reasonably well, it seemed the effective
volume fraction in Equation 7.3 was somewhat larger than the actual liquid oil
content of the droplets, suggesting some volatile is bound by the solid fat.

The binding of small molecules by solid lipid droplets is the basis of the function-
ality of solid lipid nanoparticles as a drug-delivery system. Largely hydrophobic

 

FIGURE 7.6

 

Calculated proportion of butanal, butan-2-one, butanol, and octanal in the
headspace above emulsions with different volume fractions. The volume of the headspace
was taken as ten times that of the emulsion and the partition coefficients used in the calculations
were taken from the literature (McClements, D.J., 

 

Food Emulsions. Principles, Practice, and
Techniques

 

, 2nd ed., CRC Press, Boca Raton. FL, 2004, pp. 632.
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drugs can be incorporated into liquid oil, which is then homogenized to form a fine
lipid emulsion. The drug would diffuse rapidly out of the liquid droplets, but when
they are crystallized, the release rate is slowed. The nanoparticle suspension can be
applied, injected, or ingested and the pharmaceutical slowly released. Very fine solid
droplets have a needle-like appearance and nuclear magnetic resonance studies have
suggested the drug is adsorbed at their surface beneath the surfactant layer (Figure
7.3). Recent work on using solid lipid nanoparticles as flavor carriers in food revealed
similar interactions. A series of 

 

n

 

-aldehydes (hexanal, heptanal, octanal, and nonanal)
were mixed with 

 

n

 

-eicosane and emulsified (mean diameter 0.3 

 

µ

 

m). Some of the
emulsion was cooled directly to the measurement temperature (between the melting
point and crystallization temperature), while some was cooled to induce crystalli-
zation before reheating to the measurement temperature. The headspace aldehyde
concentration was measured as a function of time, and after several days the solid
droplets were melted and the liquid droplets crystallized before continuing the kinetic
measurements (Figure 7.7).

The concentration of hexanal was much greater above the solid than above the
liquid droplets, consistent with the model of solid fat excluding volatiles. The behavior
of the higher aldehydes was more complex. The headspace concentration was initially
higher above the solid droplets, probably because the volatile was excluded by the
solid fat (Figure 7.7a). However, the concentration progressively decreased over time,
perhaps because of slow surface adsorption onto the solid droplets (Figure 7.3). When
the solid droplets were melted, there was an instantaneous decrease in headspace
concentration as the free and adsorbed volatile was absorbed. The headspace con-
centration above the liquid droplets was time independent but suddenly increased
when the fat was crystallized as the absorbed volatiles were excluded (Figure 7.7b).
After the initial peak, the headspace concentration of the higher aldehydes again
decreased by the adsorption process. This study gives some indication of the com-
plexity of the effects of fat crystallization on emulsion aroma. Work is underway to
establish more clearly the subtleties of the interactions responsible.

These analyses depend on the volume fraction of oil present but not on the size
of the droplets. Droplet size can play a role in slowing the release kinetics, but this
is likely to be significant only for relatively nonpolar solutes in large emulsion
droplets, and it is unclear how much of a practical effect these differences play in
determining the small molecule functionality in real food emulsions. For example,
Wedzicha and Couet [34] showed benzoic acid is released extremely rapidly from
emulsion droplets (

 

−

 

ms). While the effect of pH on the absolute amount of aqueous
acid (Figure 7.5) has a large effect on the availability of the acid, millisecond-scale
diffusion is unlikely to be a crucial factor in most cases.

A final aspect of small molecule functionality affected by the lipids in emulsions
is color. While food oils may be highly colored, emulsions are usually a uniform
white. This is because the scattering of light by the droplets (as governed by relative
refractive index, size, and number of particles) overcomes the effects of absorbance of
light by the lipid pigments. In general, the color of the oil will affect only the color
of the emulsion if the particles are relatively large (i.e., tens of micrometers,
>wavelength of visible light). A full treatment of the effect of emulsion structure
on color perception is given by McClements [35].
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7.5 CONCLUSIONS

 

The physical functionality of most food emulsions can be reasonably described by
considering their droplets as hard spheres. The differences in physical properties
(i.e., density and interfacial tension) between most liquid triglycerides are too small
to lead to differences in the functional properties of the droplets. This simplification
becomes less reliable when the oil itself contains a significant amount of amphiphilic
materials (e.g., free fatty acids, mono- and diglycerides, and oil-soluble surfactants),
which can change the nature of the oil–water interface more significantly. Further-
more, highly functional food oils (e.g., flavor oils) may themselves have polar groups
that can alter the interfacial properties of the droplets. The surface activity of the
lipid can also change as a result of lipid oxidation, but the low flavor threshold of
the products responsible are likely to spoil the taste of the products before visible
changes in physical stability. Crystallization of the lipid phases also leads to more

 

FIGURE 7.7

 

Headspace concentration (normalized to initial value) of hexanal (closed
squares), heptanal (open aquares), octanal (closed triangles), and nonanal (open triangles)
above suspensions of nanoparticles (a) initially liquid and crystallized after 50 h and
(b) initially solid and melted after 100 h.
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dramatic changes to the simple “hard sphere model.” Semicrystalline droplets are
vulnerable to partial coalescence. The extent of partial coalescence depends on the solid
fat content but also the chemical nature of the fat and applied shear forces.

The nature of the oil present much more dramatically affects the chemical function-
ality of emulsions. First, the droplets are not “hard” with respect to small molecules,
which can partition into the oil and change their overall functionality. Partitioning is
mainly a function of the polarity (and hence the interfacial tension and permeability) of
the oils, and, consequently, while most triglyceride oils are similar, more polar, functional
lipids and semicrystalline droplets would be expected to have unusual properties.

In conclusion, troubleshooting physical problems with food emulsions should
initially focus on the nature of the interface as affected by the properties of the aqueous
phase. However, once the factors have been eliminated, or when more concerned with
chemical functionality, the contents of the “hard spheres” should be considered.

 

ACKNOWLEDGMENTS

 

I am grateful to Supratim Ghosh for conducting the experiments reported in Figure 7.1
and 7.7. Julian McClements (University of Massachusetts) kindly provided me an
early draft of the second edition of his book [31], and I am grateful to Jochen Weiss
(University of Tennessee) for helpful discussion. The data reported in Figure 7.7 are
the result of a collaboration with Devin Peterson, supported by a grant from the
Center For Food Manufacturing (Penn State).

 

REFERENCES

 

1. Hunter, R.J., 

 

Foundations of Colloid Science,

 

 Oxford University Press, Oxford, 1986.
2. McClements, D.J., 

 

Food Emulsions. Principles, Practice, and Techniques,

 

 CRC Press,
Boca Raton, FL, 1999.

3. Dickinson, E., 

 

An Introduction to Food Colloids,

 

 Oxford University Press, Oxford, 1992.
4. Walstra, P., Dispersed systems: basic considerations, in 

 

Food Chemistry,

 

 Fennema,
O.R., Eds, Marcel Dekker, New York, 1996, pp. 95–156.

5. Chanamai, R., Horn, G., and McClements, D.J., Influence of oil polarity on droplet
growth in oil-in-water emulsions stabilized by a weakly adsorbing biopolymer or a
nonionic surfactant, 

 

J.

 

 

 

Colloid

 

 

 

Interface

 

 

 

Sci.,

 

 247, 167, 2002.
6. Chanamai, R. and McClements, D.J., Impact of weighting agents and sucrose on

gravitational separation of beverage emulsions, 

 

J.

 

 

 

Agric.

 

 

 

Food

 

 

 

Chem.,

 

 48, 5561, 2000.
7. Coupland, J.N. and McClements, D.J., Physical properties of liquid edible oils,

 

J.

 

 

 

Am.

 

 

 

Oil

 

 

 

Chem.

 

 

 

Soc.,

 

 74, 1559, 1997.
8. Vanapalli, S.A. and Coupland, J.N., Orthokinetic stability of food emulsions, in 

 

Food
Emulsions,

 

 Friberg, S.E., Larsson, K. and Sjoblom, J., Eds., 2004.
9. Coupland, J.N., et al., Solubilization kinetics of triacyl glycerol and hydrocarbon

emulsion droplets in a micellar solution, 

 

J.

 

 

 

Food

 

 

 

Sci.,

 

 61, 1114, 1996.
10. Weiss, J., et al., Influence of molecular structure of hydrocarbon emulsion droplets

on their solubilization in nonionic surfactant micelles, 

 

Colloids

 

 

 

Surf. A., 121, 53, 1997.
11. Coupland, J.N., Crystallization in emulsions, Curr. Opin. Colloid Interface Sci., 7,

445, 2002.
12. McClements, D.J., et al., Droplet size and emulsifier type affect crystallization and

melting of hydrocarbon-in-water emulsions, J. Food Sci., 58, 1148, 1993.

2162_C007.fm  Page 175  Monday, June 20, 2005  1:39 PM



176 Handbook of Functional Lipids

13. Walstra, P., Secondary nucleation in triglyceride crystallization, Prog. Colloid Polym.
Sci., 108, 1998.

14. Lopez, C., et al., Thermal and structural behavior of milk fat — 1. Unstable species
of cream, J. Colloid Interface Sci., 229, 62, 2000.

15. Lopez, C., et al., Thermal and structural behavior of milk fat — 2. Crystalline forms
obtained by slow cooling of cream, J. Colloid Interface Sci., 240, 150, 2001.

16. Keller, G., et al., DSC and x-ray diffraction coupling — specifications and applica-
tions, J. Therm. Anal. Calor., 51, 783, 1998.

17. Unruh, T., et al., Investigations on the melting behavior of triglyceride nanoparticles,
Colloid Polym. Sci., 279, 398, 2001.

18. Bunjes, H., Koch, M.H.J., and Westesen, K., Effect of particle size on colloidal solid
triglycerides, Langmuir, 16, 5234, 2000.

19. Djerdjev, A., Beattie, J.K., and Hunter, R.J., Electroacoustic study of the crystallization
of n-eicosane oil-in-water emulsions, Langmuir, 19, 6605, 2003.

20. Boode, P. and Walstra, W., Partial coalescence in oil-in-water emulsions, Colloids
Surf. A., 81, 121, 1993.

21. Walstra, P., Emulsion stability, in Encyclopedia of Emulsion Technology, Becher, P.
Ed., Marcel Dekker, New York, 1996, p. 1.

22. Walstra, P., Physical Chemistry of Foods, Marcel Dekker, New York, 2003.
23. Vanapalli, S.A., Palanuwech, J., and Coupland, J.N., Stability of emulsions to dis-

persed phase crystallization: effect of oil type, dispersed phase volume fraction, and
cooling rate, Colloids Surf. A., 204, 227, 2002.

24. Campbell, S.D., Goff, H.D., and Rousseau, D., Relating bulk-fat properties to emul-
sified systems: characterization of emulsion destabilization by crystallizing fats, in
Crystallization and Solidification Properties of Lipids, Widlak, N., Hartel, R., and
Narine, S. Eds., AOCS Press, Champaign, IL, 2001, pp. 176–189.

25. Palanuwech, J. and Coupland, J.N., Effect of surfactant type on the stability of oil-in-
water emulsions to dispersed phase crystallization, Colloids Surf. A., 223, 251, 2003.

26. Huang, S., et al., Partition of selected antioxidants in corn oil-water model systems,
J. Agric. Food Chem., 45, 1991, 1997.

27. McClements, D.J. and Decker, E.A., Lipid oxidation in oil-in-water emulsions: impact
of molecular environment on chemical reactions in heterogeneous food systems,
J. Food Sci., 65, 1270, 2000.

28. Wedzicha, B.L. and Ahmed, S., Distribution of benzoic acid in an emulsion, Food
Chem., 50, 9, 1994.

29. Landy, P., Voilley, A., and Wedzicha, B., Interphase transport of benzoic acid in
emulsions, J. Colloid Interface Sci., 205, 505, 1998.

30. Bourne, M.C., Food Texture and Viscosity. Concept and Measurement, 2nd ed.,
Academic Press, London, 2002.

31. McClements, D.J., Food Emulsions. Principles, Practice, and Techniques, 2nd ed.,
CRC Press, Boca Raton, FL, 2004, pp. 632.

32. Rabe, S., et al., Lipid molarity affects liquid/liquid aroma partitioning and its dynamic
release from oil/water emulsions, Lipids, 38, 1075, 2003.

33. Roberts, D.D., Pollien, P., and Watkze, B., Experimental and modelling studies
showing the effect of lipid type on level on flavor release from milk-based liquid
emulsions, J. Agric. Food Chem., 51, 189, 2003.

34. Wedzicha, B. and Couet, C., Kinetics of transport of benzoic acid in emulsions, Food
Chem., 55, 1, 1996.

35. McClements, D.J., Theoretical prediction of emulsion color, Adv. Colloid Int. Sci.,
97, 63, 2002.

2162_C007.fm  Page 176  Monday, June 20, 2005  1:39 PM



 

177

 

8

 

Medium-Chain 
Triglycerides

 

Jenifer Heydinger Galante and Richard R. Tenore

 

Medium-chain triglycerides, (MCTs), have a long history of use as a fat source in
medical nutrition products. Since they first became commercially available in 1955,
patients with fat malabsorption syndromes, premature infants, and the critically ill
have benefited from this rapidly absorbed, concentrated source of energy. Their nutri-
tional value is attributed to the unique metabolic pathway of MCTs compared with
conventional fats and oils. MCTs are also valued for their unique physical attributes
by food technologists and formulators.

The two most common sources for medium-chain fatty acids (MCFAs) are coconut
oil and palm-kernel oil (Table 8.1). Both oils are highly prized for industrial uses,
with coconut oil being the more important of the two. Their fatty acids are key raw
materials across a broad range of chemical intermediates. Coconut or palm-kernel
oils are hydrolyzed to liberate their fatty acids from glycerol, and then the fatty acids
are separated by fractional distillation. The lower boiling or top fraction of the fatty
acids contains primarily C8:0 (caprylic acid) and C10:0 (capric acid). Because these
MCFAs are key contributors to irritation in detergent applications, they have tradi-
tionally been removed and were at one time considered valueless. As a consequence,
the caprylic and capric acids were available for other uses.

MCTs were first synthesized by direct esterification of glycerol with MCFA in
the late 1940s by Dr. Vigen Babayan of the Drew Chemical Company in an effort
to find uses for caprylic and capric acids [1]. Today, MCTs continue to be produced
by the esterification of glycerol with MCFAs from either coconut or palm-kernel
oil, the only commercially important sources of MCFAs.

Prior to esterification, C8 and C10 acids are combined in various ratios to give
different MCT products ranging from solid to liquid. The typical MCT will vary in
C8:C10 ratio across the range from 95:5 to 5:95, most commonly 70:30, and contain
less than 6% total of other fatty acids (C6 and C12). The esterification reaction is
carried out at high temperatures (200

 

°

 

C and higher), usually without the use of a
catalyst. Water in the reaction is removed continuously to drive the reaction to com-
pletion. When esterification is complete, excess fatty acids are removed from the
reaction mixture by vacuum distillation and the crude MCTs are deodorized to
remove volatile odor and flavor components as well as any residual fatty acids.

Initially, MCTs were mistakenly classified as “fractionated coconut oil” by the
U.S Food and Drug Administration (FDA). In 1991, the FDA reversed this ruling.
The FDA accepted for filing a generally recognized as safe (GRAS) affirmation
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petition for MCTs prepared by the Stepan Company, on June 17, 1994. Captrin was
proposed as the common name for the randomized triglycerides of primarily C8
and/or C10 fatty acids. MCTs are now properly labeled as captrin, medium-chain
triglycerides, glyceryl tri(caprylate/caprate), or capric/caprylic triglycerides. Use of
the terminology “highly fractionated palm-kernel or coconut oil” is still common
today, but this nomenclature is obsolete and does not reflect the nature of MCTs as
they are actually manufactured.

MCT unique properties are a direct result of their shorter fatty acid chain length
compared with those of other edible fats and oils, which typically contain C16 and
C18 fatty acids. For example, the C8:0 fatty acid in MCT is almost 100 times more
water soluble than C16:0 (68 mg/100 ml vs. 0.72 mg/100 ml at 20

 

°

 

C) [2]. As for
the triglycerides themselves, MCTs are soluble in water to the extent that they form
a stable emulsion at 0.01% weight, while long-chain triglycerides (LCTs) are insol-
uble in water. As a result of this difference in water solubility, MCTs are metabolized
differently than LCTs [2–6].

Upon ingestion, LCTs are hydrolyzed to the 

 

sn

 

-2 monoglyceride and long-chain
fatty acids (LCFAs) by pancreatic lipases. After emulsification with bile salts, the
LCFAs are absorbed into intestinal cells and reattached to the 

 

sn

 

-2 monoglyceride
template to reform LCT. LCT and cholesterol are then bound with phospholipids
and proteins into units called chylomicrons. Chylomicrons enter the lymphatic
system and later the circulatory system for distribution throughout the body. If not
required for energy, the LCTs are stored in adipose tissues [7].

In contrast, MCTs are metabolized more like carbohydrates and can be absorbed
and utilized as rapidly as glucose [5]. In the small intestine, pancreatic lipases
hydrolyze MCTs five times faster than LCTs [3], rapidly releasing the MCFAs.
MCTs are also hydrolyzed more completely than LCTs. The MCFAs are able to
enter the circulatory system without emulsification by bile salts because they are
sufficiently water soluble to do so. MCFAs bypass the lymph system and enter the
portal vein directly. They travel rapidly to the liver where they are quickly oxidized

 

TABLE 8.1

 

Typical Weight % Fatty Distribution in Coconut and Palm-Kernel Oils

 

6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 20:0

Coconut oil 0.5 7.1 6.0 47.1 18.5 9.1 2.8 6.8 1.9 0.1 0.1
Palm-kernel oil 0.2 3.3 3.4 48.2 16.2 8.4 2.5 15.3 2.3 0.1

 

Weight % Fatty Acid Distribution in Typical 810 Cuts

 

6:0 8:0 10:0 12:0

C8-10 acid <7.0 55.0–60.0 35.0–40.0 <3.0
C8-10 acid <1.0 55.0–62.0 35.0–45.0 <2.0

90% C8 <2.0 95.0–99.0 <1.0
90% C10 <2.0 95.0–98.0 <1.0
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for energy. They are cleared from the circulation twice as rapidly as LCTs [8]. Unlike
LCTs, MCTs are not stored in body tissues and when consumed at normal levels,
MCTs have little impact on serum cholesterol levels [9].

Studies have shown that MCTs provide a caloric reduction compared with
conventional fats and oils due in part to higher heat energy losses upon metabolism
and utilization (increased thermogenesis) [3,10,11]. Animal and human studies show
MCTs have a 16% greater heat loss upon metabolism than LCTs; this results in
MCTs contributing 6.8 kcal/g while LCTs contribute 9.0 kcal/g [12]. MCTs also
have a greater satiating effect than LCTs. Recent clinical trials have suggested that
MCTs may play a role in the prevention of obesity or as a stimulant for weight loss
[13,14]. An MCT diet may decrease body weight and fat in overweight persons
compared with an LCT diet because of their greater energy expenditure and oxidation
[15]. These findings indicate the potential for use of MCTs in functional foods for
weight management.

MCTs can enhance the absorption of certain minerals and fat-soluble vitamins.
For example, it has been found that absorption of calcium [16,17] and vitamin E [18]
can benefit by the presence of MCTs rather than LCTs.

Because of their rapid oxidation, it has been suggested that MCTs may play a
role in the treatment or prevention of the dementia of Alzheimer’s disease. MCTs
rapidly produce ketone bodies upon oxidation; this may improve cognitive ability
by increasing neuronal metabolism [19].

It has been shown that MCTs do not impair the function of the reticuloendothelial
system, which controls intravenous clearance of bacteria from the body and plays
a role in lipid clearance [20]. MCTs do not suppress the immune system, as a high
intake of linoleic acid has been shown to do [21,22]. In fact, preliminary research
suggests that MCTs may exert a positive effect on the immune system. Compared
with LCTs, MCTs suppressed certain types of infection [23] and exhibited antitumor
activity [24].

In addition to their nutritional benefits, MCTs have found utility in a number of
applications because of their unique physical attributes. With their shorter fatty acid
chain length and corresponding smaller molecular size, MCTs are more polar than
LCTs, making them excellent solvents compared with other fats. MCTs are miscible
with the same types of compounds as LCTs, such as hydrocarbons, esters, and natural
oils. MCTs are also miscible with more polar compounds such as alcohols, acids,
and ketones, while LCTs are not.

MCTs are highly regarded for their clean organoleptic quality. They are odorless
and tasteless so they do not contribute any off-notes to products. MCTs are widely
used in the flavor industry because of their superior organoleptic quality and solvent
capabilities. Because they are virtually colorless, they are also used as a carrier for
colors and essential oils and as a solvent for extracting flavorings. The pharmaceu-
tical industry has also taken advantage of the solvency powers of MCTs in vitamin
and drug delivery.

When MCTs are used to carry flavor to a beverage, they can also double as the
beverage clouding agent. Often no emulsifiers are required because of MCT slight
water solubility and specific gravity very close to unity. (For example, the specific
gravity of Neobee

 



 

 M-5 at 25

 

°

 

C is 0.95.)
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MCTs typically have one half to one third the viscosity of conventional fats.
For example, Neobee M-5 has a viscosity of about 15 cSt at 40

 

°

 

C, less than half
the value of soybean oil at the same temperature (Figure 8.1). This characteristic
makes them ideally suited for spray oil applications where use at low temperatures
takes advantage of the lower viscosity and fluid nature of MCTs. They spread easily
and adhere well to surfaces, providing uniform coverage. This makes them ideally
suited for use in a number of applications. Examples include but are not limited to
the following:

• As a moisture barrier, MCTs are applied at 0.25% by weight to coat dried
raisins. In contrast, 0.5% by weight of a typical high-stability spray oil
must be used.

• MCTs function as an antistick agent for high-sugar, high-protein systems
such as confections or dried fruits.

• They may be used as a confectionery glaze for gummies and jellies to
impart gloss.

• MCTs may be used as spray oil to coat cereal and crackers, reduce dusting,
impart gloss, and retain freshness.

• They can be used for topical seasoning delivery to chips and as a carrier
and stick agent.

MCTs adhere well to metals and can therefore be used as lubricants or release agents.
As more and more regulatory agencies ban the use of mineral oil for food contact
machinery, MCTs are the ideal replacement. MCTs show improved heat stability
compared with conventional oils, as MCTs do not polymerize or blacken upon
extended heating. For these reasons, MCTs are becoming ubiquitous among manu-
facturers of molded confections and are finding ever-increasing use in continuous
baking processes. For prefried frozen and packaged foods, MCTs have recently been
identified as the ideal spray oil for lubrication of the conveyer belts. Functioning as
a lubricant and an antistick agent, MCTs are compatible with the food and the frying
oil and do not readily degrade under the conditions of use.

 

FIGURE 8.1

 

Viscosity of various oils.
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The most outstanding attribute of MCTs is their exceptional stability to air oxida-
tion, which can result in extended shelf life of finished products. MCTs have an active
oxygen method (AOM) value of more than 500 h. In comparison, soybean oil has an
AOM value of only 19 h. The high-stability oils also have a lower AOM value, about
300 to 350 h (Figure 8.2). While the oxidative stability of MCTs is important in any
application, it is especially significant in applications involving high surface areas. For
this reason, MCTs are ideal for use as antidust agents for powdered mixes and sea-
soning dry blends, and as spray oils to coat cereals, crackers, and chips.

The low viscosity of MCTs can also be exploited by blending them with
conventional oils. Viscosity of the blend decreases as the amount of MCTs is
increased (Figure 8.3). A formulator can gain several advantages by using MCTs
as a fat extender. In addition to viscosity reduction, blending MCTs with any oil
will usually result in a higher density, allowing for more easily formulated and

 

FIGURE 8.2

 

Oxidative stability of various oils.

 

FIGURE 8.3

 

Viscosity of MCT/soybean oil blends.
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more stable food emulsions. The lower caloric value of MCTs reduces the overall
caloric intake per serving, while the improved stability and heat tolerance of the
extended fat contribute to a healthier, more robust formulation. When the extended
fat is incorporated into a consumer-prepared formulation, these characteristics
contribute to the reliability of the cooking instructions. The formulation can be
designed to overcome the consumers’ tendency to mistreat food products by either
improper storage of the packaged food or simply overcooking or otherwise mis-
treating the product during preparation. Thus, the organoleptic properties in the
final food can be maintained as intended by the food formulator.

The functional properties of MCTs, both nutritional and physical, will increas-
ingly provide a basis for their use in functional foods, nutraceuticals, and the man-
ufacturing arena. It has long been known that structured lipids made by the interest-
erification of MCTs with conventional fats and oils improve the absorption of
unsaturated fatty acids. To take advantage of this, “healthy oils” made from interes-
terified MCTs and canola, olive, soy, or fish oils are now entering the world’s
marketplace. One of the most promising areas for growth, however, has been brought
about by growing consumer awareness of the detrimental effects of 

 

trans

 

 fatty acids.
A recent introduction to the market is a 

 

trans

 

-free product made by interesterifying
MCTs with fully hardened soy: medium- and long-chain triglycerides (MLTs). MLTs
have been shown to meet all of the required characteristics of commercially available
shortening. As consumers become increasingly aware of the differences in the
makeup of fat, this type of MCT-derived fat becomes a viable alternative to partially
hydrogenated fats. The search for a healthier, more easily digested fat initiated by
Dr. Babayan’s decision to synthesize MCTs in the 1940s continues today.
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9.1 INTRODUCTION

 

Deep-fat frying is a popular method of food preparation in many parts of the world.
Despite the problems associated with the high caloric content of fat and the health
concerns regarding the ingestion of 

 

trans

 

 fatty acids (TFAs), the flavor and textural
attributes of fried food continue to be highly desired. The sound application of the
appropriate technology for oil/fat extraction, purification, and process is important
for the preparation of high-quality frying fats and oils [1]. Among the various sources
of fats and oils, three that are used most extensively for deep-fat frying include
tallow, hydrogenated vegetable oil, and palm oil. Triacylglycerols (TAGs) containing
primarily saturated fatty acids would be well suited for deep-fat frying and more
resistant to oxidation and thermal degradation than TAGs containing primarily unsat-
urated fatty acids, but solid fats can be rather difficult to handle. Melting large blocks
of fat must be done relatively slowly and carefully to prevent problems from overheating.
Starting in the mid-1900s, consumption of vegetable oils (particularly soybean,
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sunflower, and canola) has increased, due to the lower price and the perceived health
benefits regarding unsaturated fats and oils [2]. However, the relatively high degree
of unsaturation allows these oils to oxidize easily when used for deep-fat frying. To
minimize this problem, hydrogenation was used to reduce the concentration of
polyunsaturated fatty acids (linoleic and particularly linolenic acid) that oxidize
rapidly. For example, linoleic acid oxidizes 

 

∼

 

50 times faster than oleic acid [3]. The
hydrogenation process allowed the development of a variety of shortenings, as well
as margarine. Although hydrogenation provides numerous advantages, it induces the
formation of significant amounts of TFAs, geometric isomers of their corresponding
native 

 

cis

 

 fatty acids. TFAs occur naturally in certain animal fats, particularly butter,
but they are also a by-product of some food oil processes, such as deodorization
and, in particular, hydrogenation.

However, there are negative health impacts associated with an increase in TFA
intake, such as an adverse effect on the ratio of low- and high-density lipoproteins
in the blood. Indeed, some researchers assert that there is strong evidence that TFAs
are more harmful than saturated fats [4]. This is reflected in the new labeling
requirements regarding TFA content statements on labels in the United States and
the new regulations implemented in some countries in Europe limiting the TFA
content in food products. With the increased consumption of fried foods and the
associated increase in the amount of fat in the diet, as well as the increased con-
sumption of saturated and 

 

trans

 

 fatty acids, TFAs are considered undesirable due to
the increased risks of coronary heart disease and myocardial infarction [5,6]. Due
to the absorption of up to 40% fat by some products during frying, these fats/oils
can have a substantial impact on the type of fat in our diet. As a result of the public’s
interest in reducing TFAs in the diet, the consumption of naturally high-oleic acid
oils, such as olive oil, and some newly developed hybrid high-oleic vegetable oils,
such as NuSun oil (high-oleic acid sunflower oil), has increased [7]. Although oils
high in polyunsaturated fatty acids (PUFAs) are preferable in the diet, they degrade
rapidly during frying, producing cyclic fatty acids, polymers, and a variety of polar
oxidation products much more rapidly than oils high in saturated and monounsat-
urated fatty acids; hence, the preference for high-oleic acid oils. Furthermore, with-
out special packaging, the shelf life of products fried with oils high in PUFAs may
be substantially reduced as compared to products fried in hydrogenated vegetable
oils or more saturated fats and oils, such as tallow or palm oil. No frying oil satisfies
all of the objectives associated with fats and oils (low cost, good functionality, which
would include good frying stability and long-term storage stability, and optimal
nutritional characteristics), so compromises are necessary to find the best frying
oil/product match.

The nutritional factors involved include the polyunsaturated fatty acid content
and the TFA content, while the process characteristics include the type of product
to be fried, frying temperature, oil storage, and cost. In the past, the cost had been
the primary factor, although the widespread concern of the public regarding TFAs
may change that emphasis.

The objective of this chapter is to present some of the latest information on
frying fat and oil research, including techniques used to avoid the formation of
undesirable compounds that affect oil quality.
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9.2 THE FRYING PROCESS

 

Deep-fat frying is used in the home and in restaurants and by both small and large
food processing companies. It is an ancient method of food processing, associated with
the addition of substantial textural changes and very characteristic fried food flavors
to the food product. The flavor changes are even more notable if flavored varietal
oils are used.

Heat transfer, mass transfer, various organic reactions, competing reaction kinetics,
inorganic catalysis, thermodegradation reactions, and many other physical–chemical
events are involved in deep-fat frying. The high temperatures involved, the substan-
tial amount of water released from the food, as well as the various polar materials
that migrate from the food to the oil during deep-fat frying, necessitate the use of
oil with relatively good stability. All of these factors warrant consideration when
trying to comprehend how frying oils influence the quality of fried foods [8]. Even
though a large body of research exists on this topic, the chemistry that occurs during
frying is still not fully understood due to the complexity of the process.

During frying, the food is added to the oil at temperatures that can induce the
rapid release of considerable amounts of water. Therefore, frying results in product
dehydration (from slight to substantial) and rather intense heating and cooking at the
product surface. The mass and heat transfer phenomenon (water release from the food
and oil incursion into the food product) can be understood better by comparing fried
chicken to potato chips. After frying, potato chips are essentially a dry product.
Substantially less desiccation occurs with thicker food products, although extensive
dehydration can occur if the food material remains in the frying oil for an excessive
amount of time. Chicken is rather complex, since the product is typically breaded and
the breading will absorb substantial amounts of oil during frying, yet chicken fat is
simultaneously extracted and released into the frying oil. After frying substantial
amounts of chicken, the frying oil composition is usually closer to that of chicken fat,
rather than the original partially hydrogenated vegetable oil.

One can consider frying as a partial drying process, and when compared with
other drying fluids (air or unsaturated steam), oil has a relatively large heat capacity
(approximately 2 kJ kg

 

–1

 

 K

 

–1

 

), particularly upon comparison to air. This enables the
oil to store a relatively large amount of energy in a relatively small volume. For
example, a 10

 

°

 

C decrease in the temperature of 1 L of oil will vaporize 7 L of water [9].
Vitrac et al. [9] described three stages for frying. The first stage is characterized

by substantial water release from the food product. Immediately upon product immer-
sion in the oil, steam bubbles exit the surface of the food product. As the product
temperature increases, heat is conducted toward the center of the food product,
inducing further moisture loss.

The next stage is characterized by mass transfer (oil absorption) onto and into the
food. The internal temperature of the product approaches the boiling point of water,
while the surface is at a temperature much closer to that of the hot oil. When the
product (e.g., french fries) crust thickness reaches approximately one third of the
thickness of the product, almost 50% of water has been removed from the product.

The third stage is characteristic of products that eventually reach very low water
content due to extensive dehydration, such as the chip-type products. After frying, these
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products are relatively stable at room temperature, assuming the appropriate packaging
is provided to prevent moisture absorption and oxidation. Careful control of the process
is important since excessive residence time in the frying oil can result in very undesirable
product characteristics. Likewise, if the frying time is insufficient, the moisture reduction
may be incomplete and quality problems during storage can occur.

Frying generally produces substantial changes in the structure of the food product,
particularly at the surface. While the textural changes that occur in fried food
products are very important, they are beyond the scope of this chapter.

 

9.2.1 D

 

EGRADATION

 

 

 

DURING

 

 F

 

RYING

 

The refined oils used for frying are designed to be relatively stable under frying
conditions. Crude vegetable oil is refined to remove polar substances (phospholipids,
free fatty acids (FFA), monoglycerides, trace metals, oxidation products, etc.) to
produce a high-quality oil. In spite of careful refining, traces of undesirable com-
ponents (e.g., ppb traces of transition metal ions) do remain in the oil. Another
problem associated with oil stability is the migration of food components into the
oil. These compounds leach from the food and can significantly alter the composition
and quality of the oil. Dobarganes et al. [10] classified six main groups responsible
for the most important aspects of frying oil quality. These include (1) phospholipids
and oxidation products with emulsion functionality that can contribute to foaming;
(2) Maillard browning products and other pigments (particularly from meat) that
can cause darkening of the oil; (3) phenolic compounds from added spices or present
naturally in the food that can alter, perhaps even improve, the oil stability; (4) off-
flavor compounds derived from the food products (e.g., onions and fish) that can
affect other food products; (5) cholesterol and cholesterol oxidation products (e.g.,
that migrate from meat into the oil) that can be absorbed by foods with low choles-
terol contents during subsequent frying operations; and finally, (6) lipid-soluble
vitamins and trace metals (e.g., iron) that can accelerate the oxidative process.

 

9.2.2 U

 

SED

 

 O

 

IL

 

 A

 

DSORBENTS

 

There is substantial published evidence that a variety of adsorbents are very effective
in removing the majority of the polar oxidation products from used frying, thereby
extending the life of the frying oil. However, the range in polar compound absorption
efficacy among these various adsorbents can vary substantially. There is also evi-
dence (unpublished data) that magnesium silicate-based adsorbents can reduce the
transition metal content of used frying oils, as well.

During the high temperatures (170 to 190

 

°

 

C)

 

 

 

used for frying and the hydrolysis
reactions that occur due to the presence of moisture, there is a rapid increase in the
FFA content of the oil, from <0.1 to 0.5% through 0.8 [11]. Near the end of the frying
life of the oil, the FFA content often exceeds 2%. The FFAs, hydroperoxide decompo-
sition products, and various volatile oxidation products formed during frying can induce
off-flavor formation and other undesirable changes in food and oil.

Initially, the fresh oil is relatively bland in flavor. As frying is continued, the
desirable fried food flavor intensity increases, primarily due to the accumulation of
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volatile compounds, such as decadienal isomers from the oxidation of linoleic acid.
As the thermodegradation continues, the extent of oxidation can become excessive
and undesirable flavor components can accumulate, adding a sharp and bitter note
to the oil. To reduce these effects, Lin et al. [12] tested four different adsorbents
and two adsorbent combinations using seasoned chicken as the test product. They
found that the FFA content was reduced by 78.3% with a combination of 3%
Hubersorb 600, 3% Magnesol, and 2% Frypowder, while a 68.1% reduction was
achieved with a combination of 2% Hubersorb 600, 3% Magnesol, and 2% Britesorb.
They also found that the total polar compound content was reduced up to 38% when
the first blend (3% Hubersorb 600, 3% Magnesol, and 2% Frypowder) was used.
Hubersorb 600 is a calcium silicate powder (6 

 

µ

 

m particles). Frypowder is composed
of porous rhyolite and citric acid. Britsorb is composed of silicon dioxide and alumi-
num hydroxide; and Magnesol is a form of magnesium silicate powder. It is important
to note that atypically large amounts of adsorbent were used in this study and that
the used frying oil was vacuum filtered and stored after the addition of 50 ppm of
BHT and 50 ppm of PG.

Kalapathy and Proctor [13] investigated the efficacy of a silicate film to reduce
the FFA content of used frying oils. Silicates have been used in powder form to reduce
the FFA formed in frying oils. The addition of silicate powder, or powder of any type
for that matter to the oil, adds a new step in the process since it must be removed
subsequently by filtration. One may be able to avoid that processing step, by using
a silica-based film produced from silica extracted from rice hull ash. Kalapathy and
Proctor [13] placed the silicate film in a basket and immersed it in the oil. A 25%
reduction in the FFA content of the frying oil was observed after a single treatment.

 

9.3 REDUCED PUFA WITH HYDROGENATION

 

Selective hydrogenation will reduce the content of linoleic and linolenic acids, while
increasing the oleic acid content. Unfortunately, it also increases the TFA content.
A limited number of hybrids (e.g., NuSun

 



 

, a sunflower hybrid) have been devel-
oped that are high in oleic acid and low in PuFAs that do not need hydrogenation.
Another promising technique to reduce the TFA content is the production of genet-
ically engineered oils, rich in oleic acid.

The pathway for triacylglycerol biosynthesis is complex. To find the specific
enzyme that must be manipulated to produce a specific fatty acid composition is not
an easy task. Most of the 16-acyl carbon chains and some 18-carbon chains are the
result of a 16:0-ACP thioesterase (Fat B) activity. When the expression of the Fat B
gene was repressed, it was possible to produce an oil with an increased oleate content
and a saturated fatty acid content of less than 4% [14]. Polyunsaturated fatty acid
biosynthesis generally occurs as a result of a seed-specific, omega-6 phospholipid
desaturase (Fad 2-1). If expression of the Fad 2-1 gene was repressed, it is possible
to produce a soybean oil with a total PUFA content of less than 5% and oleic acid
content of 85%. The oil has a tenfold greater oxidative stability than refined, bleached
and deodorized soybean oil. The oil contained no TFAs and its performance was similar
to fully hydrogenated, heavy-duty frying shortening with respect to both its storage
and cooking stability [15]. Warner and Mounts [16] compared the frying stability of
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genetically modified, low-linoleic, nonhydrogenated and hydrogenated soybean and
canola oils to nonhydrogenated, traditional soybean and canola oils. The genetically
modified oil had better room odor characteristics, less polar compound production,
and less FFA formation, than traditional oils.

Tompkins and Perkins [17] examined the frying performance of low-linolenic
acid soybean oil from genetically modified soybean using two types of food (shoe-
string potatoes and fish nuggets). Partially hydrogenated and unhydrogenated low-
linolenic soybean oils were compared to two partially hydrogenated soybean foils.
The hydrogenated low-linolenic soybean oil had greater amounts of FFA and lower

 

p

 

-anisidine values and polymer contents, than the other oils tested, but hydrogenated
low-linolenic acid oil did not differ in total polar content, Lovibond red color, and
maximum foam height compared to the others oils tested.

 

9.4 REACTIONS INDUCED DURING FRYING

 

The golden color of fried products is produced mainly by Maillard browning reaction
products. Pokorny [18] found that the intensity of the brown color was correlated
with the loss of lysine, histidine, and methionine. Nonenzymatic browning reactions
will occur with both carbohydrates and carbonyl compounds derived from PuFAs,
and free amino groups to produce imino Schiff bases that will polymerize as a result
of aldol condensation reactions to produce polymeric compounds that are brown in
color. Lipid oxidation products will react with proteins, amino acids, and amines
during frying.

 

9.4.1 A

 

CRYLAMIDE

 

Although there are many desirable flavor attributes, as well as an attractive golden-
brown color formed during frying, one negative component formed during frying is
acrylamide. The early research involving acrylamide was done partially due to the
suspicion that this substance was involved with the development of peripheral neur-
opathy. Acrylamide can also be metabolized to epoxide glycidamide, which also has
neurotoxic effects. In spite of the fact that acrylamide formation has not been fully
elucidated, it is generally agreed that the Maillard reaction and temperatures greater
than 120

 

°

 

C in starchy foods are correlated with acrylamide formation. Amino acids
can react with acrylic acid, which originates from acrolein, to produce acrylamide.
The precursor (acrolein) is formed when water is eliminated from glycerol as a result
of the high temperatures associated with frying. Many foods have a relatively high
water content that facilitates TAG hydrolysis, producing FFAs, mono- and diglycerides
and glycerol [19]. Gertz and Klostermann [19] found that an increase in the acrylamide
formation occurred with palm olein and oils containing silicone. Silicone alters the
surface tension of the oil and functions as an antifoaming agent. It forms a monomo-
lecular layer on the oil surface. They suggested that the monolayer formed by the
silicone can hinder the evaporation of acrolein or acrylamide. The concentration of
these compounds will therefore be increased in fried foods.

The mechanism [19] postulated for the elevated concentration of acrylamide
in products fried with palm olein is related to relatively high concentrations of
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diacylglycerol in the oil (as much as 8%). This leads to an increase in the monoacyl-
glycerol content (0.3% to 0.5%). Decomposition of monoacylglycerols to fatty acids,
followed by dehydration of glycerol to acrolein as a result of pyrolysis can occur.

 

9.4.2 T

 

HERMAL

 

 A

 

CCELERATION

 

 

 

OF

 

 L

 

IPID

 

 O

 

XIDATION

 

Heating fats and oils substantially increases the accumulation of lipid oxidation
products in the oil. Consumption of thermally oxidized oils increased the lipid per-
oxidation product content in the tissue [20]. The presence of these products in the
diet can enhance the development of atherosclerosis [21]. Since the Low-density
lipoprotein (LDL) oxidization appears to be involved in the atherogenic process and
the initiation of atherosclerotic lesion formation [22], Eder et al. [23] decided to
investigate the effect of dietary oxidized fats on the atherogenicity of oxidized LDL.
Fat heated at low temperatures for longer periods of time were less likely to increase
oxidized LDL accumulation, while fats heated at higher temperatures, which produced
more secondary lipid oxidation products, increased the accumulation of oxidized
LDL. More of the secondary oxidation products were formed at the higher temper-
atures, and more of the primary oxidation products were formed at the lower tem-
peratures. The physiological effect will differ, since primary products are very toxic
when administered parenterally, but less toxic upon oral administered.

An 

 

in

 

 

 

vivo 

 

study was conducted by Saka and co-workers [24] to evaluate the
activity of the glutathione enzyme system in the rat liver. The evaluation included
diets containing three different oil systems. The relationship with the lipid peroxide
levels in the oils and the subsequent detoxifying reactions in the liver was interesting.
It is well known that the glutathione system has significant detoxification activity.
Saka et al. [24] showed that the enzyme system was altered when heated sunflower
oil (heated continuously for 10 h at 220

 

°

 

C) was fed to the rats. Since there was an
increased concentration of toxic lipid oxidation products in these oils, the glutathione
system provides important contributions to the detoxifying process, transforming
some of these compounds into less toxic primary alcohols. The activity of glutathione
reductase is a defensive mechanism that is relatively active in certain organs (liver,
kidneys, and intestine).

FAs and magnesium can react to form magnesium soaps in the lumen. The absorption
of magnesium was studied to evaluate the influence of heated oil. Perez-Granados et al.
[25] studied the effect of olive, sunflower, and palm olein frying oils (maximum 25%
of TPC) on magnesium absorption in the rat. They found that the three oils did not show
differences in absorption and retention efficiency of magnesium.

During the process of frying, oils undergo a series of reactions that produces
many new compounds (polymers and polar compounds) that can have important
physiological effects. Incorporation of oxidized lipids into membranes can increase
the oxidation of adjacent membrane macromolecules. Some of these macromolecules
have functions affecting the extent of mutagenesis [26,27]. Marquez-Ruiz et al. [28]
studied the effect of thermo-oxidized oil on animals, although definitive results were
not obtained. Soriguer et al. [29] evaluated the influence of the degradation of cooking
oils and the relationship to hypertension. They found a polar compound (PC) concen-
tration 20% in 10% of the cooking oil samples, which indicated excessive degradation
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of the oil. High PC concentrations (>20%) were found in 6.2% of the olive oil
samples as compared to 11.9% of the sunflower oil samples.

An analysis of the plasma phospholipid fatty acid profiles indicated that the
concentration of saturated fatty acids was greatest in those who only use sunflower
oil [29]. They found that the consumption of sunflower based cooking oils was a
risk factor for hypertension, and that monounsaturated fatty acid concentration in
the serum was inversely related to hypertension.

 

9.5 ANTIOXIDANTS

 

Research involving lipid oxidation and its effect in human health has increased substan-
tially in the past decade. It has been observed that the central nervous system, due to
its high metabolic rate and minimal antioxidant protection, is vulnerable to oxidative
stress [30]. Consumption of oxidized lipids can contribute to this oxidative stress.

One of the most important characteristics of frying oils is their high temperature
oxidative stability. Other important characteristics that should be considered include
a high smoke point, a bland flavor, the low foaming, and the nutritive value of the
oil. Vegetable oils with a high percentage of polyunsaturated fatty acids oxidize very
rapidly at elevated temperatures, with a concurrent rapid reduction in essential fatty
acids, rapid rate of polymerization, and rapid darkening of the oil.

Oxidation is primarily a free-radical reaction. Although most free radicals are
electrically neutral, they are still very reactive because of the unpaired electron. Free
radicals can abstract a hydrogen atom from another unsaturated lipid, producing a
new radical and continuing the reaction. Combination with oxygen, followed by
hydrogen abstraction, produces a hydroperoxide. Homolytic decomposition of the
hydroperoxide will accelerate the rate of the reaction, due to the formation of two
free radicals, a hydroxy and an alkoxy radical.

If a new radical with an increased stability is formed (e.g., from an antioxidant),
the new free radical will be less effective in abstracting a hydrogen from an unsat-
urated lipid, thereby reducing the rate of oxidation. The increased stability is pro-
vided, for example, by the resonance stabilization that occurs upon formation of the
free radical in the phenolic-based antioxidants.

Lipid oxidation is recognized as one of the major deteriorative processes that
affect the sensory and nutritional quality of food, so the use of synthetic antioxidants
is widespread in the food industry. The addition of antioxidants such as butylated
hydroxytoluene (BHT), butylated hydroxylanisol (BHA), propyl gallate (PG), and

 

tert

 

-butylhydroquinone (TBHQ) will certainly reduce the rate of oxidation at room
temperature. They are relatively cheap, colorless, tasteless, and odorless. However,
at the high temperatures (150 to 200

 

°

 

C) encountered during frying, they are either
rapidly inactivated and/or rapidly evaporated, particularly BHA and BHT, primarily
by a mechanism similar to steam distillation [31]. Therefore, the search continues
for new antioxidants that can resist the high temperatures and conditions associated
with frying that result in the rapid loss of any added antioxidants. In addition, the
health effects concerning the use of synthetic antioxidants are of some concern.
Although many investigators assert that antioxidants are harmless, some studies [32]
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have indicated that the synthetic antioxidants BHT and BHA can have potentially
harmful effects, since they can promote the development of cancerous cells in rats.

Substantial research has been directed toward identifying plant extracts that have
significant antioxidant activity. The development and availability of modern analytical
techniques, such as HPLC/MS, have contributed significantly to this effort. The anti-
oxidant activities of plants are generally closely correlated with the presence of phenolic
compounds, which are mostly derivatives of flavanoids and related compounds, or the
phenylpropanoid acids and related compounds. There is a second group of compounds
with substantial antioxidant activity that has been long recognized for that activity,
which includes the tocopherols and related compounds, such as the tocotrienols.

 

9.5.1 T

 

OCOPHEROLS

 

Tocopherols are one of the most important natural antioxidants present in vegetable
oils [33]. Many factors affect the efficacy of natural antioxidants during frying, such
as the presence of synergists and pro-oxidant transition metals. The tocopheryl semi-
quinone radical formed after donation of a hydrogen atom from tocopherol to a
peroxyl radical, is resonance stabilized. It is also possible to form a 

 

γ

 

-tocopherol
diphenylether dimer or a 

 

γ

 

-tocopherol biphenyl dimer [34].
Since the fatty acid composition of triacylglycerols is the most important factor

governing the rate of oxidation, the performance of antioxidants will be greatly
influenced by the fatty acid composition of the oil. Jorge and co-workers [35] showed
that tocopherol degraded faster in a saturated oil than in an unsaturated oil. Verleyen
et al. [36] investigated the competitive oxidation between 

 

α

 

-tocopherol and unsat-
urated TAG. They examined the stability of 

 

α

 

-tocopherol at 

 

α

 

-tocopherol concen-
trations of 0, 500, and 1000 ppm and at two temperatures (180 and 240

 

°

 

C). At 240

 

°

 

C

 

α

 

-tocopherol was more stable in the more unsaturated flaxseed oil than in palm oil,
but this was not the case at 180

 

°

 

C. When tocopherol degradation was monitored
during heating at 240

 

°

 

C and at a concentration of 1000 ppm, only 22.5% of the
initial tocopherol was recovered in coconut oil, as compared to 85.7% in the flaxseed
oil. At the higher temperature (240

 

°

 

C) the difference in the rate of oxidation of the
two components is probably much less than at the lower temperature (180

 

°

 

C). The
relative difference in concentration is probably the most important factor at 240

 

°

 

C;
the tocopherol is partially protected by the unsaturated fatty acids, since the unsat-
urated fatty acids are present at a much greater concentration compared to the
antioxidant. At lower temperatures, there may be sufficient difference in the rate of
thermo-oxidation of the two components (tocopherol and polyunsaturated fatty
acids), so that the more easily oxidized tocopherols are oxidized first. Others have
also found that at very high temperatures, the rate and amount of tocopherol loss is
greater, when the oil is less unsaturated [37,38].

To examine the effect of the various naturally occurring tocopherol isomers, the
relative antioxidant efficacy of 

 

α

 

-, 

 

β

 

-, 

 

γ

 

-, and 

 

δ

 

-tocopherol [39] were compared.
Triolein (OOO), trilinolein (LLL), and a 1:1 mixture of OOO and LLL were used
to examine the antioxidant efficacy of tocopherol, when frying at 180

 

°

 

C for 10 h.
They observed that the rate of loss for 

 

δ

 

-tocopherol was less than for 

 

α

 

-tocopherol.
After 10 h of heating, only 5% of the 

 

α

 

-tocopherol remained in the OOO, as compared
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to 37% of the 

 

δ

 

-tocopherol. After heating, 37% of 

 

δ

 

-tocopherol remained in the OOO
oil samples, as compared to 14% in the mixture of OOO/LLL and 15% in the LLL
samples. When polymer formation was investigated, the influence of 

 

δ

 

-tocopherol was
substantial with a reduction of more than 80% of the triacylglycerol polymer, as com-
pared to the oil sample without added antioxidants. Although there was a reduction of
polymer formation when 

 

α

 

-tocopherol was added to OOO system, the reduction was
less, 59%. In addition, the authors also observed a synergistic effect with 

 

α

 

-, 

 

β

 

-, 

 

γ

 

-, and

 

δ

 

-tocopherol, when all four were added simultaneously to an oil sample.

 

9.5.2 S

 

TEROLS

 

With the high demand for “natural” products by consumers, more companies are
searching for new sources of natural antioxidants. One potential source of natural
antioxidants is a class of substances called sterols. They are a common component
in vegetable oils, and although some of them have no antioxidant activity or may
even be pro-oxidants (e.g., sitosterol, stigmasterol, campesterol) [40], others such
as 

 

∆

 

5

 

-avenasterol, citrostadienol, vernosterol, and 

 

∆

 

7

 

-avenasterol have antioxidant
activity [41,42]. Gordon and Magos [40] suggested that the ethylidene group is
responsible for the antioxidant effect of sterols. The sterols function by interrupting
the oxidative chain reaction of fatty acids by formation of free-radicals at carbon 29,
which then isomerizes to form a more stable free radical at a tertiary carbon. They
outlined in detail the sterol structure and a suggested mechanism for free-radical
formation. They include, as an example, the chemical structure of 

 

∆

 

5

 

-avenasterol
and the ethylidene mechanism responsible for the antioxidant effect.

The heating conditions and various parameters involved in the investigation require
careful consideration when comparing different experiments examining oil stability
and plant sterols. Lampi et al. [43] compared the antioxidant effect of sitosterol,
stigmasterol, 

 

α

 

-tocopherol, and fucosterol, a geometric isomer of 

 

∆

 

5

 

-avenasterol, using
high-oleic sunflower oil. Fucosterol had no antipolymerization activity. After 6 h of
heating, the 

 

α

 

-tocopherol was completely consumed, whereas 50% of the fucosterol
remained after the same period of heating. There may be an explanation based on the
differences in the heating methodology. The 

 

∆

 

5

 

-avenasterol did not stabilize the oils
heated in an oven at 100 or 200

 

°

 

C, but there was an antioxidant effect when these oils
were heated on a hot plate at the same temperatures. A comparison of heating using
a hot plate and an oven suggests there may have been greater oil circulation, and
consequently greater oxygen absorption, in the samples heated on the hot plate. The
higher oxygen concentration may have increased the rate of oxidation, as compared
to just thermal degradation, so that the antioxidant activity of the sterol became a more
important factor.

 

9.5.3 O

 

RYZANOL

 

, S

 

ESAMOL

 

, 

 

AND

 

 S

 

ESAMINOL

 

The other group of plant compounds that have substantial antioxidant activity is
oryzanol and related compounds. Diack and Saska [44] found that the triterpene
alcohol esters of ferulic acid comprise almost 70% of the oryzanol components.
Together with the tocopherols, they can provide substantial oxidative stability to an
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oil system. The phenylpropanoid acid, ferulic acid, contains a phenolic group and the
stabilization is achieved by resonance in the phenolic group that increases the stability
of the free radical, when it is formed. The oryzanol helps reduce tocopherol degradation
at high temperatures, which explains the synergistic effect of oryzanol and tocopherol.

Among the oils used for frying, sesame seed oil is one of the most heat stable,
which is due to a group of compounds called sesaminol isomers [45,46]. Sesamol
is formed by intermolecular transformation from sesamolin under anhydrous con-
dition and by decomposition of sesamolin during the frying process in the presence
of moisture, respectively. Sesamol and sesaminol both function as free-radical scav-
engers in vegetable oils.

 

9.5.4 C

 

AROTENOIDS

 

The carotenoids are an additional class of natural compounds that possesses antiox-
idant activity. They are the most ubiquitous group of pigments found in nature.
Almost 600 carotenoids have been characterized, but only 

 

∼

 

50 have any significant
biological activity [47]. Approximately one third of all of the carotenoids are found
in marine life [48].

Carotenoids are thought to react with peroxyl radicals to form resonance-stabilized
radicals [49]. Alkyl peroxy radicals do not abstract a hydrogen atom from carotenoids,
so the antioxidant mechanism is distinctly different from phenolic compounds. Caro-
tenoids (e.g., 

 

β

 

-carotene) act by trapping free radicals, such as a peroxy radical. The
carbon-centered radical is resonance-stabilized by delocalization of an unpaired electron
in the carotenoid polyene system leading to chain termination. Yanishlieva et al. [50]
showed that the resulting 

 

β

 

-carotene free radical (LOO-

 

β

 

-carotene

 

•

 

) can react in a
pro-oxidative or antioxidative nature, depending on the oxygen pressure and interaction
with other antioxidants. There are several reaction possibilities for 

 

β

 

-carotene. It may
react with the radical X

 

•

 

 and then with oxygen to yield a 

 

β

 

-carotene peroxy radical
(LOO-

 

β

 

-CarOO

 

•

 

), which can react with another radical to produce a stable product.
The 

 

β

 

-carotene peroxyl radical can also attack another 

 

β

 

-carotene molecule to promote
the auto-oxidation of 

 

β

 

-carotene or attack a lipid substrate (LH) to produce a lipid
radical (L

 

•

 

) and induce further oxidation. Also, 

 

α

 

-tocopherol can scavenge a 

 

β

 

-carotene
peroxyl radical or the 

 

β

 

-carotene radical can undergo 

 

β

 

-scission to produce an epoxide
and alkoxyl radical and continue the oxidation.

The 

 

β

 

-carotene content of soybean oil stored at 25

 

°

 

C decreased from 20 to 15 ppm
after 24 h of light exposure. After 2 h of frying, the concentration was reduced from 20
to 5 ppm and no 

 

β

 

-carotene was detected after 10 h of heating [51].
At a low partial pressure for oxidation, the concentration of the reactive 

 

β

 

-carotene
peroxyl radical is dramatically reduced and, therefore, 

 

β

 

-carotene can function as an
effective antioxidant. However, at normal oxygen concentrations, 

 

β

 

-carotene is generally
a less effective antioxidant [52].

 

9.5.5 P

 

LANT

 

 E

 

XTRACTS

 

 

 

AND

 

 S

 

PICES

 

 

 

WITH

 

 A

 

NTIOXIDANT

 

 P

 

ROPERTIES

 

The effect of plant antioxidant blends have been studied by Irwandi et al. [71]. They
investigated various mixtures of rosemary and sage oleoresin extracts in combination
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with citric acid using linoleic acid and palm olein model systems at room temper-
ature. The extracts had a high protective index (PI) [53]. The PI index was calculated
using an iron-supplemented linoleic acid model emulsion system. Some treatments had
six to seven times more antioxidant activity than the control. Furthermore, these antiox-
idants showed good thermal resistance during frying.

One example of a product that has taken advantage of the presence of natural
antioxidants is “Good-Fry Constituents” (GFCs), which is a blend of sesame seed
oil and rice bran oil designed to provide an oil of relatively high heat stability
[45]. The sesamolin, oryzanol, tocotrienol, ∆5-avenasterol, and γ-tocopherol con-
tent in GFCs are primarily responsible for the improvements in the frying oil stability.
A comparison using french fries was done with high oleic acid soybean oil
(HOSO), palm olein, and GFC. GFC showed satisfactory performance up to 65 h
of frying (175°C), compared with 35 h for the HOSO and 40 h for the palm olein,
based on the regulatory limit of 24 to 25% of total polar material in the oil (TPMs)
used in many European Union countries. In this study, the range of TPM was 21.1
to 23.4%.

The antioxidant capacity of tea extracts is related to the phenolic concentration,
particularly the flavanols. To investigate whether the antioxidant properties of tea
extracts could be applied to frying oils, Zandi and Gordon [54] studied the effect of
a methanol extract of tea leaves added to a frying oil. Their model system included low
erucic acid rapeseed oil and potato slices fried at 180°C. After 12 frying operations, the
p-anisidine values were determined. A rosemary extract (0.1%) and the tea leave
extract (0.1%) were significantly different ( p < .01) from the control, and the tea
leave extract was at least as active as the rosemary extract.

Recently both herbs and spice have been receiving more attention concerning
their antioxidant potential. Houhoula et al. [55] investigated the effect of ground
oregano and an ethanol extract of oregano during frying (at 185°C) with cottonseed
oil and sliced potatoes. The reduction in the p-anisidine value ( p-AV) by the oregano
was equivalent to that of the rosemary and the sage extract. After 12 h of frying,
the p-AV increased from an initial value of 10 to 155 for the control, while the final
values were 111 and 104 for the ground oregano and ethanol-derived extract, respec-
tively. There was a twofold reduction in the polymer content with addition of ground
oregano or ethanol extract. In addition, the potato slices had enhanced storage
stability due to the addition of oregano to the frying oil.

Some researchers investigated the antioxidant activity of powdered vegetables.
Lee et al. [56] added powdered spinach to flour to evaluate the extent of oxidation
in fried products during frying and storage. The wheat flour was prepared by adding
spinach powder at three levels (5, 15 and 25% on a dry-weight basis). The dough
was immersed in soybean oil at 160°C for 1 min and this was repeated a second
time. There was an increase in the carotene content of the oil from the spinach flour.
The carotene content of the oil continued to increase upon repeated frying of the
product. The total polar compound content of the oil was reduced as a result.

In spite of the claims associated with the stability and efficacy of natural antiox-
idants during frying, they are generally found only in small amounts, so that their
regular use can be expensive. Synthetic antioxidants would be a good option, if they
could be effective at frying temperatures. Zhang et al. [57] synthesized two antioxidants

2162_C009.fm  Page 196  Monday, June 20, 2005  12:31 PM



Frying Lipids 197

from TBHQ and n-lauryl alcohol in an effort to produce a more heat stable antioxidant
and investigated their activity during frying. Lauryl tert-butylate hydroquinone
(LTBHQ) and lauryl tert-butylate quinine (LTBQ) were synthesized from n-lauryl
alcohol and TBHQ using phosphoric acid as a catalyst. Each antioxidant (0.02%) was
added to a soybean oil sample, heated for 9 h at 190°C, and then cooled to room
temperature for 15 h. This (heating/cooling) cycle was repeated seven times. Potato
slices were used for the experiment. They observed that when the oxidative stability
(via OSI) was used to evaluate the effect of antioxidant on the oil sample, the antioxidant
powers of TBHQ, BHT, and BHA decreased substantially with an increase of temper-
ature, whereas LTBHQ and LHBQ decreased only slightly. They also observed that
LTBHQ and LTBQ were active at high temperature, but not at temperatures below
140°C.

9.6 CYCLIC FATTY ACID FORMATION

One of the many compounds formed during frying are the cyclic fatty acids, espe-
cially when oils rich in linoleic and linolenic acid are heated at very high tempera-
tures (∼200°C). It is believed that these compounds have toxic implications, due to
their detrimental effects on the reproduction system of rats [58]. The concentration
of monoenoic and dienoic cyclic fatty acids isolated from heated sunflower and
linseed oil, respectively, was related to the concentration of linoleic and linolenic
found in the oils. Two excellent reviews describing the structures of the molecular
components involved in this process, including the proposed mechanisms of formation,
have been published [59,60].

Lambelet et al. [61] examined low erucic acid rapeseed oil that had a high
percentage of α-linoleic acid. During neutralization and bleaching, the oil was not
altered significantly. However, during deodorization, when temperatures above
200°C were reached, significant changes were observed. Although the amount of
cyclic fatty acids formed was much less than the amount of trans fatty acid formed
during deodorization, cyclic fatty acids were present in significant amounts when
more severe conditions were used (e.g., 6 h at 250°C). Under these conditions, as
much as 650 mg of cyclic fatty acid monomers per kilogram of oil were found in
deodorized low erucic acid rapeseed oil. Furthermore, under the same conditions,
more than 50% of α-linolenic acid had been converted into trans isomers. Normally,
conditions this severe are not used in industrial refining.

9.7 FLAVOR FORMATION IN FRIED FOODS

The quality of fried food is affected by parameters that include the quality and source
of the oil. The main reactions during deep-fat frying include the thermolytic and
oxidative reactions, which together produce the majority of the volatile and non-
volatile products formed. These reactions occur as a result of the combination of
oxygen, heat, and moisture [62] and are directly dependent upon the fatty acid
composition of the oil. Food fried in olive oil has a different flavor, than food fried
in animal fat, for example. Nutty and buttery flavors are more pronounced in some
oils than in others [63]. Pokorny [64] asserted that the following group of reactions
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(oxidative, hydrolytic, and pyrolytic) form many of the secondary and tertiary products
responsible for the flavor of fried foods. These reactions affect the flavor quality—
both positively and negatively — of fried foods. Ho et al. [65] found that (E,E)- and
(E,Z)-2,4-decadienals are two of the primary oxidation products from linoleic acid.
The 2-trans, 4-trans decadienal was identified as one of the primary compounds
responsible for the rich flavor of fried potato chips.

Chyau et al. [66] studied the effects of soybean oil, corn oil, lard, and medium-
chain triglyceride (MCT) based frying oil on flavor compound production in deep-
fried shallots. Extracts from shallots fried in soybean oil, corn oil, or lard contained
28 flavoring compounds, whereas only 17 compounds were found in the extracts
from shallots fried in MCT-based oil. The 2,5- and 2,6-dimethylpyrazines were
found only in the MCT–shallot flavor extract and were absent in those prepared
with other oils. They classified three flavoring compound categories: nitrogen-, oxygen-
and sulfur-containing compounds. The MCT-based extract was low in oxygen-
containing compounds, while the lard-based extract had predominately oxygen-
containing compounds. When soybean oil and corn oil were compared, the soybean
and cornextracts had similar volatile profiles, but there were differences in the
concentrations of compounds produced.

To better understand the effect that various oxidation products have on food
flavor, Warner et al. [67] investigated the effect of oleic and linoleic acid on flavor
using pure TAG standards (containing a single fatty acid). They found eight key
volatile compounds were formed upon heating the oil at 190°C, using MS–
olfactometry analysis. (E,E )-2,4-Decadienal, (E )-2-heptenal, (E )-2-octenal,
(E,Z/Z,E )-2,4-decadienal, (E,E )-2,4-nonadienal, (E,Z )-2,4-nonadienal, and
(E,E )-2,4-octadienal were responsible for the deep-fried odor produced when
LLL was heated. Upon frying in OOO, the fried food intensity was weak to
moderate (<5), as compared to moderate to strong flavor intensities (4 to 10) that
were detected after frying in LLL. Oils with a moderate content of linoleic acid,
such as sunflower and cottonseed oil, produce a greater fried food flavor intensity
than oils that are low in linoleic acid. Table 9.1 contains the volatile compounds
formed, as well as their concentrations (ppm), during heating of OOO and LLL
at 190°C for 1, 3, and 6 h of heating.

The highly unsaturated fatty acid content, particularly arachidonic acid, is asso-
ciated with the development of oxidized off-flavors, such as warm-over flavor, in
meat. More than 50% of the polyunsaturated fatty acids present in phospholipids
consist of arachidonic acid. Artz et al. [68] investigated the thermal decomposition
products formed from oxidized methylarachidonate using capillary gas chromatography-
mass spectrometry. They found that of the identified volatile compounds, 43% were
aldehydes, 24% were methyl esters, 13% were aliphatic hydrocarbons, 3.6% were
ketones, and 2.5% were alcohols. Among the aldehydes, hexanal comprised 65% of
the total with a ratio of hexanal to 2,4-decadienal of 4.5:1.

Warner et al. [69] examined the use of γ-tocopherol in potato chips using an
OOO model oil system. Nonanal is one of the main volatile compounds formed
upon the decomposition of oleic acid hydroperoxides and it is produced in relatively
large quantities. Its formation was investigated in an effort to establish the effect
of γ-tocopherol on potato chip quality. Potato chips were fried in OOO containing
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400 ppm of γ-tocopherol. The nonanal concentration of the potato chips stored for 4 d
did not differ from that of the freshly fried potato chip, even though the γ-tocopherol
concentration was only 12 ppm, suggesting that if sufficient γ-tocopherol is added
to the oil, it would protect the potato chips during storage.

Fujisaki et al. [70] investigated deep-frying under various oxygen atmosphere
concentrations. They monitored the generation of volatile aldehydes formed from high-
oleic acid safflower oil (75% oleic acid and 16% linoleic acid) heated at 180°C.
They found an interesting correlation between the oxygen concentration and the
aldehyde formation. In the atmosphere containing 20% O2, the total amount of aldehydes
derived from oleic acid was comparable to the amount formed from linoleic acid.
However, when the O2 concentration was reduced to 4%, the sum of the aldehydes
produced from linoleic acid (acetaldehyde, pentanal, hexanal, 2-heptanal, 2-octenal,
2-nonenal, and 2,4-decadienal) was greater than those derived from oleic acid (octanal,
nonanal, decanal, 2-decenal, and 2-undecenal). This study emphasizes the relationship
between the oil composition, the frying conditions, and the amount of flavor volatiles
formed during frying; and suggests that under conditions of different oxygen availability,
the relative rates of substrate oxidation will vary.
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10.1 INTRODUCTION

 

In recent years, 

 

trans

 

 fatty acids, more commonly known as 

 

trans

 

 fats, have been
gaining a lot of interest from the scientific and health professional communities
primarily because of the potential role of 

 

trans

 

 fatty acids on cardiovascular disease
risk. Publications on the adverse effects of 

 

trans

 

 fatty acids on coronary heart disease,
low-density and high-density lipoprotein cholesterols, and blood lipid levels are
extensive. In a 1994 report, it was estimated that approximately 30,000 annual deaths
from premature coronary heart disease could be linked to the consumption of 

 

trans

 

fatty acids [1]. Since then, more metabolic and epidemiologic studies have been
reported. Due to the increasing evidence of the effects of 

 

trans

 

 fatty acids on public
health, the U.S. Food and Drug Administration (FDA) has recently published a final
rule on the labeling of 

 

trans

 

 fatty acids in food items.
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10.2 CHEMICAL STRUCTURE

 

Fatty acid isomers are classified into two types, positional and geometric isomers.
Positional isomers are formed when double bonds of the fatty acid molecule shift from
their original position to other positions in the molecule. For example, fatty acids
having double bonds at the 

 

∆

 

9 and 

 

∆

 

12 positions have been reported to shift to isomeric
forms ranging from positions 

 

∆

 

4 to 

 

∆

 

16 [2], with the majority clustered in the vicinity
of the original double bond [3–6]. Geometric isomers of unsaturated fatty acids are
categorized into two forms: 

 

cis

 

 (

 

c

 

) and 

 

trans

 

 (

 

t

 

), as shown in Figure 10.1. The 

 

cis

 

 fatty

 

TABLE 10.1
Comparison of Melting Points of 

 

cis

 

 and 

 

trans

 

 Isomers 
of Unsaturated Fatty Acids and Saturated Fatty Acids

 

Type of Fatty Acid Melting Point (

   

C)

 

cis

 

 Fatty acids Linolenic acid (C18:3,

 

c

 

,

 

c

 

,

 

c

 

)

 

−

 

11
Linoleic acid (C18:2,

 

c

 

,

 

c

 

)

 

−

 

5
Oleic acid (C18:1,

 

c

 

) 14

 

trans

 

 Fatty acids Linolenic acid (C18:3,

 

t

 

,

 

t

 

,

 

t

 

) 71
Linolenic acid (C18:3,

 

c

 

,

 

t

 

,

 

t

 

) 49
Linoleic acid (C18:2,

 

t

 

,

 

t

 

) 56
Oleic acid (C18:1,

 

t

 

) 44

Saturated fatty acids Behenic acid (C22:0) 80
Arachidic acid (C20:0) 75
Stearic acid (C18:0) 70
Palmitic acid (C16:0) 63
Myristic acid (C14:0) 54
Lauric acid (C12:0) 44

 

FIGURE 10.1

 

Geometric isomers of unsaturated fatty acids.

O

OH

O

OH

cis-9-octadecenoic acid 

H3C

H3C
trans-9-octadecenoic acid 
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acids, which are commonly found in natural oils and fats, are relatively more reactive
and require lower activation energy to be transformed to the 

 

trans

 

 isomer. On the other
hand, 

 

trans

 

 fatty acids have a linear structural conformation that permits tighter stack-
ing of molecules, hence, allowing them to have melting points similar to those of
saturated fatty acids (Table 10.1). In addition, 

 

trans

 

 fatty acids can be formed at very
high temperatures (e.g., deodorization process and frying) and through hydrogenation
reactions and biohydrogenation in ruminant animals.

 

10.3 HYDROGENATION

 

Trans

 

 fatty acids are produced during hydrogenation of edible oils. The process of
hydrogenation of edible oils is an important and widespread practice in the modifi-
cation of oils, whereby all or part of the double bonds of the fatty acids are eliminated,
thus producing a partially or completely hydrogenated fat, which possesses increased
melting point, increased resistance to oxidation, and improved consistency [7–9].
By controlling the degree of hydrogenation, manufacturers can provide the consumer
with fat products, such as margarines and shortenings, with the desired consistency
and spreadability. The most prominent 

 

trans

 

 fatty acids formed from the partial
hydrogenation of vegetable or fish oils are the 

 

∆

 

9 (elaidic) and 

 

∆

 

10 isomers [4,10].

 

10.4 BIOHYDROGENATION

 

In ruminant animals such as cows and sheep, unsaturated fatty acids are extensively
hydrogenated in the rumen by bacteria [11–13]. Hay and Morrison [14] reported
that complex enzyme systems of the rumen microflora are responsible for trans-
forming the monounsaturated and polyunsaturated fatty acids in feedstuffs into
saturated fatty acids and into geometric and positional isomers. The 

 

trans

 

 fatty acid
produced by the rumen bacteria is predominantly vaccenic acid, which constitutes
about 50% of all ruminant 

 

trans

 

 fatty acids [10,15]. As a result, dairy products and
meats from ruminant animals contain small amounts of 

 

trans

 

 fatty acids [14,16–18].

 

10.5 DIETARY SOURCES OF 

 

TRANS

 

 FATTY ACIDS

 

The most important source of 

 

trans

 

 fatty acids in the food supply is from the
commercial hydrogenation of edible oils and fats. These hydrogenated oils and fats
are present in the form of margarines, shortenings, vegetable oils, and frying fats
and in a variety of processed foods, snacks, fast foods, and bakery products that use
these fats. Dietary sources of 

 

trans

 

 fatty acids can also be found in dairy products,
meats, and animal fats, particularly from ruminant animals. This section summarizes
available information on 

 

trans

 

 fatty acid content in foods.

 

10.5.1 M

 

ARGARINES

 

The 

 

trans

 

 fatty acid contents of margarines and spreads from different countries are
summarized in Table 10.2. In the TRANSFAIR study conducted by Aro et al. [20],
variable amounts of 

 

trans

 

 fatty acids were reported in margarines and low-fat spreads
from 14 European countries. Typically, soft table margarines, hard household margarines,
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and low-fat spreads from Denmark, Finland, France, the Netherlands, Spain, and Swe-
den were reported to contain low amounts of trans fatty acids, while those from Iceland
and Norway were relatively higher. However, in the United Kingdom, hard household
margarines were shown to have relatively lower amounts than other varieties.

In earlier studies, generally, stick or hard margarines contain higher amounts of
trans fatty acids compared with soft or tub margarines. Enig et al. [43] and Slover
et al. [41] indicated that the average trans fatty acids in stick margarines from the
United States is 24%, with minimum values of 16 to 17% and maximum values at
35 to 36%, while in soft or tub margarines, trans fatty acids averaged at 14 to 18%
with maximum and minimum values of 10 and 30%, respectively. In addition, diet
margarines contain about 15% trans fatty acids [43]. Trans fatty acid content in
Canadian margarines was also reported on the high side [2,38,39,45,46].

The types of trans fatty acid isomers from margarines and spreads are tabulated
in Table 10.3. Generally, trans-octadecenoic acid (C18:1t) is the predominant trans
fatty acid isomer in these products.

10.5.2 SHORTENINGS

Most shortenings have been reported to contain relatively high amounts of trans
fatty acids (Table 10.4). Data from the TRANSFAIR study by Aro et al. [20] showed
that frying, cooking, and baking fats obtained from these European countries con-
tained trans fatty acids ranging from as low as 0.3 g to a staggering 50 g per 100 g
food item. The low trans fatty acid content observed in the French and Italian frying
fats are attributed to the relatively high amounts of saturated fatty acids (up to 98%
of total fatty acids). In the United States, trans fatty acid content in shortenings was
also relatively high, ranging from 10 to 42% [6,32,43,51–54].

Shortenings from Denmark, Germany, New Zealand, Portugal, Spain, and Swe-
den [19–21,26,49] were reported to contain somewhat lesser amounts of trans fatty
acids compared with those from the United States and the other European countries.

10.5.3 VEGETABLE OILS

Vegetable oils are nonhydrogenated liquid oils and therefore do not contain signif-
icant amounts of trans fatty acids. Nevertheless, highly unsaturated vegetable oils
(containing high amounts of C18:3 fatty acids) are often prone to rancidity caused
by oxidative damage. It is known that these oils are often lightly hydrogenated in
order to prolong their shelf lives. A comparison of trans fatty acid content of various
vegetable oils from different countries is shown in Table 10.5. In general, vegetable
oils sampled from these countries contain only minor quantities of trans fatty acids.
Olive oil was reported to contain practically zero trans fatty acid content [20].
Aro et al. [20] also observed very low amounts of trans fatty acid content (below
0.9%) in refined soybean oil, sunflower oil, corn oil, rapeseed oil, and peanut oil
sampled from 14 European countries, with the exception of Icelandic and Portuguese
corn oil showing slightly higher amounts of trans fatty acids at 1.9 and 1.5%,
respectively. The predominant type of trans fatty acid in these vegetable oils is the
C18:2 trans isomers. Enig et al. [43] also reported a similar observation in a sample
of partially hydrogenated soybean oil. Therefore, lightly hydrogenated oils appear
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TABLE 10.5
trans Fatty A cid Content in Vegetable Oils from Different Countries

Country Food Item

Percentage trans 
Fatty Acids (%)

ReferenceLowest Highest Average

Unspecified Sunflower oil, chemically 
refined

Sunflower oil, physically 
refined

0.49

2.31

1.03

2.81

0.76

2.56

Tasan and Demirci 
[55]

Hungary Deodorized canola oil — — 6.10 Kemény et al. [56]
France Olive oil, refined

Sunflower oil, refined
Corn oil, refined
Rapeseed oil, refined
Peanut oil, refined
Vegetable oils, mixed

—
—
—
—
—
—

—
—
—
—
—
—

0.00
0.22
0.15
0.39
0.04
0.39

Aro et al. [20]

Greece Olive oil, refined — — 0.02
Italy Olive oil, extra virgin — — 0.00
Spain Olive oil, refined

Sunflower oil, refined
Reutilized vegetable oils, 
olive oil, beef

Reutilized vegetable oils, 
olive oil, fish

Reutilized vegetable oils, 
sunflower oil, beef

Reutilized vegetable oils, 
sunflower, fish

Reutilized vegetable oils, 
sunflower, discarded

—
—
—

—

—

—

—

—
—
—

—

—

—

—

0.11
0.27
0.30

0.25

0.61

0.55

0.89

Iceland Soybean oil, refined
Sunflower oil, refined
Corn oil, refined

—
—
—

—
—
—

0.40
0.30
1.91

Netherlands Soybean oil, refined
Sunflower oil, refined

—
—

—
—

0.63
0.45

Portugal Soybean oil, refined
Sunflower oil, refined
Corn oil, refined
Peanut oil, refined
Vegetable oil, mixed

—
—
—
—
—

—
—
—
—
—

0.86
0.13
1.55
0.63
0.25

Germany Sunflower oil, refined
Corn oil, refined
Coconut oil, refined
Vegetable oil, mixed

—
—
—
—

—
—
—
—

0.89
0.11
Trace
1.19

Finland Vegetable oil, mixed 
(4 brands)

— — 0.42

(continued)
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to contain more C18:2 trans isomers and fewer C18:1 trans isomers than heavily
hydrogenated oils. Most brands of salad and cooking oils are composed of nonhy-
drogenated oils and, thus, contain very little or no trans fatty acids. Therefore, these
products do not play a major role in increasing trans fatty acid intake in humans.

Data on trans fatty acid content in reutilized vegetable oils are also shown in
Table 10.5. The oils had been reutilized for deep-frying of beef or fish. C18:2 trans
isomers were observed to slightly increase after repeated usage of the oils, with the
highest proportion (0.85%) found in reutilized sunflower oil.

10.5.4 PROCESSED FOODS

Processed foods such as soup concentrates, sauces, salad dressings, and mayonnaise
are commonly found in supermarkets. Trans fatty acid contents in these products
from different countries are tabulated in Table 10.6. Most soup concentrates and
instant soups were found to contain moderate to high amounts, between 6 and 41%
of trans fatty acids [57].

Generally, sauces appear to contain low amounts of trans fatty acids, except for
sauce powders from Finland, tomato and curry sauces and gravy for roasts from

TABLE 10.5 (Continued)
trans Fatty Acid Content in Vegetable Oils from Different Countries

Country Food Item

Percentage trans 
Fatty Acids (%)

ReferenceLowest Highest Average

Sweden Vegetable oil, mixed 
(4 brands)

— — 0.33

Spain Olive oil (n = 30) — — 0.1 Fernandez San 
Juan [23]

United 
States

Canola oil (n = 2)
Sunflower oil (n = 1)
Olive oil (n = 1)

0.17
—
—

0.23
—
—

0.20
0.5
0.09

USDA [32]

New
Zealand

Rapeseed oil
Safflower oil
Soybean oil
Corn oil

—
—
—
—

—
—
—
—

0.9
0.4
0.6
1.1

Ball et al. [33]

Spain Olive oil, refined (n = 12)
Seeds oils (n = 12)

—
—

—
—

0.5
2.3

Boatella et al. [34]

United 
States

Vegetable oil 0.00 1.06 0.42 Litin and Sacks 
[35]

Germany Vegetable oils (n = 6)
Almond oil (n = 1)
Peanut oil (n = 1)
Walnut oil (n = 1)

0.0
—
—
—

1.5
—
—
—

0.28
0.1
0.5
0.2

Pfalzgraf et al. [37]
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TABLE 10.6
trans Fatty Acid Content of Processed Foods from Different Countries

Country Food Item

Percentage
trans Fatty
Acids (%)

Total trans
Fatty Acids/
100 g Food

Item Reference

Finland Soup, cubes (3 brands)
Soup, dry (2 brands)

19.13
29.60

4.02
0.15

Aro et al. [57]

Germany Soup, dry with 
vegetables (n = 9)

Soup, dry with chicken 
(n = 3)

Soup, dry, instant (n = 4)

24.71

6.57

28.43

3.78

0.41

5.12
Greece Soup, cube   7.61 1.86
Iceland Soup, vegetable 41.25 4.70
Italy Soup, cubes (3 brands)

Soup, instant (7 brands)
18.90
30.13

3.52
7.98

Spain Soups, dry (n = 42) 15.4 — Fernandez San 
Juan [23]

United States Soup, cubes, beef 
bouillon (n = 3)

Soup, cubes, chicken 
bouillon (n = 3)

19.54

20.33

1.25

1.41

USDA [32]

Germany Soup, clear
Soup, beef bouillon
Onion cream soup

28.3
9.9

34.9

—
—
—

Pfalzgraf et al. [37]

Finland Sauce powders 16.02 2.42 Aro et al. [57]
France Sauce, tomato with meat

Sauce, tomato with meat
Sauce, béarnaise
Sauce, tartare

3.85
2.24
0.20
0.48

0.13
0.10
—

0.30
Germany Sauce, tomato (n = 5)

Gravy for roasts
15.27
16.96

1.69
4.41

Italy Sauce, bechamelle 
(2 brands)

Sauce, ragout (3 brands)

4.20

0.43

0.41

0.03
Sweden Sauce, béarnaise 38.63 9.46
United Kingdom Sauce, mixes 

(20 brands)
18.69 4.02

Germany Sauce, curry
Sauce, instant, tomato
Mayonnaise

25.4
2.9
0.4

—
—
—

Pfalzgraf et al. [37]

United States Salad dressing, blue 
cheese (n = 1)

5.47 1.21 Ali et al. [22]

United States Salad dressing, French 
(n = 2)

0.64 0.24 USDA [32]

(continued)
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Germany, béarnaise from Sweden, and sauce mixes from the United Kingdom with
trans fatty acid contents exceeding 10%.

10.5.5 FAST FOODS AND SNACK ITEMS

Fast foods and snack items can contribute significant amounts of trans fatty acids
in the diet. Table 10.7 summarizes the trans fatty acid contents of fast food items.
french fried potatoes sampled from fast-food burger chains or snack bars from
Finland, Germany, Iceland, the Netherlands, Norway, Spain, and Sweden contained
relatively high amounts of trans fatty acids, ranging from 12 to 35%. In Belgium,
Canada, Greece, New Zealand, Portugal, the United Kingdom, and the United States,
trans fatty acids in french fries were observed to be lower [25,43,50,57,58].

Other fast-food items, such as hamburgers, fried fish, milkshakes, sandwiches,
and muffins, are also sources of trans fatty acids. Ratnayake et al. [50] reported high
amounts (26%) of trans fatty acids in Canadian hamburger buns made with hydro-
genated fat. In the United States, fried chicken, pastries, pies, and turnovers were
also shown to have high levels of trans fatty acids [40,43,58].

Snack items containing trans fatty acids are shown in Table 10.8. Frozen,
prefried, and home-made french fries contained variable amounts of trans fatty acids,

TABLE 10.6 (Continued)
trans Fatty Acid Content of Processed Foods from Different Countries

Country Food Item

Percentage
trans Fatty
Acids (%)

Total trans
Fatty Acids/
100 g Food

Item Reference

Salad dressing, Italian 
(n = 2)

Salad dressing, Italian, 
low calorie (n = 1)

Salad dressing, ranch 
(n = 1)

Salad dressing, ranch, 
low calorie (n = 2)

Mayonnaise (n = 2)

0.94

0.91

8.95

13.17

2.38

0.40

0.19

3.71

1.57

1.82

United States Mayonnaise, reduced 
calorie

— 0.21 Litin and Sacks [35]

United States Salad dressings (n = 7)
Mayonnaise (n = 1)
Mayonnaise (n = 3)
Burger sauce (n = 1)

n.d.
4.5
n.d.
4.6

—
—
—
—

Enig et al. [43]

United States Salad dressings (n = 2)
Salad dressings (n = 1)
Mayonnaise (n = 1)
Tartar sauce (n = 1)
Burger sauce (n = 2)

0.24
n.d.
0.34
0.37
0.14

—
—
—
—
—

Slover et al. [58]
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between 0.01 and 41.5%, indicating that different types of fats had been used for
frying. On the other hand, in general, potato chips, crisps, popcorn, and crackers
appeared to contain somewhat lower amounts of trans fatty acids.

10.5.6 BAKERY AND CONFECTIONERY FOODS

Bakery and confectionery products generally use margarines, butter, bakery fats, and
shortenings as the main sources of fat. Since trans fatty acids are known to be present
in these fats, it is not surprising that bakery and confectionery products, too, contain
trans fatty acids. A summary of trans fatty acid content in bakery and confectionery
foods is shown in Table 10.9. In the study by van Erp-baart et al. [60], more than 200
different types of cookies and pastries from European countries were analyzed for
trans fatty acids. Most of these products contain 10% and below of trans fatty acids. In
general, Italian and Spanish cookies and biscuits contain the lowest amounts of trans
fatty acids, while Icelandic, Norwegian, and American ones had the highest values
[32,43,60].

Trans fatty acid contents in pastries from Germany contained trans fatty acids
below 1%, while some pastries from Iceland, Norway, Sweden, the Netherlands, the
United States, and Canada contained more than 20% of trans fatty acids
[22,32,50,60]. French croissants had the lowest trans fatty acid content at about 3%,
compared with Greek croissants at 15%. However, donuts from Greece, Spain, and
the United Kingdom were reported to be low in trans fatty acids, while those from
Iceland contained about 32% trans fatty acids [60]. In general, breads contained
<1 to 8%, with the exception of Spanish and Norwegian breads having a relatively
higher proportion of trans fatty acids at 17 and 14%, respectively.

In the United States, certain products such as breading mixes, cereals, candies,
frostings, pizza crusts, and pretzels contained significant amounts of trans fatty acids
ranging from 10 to 22% [22,32,43].

10.5.7 DAIRY PRODUCTS

Trans fatty acid contents of milk, butter, cheese, yogurt, and ice cream from various
countries are compared in Tables 10.10 to 10.12. Generally, the amount of trans fatty
acids in milk and butter from most European samples is below 5%. Australian and
New Zealand butters have slightly higher proportions of trans fatty acids, at 6% and
above [16,21,25]. Trans fatty acids in milk and butter are also affected by seasonal
changes. Aro et al. [63] and Wolff et al. [65] reported that milk and butter obtained
during summer contained more trans fatty acids than those obtained during winter.

A comparison of trans fatty acid content in cheeses revealed that most European
and American cheeses contain 2 to 5% trans fatty acids. However, Swedish margarine
cheese and Finnish modified-fat cheese were reported to contain about 12% trans
fatty acids.

Trans fatty acid contents of ice cream samples made from dairy and vegetable
fat are also compared in Table 10.12. Generally, ice creams made from dairy fats
have a lower variation (2.6 to 6%) of trans fatty acids than those made from vegetable
fats (0.2 to 31%). The high amounts of trans fatty acids as observed in some of
these ice creams are predominantly from partially hydrogenated vegetable oils.
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TABLE 10.10
trans Fatty Acid Content of Milk and Butter from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item

ReferenceAverage Average

Belgium
Denmark
Finland
France
Germany

Milk
Milk
Milk
Milk
Milk

4.68
4.07
3.19
5.09
3.55

1.57
0.16
0.12
0.08
0.09

Aro et al. [63]

Greece Milk
Milk, goat
Milk, sheep

3.90
2.69
3.61

0.11
0.09
0.35

Iceland Milk, summer
Milk, winter

5.24
3.34

0.21
0.13

Italy Milk, summer
Milk, winter

4.37
3.94

0.15
0.16

Netherlands Milk, summer
Milk, winter

4.41
3.13

0.15
0.11

Norway Milk 3.72 0.15
Portugal Milk, summer

Milk, winter
4.67
4.07

0.16
0.12

Spain
Sweden
United Kingdom

Milk
Milk
Milk

4.73
—

3.81

0.16
—

0.16

Spain Milk fat (n = 25) 3.4 — Fernandez San 
Juan [23]

Germany Milk fat (n = 100) 3.83 — Precht and 
Molkentin 
[64]

Belgium Milk fat 3.19 —
Denmark Milk fat (n = 4) 4.21 —
Spain Milk fat (n = 10) 4.04 —
France Milk fat (n = 10) 4.47 —
Greece Milk fat (n = 4) 4.01 —
Italy Milk fat (n = 12) 4.14 —
Ireland Milk fat (n = 22) 5.91 —
Luxemburg Milk fat 3.51 —
Netherlands Milk fat (n = 24) 4.09 —
United Kingdom Milk fat (n = 23) 4.78 —

United States Milk fat (U.S. composite 
sample, April)

Milk fat (U.S. composite 
sample, July)

2.94

3.39

—

—

USDA [32]
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TABLE 10.10 (Continued)
trans Fatty Acid Content of Milk and Butter from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item

ReferenceAverage Average

Milk fat (2 U.S. composite 
samples)

2.75 —

Germany Milk fat (n = 15) 3.64 — Pfalzgraf et al. 
[37]

Spain Milk fat (n = 34) 3.5 — Boatella et al. 
[34]

United States Milk fat (5 U.S. brands) 1.9 — Smith et al. [17]
Belgium
Denmark

Butter
Butter

5.43
4.51

4.51
3.65

Aro et al. [63]

Finland Butter, summer
Butter, winter

5.15
4.01

4.15
3.25

France
Germany
Greece
Iceland
Italy
Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom

Butter
Butter
Butter
Butter
Butter
Butter
Butter
Butter
Butter
Butter
Butter

5.98
4.04
4.77
4.36
4.18
6.15
4.84
—
—

4.43
—

5.47
3.23
3.91
3.55
3.49
5.07
3.90
—
—

3.50
—

New Zealand Butter 6.72 — Richardson
et al. [21]

New Zealand Butter (n = 5) 6.4 — Lake et al. [25]

France Butter, January (n = 12)
Butter, May/June (n = 12)

2.37
4.28

—
—

Wolff et al. [65]

United States Butter 3.4 — Michels and 
Sacks [29]

Austria Butter 4.25 — Henninger and 
Ulberth [24]

Germany Butter (n = 5) 4.12 — Pfalzgraf et al. 
[37]

Spain Butter (n = 15) 5.3 — Boatella et al. 
[34]

New Zealand Butter, semisoft
Butter, clarified

3.2
1.8

—
—

Ball et al. [33]

United States Butter (3 U.S. brands) 3.4 — Enig et al. [43]
Australia Butter (n = 116) 6.0 — Parodi and 

Dunstan [16]
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TABLE 10.11
trans Fatty Acid Content of Cheese and Yogurt from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/ 

100 g Food Item Reference

Belgium Cheese
Cheese, sheep

5.00
5.73

1.08
1.66

Aro et al. [63]

Denmark Cheese 5.24 1.31
Finland Cheese

Cheese, unripened
Cheese, modified-fat
Cheese, modified-fat

3.92
4.35

11.79
1.15

0.94
1.20
3.71
0.32

France Cheese
Cheese, goat

3.85
3.57

0.85
0.86

Germany Cheese 3.91 0.94
Greece Cheese

Cheese, goat feta
4.65
5.24

1.23
1.28

Iceland Cheese 3.59 0.90
Italy Cheese

Cheese, sheep
4.45
7.11

1.16
2.24

Netherlands Cheese 4.37 1.40
Norway Cheese

Cheese, goat
3.83
4.57

1.03
1.37

Portugal Cheese
Cheese, sheep

5.42
5.25

1.54
1.47

Spain Cheese
Cheese, sheep

5.68
4.26

1.45
1.47

Sweden Cheese
Margarine cheese

—
11.60

—
3.54

United Kingdom Cheese 4.52 2.15

Italy Cheese, pecorino
Cheese, ricotta
Cheese, Parmesan
Swiss cheese

4.99
9.10
3.22
3.70

—
—
—
—

Banni et al. [66]

Greece Cheese, feta — 1.40 Boulous et al. [67]

France Cheese, goat (n = 8)
Cheese, ewe (n = 7)

2.68
1.53

—
—

Wolff et al. [65]

United States Cheese, cheddar
Cheese, processed 
(n = 6)

2.54
2.41–3.49

0.59
0.31–0.57

USDA [32]

New Zealand Cottage cheese
Cream cheese (n = 2)

0.90
1.2–2.4

—
—

Ball et al. [33]

Germany Cheese, regular (n-22)
Cheese, goat (n = 2)
Cheese, ewe (n = 3)

3.01
3.15
5.60

—
—
—

Pfalzgraf et al. [37]

Italy Yogurt 4.34 — Banni et al. [66]
United States Yogurt, low-fat 2.39–3.18 0.01–0.02 USDA [32]
Germany Yogurt (n = 1) 3.3 — Pfalzgraf et al. [37]
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10.5.8 MEATS

Data on trans fatty acid content in meats and processed meats are summarized in
Table 10.13. In general, trans fatty acids in pork (0.2 to 0.9%), chicken (0.2 to 1.7%),
and turkey (0.3 to 3.6%) are relatively low. On the other hand, ruminant meats such
as beef, lamb, and mutton have higher proportions of trans fatty acids, ranging from
2 to 9.5% [37,63].

Trans fatty acid contents of sausages from most European and American samples
are generally low [23,32,37,63]. The trans fatty acid compositions of these sausages
corresponded to that of pork, with the exception of the Icelandic lamb sausage and
a beef-based Suçuk sausage from the Netherlands [63].

TABLE 10.12
trans Fatty Acid Content of Ice Cream from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g Food Item Reference

Belgium Ice cream, dairy fat 6.07 0.75 Aro et al. [63]
Finland Ice cream, milk fat

Stick, milk fat
Cone, milk fat
Soft ice, dairy fat
Ice cream, vegetable fat
Stick, vegetable fat
Cone, vegetable fat

4.58
4.46
3.14
3.93

23.47
30.58
23.59

0.55
0.58
0.37
0.32
2.16
2.72
2.19

Germany Ice cream, dairy fat, premium 2.63 0.39
Greece Ice cream, dairy fat, vanilla

Ice cream, dairy fat, chocolate
3.59
2.84

0.38
0.27

Iceland Ice cream, vegetable fat, hard
Ice cream, vegetable fat, soft

21.01
0.75

2.04
0.05

Italy Ice cream, dairy fat, fruit
Ice cream, dairy fat, wafer
Ice cream, vegetable fat, 
biscuits

5.48
5.02
0.93

0.36
0.95
0.08

Netherlands Ice cream, vegetable fat 0.53 0.03
Spain Ice cream, vegetable fat

Ice cream, vegetable fat
Ice cream, vegetable fat

0.16
0.17
1.16

0.01
0.01
0.13

Sweden Ice cream, dairy fat
Ice cream, vegetable fat, cone
Ice cream, vegetable fat
Ice cream, vegetable fat, 
desert

4.54
17.48
19.89
13.77

0.53
2.78
2.05
1.85

United 
Kingdom

Ice cream, dairy fat
Ice cream, vegetable fat

3.06
1.75

0.54
0.17
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TABLE 10.13
trans Fatty Acid Content of Meats, Meat Products, and Animal Fats 
from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item Reference

Belgium
Denmark
Finland
France
Germany
Greece
Iceland
Italy
Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom

Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef
Beef

9.52
3.02
3.04
3.20
2.78
4.58
4.11
3.88
4.32
4.35
5.01
4.32
3.40
4.68

0.31
0.59
0.22
0.46
0.48
0.98
0.34
0.28
0.76
0.51
0.37
0.19
0.25
0.16

Aro et al. [63]

France Beef (n = 10) 1.95 — Wolff [68]

United States Ground beef, raw (n = 2)
Ground beef, cooked 
(n = 2)

4.50
5.10

0.86

0.87

USDA [32]

Germany Beef (n = 4)
Veal (n = 3)

2.73
1.37

—
—

Pfalzgraf et al. [37]

Spain Beef (n = 45) 8.5 — Boatella et al. [34]
United States Beef — 0.63 Litin and Sacks [35]
France Beef tallow, refined 

(n = 10)
4.91 — Bayard and Wolff [69]

France Beef tallow (n = 2) 4.6 — Wolff [68]
Germany Beef tallow 1.9 — Pfalzgraf et al. [37]
New Zealand Beef fat 1.7 — Ball et al. [33]

United States Beef fat, raw (n = 12)
Beef fat, braised (n = 6)

6.55
5.47

—
—

Slover et al. [41]

United States Beef fat (n = 1) 1.8 — Enig et al. [43]
United States Beef fat (n = 7) 4.2 — Slover and Lanza [54]

Belgium
Denmark
Finland
France
Germany
Greece
Iceland
Italy
Netherlands

Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton

9.19
8.52
4.32
8.49
8.30
5.16
4.70
5.75
8.58

1.33
0.86
0.36
1.32
1.21
0.98
0.34
0.47
0.81

Aro et al. [63]
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TABLE 10.13 (Continued)
trans Fatty Acid Content of Meats, Meat Products, and Animal Fats 
from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item Reference

Norway
Portugal
Spain
Sweden
United Kingdom

Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton
Lamb/mutton

5.01
5.52
4.39
—
5.23

0.89
0.67
0.30
—
0.23

Germany Lamb (n = 3)
Mutton (n = 3)

7.53
9.30

—
—

Pfalzgraf et al. [37]

United States Lamb fat (n = 1) 6.6 — Enig et al. [43]
Belgium
Denmark
Finland
France
Germany
Greece
Iceland
Italy
Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom

Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork
Pork

0.52
0.83
0.25
0.52
0.19
0.26
0.56
0.86
0.69
0.79
0.53
2.23
0.29
0.76

0.07
0.03
0.04
0.08
0.05
0.05
0.10
0.10
0.22
0.04
0.03
0.14
0.04
0.02

Aro et al. [63]

Spain Pork (n = 35) 0.6 — Boatella et al. [34]
United States Pork — 0.07 Litin and Sacks [35]
United States Lard (n = 3) 1.00 1.07 USDA [32]
Germany Lard 0.4 — Pfalzgraf et al. [37]
Australia Lard 0.73 — Mansour and Sinclair 

[36]
Spain Lard (n = 35) 0.7 — Boatella et al. [34]
United States Pork fat, separable (n = 6) 0.2 — Slover et al. [70]
United States Lard (n = 1) 0.3 — Enig et al. [43]

Belgium
Denmark
Finland
France
Germany
Greece
Iceland
Italy

Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken

1.44
0.40
0.24
0.45
0.58
0.38
1.62
1.15

0.25
0.08
0.02
0.06
0.10
0.05
0.20
0.03

Aro et al. [63]

(continued)

2162_C010.fm  Page 243  Tuesday, June 7, 2005  12:49 PM



244 Handbook of Functional Lipids

TABLE 10.13 (Continued)
trans Fatty Acid Content of Meats, Meat Products, and Animal Fats 
from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item Reference

Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom

Chicken
Chicken
Chicken
Chicken
Chicken
Chicken

1.71
0.83
0.44
0.66
0.58
0.73

0.03
0.11
0.07
0.08
0.09
0.06

Germany Rooster 0.5 — Pfalzgraf et al. [37]
United States Chicken — 0.07 Litin and Sacks [35]

Belgium
Denmark
Finland
France
Greece
Norway
Portugal
United Kingdom

Turkey, raw with skin
Turkey, flesh and skin
Turkey, raw
Turkey, roasted
Turkey, raw with skin
Turkey, minced
Turkey, whole
Turkey, whole, raw

0.76
0.57
0.60
1.16
0.31
1.11
0.73
1.27

0.04
0.03
0.01
0.06
0.04
0.07
0.02
0.09

Aro et al. [63]

United States Turkey, raw (n = 2)
Turkey, ground and raw 
(n = 10)

2.75
3.58

0.09
0.27

USDA [32]

Germany Turkey 1.4 — Pfalzgraf et al. [37]

Denmark
France

Duck, flesh and skin, raw
Duck, roasted

0.67
0.33

0.34
0.04

Aro et al. [63]

Germany Duck
Pigeon, wild

0.5
0.2

—
—

Pfalzgraf et al. [37]

Belgium
France
Greece

Rabbit, unprepared
Rabbit, roasted
Rabbit, raw

0.61
0.63
0.61

0.03
0.09
0.16

Aro et al. [63]

Iceland Horse, minced 0.45 0.06 Aro et al. [63]
Finland
Norway

Elk, raw
Moose, leg

2.15
1.70

0.80
0.80

Aro et al. [63]

Finland
Norway

Reindeer, raw
Reindeer, leg

2.19
1.72

0.08
0.03

Aro et al. [63]

Belgium
Denmark
Finland
France
Germany
Greece
Iceland

Sausages
Sausages
Sausages
Sausages
Sausages
Sausages
Sausages

0.83–1.81
0.94–1.37
0.66–0.82
0.36
0.41–0.84
0.30–1.25
0.89–5.30

0.14–0.40
0.19–0.55
0.10–0.16
0.11
0.10–0.28
0.11–0.17
0.36–1.11
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10.6 CLINICAL ASPECTS OF TRANS FATTY ACIDS

Coronary heart disease and stroke are the main causes of death in the United States [71].
These cardiovascular diseases are correlated to high serum cholesterol levels [72].
Apart from saturated fatty acids, trans fatty acids have also been demonstrated to
raise cholesterol levels [73,74] and increase the risk of coronary heart disease
[75,76].

Early studies [77–91] did not raise much concern about the health effects of
dietary trans fatty acids until the work of Mensink and Katan [92]. The findings by
Mensink and Katan [92] suggested that elaidic acid (C18:1t) resulted in higher blood

TABLE 10.13 (Continued)
trans Fatty Acid Content of Meats, Meat Products, and Animal Fats 
from Different Countries

Country Food Item

Percentage 
trans Fatty 
Acids (%)

Total trans 
Fatty Acids/

100 g 
Food Item Reference

Italy
Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom

Sausages
Sausages
Sausages
Sausages
Sausages
Sausages
Sausages

0.46–1.18
0.84–4.86
1.01–2.06
0.27–0.79
0.73–1.40
0.25–0.50
0.63–1.57

0.17–0.24
0.33–1.97
0.33–0.35
0.04–0.13
0.13–0.55
0.06–0.08
0.25–0.38

Spain Sausages (n = 40) 0.7 — Fernandez San Juan [23]

United States Sausages, frankfurter 
(n = 4)

Sausages, kielbasa, beef
Sausage links
Sausages, pork
Sausages, pepperoni
Bologna, beef (n = 2)
Bologna, pork (n = 2)
Turkey burger, cooked 
(n = 2)

3.21
4.55
0.35
0.41
0.93
5.17
0.67
3.63

0.90
1.27
0.09
0.11
0.36
1.30
0.19
0.54

USDA [32]

Germany Sausages (n = 22) 0.68 — Pfalzgraf et al. [37]

New Zealand Meat patty
Luncheon meat

4.32
4.98

—
—

Richardson et al. [21]

Canada Meat patty 3.5 — Ratnayake et al. [50]

Germany Pork, filet
Pork, bacon
Pork, cooked ham
Pork, smoked ham

0.2
0.4
0.2
0.5

—
—
—
—

Pfalzgraf et al. [37]

Spain Meat products (n = 46) 0.5 — Boatella et al. [34]
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total and low-density lipoprotein (LDL) cholesterol levels than oleic acid (C18:1c),
and lower blood and LDL cholesterol levels than stearic acid (C18:0). They also
found that high-density lipoprotein (HDL) cholesterol levels were comparable after
subjects consumed high oleic acid and stearic acid diets, but were significantly lower
after subjects consumed the high elaidic acid diet. Based on these findings, they
concluded that the effects of trans fatty acids on serum lipoprotein profiles are similar
to those of cholesterol-raising saturated fatty acids. Since the report by Mensink and
Katan [92], numerous human trials have been conducted to confirm the effects of
trans fatty acids on blood cholesterol levels [93–103].

In a study by Judd et al. [101], the effects of diets high in cis monounsaturated
fatty acids and saturated fatty acids (C12:0–C16:0) relative to diets moderate (3.8%)
or high (6.6%) in trans fatty acids were investigated. It was found that the high trans
fatty acid diet resulted in the lowest HDL cholesterol level relative to other diets.
Chisholm et al. [104] reported on the effect on blood lipid levels by substituting
margarine containing unsaturated trans fatty acids for butter in moderately hyper-
cholesterolemic subjects. They concluded that LDL cholesterol levels were lower
after subjects consumed the margarine relative to the butter, while HDL cholesterol
levels were similar regardless of the dietary fat consumed. In another study, Judd
et al. [105] substituted 8% energy fat in a 39% energy fat diet with trans fatty acids,
equal amounts of trans fatty acids and stearic acid, or a mixture of lauric, myristic,
and palmitic acids. They noted that these diets resulted in higher LDL cholesterol
levels than the diet having the same amounts of stearic acid, oleic acid, and carbo-
hydrate. It was also observed that HDL levels were lowest after consumption of the
diets containing trans fatty acids and/or stearic acid. Kim and Campos [106] con-
ducted population studies on the effects of trans fatty acids on LDL size of 414
Costa Ricans. Results revealed that there is a correlation between trans fatty acid
intake and large LDL particles, thus suggesting that effects of trans fatty acids on
coronary heart disease may be mediated through their effects on LDL size.

In addition to modification of blood lipid and lipoprotein patterns, trans fatty
acids were shown to increase lipoprotein (a) levels [97,107], while other reports
indicate otherwise [99]. High levels of lipoprotein(a) have been associated with the
increased risk of coronary heart disease [108]. Almendingen et al. [102] revealed
that consumption of diets containing hydrogenated soybean or fish oils resulted in
significantly higher lipoprotein(a) levels than diets containing butter. Similarly,
Aro et al. [103] and Sundram et al. [109] observed that the consumption of diets
high in trans fatty acids had increased lipoprotein(a) levels. However, studies by
Chisholm et al. [104], Clevidence et al. [110], and Lichtenstein et al. [111] indicated
that no significant changes in lipoprotein(a) levels were found when subjects con-
sumed diets containing trans fatty acids. It has also been shown that lipoprotein(a)
levels can be lowered by saturated fatty acids [110,111]. Therefore, it is important,
when interpreting these data, to consider the magnitude of change and the potential
of such changes to significantly affect the risk of cardiovascular diseases.

Isomeric fatty acids have been shown to affect cholesterol ester transfer protein
(CETP) activity. In a study by Lagrost et al. [112], in vitro enrichment of HDL with
cis fatty acids inhibited CETP activity, whereas enrichment with trans fatty acids
increased CETP activity. Further investigations on the effects of trans fatty acids on
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HDL cholesterol levels in human subjects by Abbey and Nestel [113] confirmed the
inverse relationship between CETP activity and fall in HDL cholesterol levels. The
authors postulated that the change in CETP activity could be related to fatty acid
specificity. However, the study by Aro et al. [103] on the effects of diets high in
trans fatty acids or stearic acid relative to dairy fat on CETP and phospholipid
transfer protein (PLTP) activities reported that there was no significant effect of
trans fatty acids or stearic acid on CETP activity. Nevertheless, a significantly higher
reduction in PLTP activity was observed in the stearic acid diet compared with the
trans fatty acid diet.

The effects of hemostatic factors of hydrogenated soybean oil and hydrogenated
fish oil relative to butter were investigated by Almendingen et al. [114]. Based on
the higher levels of plasminogen activator inhibitor type I antigen and increased
activity of plasminogen activator inhibitor type I observed, the authors concluded
that hydrogenated soybean oil had an undesirable antifibrinolytic effect relative to
hydrogenated fish oil and butter. In another related investigation by Müller et al.
[115], the effects of trans fatty acids on diurnal postprandial hemostatic variables
were reported. Three different diets, one containing saturated fatty acids from palm
oil, one based on partially hydrogenated soybean oil with 23% trans fatty acids, and
one with a high proportion of polyunsaturated fatty acids, were randomly consumed
by nine female participants. The study concluded that dietary trans fatty acids has
an unfavorable effect on postprandial plasminogen activator activity and, thus, pos-
sibly on the fibrinolytic system. On the other hand, comprehensive reports by
Mutanen and Aro [116] and Turpeinen et al. [117] revealed that diets high in trans
fatty acids do not have a significant effect on blood clotting.

Trans fatty acids have also been shown to have an association with cancer. In
an ecological study by Bakker et al. [118] across 11 European countries, a strong
positive correlation between trans fatty acids and the incidence of colorectal cancer
was observed. Nevertheless, this study did not account for several important risk
factors, such as a positive family history, age, meat consumption, smoking, and
alcohol consumption. In another related study, Slattery et al. [119] investigated on
the association between colon cancer and the consumption of foods by women. A
significant and positive correlation was found between trans fatty acid intake and
the risk of colon cancer.

10.7 TRANS-FREE LIPIDS

It is well known that coronary heart disease is the number one killer of people. It is
associated with a high level of LDL cholesterol, which, in turn, is linked to diet,
particularly excess consumption of certain saturated and trans isomer fats. Conse-
quently, a diverse array of “trans-free” or “low trans” fat products has been developed
for the ever-increasing health-conscious population. Most of these trans-free lipids are
margarines, spreads, and shortenings, which contain zero or low amounts of trans fatty
acids and yet still possess desirable organoleptic and physical properties of hydroge-
nated fats. These patented trans-free fat products are summarized in Table 10.14.

There are several ways to produce trans-free lipids. One approach is to formulate
these products by physically blending liquid oil with a high-melting solid fat rich in
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saturated fatty acids [120,125,132,133,137,140,142]. Margarines formulated from
these fats are available in Canada and Europe, but are not extensively used in the
United States. Another approach is to modify the oils by means of interesterification.
Chemically or enzymatically interesterified blends of unsaturated and saturated oils
will result in a product that possesses melting properties similar to those of physically
blended oils, but comprises different triacylglycerol structures. Numerous patents
[123,128–130,139,141,143–145,152] for such fat compositions have been published.
Alternatively, there are patents whereby other compounds are used to formulate trans-
free fats. In a patent application by Unilever N.V. [122], plant sterols were used to
produce spreads with minimal or no trans fatty acids. Similarly, Raisio Benecol Ltd.
obtained a U.S. patent on its method of producing trans-free margarines, mayonnaise,
cooking oils, cheeses, butter, and shortening by substituting saturated and trans fatty
acids with unsaturated fatty acid esters of sterols and/or stanols [134].

10.8 CONCLUSIONS

Trans fatty acids have been shown to be present in various food items that we
consume every day. In order to make these data useful to the public, information on
trans fatty acid composition, along with other fatty acids and the overall fat content,
should be displayed on the food items. In addition, data on the number of calories
consumed, total fat in the diet, percentage of calories provided by the fat, and relative
proportions of saturated, monounsaturated, and polyunsaturated fat should be care-
fully considered. The role of the government is also imperative in that proper
measures are taken to regulate trans fatty acids in food items and to help consumers
better understand how to translate food choices into better quality of life.
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11.1 INTRODUCTION

11.1.1 D

 

IETARY

 

 

 

F

 

AT

 

Dietary fat is the main source of energy, particularly for newborn, preterm, and term
infants. In addition, it provides essential nutrients, especially the fat soluble vitamins
A, D, E, and K, and it is essential for their absorption. Dietary fat consists of triacyl-
glycerols, which are composed of a glycerol backbone to which fatty acids are ester-
ified. Three types of fatty acids can be distinguished based on the degree of saturation
of the carbon chain: saturated, monounsaturated (containing one double bond), and
polyunsaturated fatty acids (with two or more double bonds) (Figure 11.1). Fatty acids
with at least 20 carbon atoms are referred to as long-chain fatty acids [1]. The fatty
acid composition of triacylglycerols can vary, as well as the position on the glycerol
backbone to which each fatty acid is esterified [2]. There are three different positions:
two outer positions (

 

sn

 

-1 and 

 

sn

 

-3) and one central position (

 

sn

 

-2) (Figure 11.2).
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In the first months of life, an infant relies completely on breast milk and/or infant
formula. Triacylglycerols from human milk or infant formulas are the main source
of energy for infants. About 50 to 60% of the energy consumed by infants is provided
by this source of dietary fat. Although the composition of human milk is variable
depending on the diet of the mother, it is generally considered the “gold standard,”
providing a well-balanced diet for optimamum growth and development of the
infant [3]. The fatty acid composition of the infant diet influences the fatty acid
composition of developing tissues [4]. Palmitic acid (16:0) accounts for a large proportion
of the saturated fatty acids in human milk and for approximately 20 to 25% of the
total human milk fatty acids, and therefore is responsible for approximately 10% of the
energy intake in infants fed human milk [3]. In human milk, palmitic acid is esterified
mainly (about 70%) to the central 

 

sn

 

-2 position of the triacylglycerols. In contrast, in
vegetable oils that are commonly used in infant formulas, palmitic acid is predominantly
(

 

>

 

80%) esterified to the outer 

 

sn

 

-1 and 

 

sn

 

-3 positions [3]. The position of palmitic acid
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11.1

 

Different types of fatty acids.

 

FIGURE

 

 

 

11.2

 

Triacylglycerol: a glycerol backbone with three fatty acids attached at different
positions. The outer positions are 

 

sn

 

-1 and 

 

sn

 

-3; the central position is 

 

sn

 

-2.
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has consequences for the digestion, absorption, and subsequent metabolism of
dietary triacylglycerols. After ingestion (milk) fat is emulsified with bile salts and
triacylglycerols are hydrolyzed to release free fatty acids from the 

 

sn

 

-1 and 

 

sn

 

-3
positions [5].

Digestive enzymes (such as lingual and pancreatic lipase) and cofactors (such
as colipase) act predominantly on the ester bonds at the 

 

sn

 

-1 and 

 

sn

 

-3 positions of
triacylglycerol [6]. The products of this hydrolysis of dietary triacylglycerols are
free fatty acids released from the 

 

sn

 

-1 and 

 

sn

 

-3 positions and monoacylglycerol from
the 

 

sn

 

-2 position. Monoglycerides together with bile salts are easily solubilized into
mixed micelles and they are subsequently absorbed.

The position of the fatty acid at the glycerol backbone, as well as the degree of
unsaturation and chain length, have a role in the rate of intestinal absorption of fats.
Triacylglycerol blends in which the palmitic acid has been esterified to the 

 

sn

 

-1 and

 

sn

 

-3 positions are less well absorbed compared with blends in which the palmitic
acid is at the 

 

sn

 

-2 position [3,6,7]. Similarly, longer chain, saturated fatty acids are
generally less well absorbed than medium-chain (and unsaturated) fatty acids [6–12].
The reduction in absorbability with increasing chain length of saturated fatty acids
has been proved to be the result of the formation of insoluble calcium soaps of
these fatty acids. Insoluble calcium soaps cannot be absorbed from the intestine
(Figure 11.3A). Instead, they are excreted with the feces, resulting in unnecessary
loss of dietary energy and calcium, both of which are essential for the infant. On
the one hand, calcium soaps result in harder stools and constipation. On the other
hand, reduced calcium absorption affects bone formation. Calcium primarily affects
the absorption of long-chain saturated fatty acids and has little effect on medium-chain
or unsaturated fatty acids [10–13]. Fatty acids at the 

 

sn

 

-2 position are preserved at this

 

FIGURE
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Lipid digestion and fatty acid absorption pathways.
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position throughout the digestive processes and are absorbed as an 

 

sn

 

-2 monoglyceride,
preventing the possibility of the formation of fatty acid soaps (Figure 11.3B) [7].

Therefore, high levels of fat absorption from human milk are in part a result of
the favorable positional distribution of palmitic acid, but have also been linked to
the presence of bile-salt-stimulated lipase in human milk and the structure of the fat
globule [7]. Malabsorption of saturated fatty acids can be crucial in newborn preterm
and term infants as a result of low intraduodenal concentrations of pancreatic lipase
and bile salts. Sometimes it is necessary to replace breast feeding with infant formula.
Palmitic acid is absorbed better when it is located at the 

 

sn

 

-2 position compared
with the 

 

sn

 

-1 and 

 

sn

 

-3 positions. In human milk fat, most of the palmitic acid is
actually located at the 

 

sn

 

-2 position. In infant formulas that are produced from
vegetable oils, palmitic acid is predominantly located at the 

 

sn

 

-1 and 

 

sn

 

-3 positions.
An infant formula enriched with palmitic acid at the 

 

sn

 

-2 position (therefore more
similar to human milk) would provide more energy and result in a lower fecal loss of
fat and calcium [8].

 

11.3 STRUCTURED

 

 

 

LIPID

 

 

 

FOR

 

 

 

INFANT

 

 

 

FORMULA

 

A structured vegetable fat has been developed for the infant formula Betapol (Loders
Croklaan, Lipid Nutrition, Wormerveer, the Netherlands) (herein referred to as 

 

struc-
tured

 

 

 

lipid

 

), in which palmitic acid is predominantly esterified to the 

 

sn

 

-2 position
of the glycerol backbone, similar to human milk fat. The 

 

sn

 

-1 and 

 

sn

 

-3 positions are
mainly occupied by unsaturated fatty acids, which are readily absorbed and do not form
insoluble soaps (Figure 11.3B).

This structured lipid offers a vegetable fat that closely mimics the physical and
chemical structure of human milk fat. As such, it may contribute to the health of
infants taking infant formula by increasing fat and calcium absorption, resulting in
softer stools, a lower incidence of constipation, and improved bone mineralization
compared to regular infant formulas. The present review summarizes studies in animals
and preterm and term infants in which these beneficial effects of the structured lipid
were investigated.

 

11.4 STRUCTURED

 

 

 

LIPID

 

 

 

IN

 

 

 

ANIMALS:

 

IN

 

 

 

VIVO

 

 

 

STUDIES

 

In four experiments, Lien et al. examined the absorption of total fat and individual
fatty acids, as well as the presence of calcium fatty acid soaps in feces of rats fed
diets with nearly identical fatty acid contents but with various proportions of palmitic
acid at the 

 

sn

 

-2 position of the triacylglycerols [4].
For each experiment, young male Sprague-Dawley rats were fed a fat-free diet

for 10 d, with 0.1 ml corn oil administered daily until 3 d before the start of the fat
absorption assay. Groups of 10 rats were then fed diets containing the test fat
(150 g/kg), replacing an equal weight of dextrose in the fat-free diet for 3 d,
followed by the fat-free diet for another 3 d. Feces were collected throughout the
6-d assay. Consumption of the fat-containing food was measured for calculation
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of fatty acid intake. A control group was fed the fat-free diet for the 6-d period to
allow a correction for the excretion of endogenous fatty acid.

• The first experiment compared the absorption of fat from the structured
lipid (26.2% palmitic acid, of which 71.3% was at the 

 

sn

 

-2 position) with
that from a fat blend of a current proprietary infant formula (containing
about half the amount of palmitic acid as the structured lipid, of which
8% was at the 

 

sn

 

-2 position). The results showed that the fecal excretion
of palmitic acid in the structured lipid group was significantly less than
in the group fed the proprietary infant formula (

 

p

 

 

 

<

 

 .05), despite contain-
ing nearly twice as much palmitic acid. Fecal excretion of palmitic acid
in the structured lipid group was only one fifth of that in the proprietary
infant formula group.

• In the second experiment, Lien et al. showed that fecal excretion of palmitic
acid after consumption of the structured lipid was approximately 1% of the
total ingested amount of palmitic acid compared with approximately 18%
in two similar blends (with 8 and 9% of the palmitic acid at the 

 

sn

 

-2
position) [4]. A quantitative analysis showed that, in the structured lipid,
71.3% of the palmitic acid was at the 

 

sn

 

-2 position (68% in human milk).
• The third experiment by Lien et al. was designed to determine the relation-

ship between fat absorption and the proportion of palmitic acid at the 

 

sn

 

-2
position of a fat blend [4]. For this experiment, a mixture of vegetable oils
that had the same fatty acid composition as the structured lipid was blended
[4]. This blend was mixed in various proportions with the structured lipid
(100:0, 75:25, 50:50, 25:75, 0:100) to yield several fat blends with an 

 

sn

 

-2
palmitic acid content of 5 to 79% of the total palmitic acid. The results of
this third experiment showed that a lower proportion of palmitic acid at the

 

sn

 

-2 position resulted in an increased excretion of total fatty acids.
• In the fourth experiment, rats were fed diets containing the structured

lipid (with 78.8% of the palmitic acid at the 

 

sn

 

-2 position), the oil blend
used in experiment 3 (with 4.8% of the palmitic acid at the 

 

sn

 

-2 position
and the same fatty acid profile as the structured lipid), or a 50:50 mixture
of the two (with 41.8% of the palmitic acid at the 

 

sn

 

-2 position) [4].
Analysis of the feces collected throughout this 6-d experiment showed
that the total fat decreased from 350 to 160 and 70 mg as the percentage
of palmitic acid at the 

 

sn

 

-2 position increased from 4.8 to 41.8 and 78.8%.

These experiments demonstrated that the long-chain saturated fatty acids are best
absorbed when present at the triacylglycerol 

 

sn

 

-2 position [4]. Sanders et al. inves-
tigated the absorption, tissue distribution, and fate in the body of palmitic acid
esterified to glycerol at the 

 

sn

 

-1 (1-[1-

 

14

 

C] palmitoyl, 2,3-dioleoyl glycerol [POO])
or 

 

sn

 

-2 (1,3-dioleoyl, 2-[1-

 

14

 

C]palmitoyl glycerol [OPO]) positions, particularly in
neonatal and young animals [14]. These two palmitoyl triacylglycerols (both containing
[1-

 

14

 

C]-labeled palmitic acid ([

 

14

 

C]P)) were synthesized. Whole-body autoradiography
(WBA) and conventional radioanalytical techniques were used to monitor the absorption,
distribution, and excretion in suckling and weanling rats.
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From one litter, six suckling pups (four males and two females) were adminis-
tered 0.1 ml [

 

14

 

C]POO by oral gavage, and six (four males and two females) were
administered 0.1 ml O[

 

14

 

C]PO in the milk. From a second litter, six suckling pups
(two males and four females) were administered 0.1 ml [

 

14

 

C]POO by gavage, and
six (two males and four females) were administrated 0.1 ml O[

 

14

 

C]PO in the milk.
At 2, 4, 8, 24, and 72 h after dosing, two rats of the same sex of each litter, one
that received [

 

14

 

C]POO and another that received O[

 

14

 

C]PO, were sacrificed and a
tissue assay was performed. At 8 h after dosing, one male pup from each diet group
in each litter was sacrificed for WBA.

Of the weanling rats, five male rats were administered 1.5 ml [

 

14

 

C]POO by oral
gavage via a metal intubation tube and five were administered 1.5 ml O[14C]PO in
a dietary slurry. At 4, 8, 24, 48, and 96 h after dosing, one rat from each diet group
was sacrificed for WBA. In the suckling rats, by using only two litters and taking
only one rat from each diet group at each time point, it was not possible to determine
whether there was any significant difference in the levels of [14C] in the tissues.
There was considerable interlitter variation in the [14C] activity recorded in certain
tissues taken from the similarly dosed rats at equivalent time points, for example,
in the brown fat at 4 h after administration of [14C]POO. However, levels of [14C]
in the brown fat of suckling and weanling rats were relatively high in both diet
groups shortly after dosing and reached a peak after 4 h. The recoveries and rates
of excretion of [14C] in male weanling rats were similar for both of the 14C-labeled
palmitoyl triacylglycerols. Levels of [14C] excreted in urine and feces were low, and
excretion of [14C]O2 was high, providing evidence for extensive absorption. In suckling
and weanling rats, the amount of [14C] in the large intestine and fecal pellets appeared
to be slightly (not significantly) higher in rats who received [14C]POO compared
with those who received O[14C]PO. In rats, the sn-1 or sn-3 ester bond in the POO
molecule is broken enzymatically by pancreatic lipases releasing free palmitic acid,
which can then form insoluble calcium salts excreted in the feces. In contrast, the
sn-2 ester bond of OPO is largely resistant to pancreatic lipases, and lipolysis by
bile salt-stimulated lipase occurs but at a slower rate. As a result, 2-monopalmitin
is produced, which is readily absorbed from the intestine. The slight (not statistically
significant) differences found in fecal [14C] activity between the groups of weanling
rats in the study by Sanders et al. may reflect this difference in metabolism [14].

The effect of the positional distribution of stearic acid (18:0) and oleic acid
(18:1 n-9) on the glycerol backbone, and the interaction with dietary calcium, on the
apparent absorption of fat, energy, and nutrients were studied by Brink et al. [13]. It was
hypothesized that saturated fatty acids esterified to the sn-1 and sn-3 positions may result
in lower absorption of fat than saturated fatty acids esterified to the sn-2 position; that
dietary calcium may further decrease absorption of fat by forming insoluble calcium
soaps with the saturated fatty acids; and that this process may also result in decreased
absorption of calcium. A total of 40 rats were fed purified diets containing either a fat
blend high in 2-oleoyl-distearate (SOS; stearic acid esterified to the sn-1 and sn-3 posi-
tions) or a fat blend high in 1-oleoyl-distearate (SSO; stearic acid esterified to the sn-1
and sn-2 positions). Both diets were given at low (0.3 g/100 g) and high (1.0 g/100 g)
concentrations of dietary calcium. This study showed that, at the low concentration of
dietary calcium, the absorption of stearic acid in the rats fed the diet containing SOS
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(84.7%) was significantly lower compared with those fed SSO (93.3%; p < .001). A high
concentration of calcium in the diet decreased the absorption of stearic acid.

This effect was greater in the rats fed the diet containing SOS (45.8%) compared
with those fed SSO (80.4%). The absorption of oleic acid was hardly influenced by its
positional distribution. This is most likely a result of the presence of the double bond in
this fatty acid. Total fat absorption was significantly lower ( p < .001) in rats fed the
diet containing SOS (low in calcium: 92.7%; high in calcium: 72.6%) compared with
those fed SSO (low in calcium: 96.6%; high in calcium: 89.0%), with the effect being
more pronounced with the high concentration of dietary calcium. At the low concentra-
tion of dietary calcium, magnesium absorption was decreased in rats fed the diet con-
taining SOS (67.9%) compared with those fed SSO (71.9%), indicating that soaps of
magnesium fatty acids were formed when luminal concentration of calcium was marginal
[13]. The authors concluded that the decreased absorption of stearic acid from SOS
compared with that of SSO may have been a result of increased formation of insoluble
calcium and magnesium soaps in the intestine. Pufal et al. found an effect of positional
distribution on the absorption of saturated fatty acids [2]. These investigators used the
structured lipid to examine the effect of dietary triacylglycerol structure on lipoprotein
metabolism. They compared the effect of two fats with similar fatty acid composition —
but in which palmitic acid was primarily at the sn-1 and sn-3 (OOP) or sn-2 (OPO;
the structured lipid) positions (107 disintegration per minute [dpm]/g of food for both
OPO and OOP) — on chylomicron metabolism in the rat. The results indicated a relative
enrichment of chylomicrons with palmitic acid when the rats were fed OPO compared
with OOP. The investigators suggested that the greater amounts of palmitic acid found
in chylomicrons from rats fed OPO may have been a result of more efficient absorption.
In addition, a positive effect of the positional distribution of saturated fatty acids on their
absorption has been shown by Innis et al. in another species [3]. They demonstrated that
piglets fed synthesized triacylglycerol (with palmitic acid at the sn-2 position of the milk
triacylglycerol) had significantly higher levels of palmitic acid cholesteryl ester (similar
to that with piglets fed sow milk) compared with piglets fed the same fatty acids from
conventional oils (p ≤ .08). Furthermore, Innis et al. showed that the chain length of
saturated fatty acids in infant formula also influenced the metabolism of dietary oleic
acid, linoleic acid (LA), and α-linolenic acid in piglets [3]. Finally, when the formula
contained amounts of palmitic acid similar to that in human milk, turnover of oleic acid
and LA, and levels of arachidonic acid were improved.

These data show that the structured lipid (with its similarity to human milk fatty
acid profile and in the positional distribution of palmitic acid) increased the absorption
characteristics compared to fats with palmitic acid primarily at the sn-1 and sn-3
positions. Lien et al. reported that the excretion of palmitic acid and fecal fatty acid
soaps was negatively correlated to the presence of palmitic acid at the sn-2 position
[4]. As the proportion of palmitic acid at the sn-2 position was increased from 5 to
42 and 79%, the total fat in the feces decreased from 350 to 160 and 70 mg,
respectively. Most of the decrease was observed in the amount of fatty acid soaps,
which decreased more than tenfold from 267 to 23 mg. Neutral fat also decreased
but to a lesser extent, so that the fatty acid soaps decreased from 76 to 55 and 33% of
the total fat. The results of these animal studies on the structured lipid are summarized
in Table 11.1.

2162_C011.fm  Page 267  Monday, June 13, 2005  6:17 PM



268 Handbook of Functional Lipids

TA
B

LE
 1

1.
1

Su
m

m
ar

y 
of

 A
ni

m
al

 S
tu

di
es

: 
Ef

fe
ct

 o
f 

th
e 

Po
si

ti
on

al
 D

is
tr

ib
ut

io
n 

of
 F

at
ty

 A
ci

ds
 o

n 
A

bs
or

pt
io

n

R
ef

er
en

ce
A

ni
m

al
D

ur
at

io
n

M
ai

n 
Ef

fe
ct

s

[4
]

Y
ou

ng
 m

al
e 

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

, 
90

–1
10

 g
 

bo
dy

 w
ei

gh
t

Fa
t-

fr
ee

 d
ie

t 
fo

r 
10

 d
E

xp
er

im
en

t 
1.

 F
ec

al
 e

xc
re

tio
n 

of
 P

A
 i

n 
B

et
ap

ol
‘ 

gr
ou

p 
w

as
 1

/5
 o

f 
fo

rm
ul

a 
gr

ou
p 

( p
 <

 .
05

)

D
ie

ts
 c

on
ta

in
in

g 
te

st
 f

at
 f

or
 

ne
xt

 3
 d

E
xp

er
im

en
t 2

. F
ec

al
 e

xc
re

tio
n 

of
 P

A
 f

ro
m

 B
et

ap
ol

 w
as

 ~
1%

 c
om

pa
re

d 
w

ith
 ~

18
%

 in
 

th
e 

tw
o 

fa
t 

bl
en

ds
E

xp
er

im
en

t 
3.

 D
ec

re
as

e 
in

 t
he

 p
ro

po
rt

io
n 

of
 P

A
 a

t 
th

e 
sn

-2
 p

os
iti

on
 (

78
.8

–
4.

8%
),

 
re

su
lte

d 
in

 i
nc

re
as

ed
 e

xc
re

tio
n 

of
 t

ot
al

 f
at

ty
 a

ci
ds

 (
0.

15
–1

.6
5 

m
eq

)
E

xp
er

im
en

t 
4.

 N
o 

si
gn

ifi
ca

nt
 d

if
fe

re
nc

e 
in

 f
ec

al
 c

al
ci

um
 c

on
te

nt
 b

et
w

ee
n 

th
e 

bl
en

d,
 

th
e 

50
:5

0 
m

ix
tu

re
 a

nd
 B

et
ap

ol
; 

as
 t

he
 p

ro
po

rt
io

n 
of

 P
A

 a
t 

th
e 

sn
-2

 p
os

iti
on

 w
as

 
in

cr
ea

se
d 

fr
om

 5
 to

 4
2 

an
d 

79
%

, t
he

 to
ta

l f
at

 in
 th

e 
fe

ce
s 

de
cr

ea
se

d 
fr

om
 3

50
 to

 1
60

 
an

d 
70

 m
g;

 m
os

t 
of

 t
he

 d
ec

re
as

e 
w

as
 o

bs
er

ve
d 

in
 t

he
 a

m
ou

nt
 o

f 
fa

tty
 a

ci
d 

so
ap

s,
 

w
hi

ch
 d

ec
re

as
ed

 m
or

e 
th

an
 t

en
fo

ld
 f

ro
m

 2
67

 t
o 

23
 m

g
[1

4]
Su

ck
lin

g 
an

d 
w

ea
nl

in
g 

ra
ts

Si
ng

le
 a

dm
in

is
tr

at
io

n
N

o 
si

gn
ifi

ca
nt

 d
if

fe
re

nc
e 

be
tw

ee
n 

ab
so

rp
tio

n 
of

 [
14

C
]P

O
O

 a
nd

 O
[14

C
]P

O
 fr

om
 th

e 
gu

t 
in

 s
uc

kl
in

g 
an

d 
w

ea
nl

in
g 

ra
ts

R
ad

io
ac

tiv
ity

 in
iti

al
ly

 c
on

ce
nt

ra
te

d 
in

 b
ro

w
n 

fa
t w

ith
 a

pp
ar

en
t m

ig
ra

tio
n 

to
 w

hi
te

 f
at

 
of

 w
ea

nl
in

g 
ra

ts
 b

y 
96

 h
L

ev
el

s 
of

 [
14

C
] 

w
er

e 
lo

w
 i

n 
bl

oo
d,

 b
ra

in
, 

an
d 

ot
he

r 
tis

su
es

; 
ex

cr
et

io
n 

of
 [

14
C

] 
w

as
 

m
ai

nl
y 

by
 e

xp
ir

at
io

n 
of

 C
O

2 
(~

72
%

 i
n 

96
 h

)
L

ev
el

s 
in

 u
ri

ne
 a

nd
 f

ec
es

 a
cc

ou
nt

ed
 f

or
 o

nl
y 

~6
%

 o
f 

th
e 

ex
cr

et
ed

 r
ad

io
ac

tiv
ity

In
 w

ea
nl

in
g 

an
d 

su
ck

lin
g 

ra
ts

 t
he

 a
m

ou
nt

 o
f 

[14
C

] 
in

 t
he

 l
ar

ge
 i

nt
es

tin
e 

an
d 

fe
ca

l 
pe

lle
ts

 a
pp

ea
re

d 
to

 b
e 

sl
ig

ht
ly

 h
ig

he
r 

(n
.s

.)
 in

 r
at

s 
ad

m
in

is
te

re
d 

[14
C

]P
O

O
 th

an
 th

os
e 

re
ce

iv
in

g 
O

[14
C

]P
O

[1
3]

M
al

e 
W

is
ta

r 
ra

ts
4 

w
ee

ks
A

bs
or

pt
io

n 
of

 s
te

ar
ic

 a
ci

d 
in

 r
at

s 
fe

d 
SO

S 
(8

4.
7%

) 
w

as
 s

ig
ni

fic
an

tly
 lo

w
er

 c
om

pa
re

d 
w

ith
 S

SO
 (

93
.3

%
),

 i
n 

ra
ts

 f
ed

 t
he

 l
ow

 c
al

ci
um

 d
ie

ts
 (

p 
<

 .
00

1)

2162_C011.fm  Page 268  Monday, June 13, 2005  6:17 PM



Clinical Benefits of a Structured Lipid (BetapolTM) in Infant Formula 269
A

dd
iti

on
 o

f 
ca

lc
iu

m
 to

 th
e 

di
et

 lo
w

er
ed

 th
e 

ab
so

rp
tio

n 
of

 s
te

ar
ic

 a
ci

d;
 th

is
 e

ff
ec

t w
as

 
gr

ea
te

r 
in

 t
he

 r
at

s 
fe

d 
SO

S 
(4

5.
8%

) 
co

m
pa

re
d 

w
ith

 S
SO

 (
80

.4
%

)
To

ta
l f

at
 a

bs
or

pt
io

n 
w

as
 s

ig
ni

fic
an

tly
 lo

w
er

 (
p 

<
 .0

01
) 

in
 r

at
s 

fe
d 

SO
S 

(9
2.

7%
 in

 th
e 

lo
w

 c
al

ci
um

 d
ie

t, 
72

.6
%

 in
 th

e 
hi

gh
 c

al
ci

um
 d

ie
t)

 c
om

pa
re

d 
w

ith
 ra

ts
 fe

d 
SS

O
 (9

6.
6%

 
in

 th
e 

lo
w

 c
al

ci
um

 d
ie

t, 
89

.0
%

 in
 th

e 
hi

gh
 c

al
ci

um
 d

ie
t)

, w
ith

 th
e 

ef
fe

ct
 b

ei
ng

 m
or

e 
pr

on
ou

nc
ed

 a
t 

th
e 

hi
gh

 l
ev

el
 o

f 
di

et
ar

y 
ca

lc
iu

m
A

t 
lo

w
 l

ev
el

s 
of

 d
ie

ta
ry

 c
al

ci
um

, 
m

ag
ne

si
um

 a
bs

or
pt

io
n 

w
as

 d
ec

re
as

ed
 i

n 
ra

ts
 f

ed
 

SO
S 

(6
7.

9%
) 

co
m

pa
re

d 
w

ith
 t

ho
se

 f
ed

 S
SO

 (
71

.9
%

)
[2

]
M

al
e 

W
is

ta
r 

ra
ts

 
Fe

ed
in

g 
fo

r 
1 

w
ee

k 
be

fo
re

 
ch

yl
om

ic
ro

n 
co

lle
ct

io
n

T
ri

ac
yl

gl
yc

er
ol

 in
 c

hy
lo

m
ic

ro
ns

 fr
om

 a
ni

m
al

s 
fe

d 
O

PO
 w

as
 re

la
tiv

el
y 

en
ri

ch
ed

 in
 P

A
, 

at
 t

he
 e

xp
en

se
 o

f 
ra

ts
 s

te
ar

ic
 a

ci
d,

 o
le

ic
 a

ci
d,

 a
nd

 L
A

N
o 

si
gn

ifi
ca

nt
 d

if
fe

re
nc

es
 c

ou
ld

 b
e 

se
en

 i
n 

th
e 

in
 v

it
ro

 h
yd

ro
ly

si
s 

of
 c

hy
lo

m
ic

ro
n 

tr
ia

cy
lg

ly
ce

ro
l 

fr
om

 a
ni

m
al

s 
fe

d 
th

e 
tw

o 
fa

ts
 l

ab
el

ed
 w

ith
 [

14
C

]P
A

Fo
llo

w
in

g 
hy

dr
ol

ys
is

, P
A

 w
as

 r
el

ea
se

d 
as

 f
re

e 
fa

tty
 a

ci
d 

fr
om

 c
hy

lo
m

ic
ro

ns
 i

so
la

te
d 

fr
om

 O
O

P-
fe

d 
an

im
al

s,
 b

ut
 w

ith
in

 2
-m

on
oa

cy
lg

ly
ce

ro
l 

fr
om

 t
ho

se
 f

ed
 O

PO
T

he
 e

nr
ic

hm
en

t 
of

 c
hy

lo
m

ic
ro

ns
 w

ith
 P

A
 i

n 
an

im
al

s 
fe

d 
O

[14
C

]P
O

 r
es

ul
te

d 
in

 
in

cr
ea

se
d 

de
liv

er
y 

of
 [

14
C

]P
A

 t
o 

th
e 

liv
er

[3
]

N
ew

bo
rn

 m
al

e 
pi

gl
et

s
B

ot
tle

 fe
ed

in
g 

an
d 

as
si

gn
m

en
t 

to
 fo

rm
ul

a 
1–

4 
un

til
 d

ay
 1

7t
h 

af
te

r 
bi

rt
h

Pr
op

or
tio

ns
 o

f 
ol

ei
c 

ac
id

 a
nd

 L
A

 in
 p

la
sm

a 
w

er
e 

hi
gh

er
 in

 p
ig

le
ts

 f
ed

 M
C

T
 (

21
.7

 a
nd

 
22

.3
%

, 
m

al
e 

pi
gl

et
s,

 r
es

pe
ct

iv
el

y)
 o

r 
co

co
nu

t 
oi

l 
(1

7.
7 

an
d 

21
.0

%
, 

re
sp

ec
ti v

el
y)

 
co

m
pa

re
d 

w
ith

 B
et

ap
ol

 (1
5.

8 
an

d 
21

.8
%

, r
es

pe
ct

iv
el

y)
 o

r s
ow

 m
ilk

 (1
3.

3 
an

d 
13

.2
%

, 
re

sp
ec

tiv
el

y;
 p

 <
 .

01
25

)
B

lo
od

 s
am

pl
in

g 
on

 d
ay

 1
8

Pi
gl

et
s 

fe
d 

B
et

ap
ol

™
 h

ad
 h

ig
he

r 
P A

 c
ho

le
st

er
ol

 e
st

er
 (

21
.6

%
; i

de
nt

ic
al

 to
 s

ow
 m

ilk
) 

co
m

pa
re

d 
w

ith
 o

th
er

 f
or

m
ul

as
 (

9.
3

–
12

.2
%

; 
p 

≤ 
.0

8)

L
A

, 
li

no
le

ic
 a

ci
d;

 M
C

T
, 

m
ed

iu
m

-c
ha

in
 t

ri
ac

yl
gl

yc
er

ol
s;

 n
.s

., 
no

t 
si

gn
ifi

ca
nt

; 
O

[14
C

]P
O

, 
1,

3 
di

ol
eo

yl
,2

-[
1-

14
C

]p
al

m
it

oy
l 

gl
yc

er
ol

; 
PA

, 
pa

lm
it

ic
 a

ci
d;

 [
14

C
]P

O
O

,
1-

[1
-14

C
]p

al
m

ito
yl

,2
,3

-d
io

le
oy

l 
gl

yc
er

ol
; 

SO
S,

 2
-o

le
oy

l-
di

st
ea

ra
te

; 
SS

O
, 

1-
ol

eo
yl

-d
is

te
ar

at
e;

 W
B

A
, 

w
ho

le
-b

od
y 

au
to

ra
di

og
ra

ph
y.

2162_C011.fm  Page 269  Monday, June 13, 2005  6:17 PM



270 Handbook of Functional Lipids

11.5 STRUCTURED LIPID IN PRETERM INFANTS

Carnielli et al. investigated whether palmitic acid at the sn-2 position of dietary
triacylglycerols in amounts similar to those found in human breast milk improved
the absorption of fat, fatty acids, and calcium in preterm infants [15]. They used
synthetic triacylglycerols that differed only in the positional distribution of palm-
itic acid. In a crossover study, 12 preterm infants born after a gestation of 28 to
32 weeks were randomly assigned to be fed an α formula (25.7% palmitic acid, of
which 9.8% was at the sn-2 position) or the β formula (the structured lipid, 25.4%
palmitic acid, of which 58.0% was at the sn-2 position) for 1 week at a postnatal age
of 38 ± 7 d. Half the infants were first fed the α formula and then the β formula,
and the other half were first fed the β formula and then the α formula. Fatty acids,
fat, and mineral balances were measured at the end of each week. When fed the
β formula, the infants had lower concentrations of myristic (14:0), palmitic, and
stearic acids (p < .001) and higher concentrations of oleic acid ( p < .001) and
LA ( p = .01) in feces compared with the α formula. The intestinal absorption of
myristic, palmitic, and stearic acids was better with the  β formula compared
with the α formula ( p < .01). With the β formula, total fat excretion was on
average 0.2 g/kg/d lower and fat absorption was 5% higher compared with the
α formula (results not statistically significant). Fecal excretion of calcium was
lower (58.8 mg/kg/d) with the β formula compared with the α formula
(82.0 mg/kg/d; p < 0.05), and urinary excretion of calcium was higher (4.0 vs.
2.3 mg/kg/d, respectively; p < .05). There was no significant difference in the
intestinal absorption of phosphorus with either formula, but urinary excretion of
phosphorus was lower with the  β formula compared with the α formula (114 vs.
16.7 mg/kg/d, respectively; p < .02).

Carnielli et al. found correlations between fecal excretion of calcium and the
excretion of fat and major fatty acids [15]. The fecal calcium content was signifi-
cantly correlated with myristic (r = .42; p = .04), palmitic (r = .46; p = .039) and
stearic (r = .42; p = .025) acids in the diet (i.e., with the major saturated fatty acids,
but not the mono- or polyunsaturated fatty acids). The authors concluded that the
positional distribution of fatty acids in dietary triacylglycerols had significant effects
on the intestinal metabolism of the fatty acids. The β formula (which contained
triacylglycerols with a structure similar to that in human milk triacylglycerols: 25.4%
of the fatty acids was palmitic acid, predominantly esterified to the sn-2 position)
was associated with an improvement in the absorption of myristic, palmitic, and
stearic acids and in mineral balance.

The results of the study of Carnielli et al. [15] correspond with those found by
Lucas et al. [16], which showed that a formula containing the structured lipid or a
formula fat rich in palmitic acid at the sn-2 position improved the absorption of
palmitic and stearic acids. In this 5-d, randomized study, 24 preterm infants were
fed one of the following formulae: a formula containing the synthetic fat — the
structured lipid with 73.9% of palmitic acid at the sn-2 position, a diet containing
8.4% of palmitic acid at the sn-2 position (diet A), or a diet containing 27.8% of
palmitic acid at the sn-2 position (diet B). The results of this study showed that the
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proportion of palmitic acid absorbed from the formula was greatest in those fed the
diet containing the structured lipid (91%) and was significantly less in infants
receiving diets A or B (both 79%; p < .03, p < .01, respectively). In addition, this
study also showed a significant difference between the treatment groups in the
proportion of consumed fat that was excreted in the stools as calcium soaps (p < .02,
by analysis of variance): in infants fed diet B (7.2%) it was more than twofold
greater compared with those fed the structured lipid diet (3.3%, p < .01). The
estimated mean fraction of dietary calcium absorbed from the diet was lower when
fed diets A (43.9%) and B (40.0%) compared with the structured lipid diet (57.0%).
Considered individually, these differences were not significant. However, when the
data from infants fed diets A and B were combined, the calcium absorption (42.1%)
was significantly lower compared with the structured lipid diet (p < .03). The
authors concluded that the stereoisomeric structure of triacylglycerols in formulas
for preterm infants may have substantial effects on the absorption of fatty acids
and calcium.

Insufficient absorption and retention of calcium clearly leads to problems in
preterm infants. They often have periods of illness when adequate calcium nutrition
is difficult to achieve, and they are frequently discharged from hospital with bones
that are undermineralized and remain so for months. Therefore, the results of Lucas
et al. are of considerable clinical relevance [16].

The data of Carnielli et al. [17] showed that preterm infants (born after a gestation
of 28 to 32 weeks) fed formulae in which palmitic acid was predominantly located
at the sn-2 position of triacylglycerol — rather than at the sn-1 and sn-3 positions —
had changes in the plasma levels of fatty acids that were consistent with enhanced
absorption of palmitic acid from the sn-2 position compared with the sn-1 and sn-3
positions [7]. In their crossover study, seven preterm infants were fed with α and β
formulas (1 week per formula) [17]. The β formula contained triacylglycerols resem-
bling the stereoisomeric structure of human milk fat (25.4% palmitic acid by weight,
58% of which was at the sn-2 position). In the α formula, 25.7% was palmitic acid
by weight, of which 87.3% was at the sn-1 and sn-3 positions.

No significant effects of these formulae on the essential fatty acid content of
plasma phospholipids and sterol esters were observed. The sterol esters, free fatty
acids and triacylglycerols in the plasma of the infants when fed the β formula contained
significantly higher proportions of palmitic acid (18.90, 31.90, and 29.27%, respectively)
compared with the α formula (14.96, 28.14, and 24.86%, respectively; p ≤ .05).
Lower proportions of LA were found in triacylglycerols of the infants fed with the
β formula compared with those fed the α formula (β: 12.99%, α: 15.13%). The
authors explained this increase of plasma triacylglycerols and free fatty acids when
fed the structured lipid  formula as a result of better fat absorption of the major
dietary saturated fatty acids because of the higher plasma concentrations of triacylg-
lycerol and free fatty acids of palmitic acid during this period. The lower proportion
of LA may have been, according to the authors, a result of a displacement effect or
percentage effect by the greater contribution of palmitic acid and other saturated
fatty acids to plasma triacylglycerols and free fatty acids. Despite lower proportions
of LA in plasma triacylglycerols, Carnielli et al. considered it unlikely that the
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structured lipid  formula would result in a significant reduction in the supply of LA
to developing tissues and brain, because LA was present in ample amounts in both
formulas. Fecal excretion of calcium was significantly reduced in preterm infants
fed formulas containing Betapol or formulas with palmitic acid at the sn-2 position
compared with standard formula [7,15].

In line with these data, Lucas et al. [16] demonstrated that formulas that con-
tained Betapol or were rich in palmitic acid at the sn-2 position improved calcium
absorption in preterm infants [7] and reduced the formation of insoluble calcium
soaps in the stool.

Calcium fatty acid soaps have been implicated in the development of milk bolus
obstruction in preterm infants and may also be related to the observation that breast-fed
infants have softer stools than formula-fed infants. Quinlan tested this hypothesis [7].
Stools were collected from 30 infants and were visually classified according to
hardness and then chemically analyzed.

Formula-fed infants had significantly harder stools compared with breast-fed
infants. The absolute levels of fatty acid soaps in stools from breast-fed infants were
nine times lower than in formula-fed infants. In the latter, an average of 90% of the
total fatty acids excreted was present as soaps, representing nearly 30% of the dry
weight of the stool. By contrast, breast-fed infants excreted an average of only 3%
of the dry weight of the stool as soaps.

Quinlan [7] suggested that these data provide convincing evidence that stool
hardness is related to the extent of excretion of calcium soaps. Thus, manipulation
of the structure of dietary triacylglycerol to reduce the excretion of soaps may therefore
result in softer stools and a reduction in the incidence of constipation. In this study
of term infants, softer stools were indeed reported in infants fed the structured lipid
compared with those fed the control formula [7].

By minimizing fecal excretion of calcium, triacylglycerol in which palmitic acid
is predominantly at the sn-2 position not only influences the softness of stools, but
can also influence bone development as a result of biologically significant improvements
in calcium absorption [7].

The results of these studies on the effect of Betapol on absorption and excretion
of fatty acids in preterm infants are summarized in Table 11.2.

11.6 STRUCTURED LIPID IN TERM INFANTS

It has been speculated that the advantage of the sn-2 position over the sn-1 and sn-3
positions may be even greater in term infants [15]. Lipid digestion and absorption
are reported to be better in term infants than in preterm infants because of a greater
contribution of pancreatic lipase and more abundant bile salts. The latter are essential
for monoglyceride absorption. Carnielli et al. studied the effect of three formulas
(with identical fatty acid composition that differed only in triacylglycerol structure)
on the intestinal absorption of fat and calcium in term infants [18]. Healthy male
term infants were randomly assigned to receive one of the three study formulas from
birth until at least an age of 5 weeks (nine infants per group). The structured lipid
formula was designed to resemble human milk fat most closely: 23.9% of the formula
was palmitic acid, predominantly (66%) esterified to the sn-2 position. The regular
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formula was identical to a currently marketed infant formula (19% palmitic acid,
mainly esterified to the sn-1 and sn-3 positions). The third formula was designed to
be an intermediate between the structured lipid and regular formulas; it contained
a lower amount of palmitic acid in the sn-2 position compared with the structured
lipid  formula. The intermediate formula consisted of 24% palmitic acid of which
39% was at the sn-2 position. Excretion of fat in the infants fed the structured lipid
formula (0.15 g/kg/d) was significantly lower compared with the other two formulae
(intermediate: 0.44 g/kg/d; regular 0.68 g/kg/d; p < .05). The intestinal absorption
of the major saturated fatty acids, that is, lauric acid (95.5%), myristic acid
(83.7%), palmitic acid (96.5%), and stearic acid (91.2%), was significantly greater
in infants fed the structured lipid  formula compared with the other two formulae
(intermediate: 81.3, 30.6, 86.3, and 82.3%, respectively; regular: 76.1, 11.0, 78.1,
and 75.5%, respectively; p < .05). The fecal excretion of calcium in infants fed
the structured lipid  formula (43.3 mg/kg/d) was significantly lower compared
with the other two formulae (intermediate: 59.9 mg/kg/d; regular: 68.4 mg/kg/d;
p < .05), resulting in significant improvement in calcium absorption (the structured
lipid: 53.1%; intermediate: 35.4%; regular: 32.5%; p < .05) and better mean
retention values (the structured lipid: 42.8 mg/kg/d; intermediate: 26.9 mg/kg/d;
regular: 27.4 mg/kg/d; not significant). Significant correlations between fecal
excretion of calcium and excretion of fat and major fatty acids were found: palmitic
acid showed the highest correlation coefficient (r = .84), followed by oleic acid
(r = .60) and LA (r = .51).

In their article, Carnielli et al. [18] compared their results with those of Filer
et al. [19] who had studied the influence of triacylglycerol structure on the absorption
of fatty acids in term infants. In this study, a formula based on natural lard (with
palmitic acid primarily at the sn-2 position) was compared with a formula based on
a random lard (fatty acids randomized and thus equally distributed between the sn-1,
sn-3, and sn-2 positions). The infants fed the formula based on natural lard showed
an improved absorption of all fatty acids (most markedly palmitic and stearic acids)
but calcium absorption did not improve.

The fact that no effect on calcium absorption was observed by Filer et al. was
explained as follows: Carnielli et al. used synthetic triacylglycerol (the structured
lipid; with palmitic acid predominantly at the sn-2 position) and compared this with
fat in which palmitic acid was predominantly at the sn-1 and sn-3 positions [18]. In
the reference fat of the study by Filer et al., the fatty acids were randomized and
more or less equally distributed among the sn-1, sn-3, and sn-2 positions. In addition,
the differences in calcium concentration between the formulas used by Filer et al.
(69 and 72 mg/100 ml) [19] and those used by Carnielli et al. (52.5 and 54.0 mg/100 ml)
[18] may have had a role. In the study by Carnielli et al., the fecal excretion of
calcium exceeded the excretion of palmitic acid of 0.5 mmol/kg/d. If the formulae
had a lower calcium content, the fecal calcium concentration would have been less,
and the ratio of palmitic acid to calcium would have been higher (nearer 1:1). In such
a case, the effect of fecal palmitic acid (and of palmitic acid at the sn-2 position) on
the excretion of calcium might be more pronounced because of the larger proportion
of calcium available for the formation of calcium palmitate and thus for fecal losses.
Conversely, when the calcium concentration in formulae is more than double the
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amount in human breast milk, the effects of fecal palmitic acid and palmitic acid at
the sn-2 position on calcium absorption would no longer be measurable.

Carnielli et al. also found that the stool samples from infants fed the struc-
tured lipid  formula were softer compared with the intermediate and the regular
formula [18]. In addition, Carnielli et al. reported that the variation in stool
hardness was not due to a significant difference in water content of the infants’
feces [18]. The authors suggested that the lipid content (including calcium soaps)
of the stools has a much more pronounced effect on stool hardness compared with
its water content.

Data from a study by Kennedy et al. [20] showed that infants receiving the
structured lipid had softer stools at 6 to 12 weeks and a lower proportion of fatty acid
soaps in their stool compared with infants fed the control formula [7]. The results
from breast-fed infants were similar to infants fed the structured lipid. In the same
study, the effects of the positional distribution of fatty acids on bone mineralization
in healthy term neonates was also evaluated. These infants were randomly assigned
to receive standard formula (12% of palmitic acid at the sn-2 position; n = 103) or
formula high in palmitic acid at the sn-2 position (50% of palmitic acid at the sn-2
position; n = 100) for 12 weeks. A total of 120 breast-fed infants was also studied.
Infants receiving the formula high in palmitic acid at the sn-2 position had signifi-
cantly higher whole-body bone mineral content compared with the control formula
(128.1 ± 9.7 vs. 122.7 ± 10.1 g, respectively, adjusted for size and sex; p < .05). The
adjusted whole-body bone mineral content values of breast-fed infants (128.3 ± 9.1 g)
were similar to those of infants fed formula high in palmitic acid at the sn-2
position and significantly higher than those of infants fed the control formula (p < .02).
These studies on the effect of the structured lipid on absorption and excretion of
fatty acids in term infants are summarized in Table 11.3.

11.7 CONCLUSIONS

Dietary lipids have an essential role as a source of energy. Both the fatty acid
composition of the diet and the structure of triacylglycerols are important. Palmitic
acid is the most abundant saturated fatty acid in human milk, in which it is esterified
to the sn-2 position of triacylglycerols. In current blends of vegetable oil, palmitic
acid is positioned at the sn-1 and sn-3 positions and thus forms insoluble calcium
soaps in the infant’s intestine, leading both to a loss of energy because of the reduced
absorption of fat and the formation of hard stools due to reduced absorption of
calcium, as well as affecting bone mineralization.

In the structured lipid Betapol, palmitic acid is predominantly esterified to
the sn-2 position (similar to human milk). Studies in animals, and preterm and
term infants have shown that infant formulae containing structured triacylglycerol
with palmitic acid at the sn-2 position (Betapol) improve the absorption of dietary
fat and calcium, and soften the stools as a result of the reduced formation of
calcium soaps. These differences have biological and clinical significance in the
infant (i.e., improvement of bone mineralization and reduction in the incidence
of constipation).
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12.1 INTRODUCTION

 

Chocolate is associated with an imported commodity, the cocoa bean. Approximately
3.5 million tons of cocoa beans are produced worldwide each year. Cocoa beans
come from the cacao (ka-ka-o) tree, 

 

Theobroma

 

 

 

cacao.

 

 

 

Theobroma

 

 means “food of
the gods.” The tree is cultivated in West Africa, South America, Central America,
and the Far East. Ivory Coast is the leading producer, contributing 25% of the world’s
production.

 

2162_C012.fm  Page 279  Monday, June 13, 2005  5:29 PM



 

280

 

Handbook of Functional Lipids

 

12.2 COCOA

 

 

 

BUTTER

 

The total fat content of the whole bean on a dry basis is around 48 to 49% and
triglyceride is the major storage component. A mature cocoa bean can store up to
700 mg of cocoa butter. Since a tree may produce as many as 2000 seeds a year, a
single tree could yield up to 15 kg of cocoa butter annually.

Cocoa butter is the most expensive constituent of the chocolate formulations
and an extremely important component. It is composed predominantly of (>75%)
symmetrical triglycerides with oleic acid in the 2-position. Approximately 20% of
triglycerides are liquid at room temperature and cocoa butter has a melting range
of 32 to 35

 

°

 

C and softens at around 30 to 32

 

°

 

C. This is essential to the functionality
of cocoa butter in its applications. It contains only trace amounts of the unsymmet-
rical triglycerides (PPO, PSO, and SSO). P = palmitic acid, O = oleic acid, and
S = stearic acid; the order of letters indicates the position of the acids in the
triglyceride molecule.

The unique triglyceride composition together with the extremely low level of
diglycerides gives cocoa butter its desirable physical properties and its ability to
recrystallize during processing in a stable crystal modification. The complexity of
the crystallization of cocoa butter is because triglycerides can crystallize in a number
of different crystal modifications, dependent on triglyceride composition and on
crystallizing and tempering conditions during manufacturing and storage.

The fatty acid composition, various analytical constants, and triglyceride com-
position of different cocoa butters are presented in Tables 12.1 to 12.3, respectively
[1,2]. These results show that Malaysian cocoa butter contains maximum amounts
of monounsaturated triglycerides. Brazilian cocoa butter contains a minimum amount
of monounsaturated triglycerides and maximum amounts of other unsaturated triglyc-
erides. Cocoa butters from India and Sri Lanka are quite close to Malaysian in terms
of the hardness and triglyceride composition.

There is a good correlation between the triglyceride composition and solid fat content
of these cocoa butters. Malaysian, Sri Lankan, and Indian cocoa butters are the hardest
and Brazilian is the softest. The quality of the Brazilian cocoa butter can be improved
by mixing it with Malaysian cocoa butter, which will result in higher solid fat content

 

TABLE 12.1
Fatty Acid Composition of Various Cocoa Butters by GLC (wt%)

 

Sample Cocoa 
Butter C14 C16 C16:1 C17 C18 C18:1 C18:2 C18:3 C20 C20:1 C22 C24

 

Ghana 0.1 24.8 0.3 0.3 37.1 33.2 2.6 0.2 1.1 Trace 0.2 0.1
India 0.1 25.3 0.3 0.2 36.2 33.5 2.8 0.2 1.1 0.1 0.2 Trace
Brazil 0.1 23.7 0.3 0.2 32.9 37.4 4.0 0.2 1.0 0.1 0.2 Trace
Nigeria 0.1 25.5 0.3 0.3 35.8 33.2 3.1 0.2 1.1 0.1 0.2 0.1
Ivory Coast 0.1 25.4 0.3 0.2 35.0 34.1 3.3 0.2 1.0 0.1 0.2 0.1
Malaysia 0.1 24.8 0.3 0.3 37.1 33.2 2.6 0.2 1.1 Trace 0.2 0.1
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at various temperatures. At the International Food Science Centre we have measured
diglyceride levels varying between 1.5 and 2.8%. Higher diglyceride levels affect the
crystallization of cocoa butters remarkably, and thus all efforts should be made to reduce
these levels in good quality cocoa butters. The main drawbacks of Malaysian cocoa
beans are their excessive acidic flavor, weak chocolate flavor, and certain other off-flavors.
Several attempts have been made to improve these characteristics.

The deodorization of cocoa butter is necessary to reduce free fatty acid content
and to give a product that satisfies the present-day requirement of neutral bland flavor.
Deodorization is at least partially a suitable method for eliminating chlorinated insec-
ticides from cocoa butter. The normal deodorization temperatures are in the range of
160 to 180

 

°

 

C. The oxidative stability of various cocoa butters listed in Table 12.4
shows extremely high values and these are unaffected during the deodorization process.
Stability against oxidation depends on natural antioxidants present in cocoa butters.
The tocopherol composition in Table 12.5 shows a predominance of 

 

γ

 

-tocopherol and
total tocopherol levels ranging between 100 and 300 mg/kg. Dimick and colleagues
have found phospholipid levels ranging from 3.62 to 4.72 

 

µ

 

g per 500 

 

µ

 

g in cocoa
butters of differing origin (Table 12.6) [3]. They are extending the scope of their
research for determining the influence of phospholipids during the crystallization of
hard and soft cocoa butters.

The results of thermorheographic (TRG) experiments presented in Table 12.7 show
very high correlation with the pulsed nuclear magnetic resonance (NMR) data in Table
12.2. Thus, Malaysian cocoa butter crystallizes quickly and Brazilian is the slowest
crystallizing, which correlates with the hardness of these cocoa butters as measured
by pulsed NMR technology.

 

TABLE 12.2
Analytical Constants of Various Cocoa Butters

 

Sample 
Cocoa 
Butter IV C3

 

a

 

% 
DAG

% 
FFA

 

Pulsed NMR Extended

 

b

 

Pulsed NMR BS 684 

 

Method

 

c

 

20

  

C 25

  

C 30

  

C 35

  

C 20

  

C 25

  

C 30

  

C 35

  

C

 

Ghana 35.8 32.2 1.9 1.53 84.0 78.0 36.0 0.1 76.0 69.6 45.0 1.1
India 34.9 32.4 1.5 1.06 88.1 83.3 44.7 1.8 81.5 76.8 54.9 2.3
Brazil 40.7 32.0 2.0 1.24 67.7 56.6 18.5 0.6 62.6 53.3 23.3 1.0
Nigeria 35.3 33.1 2.8 1.95 83.7 77.3 35.4 0.1 76.1 69.1 43.3 0
Ivory Coast 36.3 32.0 2.1 2.28 82.3 74.8 32.7 0.9 75.1 66.7 42.8 0
Malaysia 34.2 34.3 1.8 1.21 89.3 83.7 49.6 1.8 82.6 77.1 57.7 2.6
Sri Lanka 35.2 33.2 1.1 1.58 — — — — 79.7 74.2 50.4 1.1

IV, iodine value; DAG, diacylglycerols; FFA, free fatty acids.

 

a

 

Melting point stabilization 64 h at 25

 

°

 

C.

 

b

 

Tempering 64 h at 20

 

°

 

C.

 

c

 

BS 684: British Standard method 684; tempering 40 h at 26

 

°

 

C.
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The addition of milk fat to cocoa butter results in marked lowering of the melting
point adversely affecting the crystallization behavior and the hardness as shown in
Table 12.8. An obvious decrease is clearly evident in the solid fat content and
deterioration in solidification properties as shown in the values of the Jensen curve.

 

TABLE 12.3
Triglyceride Composition (mol%) of Various Cocoa Butters by High-Speed 
Liquid Chromatography

 

Tri-glyc Ghana India Brazil
Ivory 
Coast Malaysia

Sri 
Lanka Nigeria

 

Trisaturated PPS 0.3 0.6 Trace 0.3 0.8 0.3
PSS 0.4 0.5 Trace 0.3 0.5 1.9 0.5

Total 0.7 1.1 Trace 0.6 1.3 1.9 0.8

Monounsat. pS 40.1 39.4 33.7 39.0 40.4 40.2 40.5
SOS 27.5 29.3 23.8 27.1 31.0 31.2 28.8
POP 15.3 15.2 13.6 15.2 15.1 14.8 15.5
SOA 1.1 1.3 0.8 1.3 1.0 1.0 1.0

Total 84.0 85.2 71.9 82.6 87.5 87.2 85.8

Diunsat. PLiP 2.5 2.0 2.8 2.7 1.8 2.5 2.2
POO 2.1 1.9 6.2 2.7 1.5 2.3 1.7
PLiS 3.6 3.1 3.8 3.6 3.0 1.4 3.5
SOO 3.8 3.3 9.5 4.1 2.7 3.9 3.0
SLiS 2.0 1.7 1.8 1.9 1.4 1.8
AOO 0.8 0.5 0.5 0.5

Total 14.0 12.8 24.1 15.5 10.9 10.1 12.7

Polyunsat. PliO 0.6 0.5 1.5 0.8 0.3 0.8 0.4
000 0.4 Trace 1.0 Trace Trace
SLiO 0.3 1.2 0.5 Trace 0.3
Alia 0.4
liOO 0.3

Total 1.3 0.9 4.0 1.3 0.3 0.8 0.7

 

TABLE 12.4
Oxidative Stability of Cocoa Butters (CBs)

 

Samples Induction Time at 120

 

�

 

C (h)

 

CB Trinidad 42.3
CB Brazil 35.3
CB Colombia 38.4
CB Venezuela 41.3
CB Ecuador 19.1
CB Ivory Coast 42.9
CB Ghana 42.2
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TABLE 12.5
Tocopherol Composition of Various Cocoa Butters 
by High-Speed Liquid Chromatography

 

Tocopherols (mg/kg)

Sample Total

 

�

 

-T

 

�

 

-T

  

����

 

-T

 

�

 

-T

 

�

 

-TT -TT

 

�

 

-TT

 

Brazil 176 0.7 1.2 164 6.9 — 2.0 0.7
Ghana 198 2.7 1.5 183 6.8 0.6 2.3 0.7
India 265 6.5 2.2 245 9.1 — 2.3 —
Ivory Coast 126 0.4 0.4 117 6.2 — 2.3 —
Malaysia 149 0.5 — 140 7.4 — 0.6 —

T, tocopherol; TT, tocotrienol.

 

TABLE 12.6
Phospholipid Quantities of Origin Cocoa 
Butter Samples (% by Weight)

 

Cocoa Butter Phospholipid (

 

�

 

g) % by Weight

 

a

 

Malaysia 3.62 0.72
Ivory Coast 4.35 0.87
Ghana 4.72 0.94
Ecuador 3.80 0.76
Dominican Republic 4.72 0.94
Brazil 4.54 0.91

 

a

 

Ratio of phospholipid mass divided by sample mass (500 

 

µ

 

g)
times 100.

 

TABLE 12.7
Thermorheographic (TRG) Values of Different 
Types of Cocoa Butters

 

Measuring Temperature: 22

  

C

 

Times of Different Melting Points (min)

30 mp 50 mp 80 mg

 

Malaysia   13   16   20
Sri Lanka   12   14   15
Ghana   31   36   42
Brazil 178 187 199
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TABLE 12.8
Analytical Constants of the Blends of Cocoa Butters (CB) 
and Milk Fats (MF)

 

Sample
IV 

(Wijs)

 

Pulsed NMR BS684 Method 2

 

Solidification Curve (Jensen)

20

  

C 25

  

C 30

  

C 35

  

C
Max. 

Temp. (

  

C)
Time min/
max (min)

Temperature 
Rise (

  

C)

 

CB Malaysia 35.6 82.1 78.3 57.9 2.1 31.0 40 7.3
CB Malaysia 
(90%)

MF (10%) 35.4 69.1 63.9 43.0 1.2 29.5 39 6.0
CB Malaysia 
(85%)

MF (15%) 35.3 61.4 56.7 37.1 1.0 29.0 37 6.1
CB Malaysia 
(80%)

MF (20%) 35.2 53.9 49.3 31.0 1.0 28.5 35 5.7
CB Malaysia 
(75%)

MF (25%) 35.1 46.0 42.1 25.5 1.3 27.5 32.5 5.0
CB Brazil 39.7 62.8 53.5 29.9 0.4 29.0 30.5 4.6
CB Brazil 
(90%)

MF (10%) 39.1 53.5 42.9 19.8 0 27.5 37 5.9
CB Brazil 
(85%)

MF (15%) 38.8 46.1 36.1 13.0 0.5 26.5 34.5 4.9
CB Brazil 
(80%)

MF (20%) 38.4 36.3 29.9 11.5 0 26.0 37.5 4.7
CB Brazil 
(75%)

MF (25%) 38.1 27.2 17.9 6.3 0 25.5 45 4.6
CB Ghana 35.6 77.8 72.9 49.2 0.6 30.5 36.5 5.6
CB Ghana 
(90%)

MF (10%) 35.4 64.2 58.6 35.2 0 29.0 35 5.0
CB Ghana 
(85%)

MF (15%) 35.3 56.8 51.7 29.7 0.3 28.5 37 5.2
CB Ghana 
(80%)

Brazil
(20%)

35.2 48.3 43.3 24.5 0 27.5 42 5.2

CB Ghana 
(75%)

MF (25%) 35.1 39.6 34.9 18.4 0.1 27.0 47.5 4.4
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These results are further confirmed by comparing the curves for milk fat and cocoa
butter in various proportions. There are two reasons for this strong decrease in hardness:

• Liquid oil components of the milk fat soften the cocoa butter due to their
fluidity.

• The solid fat components form eutectics with the triglycerides of cocoa butter.

The analytical results of the fractionation of Malaysian cocoa butter are given in
Table 12.9. The stearin thus produced is primarily a mixture of POP, POS, and SOS
and has virtually no components that are liquid at or near room temperature. With the
removal of the moderating influence of the more liquid components of cocoa butter,
the cocoa butter fraction (CBF) becomes more crystalline and complex, the melting
range becomes shorter, and the heat of fusion increases. This stearin is extremely hard
and can be used effectively to improve the quality of soft cocoa. Attempts have been
made to improve the quality of Brazilian cocoa butter by fractionation.

 

12.3 CONFECTIONERY

 

 

 

FATS

 

The historical uncertainty of cocoa butter supply and the volatility of cocoa butter prices
depending on fluctuating cocoa bean prices have forced confectioners to seek other
alternatives, which may have had a stabilizing influence on the prices of cocoa butter.
Ever-increasing demand [4] of chocolate and chocolate-type products has increased the
demand for cocoa beans from year to year. However, it is difficult to predict the supply
of cocoa beans. This ensures continuing need for economical vegetable fats to replace
cocoa butter in chocolate and confectionery products. Attempts by confectioners to
use fats other than cocoa butters in their formulations were made as early as 1930. These
experiments did not succeed because of the incompatibility of the fat blends used, which
resulted in discoloration and fat bloom. However, these experiments demonstrated the
need for the cocoa butter-type fats in the chocolate and confectionery industry.

Continued research in the field of confection science has resulted in the devel-
opment of fats resembling the characteristics of cocoa butter. These fats have become
known as hard butters [5]. These fats were developed using palm-kernel, coconut,
palm, and other exotic oils, such as sal, shea, and illipe, as raw materials. The
processes involved in producing such fats include hydrogenation, interesterification,
solvent or dry fractionation, and blending. The most elementary hard butters are
manufactured by combining the processes of hydrogenation and fractionation.

 

12.3.1 H

 

ARD

 

 

 

B

 

UTTERS

 

The hard butters can be divided into the following three main groups based upon
their characteristics and the raw materials used to produce them:

1. Lauric cocoa butter substitutes (lauric CBSs). These are fats that are
incompatible with cocoa butter, but that have physical properties resem-
bling those of cocoa butter.

2. Nonlauric cocoa butter substitutes (nonlauric CBSs). These are fats that
are partly compatible with cocoa butter.
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3. Cocoa butter equivalents (CBEs) or extenders. These are fats that are fully
compatible with cocoa butter (chemical and physical properties similar to
those of cocoa butter).

Other terms used to describe hard butters include cocoa butter partial replacers, total
replacers, modifiers, and extenders. All these categories can be further subdivided
into a range of speciality fats, tailored to suit particular purposes.

 

12.3.1.1 Lauric CBS

 

This category offers a range of confectionery fats with different levels of physical
properties, but all having triglyceride compositions, which make them incompatible
with cocoa butter; that is, they are all used in formulations with cocoa powder,
mainly for compound coating.

CBSs are produced from lauric fats, which are obtained from various species of
palm-tree, the main varieties being palm, which produces palm-kernel oil and coco-
nut. These fats differ from nonlaurics in that they contain 47 to 48% lauric acid,
together with smaller amounts of other medium- and short-chain fatty acids. This
gives the fats a solid consistency at cool ambient temperatures, but they nevertheless
melt below 30

 

°

 

C. From a practical point of view, cost economy probably has been
the main incentive behind the search for suitable and reliable substitutes for cocoa
butter. The introduction of hydrogenation technique added another dimension to the
alteration of lauric fats, but it must be emphasized that the palm-kernel stearins
exhibit characteristics considerably better than those of hydrogenated palm-kernel oil,
all dependent on the sharpness of the fractionation.

Palm-kernel stearins today have functional properties similar to those of cocoa
butter (i.e., a steep NMR curve, a very brittle texture, and a narrow melting range that
ensures a quick melt down and a pleasant feeling in the mouth). The interval between
setting and melting points is short. This offers a technological advantage over cocoa
butter. The tempering is simplified or may be omitted for normal coating purposes.
Vegetable fats can crystallize in several polymorphic forms, the most common being
alpha, 

 

β 

 

prime, and beta, which in the same order display an increasing stability,
melting point, heat of fusion, and density. In general, lauric fats are stable in 

 

β 

 

prime
form. The rate of crystallization of the 

 

α

 

 form is higher than that of the 

 

β

 

 form, which
in turn crystallizes faster than the 

 

β

 

 form. The other sources for the manufacture of
lauric CBS includes coconut, South American palm-kernel oils, tucum, cohune,
babassu, and ouricury. Most of these minor varieties are seldom encountered in Europe,
except in the country of origin, and they do possess specific properties.

The principal advantages and disadvantages of the lauric CBS are as follows:

1. Good oxidative stability; long shelf life [6]
2. Excellent eating quality and flavor release; no waxy aftertaste
3. Texture very similar to that of cocoa butter (i.e., excellent hardness and

snap and not greasy to the touch)
4. Solidify quickly tempered or untempered
5. Excellent gloss and gloss retention
6. Available at a cost far less than cocoa butter
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The principal disadvantages of the lauric CBS include

1. Mixing with cocoa butter results in a eutectic state [7]. If the manufacturer
is to change from chocolate to confectionery coatings, an absolute
cleanout of all tanks and enrobing systems is required. Separate production
lines are preferred. These fats do not tolerate more than 6% cocoa butter.

2. When lauric CBS is exposed to moisture and fat splitting enzymes (lipase),
there is a danger of fat hydrolysis and the liberated lauric acid has a
distinct soapy flavor, which can be detected even at low concentrations
[8]. These liberated fatty acids also have a lower flavor threshold as
compared to the longer chains:
a. Butyric acid (C4) 0.6 ppm
b. Caproic acid (C6) 2.5 ppm
c. Caprylic acid (C8) 350 ppm
d. Capric acid (C10) 200 ppm
e. Lauric acid (C12) 700 ppm
f. Stearic acid (C18) 15,000 ppm

3. Relatively low milk fat tolerance

Generally, these fats are produced by fractionating palm-kernel oil and then
hydrogenating stearine to iodine value less than 1 (Table 12.10). The resultant product
as shown in Table 12.11 clearly shows dissimilarity with cocoa butter. Figure 12.1
illustrates the incompatibility of palm-kernel oil with cocoa butter. This is because the
triglycerides of palm-kernel oil and cocoa butter are both physically and chemically

 

TABLE 12.10
Fractionation of Palm-Kernel Oil

 

Palm Kernel Fraction 1 Fraction 2

 

Wiley melting point (

 

°

 

F) 83.6 87.7 72.4
Iodine value 15.3 5.2 25.6
Yield, wt/% 50.0 50.0

 

Fatty Acid Composition (wt/%)

 

Caproic 0.3 0.1 0.6
Caprylic 4.3 2.1 6.9
Capric 3.9 3.1 4.6
Lauric 49.5 57.5 42.5
Myristic 16.1 21.5 11.0
Palmitic 7.8 8.3 7.0
Stearic 2.3 1.9 1.9
Oleic 13.7 4.8 21.4
Linoleic 1.9 0.6 4.0
Linolenic 0.1 Trace 0.1
Arachidic 0.1 0.1 Trace
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different, which leads to the development of eutectic. Thus, factories have to be
properly cleaned if one is dealing with either of these products in production.

 

12.3.1.2 Nonlauric

 

 

 

CBS

 

Nonlauric CBSs consist of fractions of hydrogenated oils: soybean, cotton, corn,
peanut, safflower, and sunflower oils. These oils are hydrogenated under selective
conditions to promote the formation of 

 

trans

 

 fatty acids, thereby increasing the solid
contents considerably. The melting point of oleic acid — the 

 

cis

 

 configuration —
is 14

 

°

 

C, whereas the isomer elaidic acid melts at 51.5

 

°

 

C.
Due to the similarity in the chain length and the molecular weight, products of

this type can tolerate up to 25% cocoa butter on a fat basis when used in a confec-
tionery coating (Table 12.12). Nonlauric CBSs possess good flavor and odor and
color properties and do not need tempering. However, there is a tendency toward

 

TABLE 12.11
CBS Fatty Acid Composition: Typical Fatty Acid Composition, Weight%

 

Carbon Number

8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 Others

 

CBS 2% 3% 54% 21% 9% 9% 2%
Cocoa butter 25.5% 23.5% 34.5% 3.5% 2%

 

FIGURE 12.1

 

Percentage solid fat content of various blends of palm-kernel oil and cocoa
butter Ghana at various temperatures (pulse NMR, BS 684 method 2).
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bloom formation upon long-term storage, especially in products that are poorly
formulated. Some of the advantages are as follows:

• Very low price
• Stable in price
• Nontempering
• Can be used with different cocoa powders

• High fat content (i.e., 20%)
• Low fat content (i.e., 12%)

• Can be used with some amounts of cocoa liquor
• Can be used with some amounts of milk fat
• No risk of soapy flavor

 

12.3.1.3 Cocoa

 

 

 

Butter

 

 

 

Equivalents

 

 

 

CBEs are nonhydrogenated specialty fats containing the same fatty acids and sym-
metrical monounsaturated triglycerides as cocoa butter. They are fully compatible
with cocoa butter and can be mixed with cocoa butter in any ratio in the chocolate
formulations.

From the data presented in Table 12.3 it is clearly evident that cocoa butter is a
simple three-component system consisting of POP, POS, and SOS triglycerides; and
if these three triglycerides are mixed in appropriate proportions, the resultant vegetable
fat will behave as 100% cocoa butter equivalents. Although CBEs are not produced
by mixing individual triglycerides, as they are very expensive to produce, this is the
logic behind the whole procedure of producing CBEs [9,10]. Palm oil is fractionated
to produce middle-melting fraction rich in POP; and exotic fats, such as shea, sal, and
illipe (Borneo tallow), are fractionated to get triglyceride cuts rich in POS and SOS.
Careful preparation and blending of these materials result in a tailor-made fat equiv-
alent to cocoa butter in physical properties. Therefore, these fats are called CBEs. The
triglyceride distribution of various palm-based products and exotic butters are depicted
in Figures 12.2 and 12.3, respectively. These figures clearly illustrate how to combine
various fats culminating in the production of several CBEs of varying qualities
matching the financial economics of various consumer companies. The formulation
of a suitable CBE is the greatest art in fat technology [11].

 

TABLE 12.12
CBR Fatty Acid Composition: Typical Fatty Acid 
Composition, Weight%

 

Carbon Number

16:0 18:0 18:1 18:2 Others

 

CBR 12% 13% 67% 6% 2%
Cocoa butter 25.5% 34.5% 34.5% 3.5%

 

Conclusions

 

: CBRs do not contain any lauric acid (C12:0) at all and cannot
give any soapy flavor. CBRs and cocoa butter show resemblance.
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The main drawbacks of cocoa butter are 

1. Low milk fat tolerance
2. Lack of stability at elevated temperatures
3. Tendency to bloom

 

FIGURE 12.2

 

Triglyceride composition (in wt%) of palm products.

 

FIGURE 12.3

 

Triglyceride distribution (in wt%) of exotic fats.
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The principal advantages of incorporating CBEs are

1. Reduction in the production cost of chocolates, as CBE, are cheaper than
cocoa butter

2. Stabilizing influence on fluctuating prices of cocoa butter
3. Improvement of the milk fat tolerance
4. An increasing resistance to storage at high temperatures
5. Bloom control

The greatest technological advantage lies in the compatibility of these fats with
cocoa butter. These technological advantages are illustrated in Tables 12.13 and 12.14.
The compatibility of these fats with cocoa butter is examined in the following section.
In order to study the compatibility of Ghanian cocoa butter with several different
raw materials used in the manufacture of CBEs and with CBEs themselves, several
blends were prepared and the solid fat content of these blends was measured as
described earlier [2,12].

The fatty acid and triglyceride distribution of Ghanian cocoa butter and selected
fats, such as palm midfraction (PMF), shea starine, illipe fat, mango fat, sal oil

TABLE 12.13
Solid Fat Content (%)

Milk fat 30 30 30 30 30
Cocoa butter 70 52.5 35 17.5 —
CBE — 17.5 35 52.5 70

20°C 54.0 54.2 54.5 54.8 54.6
25°C 45.6 45.7 45.9 46.2 47.1
27.5°C 33.0 33.5 33.9 35.1 37.0
30°C 15.1 16.8 18.6 21.1 23.5
32.5°C 2.2 3.0 4.5 7.0 9.8
35°C 0.6 0.6 0.7 0.9 1.1

TABLE 12.14
Solid Fat Content (%)

Milk fat 30 30 30 30 30
Cocoa butter 70 52.5 35 17.5 —
CBE B — 17.5 35 52.5 70

20°C 54.0 54.0 53.6 52.7 50.6
25°C 45.6 45.0 44.2 43.5 42.3
27.5°C 33.0 31.8 30.8 30.5 30.2
30°C 15.1 15.1 15.1 15.7 16.2
32.5°C   2.2   2.3   2.5   3.1   3.4
35°C   0.6   0.7   0.8   1.2   1.3
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(low quality), sal oil (high quality), CBE A, CBE B, Coberine, and palm-kernel oil,
are shown in Tables 12.15 and 12.16, respectively. Coberine was the first CBE
generated through the cooperation of Unilever and Cadbury’s.

The ISO-NMR curve presented in Figure 12.4 shows the restriction in using
PMF as an extender because of its limited compatibility with cocoa butter and
especially with cocoa butter and milk fat blends. These results reveal that this fat
has to be mixed with an exotic fat, thus improving its composition with POS- and
SOS-type triglycerides. The incorporation of SOS in PMF advantageously improves
the crystallization and tempering characteristics. The eutectic shown in Figure 12.4
deepens in the presence of undesirable triglycerides, such as PPP, PPO, POO, and
POP; thus the fractionations of palm oil should be achieved with the minimum
amounts of these undesirable triglycerides. A good-quality PMF can be produced
only in a solvent fractionation plant. PMF produced in dry and detergent fractionation
plants has to be refractionated to upgrade its quality for the formulation of CBE.

The ISO-NMR curve in Figure 12.5 shows higher solid fat content for the blends
of cocoa butter and shea stearine. This shows good compatibility. However, once again,
one has to concentrate on the removal of undesirable triglycerides, such as SSS, SSO,
SOO, and SOS. Although the presence of large amounts of PPP and SSS are not
desirable in view of the melting characteristics in the mouth, the presence of 1 to
5 mol%, particularly 1 to 3 mol%, is preferred, since it is apt to accelerate the solidi-
fication velocity of chocolate by cooling and to impart fat bloom resistance [13,14].

The content of SOS is higher in illipe fat and its triglyceride composition
approaches that of cocoa butter; therefore, it shows very high compatibility, as shown
in Figure 12.6. This is a preferred fat for producing chocolates for tropical regions.

TABLE 12.15
Cocoa Butter Compared with Selected Oils and Fats Related to the 
Confectionery Industry: Typical Fatty Acid Composition (wt%)

Sample C6 C8 C10 C12 C14 C16 C18 C18:1 C18:2 C18:3 C20

Cocoa butter Trace   0.1 24.4 33.6 37.0 3.4 0.1 0.1
Palm mid-
fraction

  0.1   1.0 44.9   4.0 40.2 9.3 0.2 0.3

Shea stearine   4.0 56.0 34.4 3.7 1.9
Illipe fat   0.1 15.4 47.3 34.3 1.2 1.7
Mango fat   9.3 49.0 38.2 0.6 2.9
Sal oil 
(low quality)

  0.1   6.2 50.0 42.5 2.1 0.3 7.9

Sal oil (high 
quality)

  5.6 44.2 39.9 2.6 0.4 7.2

CBE A   0.4 30.4 30.1 34.5 3.6 1.0
CBE B   0.1   0.7 40.4 20.1 33.9 4.1 0.7
Coberine   0.1   0.5 31.6 30.8 32.6 3.3 1.1
Palm-kernel 
oil

0.2 3.2 3.1 46.2 16.1   8.5 2.3 17.0 3.1 0.2
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Mango fat contains a large amount of SOO triglyceride, and therefore it has
limited compatibility with cocoa butter, as illustrated in Figure 12.7. It has to be
fractionated to improve its quality as an exotic fat. The sources of many of the SOS-
containing fats are not regularly cultivated but are jungle crops with restricted
availability; therefore, they are called exotic fats.

FIGURE 12.4 ISO-NMR (pulse NMR, BS 684 method 2) using palm midfraction as an
extender.

FIGURE 12.5 ISO-NMR (pulse NMR, BS 684 method 2) for blends of cocoa butter and shea
stearine.
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Figures 12.8 and 12.9 show the compatibility curves of a low- and a high-quality
sal oil with cocoa butter. The quality of the sal fat depends upon the presence of
triglycerides containing 9,10-dyhydrosetaric acid [15]. Thus, low-quality sal oil,
which contains an appreciable amount of this triglyceride, has a limited compatibility
with cocoa butter compared with high-quality sal oil.

FIGURE 12.6 Percentage solid fat content vs. temperature of Illipe fat (pulse NMR, BS 684
method 2).

FIGURE 12.7 Percentage solid fat content vs. temperature of mango fat (pulse NMR, BS
684 method 2).
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The compatibility curves of three different CBE, CBE A, CBE B, and Coberine,
with cocoa butter are shown in Figures 12.10 to 12.12, respectively. These curves
clearly show that these fats are fully compatible with cocoa butter. In addition, they
also add desirable properties to it, such as the ability to raise the melting point and
increase the tendency to “seed” at high temperatures.

The results illustrated in Figures 12.13 and 12.14 once again prove the suitability
of various CBE in replacing 15% of the cocoa butter, which equates to approximately

FIGURE 12.8 Compatibility curve of low-quality sal oil (pulse NMR, BS 684 method 2).

FIGURE 12.9 Compatibility curve of high-quality sal oil (pulse NMR, BS 684 method 2).
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5% in chocolate. The results presented in Table 12.17 and Figure 12.15 show the
variation in the quality of three different CBEs and their ability to add desirable
properties to cocoa butter.

A number of fat blends were prepared in a three-component fat model system,
including cocoa butter, milk fat, and selected oils and fats. The analytical constants

FIGURE 12.10 Compatibility curve of CBE A (pulse NMR, BS 684 method 2).

FIGURE 12.11 Compatibility curve of CBE B (pulse NMR, BS 684 method 2).
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FIGURE 12.12 Compatibility curve of Coberine (pulse NMR, BS 684 method 2).

FIGURE 12.13 Solid fat content vs., temperature for cocoa butter Ghana (solid line), CBE
A (dotted dashed line), and an 85:15 mixture of the two (dashed line) (pulse NMR, BS 684
method 2).
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FIGURE 12.14 Solid fat content vs. temperature for cocoa butter Ghana (solid line), CBE B
(dotted dashed line), and an 85:15 mixture of the two (dashed line) (pulse NMR, BS 684
method 2).

TABLE 12.17
The Analytical Constants of the Blends of Cocoa Butters and Three Illexao 
Types

Sample
IV 

(Wijs)

Pulse NMR BS 
684 Method 2

Solidification 
Curve (Jensen)

20 C 25 C 30 C 35 C
Max. 

Temp. ( C)
Time min/
max (min)

Temp. 
Rise ( C)

Ghana cocoa 
butter

36.4 76.9 69.8 47.1 2.0 30.0 38 5.8

CBE A 35.7 74.1 68.6 53.7 9.0 29.5 44.5 5.0
CBE B 35.4 73.1 62.4 45.4 6.5 28.0 58 4.9
CBE C 36.5 77.4 74.4 65.6 33.8 32.5 35 7.5
Ghana cocoa 
butter (50%)

36.1 73.5 68.0 49.6 4.5 29.5 45 5.3

CBE A
Ghana cocoa 
butter (50%)

35.9 68.8 63.8 45.9 3.6 28.5 47.5 4.1

CBE B
Ghana cocoa 
butter (50%)

36.5 75.0 71.4 57.4 16.6 31.5 40 6.3

CBE C

% 
So

lid
 fa

t c
on

te
nt

80

70

60

50

40

30

20

20 25 30 35

10

0

Temperature (C)

2162_C012.fm  Page 300  Monday, June 13, 2005  5:29 PM



Cocoa Butter, Cocoa Butter Equivalents, and Cocoa Butter Substitutes 301

of these blends are presented in Table 12.18 [16,17]. A critical evaluation of these
results leads to the following conclusions:

1. Once again the high milk fat tolerance of three CBE types is confirmed.
2. A high compatibility of shea stearine and illipe fat together with no loss

of hardness exists, even in the presence of milk fat.
3. Severe eutectic in the case of PMF and mango fat are due to the presence

of milk fat, as explained earlier.
4. Remarkable softening occurs in the mixtures of palm-kernel oil and

hydrogenated soybean oil, which renders them unacceptable.

Triglycerides are able to exist in several crystalline structures; for cocoa butter
and most CBEs they exist in three main groups α, β′, and β. Only one of these is
fully stable. This phenomenon is called polymorphism. Through proper tempering,
the chocolate manufacturer is aiming at a quick crystallization in the most stable
modification. However, our x-ray investigations have shown that, so far, no tempering
technique, however sophisticated, has been able to secure solidification of liquid
chocolate in the highest melting and stable β′ form in cocoa butter. CBEs of specific
triglyceride composition also decrease the transformation rate, thereby intensifying
the positive effect of milk fat.

FIGURE 12.15 Solid fat content vs. temperature for a number of fat blends: cocoa butter Ghana
(diamond), cocoa butter Brazil (plus sign), cocoa butter Malaysia (multiplication sign), cocoa butter
Ghana/CBE A 30–67 (50:50) (solid square), cocoa butter Ghana/CBE B 30–67 (50:50) (asterisk),
cocoa butter Ghana/CBE C 30–96 (50:50) (open square) (pulse NMR, BS 684 method 2).
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TABLE 12.18
The Analytical Constants of the Blends of Cocoa Butter (CB), Milk Fat (MF) 
and Selected Oils and Fats

Sample
IV 

(Wijs)

Pulse NMR BS 
684 Method 2

Solidification 
Curve (Jensen)

20 C 25 C 30 C 35 C
Max. 

Temp. ( C)
Time min./
max. (min)

Temp. 
Rise ( C)

CB Ghana (50%) 34.9 32.2 17.6 9.3 1.1 25.5 32 4.0
MF (50%)
CB Ghana (55%) 35.4 30.9 17.0 8.7 0.2 25.0 28 3.6
MF (30%)
CBE A 35.4 27.4 13.6 7.1 1.6 25.0 28 3.5
CB Ghana (55%)
MF (30%)
CBE B 35.5 33.0 19.1 11.9 1.4 25.5 28 3.6
CB Ghana (55%)
MF (30%)
CBE C 35.7 38.1 31.9 20.3 1.6 26.5 44.5 4.0
CB Ghana (55%)
MF (30%)
Shea sterine (15%)
CB Ghana (55%) 35.4 30.5 17.5 9.6 0.6 25.0 26 3.4
MF (30%)
Coberine (15%)
CB Ghana (55%) 36.2 32.8 17.7 11.8 0.7 25.5 37 3.5
MF (30%)
Sal oil (15%)
CB Ghana (55%) 37.6 18.8 9.5 3.7 1.0 24.0 28 3.3
MF (30%)
Palm midfraction 
(15%)

CB Ghana (55%) 35.6 24.2 4.9 3.9 0.4 24.5 37 3.7
MF (30%)
Mango fat (15%)
CB Ghana (55%) 35.2 36.0 26.9 15.9 3.7 26.0 36.5 4.1
MF (30%)
Illipe fat (15%)
CB Ghana (55%) 41.5 24.2 10.2 5.1 1.0 24.0 27 2.2
MF (30%)
Hydrogenated soya-
bean oil (15%)

CB Ghana (55%) 32.8 18.0 7.3 4.8 0 24.5 34 3.3
MF (30%)
Palm-kernel oil (15%)
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12.3.1.3.1 Effect of Diglycerides on the Crystallization 
Behavior of CBEs and Replacers

Diglycerides play a major role in inhibiting crystallization, as is shown clearly in
Tables 12.19 and 12.20, respectively. 1,3-Diglycerides are less dangerous than 1,2-
diglycerides due to their very symmetrical structure as of triglycerides. Therefore,
it is of the utmost importance to catch the development of diglycerides sight from
crude, which is extremely technical and requires careful production planning and
control. These fit reasonably well with the crystal structures of triglycerides, pro-
ducing slight hindrance in crystal formation and resultant crystal lattice. The dynamic
crystallization velocity experiments performed for cocoa butter replacers (CBRs)
with two different levels of diglycerides (4.2% and 9.5%, respectively) show a drastic
deteriorating effect, as beautifully exemplified in Figure 12.16.

12.4 CHOCOLATE AS A FRIEND

Nutrition is an essential part of health. The top three leading causes of death in
Western nations — heart disease, cancer, and stroke — all have significant nutrition-
associated risk factors. Despite several new exciting nutritional findings about choc-
olate, researchers reluctantly agree that eating chocolate will never help you lose
weight, and therefore chocolate treats should be balanced with other food choices
throughout the day.

Chocolate is produced in many different recipes and contains other ingredients
besides cocoa products [18,19]. Therefore, nutritional value will vary with the products.

TABLE 12.19
Effect of Triglycerides on the Crystallization Behavior of CBEs

Temperature

20 C 25 C 30 C 35 C

CBEs 78.1 75.3 71.6 66.4
CBEs mixed with component A triglycerides 67.3 61.7 56.8 50.2
CBEs mixed with component B triglycerides 61.7 53.0 45.9 39.0

TABLE 12.20
Effect of Triglycerides on the Crystallization Behavior of Non-trans CBRs

Temperature

20 C 25 C 30 C 35 C

Non trans CBRs 63.0 41.2 26.3 5.2
Non trans CBRs mixed with 4.2% triglycerides 59.4 39.1 24.2 5.2
Non trans CBRs mixed with 9.5% triglycerides 50.0 34.5 19.8 4.8

AU: sight 
from crude? 
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For example, dark chocolate has a high proportion of cocoa solids and will
therefore retain more of the nutritional value of cocoa than milk chocolate, which
has a high proportion of milk solids. The milk in milk chocolate provides a rich
source of proteins and so its protein value is higher than that of dark chocolate. 

The fat content in chocolate is high 30%, of which 62% is saturated; 34%,
monounsaturated; and 3%, polyunsaturated. Chocolate also contains cholesterol
from milk solids but not from cocoa.

Cocoa butter is the main lipid in dark chocolate and consists of oleic acid (monoun-
saturated) and stearic and palmitic acids (saturated). Stearic acid, unlike other saturated
fatty acids, appears to have a neutral effect on total low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) cholesterol. Cocoa butter appears to decrease platelet
activity, which can be a potential contributor to heart diseases.

Chocolate provides major source of copper, magnesium, zinc, potassium, cal-
cium (specifically milk chocolate), and key vitamins such as riboflavin, thiamine,
and niacin. Milk chocolate contains the methylxanthine stimulants, caffeine and
theobromine, and the combined effects of theobromine and caffeine may be syner-
gistic. Chocolate also contains biogenic amines, “feel-good” body chemicals, which
when converted to dopamine act like adrenaline in the regulation of mood, food
intake, and compulsive behaviors.

Chocolate is a rich source of phytochemicals, flavonoid antioxidants that are
found in soya, black tea, red wine, broccoli, and cranberry juice. These inhibit

FIGURE 12.16 Dynamic crystallization velocity measurements at 20°C.
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oxidation reactions, which can cause damage leading to heart diseases, cancer, and
aging. Research is still in its infancy, but chocolate as an antioxidant food eaten in
moderation, as for all foods, may contribute to a healthy, balanced diet.

12.4.1 NUTS

As a complex plant food, nuts are a rich source of many nutrients and other bioactive
compounds. There is consistent evidence, especially from epidemiologic data, that
nuts have a strong protective effect against coronary heart disease. Nuts, besides
being a good source of protein, are high in unsaturated fats and contain folate,
vitamin E, dietary fiber, plant sterols, antioxidants, and arginine, which as a package
may provide heart and cancer protection.

12.4.2 CHOCOLATE AS A FOE: COUNTERING AREAS 
OF CONCERN — OBESITY, CHOLESTEROL, TOOTH DECAY, 
AND TRANS AND SATURATED FATTY ACIDS

Chocolate has been accused of making people fat. Obesity results from an imbalance
between energy intake and energy expenditure — excess body fat is stored because
intake exceeds usage. There is no direct link between sugar and obesity, and con-
fectionery is not a significant contributor to dietary fat intake.

Cholesterol is another area that often concerns consumers. Modern research
reveals that cocoa butter does not raise cholesterol because of the neutral effects of
stearic acid on blood cholesterol.

Confectionery has also been accused of causing tooth decay or dental caries.
Any carbohydrate food is potentially cariogenic, as bacteria in the mouth metabolize
fermentable carbohydrates, which leads to acid formulation and decrease in pH; this
in turn can result in demineralization of the tooth enamel, ultimately leading to
caries. Sugars tend to be less cariogenic than starch because they dissolve in water
and saliva and are removed from the mouth rapidly. Thus, the cariogenicity of food
is not necessarily related to its sugar content.

The word “chocolate” is often used as a misnomer — anything that is sugary
and brown is termed as chocolate. Many of these products are not pure chocolate
and are produced with the cheapest available vegetable fats with excessive amounts
of trans fatty acids. Trans fatty acids do not make a positive contribution to human
nutrition. Pure chocolate produced with cocoa butter can enhance human nutrition
if it is consumed in moderation with other foods.

12.5 CHOCOLATE AS A FUNCTIONAL FOOD

Generally, chocolate is regarded as junk food, but recently published research indi-
cates it can be upgraded to the health-promoting category. Functional foods, also
known as nutraceuticals, designer foods, therapeutic foods, super foods, foodic-
euticals, and medifoods, are loosely defined as “food that contain some health-
promoting components beyond traditional nutrients.” It is becoming clear that a
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single nutrient may be less effective in promoting health and that a balance of several
nutrients may be required to provide optimal nutrition and further improve health.

We can define these interactions as nutrient clusters. Chocolate can play a dominant
role in providing these nutrient clusters and should be designed to include the following:

1. Nutritionally balanced triglycerides with specific positions occupied by
essential fatty acids

2. Natural antioxidants to provide enhanced in vitro and in vivo protection
of lipids

3. Essential nutrients such as selenium and zinc to provide corrective nutrition

12.6 RECIPE ENGINEERING AND OIL PROCESSING

Recipe engineering plays a vital role in the manufacturing of speciality fats. The
major analytical techniques, such as gas–liquid chromatography, high-performance
liquid chromatography, low-resolution pulsed NMR spectroscopy, differential scan-
ning calorimetry, various static and dynamic crystallization measurement techniques,
and rheology, are the tools employed to define the final product and its application
in the confectionery industry.

Finally, fats not only provide functionality and structure to products but also can
be dominant in their contribution to taste and flavor, including off-flavors. Thus, it
is of the utmost importance that in processing specialty products, minute details
must be taken into account in order to produce a product that not only tastes fresh
but also lasts longer.

12.7 CONCLUSIONS

Confection science is extremely complicated due to the great diversity of triglyceride
molecules and the presence of several surface-active components that play a major
role in defining the quality of the final products. Sophisticated analytical methodol-
ogies will continue to have a major part in unfolding the mysteries of specialty fats
in chocolate.
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13.1 INTRODUCTION

 

The word “anecdote” is defined as “a short account of an interesting incident or
event, often biographical.” has Anecdotes have been a driving force in the growth
of the functional foods and nutraceutical markets, which were worth $20.2 billion
in the United States in 2002 [1]. The marketing pressures have been gradually
increasing as large corporations have begun to apply commercial advertising on a
large scale instead of the older small box advertising in newspapers or pamphlets
from health and wellness stores.

 

13.2 MARINE OILS

 

Strangely, the oldest nutraceutical of all, cod liver oil, has emerged in a new disguise.
At the same time, one of the oldest foods of 

 

Homo

 

 

 

sapiens

 

, fish and shellfish, has
become a functional food type, the benefit of both fish oils and fish as food reflecting
their content of long-chain omega-3 fatty acids. The original medicinal use of fish
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oils began with cod liver oil in the 1780s in England for arthritis and rheumatism.
By the 1800s, it came to be used to prevent rickets [2]. The latter prevention depended
on the vitamin D content, but quite recently the vitamin A content, valuable in its
own right, became of concern because of the wide availability of this vitamin in
many enriched foods. Vitamin D functions in the body in the deposition of calcium
and phosphorus in bones at all ages. The important point is that cod liver oil was
even recently only thought of as a carrier for these vitamins. In fact, it is a typical
fish oil in terms of fatty acid composition, as shown in Table 13.1; the farmed salmon
was fed on a diet of fish meal and fish oil, and so the muscle fats resemble the three
wild marine fish oils. 

Of these fatty acids, the saturated group (14:0, 16:0, 18:0) is dietary but can
also be biosynthesized by all marine animals if and when required. The monoeth-
ylenic fatty acids can be from food or the fish can biosynthesize the 16:1n-7 and
18:1n-9, but the 18:1n-9 may be accompanied by 10 to 40% of 18:1n-7, made simply
by adding an acetate unit to the 16:1n-7. The 20:1 and 22:1 each include up to three
or four isomers each, but most are prepared by small marine crustacea called
copepods, which convert their phytoplankton food partly into wax esters. When these
zooplankton are eaten by predatory fish, such as capelin or herring, the long-chain
fatty alcohols of the wax esters are then oxidized to the corresponding fatty acids,

 

TABLE 13.1
Important Fatty Acids in a Few Commercial Marine Fish Oils as w/w% 
of Total Fatty Acids

 

Fatty Acid
Atlantic Cod

Liver

 

a

 

Atlantic Menhaden

 

b

 

South American 
Anchovy

 

b

 

Farmed Atlantic
Salmon

 

c

 

14:0   3.3   7.3   7.5   7.9
16:0 13.4 19.0 17.5 16.0
18:0   2.7   4.2   4.0   3.0
16:1   9.6   9.1   9.0 10.8
18:1 23.4 13.2 11.6 15.2
20:1   7.8   2.0   1.6   4.5
22:1   5.3   0.6   1.2   3.9
18:2n-6   1.4   1.3   1.2   2.1
18:3n-3   0.6   1.3   0.8   0.9
18:4n-3   1.0   2.8   3.1   1.6
20:4n-6   1.4   0.2   0.1   0.7
20:5n-3 11.5 11.0 17.0 10.0
22:5n-3   1.6   1.9   1.6   3.4
22:6n-3 12.5   9.1   8.8   7.3

 

a

 

Average; from Ackman, R.G., in 

 

Nutritional

 

 

 

Evaluation

 

 

 

of

 

 

 

Long-

 

 

 

Chain

 

 

 

Fatty

 

 

 

Acids

 

 

 

in

 

 

 

Fish

 

 

 

Oil

 

,
Barlow, S.M. and Stansby, M.E., Eds., Academic Press, London, 1982, p. 25.

 

b

 

Unilever Research, personal communication, 1980.

 

c

 

Total muscle lipid. Ackman, R.G., unpublished data, 1998.
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so the oils from herring, capelin, and other small carnivorous fish have fatty acid
compositions with substantial proportions (10 to 30%) of 20:1 and 22:1 acids [3,4]. 

Like the 20:1n-9 and 22:1n-11 of rapeseed oil, the human body simply accepts
these fatty acids in all isomers if from fish oil or fish muscle lipids and may use
them for energy or convert them to 18:1 for various purposes [5]. The polyunsatu-
rated fatty acids of Table 13.1 can all be biosynthesized by the small plant cells
called phytoplankton (Figure 13.1). Many of the thousands of species of these
include the 18:2n-6 and 18:3n-3 found in terrestrial plants, but Tables 13.1 and 13.2
reveal that these are of little use to fish. Since many other species of phytoplankton
produce the highly unsaturated 20:5n-3 (EPA) and 22:6n-3 (DHA), it can be pre-
dicted that the C18 polyunsaturated fatty acids (except for 18:4n-3) are relatively
useless and even simple small animals need the readily available EPA and DHA.
Accordingly these are passed up the animal food chain, conserved as desirable fatty
acids at each step. Growth requires new cells and new membranes that are built up
of bilayers of phospholipids for which EPA and DHA are necessary (Table 13.2),
the latter also reflecting development of vision and muscle control.

Fish muscle lipids are essentially based on cellular phospholipids distributed in
nuclei, mitochondria, and membranes surrounding the whole cell. These are provided
with a mixture of fatty acids peculiar to their membrane packing, structures, and
functions. Among North Atlantic fish, the cod provides a ubiquitous reference mixture

 

FIGURE 13.1

 

Outline of the utilization of different chain lengths of polyunsaturated fatty
acids produced by marine phytoplankton. Sunlight creates everything necessary for life in
the uppermost ocean layers. There are greater proportions of the small plant cells producing
EPA than of DHA. Mammals heavily depend on prostaglandins produced from both the
omega-6 and omega-3 families of polyunsaturated fatty acids.
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Shellfish
Crustacea

Fish

 TG
EPA>DHA

PL
DHA>EPA

Human Diet

DHA EPA

Immune System TXA3 PGl3

Prostaglandin Group G3

Energy

Shellfish
Crustacea

 

2162_C013.fm  Page 313  Tuesday, June 7, 2005  12:50 PM



 

314

 

Handbook of Functional Lipids

 

for studying fish muscle since almost all of the depot fat is in the liver. A thorough
study [6] showed the flesh lipid to be 0.59 to 0.62% by weight, and the classes of
that lipid were 2.5% sterol esters, 3.8% triglycerides, 6.4% cholesterol, 16.9%
ethanolamine phosphatide, and 60.6% choline phosphatide, with a little serine phos-
phatide. The fatty acids of total cod phospholipid given in Table 13.2 are the same
as those listed in Table 13.1, and this stresses the fact that about 80 to 85% of marine
oils and lipids are made up of fatty acids of biochemical importance or interest,
while a variety of minor odd-chain, branched chain, or unsaturated fatty acids,
perhaps another 10 to 15%, are of little interest. Partly there is a historical reason,
since many older analyses were conducted with packed column gas-liquid chroma-
tography. Modern open-tubular analyses reveal much more detail [9]. The important
point to note is that the phospholipids are always 0.6 to 0.8% of fish muscle and
contain 30 to 40% of C20 and C22 polyunsaturated long-chain omega-3 fatty acids,
with DHA (22:6n-3) > EPA (20:5n-3) in a ratio of about 6:1. In the triacylglycerol,
fish oils the total for these two “omega-3” fatty acids of current interest may be
thought of as 12 to 14% in Atlantic herring oil, or even lower, or as high as 30%
of fatty acids in other fish oils with very little 20:1 and 22:1 [3].

 

TABLE 13.2
Important Fatty Acids in Edible Muscle Phospholipids of Cod (

 

Gadus

 

 

 

morhua

 

) 
and Smolting Atlantic Salmon (

 

Salmo

 

 

 

salar

 

), Compared with those of Evisc-
erated Bodies and Heads of Capelin (

 

Mallotus

 

 

 

villosus

 

) and Scallop (

 

Placop-
ecten

 

 

 

magellanicus

 

) Adductor Muscle, Given in w/w% of Total Fatty Acids

 

Fatty Acid Cod

 

a

 

Smolting

 

b

 

Atlantic
Salmon,Farmed

 

b

 

Smolting 
Atlantic

Salmon, Wild

 

b

 

Capelin 
(body and

head)

 

 c

 

Atlantic
Scallop

(edible muscle)

 

 d

 

14:0   1.4   1.6   1.1   2.1   2.1
16:0 19.6 17.0 18.7 20.9 19.8
18:0   3.8   2.7   5.2   2.6   4.2
16:1   3.5   2.3   2.7   6.5   2.6
18:1 13.8   8.3   9.0 11.4   4.7
20:1   3.0   2.5   0.4   3.1   2.0
22:1   1.0   0.7   0.1   2.7 —
18:2n-6   0.7   3.7   1.7   1.0   0.5
18:3n-3   0.1   0.3   1.5   0.7   0.3
18:4n-3   0.4 — —   0.6   2.3
20:4n-6   2.5   1.6 10.4   0.5   1.2
20:5n-3 17.0   7.7   5.5 13.5 18.5
22:5n-3   1.3   1.9   3.4   2.1   1.1
22:6n-3 29.8 35.1 21.8 26.5 22.9

 

a

 

From Addison, R.F. et al., 

 

J.

 

 

 

Fish.

 

 

 

Res.

 

 

 

Bd.

 

 

 

Canada

 

, 25, 2083, 1968. With permission.

 

b

 

From Ackman, R.G. and Takeuchi, T., 

 

Lipids

 

, 21, 117, 1986. With permission.

 

c

 

From Ackman, R.G. et al., 

 

J.

 

 

 

Fish.

 

 

 

Res.

 

 

 

Bd.

 

 

 

Canada

 

, 26, 2037, 1969. With permission.

 

d

 

Linder, Timmins and Ackman, unpublished results.
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Starting about 1980, encapsulated fish oils other than cod liver oil were sold as
sources of omega-3 fatty acids. Originally U.S. menhaden oils, but now especially
South American anchovy oils, provided the basis of the nutraceutical label mystique
of “180/120” for fish oil capsules, referring to EPA and DHA in mg/g of oils. These
oils were fully refined, including deodorization to improve flavor, which fortuitously
stripped out much of the organochlorine materials present in the crude oils. A recent
publication from the United Kingdom exposed cod liver oil contents of brominated
hydrocarbons used as fire retardants in paints. This was a localized problem, but
typical of the sensitivity of modern analytical methods and of the glee with which
such problems are picked up by environmentalists and the news media.

Many plants have been proposed as alternative sources of omega-3 fatty acids
[10]. Regrettably, these are all producing 18:3n-3 (alpha-linolenic acid) and not
20:5n-3 (eicosapentaenoic) and 22:6n-3 (docosahexaenoic) acids. One or two plant
oils contain 18:4n-3, which is present in most fish lipids and is readily converted to
20:5n-3 in our bodies. It is indisputable that vegetarians do not consume much of the
long-chain marine omega-3 fatty acids, better known to the public as EPA (20:5n-3)
and DHA (22:6n-3), and appear to function as normal humans. Thus, in one extreme
view, there appears to be no need for functional foods or nutraceutical supplements
providing EPA and DHA if 18:3n-3 intake is adequate. This position is at odds with
the current human drive for wellness and smarter children. The bookstore racks
impressed a recent speaker who said that if the human race was in as much peril as
the writers of the many books suggested, it would have been extinct long ago.

 

13.3 OMEGA-3 FATTY ACIDS

 

It is now established, even in the mind of the lay public, that there are two kinds of
unsaturated fatty acids, mono- and polyunsaturated. The latter further divide into
the structurally different omega-6 and omega-3. In Table 13.1, there are included
only two fatty acids of the omega-6 family, but 18:2n-6 is the most common plant
seed oil fatty acid, essential because our bodies cannot produce it, but we can convert
it into 20:4n-6 (arachidonic acid), long known to be a vital source of eicosanoids.
These are chemicals that are powerful agents affecting many human bodily functions,
notably the clotting of blood through platelet aggregation. The slow discovery of
such essential fatty acids has been reviewed by Holman [11] and the importance of
fatty acid nutrients generally, and EPA and DHA in particular, as they affect the
development of atherosclerosis have been much discussed in many conferences.
Although there are thousands of articles to choose from, a definitive review on
omega-3 fatty acids and on atherosclerosis appeared as early as 1988 [12] and this
topic was again thoroughly reviewed from a nutrition point of view in 1994 [13].
Subsequently, omega-3 fatty acids and sudden cardiac death through arrhythmia
have also been reviewed [14], and there is also a short, but critical, contemporary
review of the field of postmyocardial infarction clinical trials with fatty acids [15].
Women should be especially alert to the mortality risks of myocardial conditions,
which are the leading cause of death in women.

This review will not do more than point out that the other “essential” fatty acid
has long been the omega-3 alpha-linolenic acid (18:3n-3). It was originally classed
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as that on the basis that we could not biosynthesize it ourselves [11]. Now it is
publicized by the flax industry and some other plant oil industrial associations as if
it were the only “omega-3” fatty acid. Not unexpectedly, the definition of essential
fatty acid has had to be readjusted, but not without some argument and discussion
[16–18]. A moderate view is that of Cunnane who would restrict the term “essential”
for use with AA, EPA, and DHA, and coined “conditionally essential” for linoleic
and alpha-linolenic [19]. In view of the major problems affecting world fisheries
[20] and the great wastage of alpha-linolenic acid when consumed (see also below),
these matters are not inconsequential, but redressing the misunderstandings is subject
to terrible inertia. Unfortunately, all kinds of press releases and anecdotal publica-
tions, especially on web pages, have made the longer-chain, highly unsaturated
omega-3 fatty acids appear to be a panacea for every ailment known to man. In fact,
Lands was one of the first to bring the attention of the world that from about 1950
Western diets were deliberately overloaded with 18:2n-6 in an attempt to reduce
serum cholesterol. Often this was achieved by reducing food levels of 18:3n-3 to
avoid autoxidation of salad and frying oils. Corn oil, with only 

 

≤

 

1% of 18:3n-3, was
considered ideal! His recent short review [21] is highly recommended reading.

 

13.4 FATTY FISH

 

In fish muscle, the basic phospholipids are often supplemented by depot fat triacylg-
lycerols, leading to marine food fish with anywhere from 1 to 16% of edible muscle
total lipids. There may be a fatty layer under the skin, and, as shown in Figure 13.2

 

FIGURE 13.2

 

Cross section of salmon body muscle. WM, dorsal white muscle; DM, dark
muscle; MYO, myosepta; SF, subdermal fat tissue. In salmon, the triacylglycerols are dis-
tributed in tiny droplets in the dark muscle and in the white muscle in larger fat cells
(adipocytes) occurring along the myosepta, which is mainly made up of connective tissue.
(From Zhou, S. et al., Storage of lipids in the myosepta of Atlantic salmon (

 

Salmo

 

 

 

salar

 

),

 

Fish Physiol. Biochem.

 

, 14, 171, 1995. With permission.)
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for a salmon steak, there will be a basic white (dorsal) muscle and an accompanying
dark muscle layer on the flanks. In the lower part of Figure 13.2, one can see that
there is a different arrangement of the myosepta (bands of connective tissue) and
accompanying adipocytes (wholly fat-containing cells), leading to an excessively
fatty deposition in the area called the belly flaps. In the salmon industry and some
others, these are trimmed off and discarded, with the viscera, for animal feed or fish
meal and oil manufacture.

Wild fish are prone to seasonal fluctuations in fat content, usually associated
with spawning. The capelin examined for the Table 13.2 entry had body/head lipid
ranging from 1.9 to 9.3% fat. This species is usually harvested only for fish meal
and oil production. The common Atlantic mackerel 

 

Scomber

 

 

 

scombrus

 

 may be a
better example for food use. These fish migrate northwest past Nova Scotia in the
spring, with fillet fat as low as 1.89%, and after feeding heavily all summer return
with 20% fillet fat [22]. The EPA content of this lipid was then 7.1% and the DHA
content was 10.6%, and like other fatty fish the fillet could be smoked to give a very
popular product [23]. The brining and smoking processes actually stabilized the
highly unsaturated lipids.

 

13.5 OFFICIAL RECOMMENDATIONS FOR LONG-CHAIN 
OMEGA-3 FATTY ACIDS

 

The first official medical recommendation that people should eat fish regularly was made
in the United Kingdom in 1994 [24]. Twice a week was specified, with one meal being
fatty fish. The American Heart Association (AHA) followed belatedly with committee
statements in 2002 [25] and again in 2003 [26] with the following recommendations:

The AHA has published [26] a table of EPA 

 

+

 

 DHA contents of selected U.S.
common fishery products, in grams per 3 oz (100 g) serving, and of the amount
required of fishery product (or fish oil) to provide 1 g of EPA 

 

+

 

 DHA per day. This
may be more easily understood than the usual w/w% percentages of fatty acid in muscle
(edible) fat tables found for fish in scientific publications. Reference books may be
in either format.

 

Population Recommendation

 

Patients without documented chronic 
heart disease (CHD)

Eat a variety of (preferably oily) fish at least once a 
week, include oils and foods rich in 

 

α

 

-linolenic acid 
(flaxseed, canola, and soybean oils; flaxseed and 
walnuts)

Patients with documented CHD Consume 

 

≈

 

1 g of EPA 

 

+

 

 DHA per day, preferably from 
oily fish, EPA 

 

+

 

 DHA supplements could be considered 
in consultation with the physician

Patients needing triglyceride lowering Consume 2 to 4 g of EPA 

 

+

 

 DHA per day provided as 
capsules under a physician’s care
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13.6 ORIGIN OF THE LONG-CHAIN OMEGA-3 
FATTY ACIDS

 

This is a question that applies to both humans and fish. In humans, there is a rather
inefficient conversion of vegetable 18:3n-3 to EPA and DHA [27–32]. Since Lands
began to alert us to the problem of an excess of omega-6 over omega-3 fatty acids
in Western diets, it has gradually been realized that the 18:2n-6 and 18:3n-3 can
compete for enzymes in their respective elongations to 20:4n-6 and 20:5n-3 [28].
Figure 13.1 shows that this is not a problem for fish. There are thousands of species
of phytoplankton, some producing no long-chain omega-3 fatty acids, and others
small or large proportions of EPA and DHA [33–35]. Small marine animals also
need these fatty acids for particular purposes. To take only one example from a vast
literature, the popular scallop as typical of shellfish, it can be seen from Table 13.2
that the plentiful algal supply of EPA makes it a particularly useful omega-3 fatty
acid for such animals [36], although DHA can have a role as well, especially in
functional lipids such as phospholipids [37].

 

13.7 FISH AND SHELLFISH 

 

ARE

 

 FUNCTIONAL FOODS

 

It is not surprising that critics of omega-3 fatty acid sources abound [38], but aside
from shellfish toxins, mercury in the foods of pregnant women [39–41], and sanitation
concerns [42], there are few specific dangerous materials present at high levels in
domestic seafood usually judged for quality on other standards [42]. Occasionally
some alarmist groups complain about contaminants (usually heavy metals, pesticides,
and organochlorine compounds) in fish or fish oils.

 

 

 

This can be a general food problem
and one very recent scientific paper compares the safety of dietary fish oils and
vegetable oil supplements. In addition to reporting the polybrominated diphenyl ethers
newly recognized in fish and fish oils, the paper discusses the “nutritional relevance
for human essential n-3 fatty acid requirements” [43]. This makes risks a separate case
from the functionality of fish in regard to long-chain omega-3 fatty acids. Similarly,
a “certified organic” grading and claim may soon apply to farmed fish on rather feeble
grounds unless cheap aquaculture feeds low in organic contaminants can be produced.

In parallel with Table 13.2 for phospholipids in the smolting Atlantic salmon,
the triacylglycerols of the farmed fish and the wild fish had similar totals of the
omega-6 polyunsaturated fatty acid AA and of EPA and DHA:

The totals for omega-3 long-chain polyunsaturates are roughly the same, but in
the wild fish living in freshwater, a greater part of the total is the 20:4n-6, also
obvious in Table 13.2 in the phospholipids of the wild salmon taken in freshwater,
and probably based on consumption of terrestrial insects, which have fatty acid
compositions biased toward the omega-6 fatty acids. Freshwater fish do have EPA

 

20:4n-6 20:5n-3 22:6n-3

 

Farmed 0.3 1.7 6.2
Wild 2.8 2.1 4.1
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and DHA in reasonable amounts but there may be localized risks from contaminants,
although probably not enough omega-6 fatty acids to do any harm if consumed
occasionally. In conclusion, the marine fish probably have no need to biosynthesize
EPA and DHA. In fact, it does not matter whether we eat fish as a functional food or
take fish oil capsules as a nutraceutical: the origin of the EPA or DHA is probably
the same, despite attempts to promote nonfish sources on a “vegetarian” basis.

The leading firm in enriching infant supplements with DHA, Martek Bioscience
Corp., is said to have spent $99 million developing and testing their product over
several years, originally using the marine microalgae 

 

Crypthecodinium

 

 

 

cohnii

 

 in a
fermentation facility [10]. It is therefore interesting to see such products as EPA and
DHA promoted in advertising as vegetarian in origin. In fact, the EPA and DHA of
fish oils probably are also primarily of vegetarian origin. One clinical trial of the algal
type of DHA (no EPA) affected thrombogenic factors in vegetarian subjects favorably,
and in the same way as fish oil DHA [45]. There may be some physiological differences
in blood lipid responses between volunteers taking ethyl esters of fish oil fatty acids
in concentrates and those eating fish. This has been reported recently [46], but is to
be expected given that in fish the EPA and DHA are in the 2-position of triacylglycerols
and as 2-monoacylglycerols are absorbed rapidly. They therefore tend to be returned
to the liver as triacylglycerols via the lymph and distributed in the body in new
triacylglycerols, with the EPA and DHA in the same positions. The single molecules
of ethyl esters of EPA and DHA are absorbed by the intestinal wall much more slowly
and hydrolyzed, and the fatty acids returned to the blood also in new triacylglycerols,
but presumably in less specific positions on the glycerol.

 

13.8 NUTRACEUTICALS VS. FUNCTIONAL FOODS

 

An “official complete encyclopedia” on the subject of nutraceuticals, published in
2001 [47], devotes about 3 pages to essential fatty acids and 2 pages to fish oils,
out of a total of 669 pages. Each of these sections lists nearly a dozen body conditions
considered adverse states of human health. The two lists duplicate these conditions
almost completely and are non-life-threatening except for diabetes and atheroscle-
rosis or heart disease. Curiously, the latter two terms are listed under the texts for
essential fatty acids and not under fish oils. A concise but mostly fair comparison
of the common supply of dietary omega-6 vs. omega-3 fatty acids is included. This
meager summary has to be compared with the probably 10,000 scientific papers
reporting trials of animals or humans taking fish oil supplements and the much fewer
trials with consumption of “oily” fish, or indeed any fish, shellfish, or even seal oil.
The latter fat, it may be recalled, started the whole omega-3 cascade just over 25
years ago when Bang and Dyerberg conducted heart disease field research on the
natives in Greenland and published a short paper in 

 

The

 

 

 

Lancet

 

 [48]. Despite British
Cod Liver Oils soon promoting MAXEPA fish oil capsules with pictures of stalwart
fur-clad Eskimos, seal fats were soon forgotten, as fish oils were the only practical
way to access EPA and DHA in quantity. Nutraceuticals appear to have initially
“missed that boat,” although fish oil capsules were available all over the world within
a few years of the benefits of omega-3 fatty acids becoming apparent. One reason
was, of course, the ready availability almost all over the world of truly functional
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foods in the form of fish and shellfish. Unfortunately, the population of that world
divided into those who did not like eating fish or could not access it and those who did,
and international opinions on desirable long-chain omega-3 fatty acid intakes vary
widely [49]. With the appearance of the first official recommendations that fish should
be consumed twice weekly, one serving being a portion of oily fish [24,25], there
was confusion as to what constituted an “oily” fish. Through spring to fall, oily fish
in northern latitudes, for example, mackerel, often go from lean (1 to 2% body fat)
to very fat and suitable for smoking (20% body fat in fillets). This does no harm to
the nutritive value of the omega-3 fatty acids in the fish [23,50]. One attempt to
quantify the benefits of eating fish is to list their omega-3 value in “salmon units,”
since salmon is the most popular fish marketed, with some competition from tuna.
Regrettably, salmon is a large fish with a remarkably nonhomogeneous distribution
of fat in the edible muscle [51], so this concept is unlikely to succeed.

To make modest levels of long-chain omega-3 fatty acids widely available,
microencapsulated fish oils or esters are now considered or marketed by various
food product companies. These are typically ultrafine powders with a firm but
digestible shell that can stand up to mixing and baking when added at a modest
level into popular foods, raw or cooked. At present, the carrying capacity (oil content)
is about 50%, but 75% is the target of several companies. According to Ocean
Nutrition Canada, whose product received generally recognized as safe (GRAS)
status from the U.S. Food and Drug Administration (FDA) in April 2004, the average
daily consumption of long-chain omega-3 fatty acids is only 71 mg/d, or a tenth of
the daily recommended intake [49]. Now that the fish smell problem, mostly from
oil on the outside, has been mastered by Roche and BASF, the firms introducing
microencapsulated supplements also includes Clover in Australia, DSM in Europe
and the United States, and Biodar in Israel.

As may be gathered from this international review of national positions as of
December 2003, opinions are rather divided on the minimum dietary intake useful
or necessary, but clinical trials have frequently exceeded the FDA limit of 3.1 g/d
of fish oil omega-3 EPA and DHA with no obvious adverse health effects.

The introduction of new products is carried out only after mature reflection by the
companies concerned. Nutraceuticals are no exception. To make the magnitude of this
process a little clearer, Table 13.3 presents a selection of new product counts by
category for the United States tabulated for the whole of the year 2003. What will
cause the consumer to try one of these products? There often has to be a health claim
or, as one student put it, the text that is on the label is really a “health assertion.” The
impacts of these terminologies have recently been evaluated [52]. All foods are func-
tional. Even if a basic product is modified by additives or processing to enhance flavor
or appearance it may be promoted or advertised as “functional,” provided the consumer
can be convinced that it conveniently provides or augments a perceived health need.

Children are a special case. They are normally at the mercy of their parents. Partic-
ularly, obesity has become rampant and is a subject of concern outside this review,
especially in regard to physical inactivity. To date, the omega-3 fatty acids have been of
major interest in infant nutrition, where controversial literature abounds [53]. The food
industry should be taking over after this phase, as discussed in a recent food technology
magazine [54],

 

 

 

but it is an uphill job in the face of clever merchandising technology.
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In February 2004, 

 

Nutrition Reviews

 

 carried two very up-to-date articles perti-
nent to this review. One [55] clarifies the position of the FDA in the United States,
closely followed by a second in an unusual format: an executive summary from a
committee set up by the Institute of Medicine deals with the principles behind the
decisions [56]. Other countries and the European Union may be ahead of, or behind,
some aspects of these discussions. In other words, nothing is final.

 

TABLE 13.3
Some Food-Oriented New Product Counts by Category with Stock-Keeping 
Units (SKUs), the Number of Different Sizes, Flavors, Varieties 
and Packages

 

2003 Full Year

 

2002 Full Year

Foods Reports SKUs Reports SKUs

 

Baby food   17   90   16   74
Bread products 119 331 103 264
Cake mixes, frosting, and decorations   27   53   16   42
Cereals 115 189   91 182
Cheese 157 570 138 590
Chips 118 312 101 222
Cookies 260 846 210 695
Crackers   73 150   64 129
Dairy case foods   23   48   37 75
Desserts   43 109   58 150
Entree mixes   19   53   21 62
Fish   86 211   61 197
Fruits and fruit side dishes   66 216   61 165
Ice cream, novelties, and frozen yogurt 268 728 197 562
Margarine, butter, and spreads   24   35   14   25
Mayonnaise and imitation mayonnaise   14   33   16   30
Meal replacements and special diet foods     34 112   29 124
Meals and entrees, pizza, hot snacks, and sandwiches   272 884 249 807
Mixes, other baking and nonbaking     79 200 68 135
Oil, shortening, and cooking sprays     70 171   59 200
Pasta and pasta side dishes   123 515 108 349
Pastry and baked products   120 486 111 357
Poultry     99 257   83 275
Rice and rice side dishes   35 103   52 105
Salad dressings     76 218   65 183
Sauces and gravies   166 380 186 453
Snack bars   143 355 123 323
Snacks, other   197 670 210 525
Soup     85 293   84 293
Yogurt and yogurt imitations     51 200   37 163

 

Actual

 

 

 

total

 

 

 

in

 

 

 

original

 

 

 

article

 

4727 14,812 4335 13,452

 

Source:

 

 Modified from 

 

Stagnito’s New

 

 

 

Products

 

 

 

Magazine

 

, January 2004. With permission.
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13.9 POSTSCRIPT

 

The latest (April 2004) report from the U.S. Institute of Medicine and National Research
Council of the Nutritional Academies states that within the regulatory parameters of the
Dietary Supplement Health and Education Act (DSHEA), supplement makers and others
need to increase their reporting of health problems related to supplement use.
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14.1 INTRODUCTION

 

Aging is the accumulation process of diverse detrimental changes in the cells and tissues
with advancing age resulting in the increase of the risks of disease and death [1].
Aging is influenced by many factors, including lifestyle, environmental conditions,
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and genetic predisposition [2]. With increasing age, the oxidation products from
lipids, nucleic acids, proteins, sugars, and sterols are found to increase [3]. The main
causes of the aging process seem to be related to reactive oxygen species and free
radicals, such as superoxide anion, hydrogen peroxide, hydroxyl radicals, and singlet
oxygen. Mitochondria, which consume more than 90% of the oxygen in aerobic
living organisms, are the main reactive oxygen species and free-radical sources.
Oxygen in mitochondria is reduced to water by four sequential steps [4]. Perhydroxyl
radical (HO

 

2

 

•

 

) or its ionized form, superoxide anion (

 

•

 

O

 

2
–

 

), is the first reduced
intermediate of oxygen. Hydrogen peroxide (H

 

2

 

O

 

2

 

) and hydroxyl radical (

 

•

 

OH) are
inevitable intermediates from oxygen to water reduction steps in the body. Approxi-
mately 1 to 5% of the oxygen consumed by mitochondria is reduced and converted
to these reactive oxygen species [4].

Harman [1] suggested that initially generated superoxide anion and hydrogen
peroxide are the main reactive oxygen species causing the oxidation of cells and
tissues. Superoxide anion itself is not a strong oxidant but it reacts with proton in
water solution to form hydrogen peroxide, which can serve as a substrate for the
generation of hydroxyl radicals and singlet oxygen [5]. Hydroxyl radicals are strong
oxidants and can abstract a hydrogen atom from any carbon–hydrogen bond and
oxidize the compounds. For example, linoleic acids are mainly located in glycero-
lipids and phospholipids of cell membranes; therefore, cell membranes are easily
oxidized and lose their functionality during the aging process.

Pro-oxidative enzymes such as lipoxygenase can generate free radicals [2].
Lipoxygenase can react with free forms of fatty acids, which can be released from
glycerides by membrane-bound phospholipase A

 

2

 

. Environmental sources, such as
ultraviolet irradiation, ionizing irradiation, and pollutants, also produce reactive
oxygen species [6]. Injured cells and tissues can stimulate the generation of free
radicals [2]. Reactive oxygen species can be formed in foods through lipid oxidation
and photosensitizers exposed to light [7]. Nonenzymatic lipid oxidation requires the
presence of free forms of bivalent metal ions such as copper and iron, which are not
common for healthy adults [8]. It has been assumed that free forms of irons are generated
by the decompositions of iron-containing natural sources, such as hemoglobin and
ferritin. [6]

Enzymatic and nonenzymatic antioxidant systems in the body, including super-
oxide dismutase, catalase, glutathione peroxidase, lipid-soluble vitamin E and car-
otenes, and water-soluble vitamin C, regulate the balance of reactive oxygen species
with antioxidants [9,10]. As aging proceeds, the efficiency of antioxidant defense
systems lowers and the ability to remove deleterious reactive oxygen species and
free radicals decreases. The prevalent free-radical states, or so-called oxidative stress,
initiate the oxidation of polyunsaturated fatty acids (PUFAs), proteins, deoxyribo-
nucleic acid (DNA), and sterols. The age-associated increases in oxidized proteins,
oxidized DNA, sterol oxidation products, and lipid oxidation products support the
theory that reactive oxygen species and free radicals are involved in the aging process
[6,11]. Consumption of fruits and vegetables containing high amounts of antioxida-
tive nutraceuticals has been associated with the balance of the free radicals/antiox-
idants status, which helps to minimize the oxidative stress in the body and to reduce
the risks of cancers and cardiovascular diseases [12].
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14.2 REACTIVE

 

 

 

OXYGEN

 

 

 

SPECIES

 

Reactive oxygen species can be classified into oxygen-centered radicals and oxygen-
centered nonradicals. Oxygen-centered radicals are superoxide anion (

 

•

 

O

 

2
–

 

), hydroxyl
radical (

 

•

 

OH), alkoxyl radical (RO

 

•

 

), and peroxyl radical (ROO

 

•

 

). Oxygen-centered
nonradicals are hydrogen peroxide (H

 

2

 

O

 

2

 

) and singlet oxygen (

 

1

 

O

 

2

 

). Another reactive
species are nitrogen species such as nitric oxide (NO

 

•

 

), nitric dioxide (NO

 

2

 

•

 

), and
peroxynitrite (OONO

 

–

 

) [13]. Reactive oxygen species in biological systems are related
to free radicals, even though there are nonradical compounds in reactive oxygen species
such as singlet oxygen and hydrogen peroxide. A free radical exists with one or more
unpaired electron in atomic or molecular orbital. Free radicals are generally unstable,
highly reactive, and energized molecules. Reactive oxygen species or free radicals in
biological systems can be formed by pro-oxidative enzyme systems, lipid oxidation,
irradiation, inflammation, smoking, air pollutants, and glycoxidation [5,6]. Clinical
studies reported that reactive oxygen species are associated with many age-related
degenerative diseases, including atherosclerosis, vasospasms, cancers, trauma, stroke,
asthma, hyperoxia, arthritis, heart attack, age pigments, dermatitis, cataractogenesis,
retinal damage, hepatitis, liver injury, and periodontitis (Figure 14.1) [14]. Reactive
oxygen species also have been known to induce apoptosis of cells [14].

Benign functions of free radicals have been reported, including activation of
nuclear transcription factors, gene expression, and a defense mechanism to target
tumor cells and microbial infections [14]. Superoxide anion may serve as a cell growth
regulator [6]. Singlet oxygen can attack various pathogens and induce physiological
inflammatory response [5]. Nitric oxide is one of the most widespread signaling mol-
ecules and participates in every cellular and organ function in the body. Nitric oxide
acts as a neurotransmitter and an important mediator of the immune response [15].

 

14.2.1 S

 

UPEROXIDE

 

 

 

A

 

NION

 

 

 

(
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O

 

2
–

 

)

 

Superoxide anion is a reduced form of molecular oxygen that develops when the
oxygen receives one electron (Figure 14.2). Superoxide anion is an initial free radical
formed from mitochondrial electron transport systems. Mitochondria generate
energy using four electron chain reactions, reducing oxygen to water. Some of the

 

FIGURE 14.1
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electrons escaping from the chain reaction of mitochondria directly react with oxy-
gen and form superoxide anions [1].

Superoxide anion plays an important role in the formation of other reactive oxygen
species such as hydrogen peroxide, hydroxyl radical, or singlet oxygen (2

 

•

 

O

 

2
–

 

 

 

+

 

 2H

 

+

 

→

 

 H

 

2

 

O

 

2

 

 

 

+

 

 O

 

2

 

) in living systems [5]. Superoxide anion can react with nitric oxide
(NO

 

•

 

) and form peroxynitrite (ONOO

 

–

 

), which can generate toxic compounds such
as hydroxyl radical and nitric dioxide (ONOO

 

–

 

 

 

+

 

 H

 

+

 

 

 

→

 

 

 

•

 

OH 

 

+

 

 

 

•

 

NO

 

2

 

) [6].

 

14.2.2 H

 

YDROXYL

 

 

 

R

 

ADICAL

 

 

 

(
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OH)

 

Hydroxyl radical is the most reactive free radical and can be formed from superoxide
anion and hydrogen peroxide in the presence of metal ions such as copper or iron
(

 

•

 

O

 

2
–

 

 

 

+

 

 H

 

2

 

O

 

2

 

 

 

→

 

 

 

•

 

OH 

 

+

 

 OH

 

–

 

 

 

+

 

 O

 

2

 

). Hydroxyl radicals have the highest one-electron
reduction potential (2310 mV) and can react with everything in living organisms at
the second-order rate constants of 10

 

9

 

 to 10

 

10

 

 

 

M

 

−

 

1

 

 s

 

−

 

1

 

 [16]. In general, aromatic
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14.2

 

Molecular orbitals of singlet oxygen and superoxide anion.
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compounds or compounds with carbon–carbon multiple bonds undergo addition
reactions with hydroxyl radicals, resulting in the hydroxylated free radicals. In
saturated compounds, a hydroxyl radical abstracts a hydrogen atom from the weakest
C–H bond to yield a free radical [16]. The resulting radicals can react with oxygen
and generate other free radicals.

Hydroxyl radicals react with lipid, polypeptides, proteins, and DNA, especially
thiamine and guanosine [3]. Hydroxyl radicals also add readily to double bonds.
The barrier to the addition of hydroxyl radicals to double bonds is less than that of
hydrogen abstraction, so that in competition addition is often favored. When a
hydroxyl radical reacts with aromatic compounds, it can add on across a double
bond, resulting in hydroxycyclohexadienyl radical [17]. The resulting radical can
undergo further reactions, such as reaction with oxygen, to give peroxyl radical or
decompose to phenoxyl-type radicals by water elimination.

 

14.2.3 H
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Hydrogen peroxide can be generated through dismutation reaction from super-
oxide anion by superoxide dismutase. Enzymes such as amino acid oxidase and
xanthine oxidase also produce hydrogen peroxide from superoxide anion. Hydrogen
peroxide is highly diffusible and crosses the plasma membrane easily.

Hydrogen peroxide is the least reactive molecule among reactive oxygen species
and is stable under physiological pH and temperature in the absence of metal ions.
Hydrogen peroxide is a weak oxidizing and reducing agent and is thus regarded
poorly reactive. Hydrogen peroxide can generate hydroxyl radical in the presence
of metal ions and superoxide anion (
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O
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–
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 H
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→
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OH 
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 OH
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+

 

 O

 

2

 

) [6]. Hydrogen
peroxide can produce singlet oxygen through reaction with superoxide anion or with
HOCl or chloroamines in living systems [5,18]. Hydrogen peroxide can degrade
certain heme proteins, such as hemoglobin, to release iron ions.
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Singlet oxygen is nonradical and in excited status. Molecular orbital of singlet
oxygen is shown in Figure 14.2. The electrons in the 

 

π

 

 antibonding orbitals of singlet
oxygen are paired. Takayama et al. [19] reported that metastable phosphatidylcholine
hydroperoxides present in the living organism produced singlet oxygen during their
breakdown in the presence of Cu

 

2

 

+

 

 in the dark. Singlet oxygen can be formed from
hydrogen peroxide, which reacts with superoxide anion or with HOCl or chloroamines
in cells and tissues [5].

Compared with other reactive oxygen species, singlet oxygen is rather mild and
nontoxic for mammalian tissue [5]. However, singlet oxygen has been known to be
involved in cholesterol oxidation [20]. Oxidation of cholesterol by singlet oxygen
results in formation of 5
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-OOH (3
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[21,22]. Oxidation and degradation of cholesterol by singlet oxygen were observed
to be accelerated by the copresence of fatty acid methyl ester. In humans, singlet
oxygen is both a signal and a weapon with therapeutic potency against various
pathogens, such as microbes, viruses, and cancer cells [5].

 

2162_C014.fm  Page 329  Monday, June 20, 2005  12:34 PM



 

330

 

Handbook of Functional Lipids

 

14.2.5 P

 

EROXYL

 

 

 

(ROO

 

•

 

)

 

 

 

AND

 

 

 

A

 

LKOXYL

 

 

 

RADICALS (RO•)

Peroxyl radicals (ROO•) are formed by a direct reaction of oxygen with alkyl radicals
(R•), for example, reaction between lipid radicals and oxygen. Decomposition of
alkyl peroxides (ROOH) also results in peroxyl (ROO•) and alkoxyl (RO•) radicals.
Irradiation of UV light or presence of a transition metal ion can cause homolysis of
peroxides to produce peroxyl and alkoxyl radicals (ROOH → ROO• + H•, ROOH +
Fe3+ → ROO• + Fe2+ + H+).

Peroxyl and alkoxyl radicals are good oxidizing agents, having more than 1000 mV
of standard reduction potential [23]. They can abstract hydrogen from other molecules
with lower standard reduction potential. This reaction is frequently observed in the prop-
agation stage of lipid peroxidation. Very often, the alkyl radical formed from this reaction
can react with oxygen to form another peroxyl radical resulting in chain reaction. Some
peroxyl radicals break down to liberate superoxide anion or can react with each other to
generate singlet oxygen [23]. Aromatic alkoxyl and peroxyl radicals are less reactive than
respective open chain radicals due to the delocalization of electrons in the ring.

14.2.6 NITRIC OXIDE (NO•) AND NITRIC DIOXIDE (NO2
• )

Nitric oxide (NO•) is a free radical with a single unpaired electron. Nitric oxide is formed
from L-arginine by NO synthase [15]. Nitric oxide itself is not a very reactive free radical,
but the overproduction of nitric oxide is involved in ischemia-reperfusion and neurode-
generative and chronic inflammatory disease, such as rheumatoid arthritis and inflam-
matory bowel disease. Nitric oxide, exposed in human blood plasma, can deplete the
concentration of ascorbic acid and uric acid and initiate lipid peroxidation [24].

Nitric dioxide (NO2
•) is formed from the reaction of peroxyl radical and NO,

polluted   air and smoking [25]. Nitric dioxide adds to double bonds and abstract
labile hydrogen atoms, initiating lipid peroxidation and production of free radicals.
It also oxidizes ascorbic acid [26].

14.2.7 PEROXYNITRITE (OONO−)

Reaction of nitric oxide and superoxide anion can generate peroxynitrite (•O2
– +

NO· → OONO–). Peroxynitrite is a cytotoxic species and causes tissue injury and
oxidizes low-density lipoprotein (LDL) [6]. Peroxynitrite appears to be an important
tissue-damaging species generated at the sites of inflammation [26]. Peroxynitrite
(OONO–) can cause direct protein oxidation and DNA base oxidation and modification
acting as a “hydroxyl radical-like” oxidant [27].

14.2.8 ENZYMATIC FORMATION

Pro-oxidative enzymes, including reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase [28], NO synthase [29], and the cytochrome P450 chain
[18], can generate reactive oxygen species. Lipoxygenase generates free radicals.
Lipoxygenase needs free PUFAs, which are not present in healthy tissue. Membrane-
bound phospholipase produces PUFAs and lysolecithins. Lysolecithins change the
cell membrane structures, and free PUFAs are oxidized to form lipid hydroperoxides.

2162_C014.fm  Page 330  Monday, June 20, 2005  12:34 PM



Nutraceuticals, Aging, and Food Oxidation 331

Lipoxygenase with Fe2+ ion is in inactivated status. Once Fe2+ oxidized to Fe3+,
lipoxygenase can convert PUFAs into hydroperoxides [2].

14.3 LIPID OXIDATION AND AGING

Theories explaining aging processes are diverse, including disease, environment, immune
dysfunction, inborn processes, and free radicals. Generally accepted aging theories are
based on either developmentally programmed aging or damage-accumulation aging,
both involving generation of free radicals [6]. Free-radical theories are based on the
chemical characteristics of free radicals, which are ubiquitous in body systems. Free
radicals or reactive oxygen species in the body can cause lipid oxidation, protein
oxidation, DNA strand break and base modification, and modulation of gene expression.

Oxidative stress is a serious imbalance between reactive oxygen species and
antioxidants. Oxidative stress is due to antioxidant-deficient diets or increased pro-
duction of reactive oxygen species by environmental toxins like smoking or by inap-
propriate activation of phagocytes such as with chronic inflammatory disease [6].
Clinical studies reported that reactive oxygen species are associated with many
degenerative diseases, which are associated with aging (Figure 14.1) [16].

14.3.1 TRIPLET OXYGEN OXIDATION WITH FATTY ACIDS

Lipid oxidation is a free-radical chain reaction and reactive oxygen species can accel-
erate lipid oxidation [7]. Triplet oxygen is a diradical compound, which can react with
radical compounds. Food components are not radicals. In order to react with triplet
oxygen, one hydrogen atom should be removed from food components to become
radicals. The removal of hydrogen from saturated fatty acid requires approximately
100 kcal/mol but that of hydrogen between double bonds such as hydrogen at position
11 of linoleic acid is only about 50 kcal/mol [7]. Therefore, hydrogen between double
bonds is most easily removed due to low energy requirement.

Triplet oxygen oxidation or auto-oxidation has three steps: initiation, propaga-
tion, and termination [30]. Initiation is a step for the formation of free alkyl radicals.
The pentadienyl radical is formed from linoleic acid by hydrogen abstraction at the
C11 position and rearranged to the C9 or 13 positions of conjugated radicals at equal
concentration. During rearrangement, cis double bond changes to trans double bond.
Triplet oxygen can react with conjugated double bond radicals of linoleic acid and
produce peroxyl radical at C9 and 13 positions. The peroxyl radicals abstract hydro-
gen from other fatty acids and become hydroperoxide and generate free alkyl radi-
cals, which is called the propagation step. The chain reactions of free alkyl radicals
and peroxyl radicals accelerate the auto-oxidation. Radicals react with each other
to form nonradical products, which is a termination step.

Triplet oxygen oxidation produces only the conjugated diene hydroperoxides
in linoleic and linolenic acids. The relative reaction ratios of triplet oxygen with
oleic, linoleic, and linolenic acid are 1:12:25 [30]. Linolenic acid reacts twice
faster than linoleic acid due to the two pentadienyl groups. The number of double
bonds does not change in triplet oxygen oxidation, even though cis conformation
of double bond changes to trans conformation. 
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14.3.2 SINGLET OXYGEN OXIDATION WITH FATTY ACIDS

Singlet oxygen is a nonradical compound and can directly react with nonradical
compounds without radical intermediates. One of the highest degenerate π antibond-
ing molecular orbitals in singlet oxygen is vacant and singlet oxygen tries to fill the
empty molecular orbital with electrons (Figure 14.2). Singlet oxygen can directly
react with electron-rich compounds such as unsaturated fatty acids with double bonds
[31]. Singlet oxygen can react with any compounds with double bonds through the
mechanisms of cycloaddition and “ene” reaction.

The reaction rates of singlet oxygen with oleic, linoleic, linolenic, and arachi-
donic acids are 0.7, 1.3, 1.9, and 2.4 × 105 M−1 s−1, respectively [32]. Singlet oxygen
oxidation depends on the number of double bonds instead of types of double bonds,
such as conjugated or nonconjugated double bonds.

14.3.3 LIPID OXIDATION AND AGING

Cell membranes in human beings are phospholipid bilayers with extrinsic proteins
and are the direct target of lipid oxidation [20]. As lipid oxidation of cell membranes
increases, the polarity of lipid phase, surface charge, and formation of protein oligo-
mers increase, and molecular mobility of lipids, number of SH groups, and resistance
to thermodenaturation decrease.

Malonaldehyde, one of the lipid oxidation products, can react with the free amino
group of proteins, phospholipid, and nucleic acids leading to structural modification,
which induces dysfunction of immune systems. A high level of lipid oxidation products
can be detected in cell degradation after cell injury or disease. The increases in lipid
oxidation products are found in diabetes, atherosclerosis, liver disease, apoplexy,
and inflammation. LDL are complicated structures and oxidative modification of
LDL has been reported to be involved with the development of atherosclerosis and
cardiovascular disease [33]. Oxidized cholesterol or fatty acid moieties in the plasmatic
LDL can develop atherosclerosis [11,20,34].

14.4 ANTIOXIDATIVE NUTRACEUTICALS

Nutraceuticals or functional foods are any food or food ingredients that may provide
beneficial health effects beyond the traditional nutrients they contain [35]. Nutra-
ceuticals are also known as medical food, nutritional supplements, and dietary
supplements. Nutraceuticals range from isolated nutrients, dietary supplements,
genetically engineered “designer” foods, herbal products, and processed products
like cereals and soups. The functional food market has increased due to the fast
growth of the older generation in the United States and their concerns with health
beneficial foods [36]. Nutraceuticals can be grouped in different ways depending on
the food sources, mode of action, and chemical structures [37].

As oxidative stress increases, the level of the pro-oxidants against antioxidants
increases and the aging process accelerates. If reactive oxygen species and free
radicals are the major causes of aging processes, antioxidative nutraceuticals can
reduce the level of reactive oxygen species and free radicals, slow down the aging
process, and increase life span. It has been reported that levels and activities of
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antioxidant enzymes, including superoxide dismutase, catalase, and glutathione per-
oxidase, are much higher in long-living species than in short-living ones. The
concentration of vitamin E in elderly people over 65 years old is lower than that in
younger adults. Consumption of optimum amounts of vitamins A and E increased
the average life expectancy of animals [38,39].

Consumption of foods containing oxidized components has been implicated with
acceleration of the aging process and increased risk of disease in humans. Animal
and human studies showed that dietary lipid oxidation products cause the athero-
sclerotic process and accelerate the accumulation of oxidized lipids in macrophages
and monocytes [40].

Antioxidative nutraceuticals can inhibit or slow down the formation of free alkyl
radicals in the initiation step and interrupt the free-radical chain reactions in the propa-
gation step during lipid oxidation. Antioxidative nutraceuticals can be antioxidative
enzymes, hydrogen-donating compounds, metal chelators, and singlet oxygen quenchers.

14.4.1 ANTIOXIDATIVE ENZYMES

Antioxidative enzymes, including superoxide dismutase, catalase, and glutathione
peroxidase/reductase, convert reactive oxygen species into nonreactive oxygen mol-
ecules. Proteins showing antioxidant properties are listed in Table 14.1. Superoxide
dismutase (SOD) converts superoxide anion into hydrogen peroxide and oxygen.
There are two types of SOD: a magnesium-containing SOD and a copper–zinc-
dependent SOD. Catalase is involved in cellular detoxification and can convert
hydrogen peroxide into water and oxygen (Figure 14.3). Glutathione peroxidase is
the most important hydrogen peroxide removing enzyme existing in the membrane.
Glutathione disulfide reductase is a flavoprotein that permits the conversion of
oxidized glutathione (GSSG) to reduced glutathione (GSH) by the oxidation of
NADH to NAD+ (Figure 14.3) [41].

14.4.2 HYDROGEN-DONATING NUTRACEUTICALS

Antioxidative nutraceuticals, which can donate hydrogen atoms to free radicals, can
scavenge free radicals and prevent lipid oxidation. Lipid oxidation in foods and in
biological systems is a typical free-radical chain reaction of unsaturated fatty acids

TABLE 14.1
Antioxidative Enzymes

Proteins Functions

Superoxide dismutase Superoxide removal
Catalase Hydroperoxide removal
Glutathione peroxidase Hydroperoxide removal
Glutathione disulfide reductase Oxidized glutathione reduction
Glutathione-S-transferase Lipid hydroperoxide removal
Methionine sulfoxide reductase Repair oxidized methionine residues
Peroxidase Decomposition of hydrogen peroxide and lipid hydroperoxide
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with initiation, propagation, and termination steps. The propagation step is a slow step
in lipid oxidation and the concentration of peroxyl radicals is found to be the greatest
of all fatty acid radicals [42]. Free-radical scavengers, which react with peroxyl radicals
before the PUFAs react with peroxyl radicals, can prevent lipid oxidation. Chain-
breaking antioxidants donate hydrogen atoms to peroxyl radicals and convert them to
more stable and nonradical products (Table 14.2) [23,43]. Antioxidant radicals formed
from hydrogen-donating antioxidants can react with alkyl, alkoxyl, and peroxyl radicals
of PUFAs and generate nonradical stable compounds (Table 14.2).

Whether a compound acts as an antioxidant or a pro-oxidant can be determined
by the standard one-electron reduction potential (Table 14.3). Standard one-electron
reduction potentials of alkyl, peroxyl, and alkoxyl radicals of PUFAs are 600, 1000,
and 1600 mV, respectively (Table 14.3) [31]. To work as an antioxidant and prevent
lipid oxidation, the reduction potential of a free-radical scavenger should be lower
than 600 mV, which is a reduction potential of PUFAs. For example, ascorbic acid

FIGURE 14.3 Antioxidative enzymes and their reaction mechanisms.

TABLE 14.2
Reaction of Hydrogen-Donating Antioxidants with Radicals

R• + AH → RH + A•

RO• + AH → ROH + A•

ROO• + AH → ROOH• + A•

R• + A• → RA
RO• + A• → ROA
ROO• + A• → ROOA
Antioxidant + O2 → Oxidized antioxidant

AH, antioxidant; R•, alkyl free radical; RO•, alkoxyl free radical; ROO•, peroxyl free radical.

SOD
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(Catalase)

(Glutathione peroxidase)
Reduced glutathione 

2 ·O2
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−
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and tocopherol, which have lower standard one-electron reduction potential (282 and
480 mV, respectively) than PUFAs (600 mV), can donate a hydrogen atom to peroxyl
radicals of PUFAs before PUFAs do [31].

The newly generated free radicals from antioxidative nutraceuticals should be
stable enough not to participate in other lipid oxidation chain reactions. Radicals from
phenolic compounds can be stabilized through resonance formation (Figure 14.4).

14.4.3 METAL-CHELATING NUTRACEUTICALS

Transition metals such as iron and copper play important roles in initiation and
propagation steps of lipid oxidation. The initiation step of oxygen oxidation requires
removal of a hydrogen atom. The presence of metal can accelerate the initiation step
of lipid oxidation by the mechanism of RH + Mn+ → R• + H+ + M(n−1)+. Metals can
decompose the hydroperoxide to form peroxyl radical and alkoxyl radical, and
accelerate the lipid oxidation at the exponential rate [30,44]:

Fe3+ (Cu2+) + ROOH → Fe2+ (Cu+) + ROO• + H+

Fe2+ (Cu+) + ROOH → Fe3+(Cu2+) + RO• + OH–

Metals are also involved in the formation of singlet oxygen:

Fe2+ + O2→ Fe3+ + O–
2 → 1O2

Hydrogen peroxide can react with transition metal ions to form hydroxyl radical:

Mn+ + H2O2 → M(n+1)+ + •OH + OH–

This reaction is dependent on the availability of transition metal ions such as copper
and iron. The availability of metal ions is determined by the concentrations of metal-
binding proteins, including ferritin, lactoferrin, and ceruloplasmin [23].

TABLE 14.3
Standard One-Electron Reduction Potential (mV)
at pH 7.0 for Selected Radical Couples

HO•, H+/H2O  2310
RO•, H+/ROH  1600
ROO•, H+/ROOH  1000
GS•/GS– (glutathione)    920
PUFA•, H+/pUFA    600
Catechol•, H+/catechol    530
α-Tocopheroxyl•, H+/α-Tocopherol    480
H2O2, H

+/H2O, HO•    320
Ascorbate–•, H+/Ascorbate    282
O2/

•O2
–   −330

RSSR/RSSR–• (GSH) −1500
H2O/e–aq −2870
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Metal chelators, one type of antioxidative nutraceuticals, form complex ions or
coordination compounds with metals by occupying all metal coordination sites and
preventing metal redox cycling. Metal chelators can convert metal ions into insoluble
metal complexes or generate steric hindrance, which can prevent the interactions
between metals and lipid intermediates. Some reported metal chelating proteins are
shown in Table 14.4. Metal chelators are phosphoric acid, citric acid, ascorbic acid,

FIGURE 14.4 Resonance stabilization of phenolic antioxidant radicals. Antioxidant radicals
are stabilized through resonance structures. R• , RO•, and ROO•: alky, alkoxyl, and peroxyl
radicals, respectively.

TABLE 14.4
Metal-Chelating Proteins
Protein Function

Ferritin Iron storage
Transferrin Iron storage 
Lactoferrin Iron storage
Haptoglobin Hemoglobin sequestration
Ceruloplasmin Copper storage 
Albumin Copper storage
Transferrin ferro-oxidase Iron transport
Hemopexin Stabilization of heme
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polyphenols like quercetin, carnosine, some amino acids, peptides, and proteins such
as transferrin and ovotransferrin [45,46].

14.4.4 SINGLET OXYGEN QUENCHING NUTRACEUTICALS

Singlet oxygen is highly reactive toward any molecules with π electrons or lone
pairs of low ionization energy. There are two types of singlet oxygen quenching
mechanisms: physical and chemical quenchings. Physical quenching converts singlet
oxygen into triplet oxygen by either energy transfer or charge transfer without
generating any other intermediates. Chemical quenching is involved with the gen-
eration of intermediates, such as oxidized products. Singlet oxygen reactions with
compound (A) to form oxidized products (AO2) are shown in Figure 14.5. Chemical
quenching between singlet oxygen (1O2) and quencher (Q) involves the generation
of an oxidized product “QO2.” Physical quenching converts singlet oxygen (1O2) to
triplet oxygen (3O2) without production of oxidized product “QO2.” Detailed infor-
mation on the singlet oxygen quenching mechanisms can be found in an excellent
review by Boff and Min [7]. Singlet oxygen quenchers should have electron-rich
structures such as double bonds in the molecules to react with singlet oxygen.
Carotenoids, which have many double bonds, are well-known singlet oxygen quench-
ers [7]. Uric acid and ascorbic acid are also powerful quenchers of singlet oxygen
[24]. Thioredoxin has been reported as a singlet oxygen quencher and a hydroxyl
radical scavenger, which acts independently of the redox potential. [47]

14.5 ANTIOXIDATIVE NUTRACEUTICALS IN FOODS

14.5.1 TOCOPHEROLS AND TOCOTRIENOLS

Tocopherols consist of a chroman ring and a long, saturated phytyl chain. Tocols
are 2-methyl-2(4′,8′,12′-trimethyltridecyl)chroman-6-ols and tocotrienols have 3
double bonds at positions 3′, 7′, and 11′ of the side chain in tocols (Figure 14.6).
The α-, β-, γ-, and σ-tocopherols and tocotrienols differ in the number and position
of methyl groups attached to the 5, 7, and 8 of the ring structure [48]. Tocopherols
and tocotrienols are very nonpolar and exist in lipid phase. Tocopherols are natural
constituents of biological membranes. Tocotrienols are found mainly in palm oil,
cereal grains, and kale [49].

FIGURE 14.5 Singlet oxygen quenching mechanisms.
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Tocopherols are typical and important antioxidants in humans. α-Tocopherol,
which is present at the ratio of 1 to 1000 lipid molecules, is the most abundant
among tocopherols. Tocopherols can protect PUFA within the membrane and LDL,
and inhibit smooth muscle cell proliferation and protein kinase C activity. Tocopherol
has been associated with the reduction of heart disease, delay of Alzheimer’s disease,
and prevention of cancer. γ-Tocopherols can reduce the concentration of nitrogen
dioxide (NO2) better than other tocopherols. Nitrogen dioxide is involved in car-
cinogenesis, arthritis, and neurological diseases. Tocotrienols have been shown to
have anticancer activity and cholesterol lowering ability. Some in vitro studies
showed that tocotrienols inhibited LDL oxidation better than tocopherols [49].

Antioxidant mechanisms of tocopherols involve transfer of a hydrogen atom at
6-hydroxyl group on the chroman ring, and scavenging of singlet oxygen and other
reactive species. Tocopherols are regenerated in the presence of ascorbic acids.
Phytyl chain in tocopherols can fit in the membrane bilayer while active chroman
ring is closely positioned to the surface. This unique structure enables tocopherols
to act as effective antioxidants and to be regenerated through reaction with other

FIGURE 14.6 Structures of tocopherols and tocotrienols.
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antioxidants like ascorbic acid [41]. α-Tocopherol has higher vitamin E activity and
singlet oxygen quenching ability than β-, γ-, and δ- tocopherols while γ-tocopherol
has better nitrogen dioxide and peroxynitrite radical scavenging ability than α-
tocopherols [48]. Efficiency of scavenging hydroxyl, alkoxyl, and peroxyl radicals
by α-tocopherol is approximately 1010, 108, and 106 (M−1 s−1), respectively [50].

Tocotrienols are potential nutraceuticals and the antioxidant mechanisms of
tocotrienols are the same as that of tocopherols. Tocotrienols are more mobile within
the biological membrane than tocopherols and have more recycling ability and more
inhibition of liver oxidation [49].

14.5.2 ASCORBIC ACID

L-Ascorbic acid is a 6-carbon lactone ring structure with 2,3-enediol moiety. The
antioxidant activity of ascorbic acid comes from 2,3-enediol. L-Ascorbic acid first
changes to semi-dehydroascorbic acid through donating one hydrogen atom and
electron, and then L-dehydroascorbic acid by donating a second hydrogen atom and
electron (Figure 14.7). Both L-ascorbic acid and L-dehydroascorbic acid retain the
vitamin C activity. Ascorbic acid is highly susceptible to oxidation in the presence
of metal ions such as Cu2+ and Fe3+. Oxidation of ascorbic acid is also influenced
by heat, light exposure, pH, oxygen concentration, and water activity [48].

Ascorbic acid may be associated with the prevention of some cancers, heart
disease, and the common cold. Ascorbic acid and tocopherol supplementation can
substantially reduce oxidative damage. The effects are greater in nonsmokers than
smokers. Smoking induces oxidative stresses from numerous free-radical compounds
in the gas phases and ascorbic acid radical could be pro-oxidant in smokers [12].

The antioxidant mechanisms of ascorbic acid are based on hydrogen atom
donation to lipid radicals, quenching of singlet oxygen, and removal of molecular
oxygen. Scavenging aqueous radicals and regeneration of α-tocopherol from the
tocopheroxyl radical species are also well-known antioxidant mechanisms of ascor-
bic acid. Ascorbic acid is an excellent electron donor due to the low standard one-
electron reduction potential (282 mV), the generation of relatively stable semidehy-
droascorbic acid, and the easy conversion of dehydroascorbic acid to ascorbic acid [51].
The reaction rate constants of ascorbic acid with other radicals are shown in Table 14.5.
The kinetics of electron or hydrogen atom transfer reactions is rapid, with the resulting
ascorbic acid as an excellent antioxidant. However, ascorbic acid can act as a pro-oxidant
under certain conditions, including reducing ferric iron to more active ferrous iron.

FIGURE 14.7 Sequential one-electron oxidations of L-ascorbic acid.
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Regeneration of tocopherol radicals to tocopherols by ascorbic acid has been
known since the 1940s. Ascorbic acid can donate hydrogen atom to tocopheroxyl
radical at the rate of 2 × 105 M−1 s−1 due to the difference of one-electron reduction
potential between ascorbic acid (282 mV) and (480 mV). The phenol group of
tocopherol is located near the interface of a biological membrane-water phase, and
ascorbic acid can access easily to the antioxidant active site of tocopherols and
regenerate tocopherols from tocopherol radicals (Figure 14.8) [52].

TABLE 14.5
Rate Constants for Reaction of Equilibrium Mixture of Ascorbic 
Acid/Semidehydroascorbic Acid/Dehydroascorbic Acid at pH 7.4

Radical k (M�1 s�1)

HO• 1.1 × 1010

RO• (tert-butyl alkoxyl radical) 1.6 × 109

ROO• (alkyl peroxyl radical) 1–2 × 106

GS• (glutathionyl radical) 6 × 106 (pH 5.6)
Tocopheroxyl radical 2 × 105

Ascorbate–• (dismutation) 2 × 105

O2
–•/H2O

• 1 × 105

FIGURE 14.8 Regeneration of tocopherols by ascorbic acid.
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14.5.3 CAROTENOIDS

Carotenoids are a group of tetraterpenoids. The basic carotenoid structural backbone
consists of isoprenoid units formed either by head-to-tail or by tail-to-tail biosyn-
thesis. There are primarily two classes of carotenoids: carotenes and xanthophylls.
Carotenes are hydrocarbon carotenoids and xanthophylls contain oxygen in the form
of hydroxyl, methoxyl, carboxyl, keto, or epoxy groups. Lycopene and β-carotenes
are typical carotenes while lutein in green leaves and zeaxanthin in corn are typical
xanthophylls. The structures of carotenoids are acyclic, monocyclic, or bicyclic. For
example, lycopene is acyclic, γ-carotene is monocyclic, and α- and β-carotenes are
bicyclic carotenoids [53]. Double bonds in carotenoids are conjugated forms and
usually the all trans forms of carotenoids are found in plant tissues (Figure 14.9).

The antioxidant potentials of carotenoids have been reported for the prevention
of free-radical-initiated diseases, including atherosclerosis, cataracts, age-related

FIGURE 14.9 Structures of carotenoids. Lycopene and α- and β-carotenes are carotenes and
lutein and zeaxanthin are xanthophylls.
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muscular degeneration, and multiple sclerosis. Consumption of fresh tomatoes,
tomato sauce, and pizza is significantly related to a low incidence of prostate cancer
[54]. Lycopene, which is the main carotenoid of tomatoes and tomato products, has
several health benefits including decreasing the development of cervical, colon, pros-
tate, rectal, stomach, and other types of cancers [55,56]. Tomato juice with 40 mg of
lycopene can reduce the endogenous levels of lymphocyte DNA breakage in a group
of male smokers [57]. Carotenoids including lycopene and β-carotene inhibit the
formation of oxidized products of LDL cholesterol, which are associated with
coronary heart disease [58]. β-Carotene is involved in the protection of the skin
against deleterious effects of sunlight. UV rays initiate free radicals in the epidermis
by inducing lipid oxidation, which results in premature aging of the skin.

Carotenoids are the most efficient singlet oxygen quenchers in biological
systems. One mole of β-carotene can quench 250 to 1000 molecules of singlet
oxygen at a rate of 1.3 × 1010 M−1 s−1 [59]. The rate of singlet oxygen quenching
by carotenoids is dependent on the number of conjugated double bonds, and the
type and number of functional groups on the ring structure of the molecules [60].
To act as an effective singlet oxygen quencher, at least seven conjugated bonds
are required and as the number of conjugated bond increases, quenching efficiency
increases [7]. Singlet oxygen quenching mechanisms by carotenoids are physical
quenching without generating oxidizing products (1O2 + 1carotenoid → 3O2 +
3carotenoid).

Contrary to the singlet oxygen quenching ability of carotenoids, hydrogen donat-
ing antioxidant activities of carotenoids are controversial. The free-radical scavenging
mechanism of β-carotene has been proposed to be different from the hydrogen donat-
ing phenolic compounds [61,62]. β-Carotene may donate electrons instead of hydro-
gen atom to free radicals, and become β-carotene radical cation (R• + β-carotene → R–+
β-carotene• +) [61,63,64]. It has been reported through the presence of near infrared
absorption species from β-carotene using laser flash photolysis [65]. β-Carotene radical
cation can absorb near infrared energy. β-Carotene can become a radical cation by
donating an electron not by hydrogen. However, near infrared absorption species were
not observed from xanthophylls containing hydroxyl, keto, and aldehyde groups,
which may donate hydrogen atoms instead of electrons to free radicals [66].

β-Carotene in high oxygen concentration can act as a pro-oxidant rather than
an antioxidant. Antioxidant activity of β-carotene increases at low oxygen concen-
tration. Not only oxygen concentration but also carotenoid concentration plays an
important role in determining antioxidant or pro-oxidant properties. Relatively high
standard one-electron reduction potential of β-carotene radical cation (1060 mV)
[67] could explain the pro-oxidant property of β-carotene. β-Carotene may not
donate a hydrogen atom to peroxyl radicals effectively, which has a similar standard
one-electron reduction potential of peroxyl radicals (1000 mV), and therefore cannot
act as an antioxidant. Burton and Ingold [68] proposed that β-carotene may react with
free radicals by addition mechanism and β-carotene molecules become resonance-
stabilized, carbon-centered, and conjugated radicals.

Depending on the redox potentials of free radicals and chemical structures of
carotenoids, especially the presence of oxygen-containing functional groups, either
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hydrogen or electron may transfer from carotenoids to free radicals [66]. β-Carotene
can scavenge a superoxide anion with following equation [66]:

14.5.4 POLYPHENOLS

Phenolic compounds or polyphenols are ubiquitous in plants with more than 8000
structures reported [69]. The classes of phenolic compounds are shown in Table 14.6.
Flavonoids, the most important single polyphenol group, are glycosides with a
benzopyrone nucleus. The flavonoids including flavones, flavonols, flavanones, fla-
vanonols, and anthocyanins are based on the common structures of carbon skeletons
(Figure 14.10). The flavones have a double bond between C2–C3, while flavones
have the saturated C2–C3. Flavanonols have an additional hydroxyl group at C3
position and flavonols are saturated between C2 and C3 with a hydroxyl group at
C3 position. The most ubiquitous flavonoid is quercetin, 3,5,7,3′,4′-pentahydroxy
flavone. Each flavonoid group is different depending on the number of hydroxyl,
methoxyl, and other substituents on the two benzene rings.

Isoflavones, which do not have the common flavonoid structures, are chemically
related with flavonoids. Soybeans contain significantly high isoflavone levels and
are the major dietary source of isoflavones in humans. Isoflavones found in soybeans
are aglycone forms, including genistein, daidzein, and glycitein, and their glycoside,
malonyl glucoside, and acetyl glucoside derivatives (Figure 14.11). Genistein and
its derivatives are found in the highest content in soybeans, followed by daidzein
and its derivatives, and glycitein and its derivatives [70].

It has been reported that phenolic compounds have antioxidant, antimutagenic,
and free-radical scavenging activities. Epidemiologic studies showed that increased
consumption of phenolic compounds reduces the risk of cardiovascular disease
and certain types of cancer. Moderate consumption of red wine, which contains a high
content of polyphenols, is associated with a low risk of coronary heart disease [69,71].

Consumption of soy and soy products are related with biological effects, including
anticarcinogenic, antiatherosclerotic, and antihemolytic. The bioactive components are
isoflavones [70]. Soybean is the unique source of isoflavones with 1 to 3 mg/g raw
soybean and with 0.025 to 3 mg/g soy products [72]. Antioxidant activities of
isoflavones, especially genistein, were reported in vivo and in vitro [73], and in a
simple lipid system like liposomes and a more complex system like lipoproteins
[74]. Addition of purified forms of isoflavones inhibited copper-dependent LDL
oxidation [75]. Oral intake of the isoflavone genistein is associated with an increased
resistance of LDL oxidation and inhibition of plasma lipid oxidation products [76].

Antioxidant mechanisms of polyphenolic compounds are based on hydrogen
donation abilities and chelating of metal ions [69]. After donating a hydrogen atom,
phenolic compounds become resonance-stabilized radicals, which do not easily
participate in other radical reactions. However, phenolic compounds act as pro-
oxidants under certain conditions, such as high concentrations of phenolic com-
pounds or metal ions, and high pH. Chemical structures also affect the antioxidant
activities.

i �O CAR 2H CAR H O2
+ +

2 2
− + + +
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Flavonoids have the most potent antioxidant activities due to the chemical struc-
tures with the o-diphenolic group, a 2–3 double bond conjugated with the 4-oxo
function, and hydroxyl groups in positions 3 and 5. Antioxidant activities of fla-
vonoids are influenced by hydroxylation and the presence of sugar moiety [69].

TABLE 14.6
Classes of Phenolic Compounds

Class Basic Skeleton Basic Structure

Simple phenols C6

Benzoquinones C6

Phenoic acids C6–C1

Acetophenones C6–C2

Phenylacetic acids C6–C2

Hydroxycinnamic acids C6–C3

Phenylpropenes C6–C3

Coumarins C6–C3

Chromones C6–C3

Anthraquinones C6–C2–C6

Flavonoids C6–C3–C6

OH

O O

COOH

COCH4

CH2COOH

CH=CHCOOH

CH2CH=CH2

OO

O

C
O

O

O

C3
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Flavonoids are effective hydroxyl radical and peroxyl radical scavengers. Flavonoids
can form complexes with metals and inhibit metal initiating lipid oxidation [70].

The antioxidant mechanisms of isoflavones are not clearly understood and have
been suggested to be different from conventional antioxidants. The structural simi-
larities of genistein and daidzein to naturally occurring estrogens suggest that these
compounds may protect against hormone-dependent cancers (i.e., prostate and mam-
mary) by modulating the activity of estrogen [70]. Antioxidant activities of isoflavone
on lipoxygenase catalyzed lipid oxidation were dependent on the concentrations and
structures of isoflavones [73]. Glucose linkage to aglycone reduced the antioxidant
activities of isoflavone. Isoflavones are not consumed during lipid oxidation and
show synergic antioxidant effects with ascorbic acid [74]. Patel et al. [74] suggested
antioxidant mechanisms of isoflavone as analogous of tocopherol-mediated peroxi-
dation. Hwang et al. [75] suggested that isoflavones may prevent lipid oxidation
through stabilizing LDL structures instead of being involved in the lipid oxidation
chain reaction.

FIGURE 14.10 Structures of flavonoids.
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14.6 CONCLUSIONS

Aging is a complex multifactorial process in which free-radical oxidative damage
on lipids plays a very important role, but free-radical oxidative damage on lipids
may not be the exclusive mechanism in aging. Antioxidant defense mechanisms in
humans, such as antioxidative enzymes, tocopherol, and ascorbic acid, are linked to
each other and balance with reactive oxygen species. The increased concentration
of dietary foods containing antioxidative nutraceuticals with three to five servings
from the vegetable group and two to four servings from the fruit group [77] can
help humans reduce the deleterious reactive oxygen species and free radicals, and
balance the oxidative stress, to slow down the aging process.
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15.1 DIETARY LIPIDS

 

Dietary lipids can be defined as the material that can be extracted from foods with
organic solvents. Depending on the food analyzed, different extraction conditions
and solvents can be used. In general, dietary fats consist of a considerable number
of different lipid classes and several types of molecules can make up each lipid
class. Each of them, in mutual combination or in combination with other dietary
components, may have effects that have an impact on health.

The major components of usual dietary fats are triglycerides (triacylglycerols
[TAGs]). TAGs differ from each other in the fatty acids they contain and in the
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combination and/or stereochemical implantation of different fatty acids over the
three glycerol positions. Other components with distinct nutritional effects that can
be present in a usual food fat are phospholipids, sterols, fat-soluble vitamins, anti-
oxidants and other fat-soluble components. Physical processing of natural fats such
as refining can affect the level of minor lipid constituents. Natural food fats can also
be modified chemically by processes such as hydrogenation and interesterification.
Hydrogenation of oils may result in the formation of 

 

trans

 

 and 

 

cis

 

-positional double
bonds in their fatty acid moiety and one of the effects of interesterification is a
change in the implantation of the different fatty acids at the different stereospecific
positions of the TAGs. “Unintended” changes in minor components that can be very
important from a pathophysiological point of view may also occur (see below).

By semisynthesis, minor natural fat components such as monoglycerides
(monoacylglycerols [MAGs]), diglycerides (diacylglycerols [DAGs]), and phy-
tosterol esters can be produced in large quantities. Lipids not present in nature, such
as sucrose polyesters (SPEs), structured lipids (TAGs with medium-chain and long-
chain fatty acids at specified positions; SL), and salatrims (TAGs with a mixture of
acetic, propionic, butyric, and stearic acids), can also be synthesized. These components
have special nutritional properties.

 

15.2 FAT

 

 

 

DIGESTION

 

 

 

AND

 

 

 

ABSORPTION

 

In order to be a candidate for absorption, the material has to be able to reach the
absorptive surface. For fats, this is mainly the surface of the microvilli of the jejunum.
For anatomic–geometric reasons, only small particles can penetrate in the spaces
between the microvilli. The rate-limiting step for fat absorption is diffusion through
an “unstirred” water layer that lines the microvilli and is a few molecules thick. The
size of emulsion droplets is too large for entering the spaces between the microvilli;
water-soluble molecules such as medium-chain fatty acid anions and micelles can.
In the stomach and intestines, food fats are usually present as emulsions. The
conversion of fat emulsion droplets into micelles or water-soluble molecules is a
requisite for fat absorption and is accomplished by fat digestion.

 

15.2.1 F

 

AT

 

 

 

D

 

IGESTION

 

An average Western diet contains about 100 to 150 g food fat, about 97% of which
are TAGs. The remainder is made up by phospholipids (4 to 8 g/d, mainly phos-
phatidylcholine), cholesterol, other sterols, and minor lipid components. When TAGs
and phospholipids are present together in proportions as found in the diet, the latter
act as emulsifiers by coating the TAG droplets, thus forming more stable emulsions.
In practical situations, fats are always consumed as part of a meal, which also
contains nonfat constituents such as carbohydrates, proteins, fiber, and minerals.
These components may affect phenomena related to fat digestion and absorption.
Proteins and their peptic digestion products stabilize TAG emulsions in the stomach
and in the intestinal lumen [1]. Stabilized emulsion droplets are substrates for gastric
lipase [2].
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15.2.2 G

 

ASTRIC

 

 

 

D

 

IGESTION

 

Gastric lipase shows positional fatty acid and substrate specificity. It preferentially
splits primary ester bonds [3]. With TAGs as substrate it catalyzes the hydrolysis of
the fatty acid at the 

 

sn

 

-3 position preferentially to that at 

 

sn

 

-1 position [4] and prefers
TAGs with short- and medium-chain lengths. Thus, TAGs with such fatty acids in
the 

 

sn

 

-3 position as are present in bovine milk and its products are preferential
substrates. In principle, such TAGs can be synthesized. Gastric lipase is inhibited by
free fatty acids. As a result of product inhibition by free fatty acids, the main digestion
products of gastric lipase are free fatty acids and 

 

sn

 

-1, -2-DAGs when TAGs are the
substrate [5]. About 10% of the dietary fatty acids are liberated by gastric lipase from
a test meal that contains TAGs with long-chain fatty acids but considerably higher
amounts from a test meal that contains TAGs with short- or medium-chain fatty acids
[6]. Even for long-chain fatty acid containing TAGs, this corresponds to the break-
down of about one third of the TAGs into DAGs and free fatty acids in the stomach.
Furthermore there is evidence that gastric lipase is further active in the upper small
intestine. It has been demonstrated that 

 

sn

 

-1,3 DAGs are also substrates for gastric
lipase, but with these substrates, the enantioselectivity for the 

 

sn

 

-3 position no longer
exists [7]. Gastric lipase does not act on phospholipids or on cholesteryl esters, its
activity is not inhibited by phospholipids [8], and it is not active against SPEs.

The importance of gastric digestion is the generation of hydrolysis products
which affect the excretion of some hormones involved in fat digestion, stabilize the
lipid emulsion, and make it a better substrate for pancreatic lipase [9]. There is a
compensatory increase in gastric lipase when pancreatic lipase is low. Nonetheless,
in these conditions the capacity for fat absorption remains limited when usual food
fats are fed. It can be expected that in these conditions the lipids of choice to enable
feeding more fat and provide for energy and essential fatty acids would be semi-
synthetic triglycerides with a short-chain fatty acid at the 

 

sn

 

-3 position and long-
chain fatty acids among which are essential fatty acids at the other positions.

 

15.2.3 G

 

ASTRIC

 

 

 

E

 

MPTYING

 

The composition of the fat that is emptied in the upper small intestine depends on
the rate of gastric digestion and on the time the dietary fat was retained in the
stomach. The physicochemical and chemical forms in which dietary fats are con-
sumed affect the rate of gastric emptying. Fats that are ingested as emulsion are
partitioned into an aqueous phase and an oil phase whereas fats consumed as
nonemulsions form an oil phase. Fats in the aqueous phase are readily emptied from
the stomach whereas fats in an oil phase are emptied much slower [10]. The chemical
composition of the oil phase also influences the rate of emptying. The delaying effect
depends on the saturation [11] and the chain length [12] of the fatty acids. In healthy
individuals, the rate of gastric emptying can be rate limiting for fat absorption [13].

 

15.2.4 R

 

EACTIONS

 

 

 

IN

 

 

 

THE

 

 

 

S

 

MALL

 

 

 

I

 

NTESTINES

 

The lipids that are emptied from the stomach into the small intestine are diluted by
lipids from endogenous origin (

 

∼

 

10 to 25 g/d when fasting). The two major sources
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of endogenous lipids originate from slaughtered intestinal cells and from biliary
secretions. The amount of phospholipids from biliary origin (7 to 22 g/d; mainly
phosphatidylcholine) is considerably larger than from dietary origin (3 to 8 g/d) [14].
The same is also often true for cholesterol (~1 g/d of endogenous origin). In bile,
bile salt–phospholipid mixed micelles exist in cylindrical arrangement [15]. In the
intestinal lumen, bile salts and phospholipid molecules are likely to partly adsorb
to the lipid emulsion droplets.

Several chemical and physiochemical reactions occur simultaneously or quasi-
simultaneously in the small intestine. The main reactions are digestion of the glycerides
in the emulsion phase, isomerization of partial glycerides in the emulsion phase, transfer
of the digestion products from the emulsion phase into micellar phases, digestion and
isomerization in the micellar phases, and uptake of digestion products mainly from
micellar phases. Thus the relative amounts of the different digestion products that are
taken up by the intestinal cells depend on the relative rates of these reactions

 

.

 

The major enzymes involved in fat digestion in the intestinal lumen are pancre-
atic lipase, pancreatic phospholipase A

 

2

 

, and pancreatic cholesterol esterase, the
latter also named bile-salt-dependent lipase. These enzymes work in concert with
each other to yield the final reaction products.

Lipases act on the lipid/water interface. At the start and during fat digestion the
lipid/water interface is rich in water and the digestion products are continuously
removed from the interface favoring lipolysis. Human pancreatic lipase catalyzes
the equilibrium reaction between ester formation and hydrolysis. It is specific for
primary alcohols and esters of such alcohols. It splits off fatty acids from the 

 

sn

 

-1
and 

 

sn

 

-3 position of TAGs. It is more active against 

 

sn

 

-1,2 and 

 

sn

 

-2,3 DAGs thus
formed than against TAGs [16]. Thus it can break down the TAGs into 

 

sn

 

-1,2 and

 

sn

 

-2,3 DAGs which can be further hydrolyzed into 

 

sn

 

-2 MAGs. These are no longer
substrates for pancreatic lipase. Pancreatic lipase is less active against polyunsatu-
rated fatty acids with a double bond close to the ester bond, in particular, when these
are located in the 

 

sn

 

-3 position [17], and clearly prefers the 

 

sn

 

-1 position of both
TAGs and DAGs [7]. Thus, if there would be neither isomerization nor absorption
of DAGs and MAGs, the ultimate digestion products of TAGs would be a 2:1 mixture
of free fatty acids and 

 

sn

 

-2 MAGs. However, both reactions do occur. “Linear”
partial glycerides are thermodynamically favored over “branched” partial glycerides.
MAGs with equilibrium isomeric composition consist of about 45% 

 

sn

 

-1, 45% 

 

sn

 

-3,
and 10% 

 

sn

 

-2 isomers [18]. For DAGs, the isomer ratio is about 70:30 [19] for 

 

sn

 

-1,3
and 

 

sn

 

-1,2 plus 2,3 DAGs, respectively. Isomerization of partial glycerides generated
from TAGs by pancreatic lipase yields products with primary ester bonds. These are
substrates for pancreatic lipase and thus result in more complete digestion with the
liberation of glycerol. As MAGs are readily absorbed, the rate of isomerization
relative to that of uptake is important in order to be further digested. Isomerization
rate increases with desaturation and decreases with chain length of the fatty acids
they contain [20]. In any event, spontaneous isomerization of long-chain fatty acids
containing 

 

sn

 

-2 MAGs is low compared with their intestinal uptake [21]. About 15
to 20% of 

 

sn

 

-2 MAGs would isomerize in the intestinal lumen [22].
Phospholipase A

 

2

 

 hydrolyzes the fatty acid esterified at the 

 

sn

 

-2 position in
phosphatidylcholines to yield lysophosphatidylcholines and free fatty acids [23].
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This reaction is of importance for the digestion and uptake of neutral glycerides as
the presence in the intestinal lumen of intact phospholipids retards TAG digestion
[24], affects the partitioning of lipid digestion products between the oil and micellar
phase [25], and slows down the uptake of lipid digestion products from the micellar
phase [26]. Lysophosphatidylcholines on the contrary favor micellar solubilization
and uptake of fat digestion products [27] and other dietary lipophilic substances [28].
Dietary sphingolipids are broken down by sphyngomyelinase and the resulting
ceramides by ceramidase.

Carboxyl ester lipase hydrolyzes sterol esters. It prefers substrates present in the
micellar state but has low activity against monoglycerides [29]. Cholesterol is absorbed
as free sterol. Phytostanols and phytosterols are set free by carboxyl ester lipase from
their respective esters when foods are fortified with these substances. In the free form,
plant sterols interfere with the absorption of cholesterol, at least in part by reducing
the cholesterol content of the micelles that are present in the small intestine.

 

15.2.5 U

 

PTAKE

 

 

 

OF

 

 

 

F

 

AT

 

 

 

D

 

IGESTION

 

 

 

P

 

RODUCTS

 

 

 

BY

 

 

 

THE

 

 I

 

NTESTINAL

 

 C

 

ELLS

 

Water-soluble components or components present in micelles can collide or come
in close contact with the surface of the intestinal cells. The interior of the MAG/free
fatty acid/conjugated bile salt mixed micelle is a lipid environment in which lipophilic
substances such as cholesterol, carotenes, and fat-soluble vitamins also can dissolve.
It is in this way that they can reach the absorptive surface. Depending on the chemical
nature of the components this may, or may not, lead to absorption. Bile salts and
phytosterols, for instance, are not absorbed by the jejunal cells, cholesterol is partially
absorbed, and monoglycerides, free fatty acids, and lysophosphatidylcholines are
almost completely absorbed.

When novel food fats prepared by industry are consumed, it is not always clear
how they will be absorbed. 

 

sn

 

-1,3 DAGs, for instance, which are the main compo-
nents of commercial DAGs used in food products, can be completely hydrolyzed
by pancreatic lipase but whether digestion will go to completion 

 

in

 

 

 

vivo 

 

is not clear,
as intermediary products such as 

 

sn

 

-1 and 

 

sn

 

-3 MAGs are likely to be absorbed, at
least partially, as such. The same holds for structured lipids, which may yield 

 

α

 

- or

 

β

 

-long-chain MAGs depending on their structure. Medium-chain triglycerides are
known to be almost completely digested and absorbed as free fatty acids and glycerol
whereas SPEs are known not to be digested or absorbed. Plant stanol/sterol esters
are digested, their fatty acids are absorbed, and their sterol/stanol moiety is not.

 

15.2.6 I

 

NTESTINAL

 

 M

 

ETABOLISM

 

 

 

OF

 

 F

 

AT

 

 D

 

IGESTION

 

 P

 

RODUCTS

 

There are several enzymes in the cells of the small intestine that can act on free but
not on esterified fatty acids. Free fatty acids are diluted with fatty acids originating
from the plasma nonesterified fatty acid pool [30]. After activation they can be oxi-
dized, elongated, chain desaturated, and converted into complex lipids [30,31]. The
relative rates of the different metabolic routes depend on the nature of the fatty acids
and on the presence of other components in the intestinal cells [32]. Conversion of
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saturated fatty acids in monounsaturates after entering the intestinal cells in free form
(i.e., when they were present in the outer position of the dietary TAGs) could con-
tribute to their lower hypercholesterolemic effect than when originally present at the
inner position. Free fatty acids also affect intestinal gene expression [33] and the
production of apolipoproteins and these effects are fatty acid dependent [34]. When

 

sn

 

-2 MAGs are present simultaneously with free fatty acids in the intestinal cells as
is the case after TAG feeding, fatty acids and 

 

sn

 

-2 MAGs are mainly converted by a
multienzyme complex in TAGs which are excreted as chylomicrons. The excess of
free fatty acids reacts with 

 

sn

 

-3 glycerophosphate to form lysophosphatidic acids,
which are further converted into phosphatidic acids. Dephosphorylation results in

 

sn

 

-1,2 DAGs, which are precursors of both TAGs and phospholipids. This metabolic
route results in the formation of intestinal lipoproteins of smaller size [35].

Lysophosphatidylcholine affects intestinal metabolism [36] and can be converted
into phosphatidylcholine again. There is evidence that phosphatidylcholine can be
taken up intact and excreted as part of intestinal lipoproteins in the lymph [37].

TAG digestion products that are not or only absorbed in small quantities after “usual”
fat feeding may be taken up by the intestinal cells after consuming novel food fats.

Intake of medium-chain triglycerides and structured lipids results in influx of
medium-chain fatty acids in the intestinal cells. These are mainly excreted by the
intestinal cells as such and transported to the liver by the portal vein [38].

What would happen if 

 

sn

 

-1(3) MAGs would enter intestinal cells is not clear. A
series of possible reactions must be considered such as complete digestion, acylation,
transacylation, phosphorylation, and intact excretion out of the intestinal cells. Lipases
that hydrolyze MAGs are present in the intestinal cells but their action seems to be
reduced by other intestinal cell constituents [39]. Some of them show outspoken fatty
acid specificity [40]. Both 

 

sn

 

-1 and 

 

sn

 

-3 MAGs can be acylated to form 

 

sn

 

-1,3 DAGs.
This transformation is fatty acid and species dependent [41]. Anyway, 

 

sn

 

-1,3 DAGs
are poor substrates for intestinal TAG synthesis [41,42]. 

 

sn

 

-1 but not 

 

sn

 

-3 MAGs can
be phosphorylated into lysophosphatidic acid [43] and possibly be metabolized further
as described above. If MAGs would escape intestinal metabolization and could leave
the cell intact, they could be transported to the liver by portal blood bound to
albumin [44]. Portal absorption of MAGs with medium-chain fatty acids has been
documented [45]. It has been demonstrated that cultured liver cells convert 

 

sn

 

-1
glycerol monoethers (

 

sn

 

-1 MAG analogues) into phospholipids and triglycerides [46].
There is some indirect evidence that after MAG feeding, intact 

 

sn

 

-1 MAGs or their
phosphorylated derivatives reach the liver with retention of the 

 

sn

 

-1 ester bond [47].

 

15.2.7 P

 

OSTPRANDIAL EFFECTS

When TAGs are formed in the intestinal cells, as after feeding “usual” food fats,
they are incorporated in intestinal lipoproteins with the size of chylomicrons. These
are secreted in the lymphatics and transported via the lymphatic route. When they
enter the blood-stream, they cause an increase in chylomicronemia, triglyceridemia,
and change in the fatty acid composition of plasma TAGs toward that of the fat fed
[48]. Chylomicron TAGs are hydrolyzed by lipoprotein lipase resulting in the formation
of remnants and liberation of free fatty acids. As a consequence, the composition of the
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nonesterified fatty acids in plasma also changes toward that of the fat fed. Chylo-
micron remnants are taken up by the liver.

After feeding structured lipids, their long-chain fatty acids are dealt with simi-
larly as the long-chain fatty acids after TAG feeding whereas their medium-chain fatty
acids are transported mainly by the portal vein. However, part of their medium-chain
fatty acids appear in “mixed chain” TAGs [49].

Postprandial (see below) and long-term effects are different when DAGs or TAGs
are fed as food fat. The former result in a smaller increase in chylomicronemia and
in hypertiglyceridemia than the latter [50].

15.3 PHYSIOLOGICAL EFFECTS

Several factors can have pronounced effects on the nutritional properties of “usual”
and “novel” food fats. A major criterion that is often used in dietetics to evaluate
whether a “usual” food fat is to be limited in the diet or not is its fatty acid composition.
This is an oversimplification, as the stereospecific positions of the fatty acids and their
combination in TAGs as well as the presence of minor components can be of consid-
erable importance. These can be changed by industrial processing of the natural fats.

Interesterification of peanut oil, for instance, has been claimed to reduce its
atherogenic potential in rats [51]. Initially it was thought that this was due to the
rearrangement of fatty acids in TAGs. Later it was suggested that natural peanut oil
contains small amounts of lectins, which caused the atherogenicity, and that these
were destroyed by interesterification [52]. Differences in cholesterolemic effects of
interesterified milk fat produced by chemical [53] or enzymatic processes [54] may
be due to different unintended changes in minor constituents. Reducing plant sterols
by physical refining may increase the cholesterolemic effects of oils.

It cannot be assumed that concepts that are valid for “usual” food fats also hold
for “novel” food fats. Indeed, the latter are often used because they have properties
deviating from those of “usual” food fats.

15.3.1 ENERGY VALUE

The heat of combustion of a component can easily be determined by bomb calo-
rimetry. For all practical purposes, the heat of combustion in the body (37°C, no
constant volume) is the same as in a calorimeter (25°C, constant volume) provided
the end products are the same. (The heat of combustion is dependent on temperature
and is different when determined under constant volume or not. Differences with
heat of combustion in the body are small, however, and can be neglected.) This is
the case for TAGs, of which the end products are CO2 and water in both situations.
To determine how much energy a fat would provide in the body, the heat of com-
bustion is corrected for incomplete absorption. The heat of combustion of a TAG
depends somewhat on the nature of the fatty acids it contains. So does the degree
of absorption. For a “usual” food fat the energy value is close to 9 kcal/g (37 kJ/g
in Europe which results in slightly lower energy values) and these values are con-
ventionally used. These conventional values can no longer be applied when the end
products of a food fat is different from CO2 and water (e.g., cholesterol), when the
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chain lengths of fatty acids deviate considerably from those in a “usual” fat or when
the fraction of the fat that is absorbed deviates considerably from that conventionally
taken for a “usual” food fat (95%). For instance, the energy content of medium-
chain triglycerides is about 7 to 8 kcal/g, that of salatrims (shorter chain lengths)
and caprenin (its behenic acid poorly absorbed) about 5 kcal/g, and that of SPEs
(not absorbed) 0 kcal/g. (In the United States, salatrim is recognized as having
5 kcal/g whereas in the European Union 6 kcal/g has to be taken as energy value [55].)

15.3.2 EFFECTS RELATED TO FATTY ACIDS

There was a time that available methodology allowed only to estimate groups of fatty
acids such as saturated, monounsaturated, polyunsaturated, and trans fatty acids. Many
physiological effects of fatty acids have been and still are described in terms of these
groups. Even nutritional recommendations in many countries are given in terms of
these groups. With the advancement of lipid methodology it was demonstrated that
different fatty acids of each group have different effects. Not all saturated fatty acids
increase serum cholesterol but some are neutral in this respect; not all polyunsaturated
fatty acids reduce serum cholesterol but some reduce the level of serum triglycerides.
trans Fatty acids of dairy origin are considered less detrimental than those formed by
hydrogenation of oils. Different omega-3 fatty acids have some effects in common
whereas others differ. In general, it can be said that each fatty acid has its own
physiological effects. Reviewing these effects is beyond the scope of this work.

15.3.3 EFFECTS RELATED TO THE POSITION OF FATTY ACIDS

IN TRIGLYCERIDES

When acyl groups are bound to the outer positions of glycerides, they can be set free
by the action of lipases. In contrast to ester-bound fatty acids, free saturated fatty
acids can form insoluble soaps with divalent ions that lead to reduced absorption of
both minerals and these fatty acids. Compared with saturated fatty acids at the sn-2
position, the ones at the outer positions are absorbed less and can be transformed
into monounsaturated fatty acids in the intestinal cell. Both these effects result in
lower influx of saturated fatty acids in the general circulation and in the tissues. This
may explain why the hypercholesterolemic effect of saturated fatty acids is lower
when they are esterified at the outer positions than at the inner position of TAGs. The
reverse is true for the hypocholesterolemic effect of linoleic acid. It has been suggested
that a larger fraction of the fatty acids present at the inner position than in the outer
positions of TAGs end up in the liver and that this could explain the positional effects
of fatty acids not only on cholesterolemia but also on lipemia, platelet aggregation,
and percentage conversion of linoleic acid into its higher metabolites [56]. Early
postprandial insulinemia has been related to the positional implantation of fatty acids
in TAGs as well [57]. Chylomicron clearing is retarded by saturated fatty acids in
the sn-2 position compared with unsaturated fatty acids [58]. More generally, plasma
clearing of chylomicrons depends on the specific arrangement of acyl chains of the
constituting TAGs and not necessarily on their overall saturation [59]. Clear differences
between feeding seal oil, with long-chain omega-3 fatty acids mainly at the outer TAG
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positions, or fish or squid oil with their omega-3 fatty acids mainly at the inner
position, were obtained on eicosanoid production [60], reduction of triglyceridemia
[61], and serum phospholipid arachidonic acid content [62]. In general, the positive
effects of these fatty acids seem to be more pronounced when they are esterified at
the outer position of dietary of triglycerides. Moreover, fatty acid effects are not only
dependent on the nature of the fatty acid itself and its positional incorporation in
glycerides but also on coingestion with other fats [63] and other dietary macronutri-
ents [64]. The combination of fatty acids in the TAGs may also be of importance.
Thus physical and interesterified mixtures of MCT and long-chain TAGs have dif-
ferent properties.

15.3.4 EFFECTS RELATED TO THE GLYCERIDE COMPOSITION

TAGs and partial glycerides with the same fatty acids have different postprandial
and long-term effects. For instance, for fats with the same fatty acid composition,
long-term DAG feeding in humans results in lower adiposity, insulinemia, and
leptinemia than feeding TAGs [19], and long-term and postprandial effects of MAG
intake are different from those of TAG feeding [35].

15.3.5 EFFECTS RELATED TO NOVEL COMBINATIONS

When fatty acids are combined with sucrose, SPEs are formed. These are not
digested, remain in the intestinal lumen as an emulsion phase, and, thus, affect the
partitioning of fat-soluble components between the micellar and emulsion phase.
This results in lower absorption and lower status of some fat-soluble vitamins. As
they are not absorbed, SPEs can have a role in body weight maintenance [65]. The
effect of the ingestion of SPE-based foods on energy balance and feeding behavior
in humans has been reviewed [66].

Phytosterol/stanol esters are digested and the free sterols/stanols influence micel-
lar solubilization of cholesterol but also of some lipophilic substances. Absorption
of β-carotene is reduced but a healthy diet rich in carotenoids is effective in main-
taining normal blood carotenoid levels [67]. Metabolic effects of sterols and stanols
have been reviewed recently [68].
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16.1 INTRODUCTION

 

The relationship between dietary fat and human nutrition continues as a chief research
emphasis to advance the understanding of health and make recommendations to reduce
the incidence of chronic diseases. The 2002 report from the Institute of Medicine of the
National Academies on dietary reference intakes (DRIs) revised the recommended levels
for fat and individual fatty acids; however, no guidelines were provided for conjugated
linoleic acid (CLA). The DRIs establish an adequate intake (AI) of linoleic acid level at
17 g/d for young men and 12 g/d for young women in the United States [1,2]. Though
no DRIs are recommended for saturated fat and 

 

trans

 

 fatty acids because of their
perceived adverse effects on health, the tolerable upper intake levels were not set for
these fatty acids because of practical issues. At this time CLA isomers are a part of the
fat component of a normal diet and are perceived as having a health benefit.
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The family of fatty acids known collectively as CLA is a group of positional
and geometric fatty acid isomers of octadecadienoic acid. The CLA isomers are
purported to possess antioxidant properties, inhibit carcinogen–DNA adduct forma-
tion, induce apoptosis and cytotoxic activity, modulate tissue fatty acid composition
and prostanoid formation, and affect the expression and action of cytokines and
growth factors [3]. Though numerous biological actions of CLA have been reported,
the most consistent findings include anticancer effects in rodents and cancer cells
and reduction of body fat in growing animals. In some cases the biological responses
observed from CLA isomers in animal models were influenced by the amounts of
dietary n-6 and n-3 polyunsaturated fatty acids (PUFAs) present [4–6]. The purpose
of this chapter is to present the current findings describing the actions of CLA in
human subjects.

 

16.2 HEALTH ASPECTS OF CLA

 

A search result of two databases (Medline and Current Contents) revealed that 34 original
journal articles (in English) were published from January 2000 to February 2004
reporting the effects of dietary CLA or epidemiologic evidence in human subjects.
These studies describe the actions of CLA isomers on body weight and fat mass
control (Table 16.1), blood lipids, lipid peroxidation (Table 16.2), insulin resistance
(Table 16.3), lipid metabolism (Table 16.4), immune function (Table 16.5), as well
as epidemiologic data on the correlation between CLA intake and breast cancer risk
(Table 16.6). Of the human studies examined herein all data, conflicting or incon-
sistent, are presented without exception.

 

16.2.1 B

 

ODY

 

 W

 

EIGHT

 

 

 

AND

 

 F

 

AT

 

 C

 

ONTROL

 

Though several investigations indicated a fat loss or redistribution when CLA isomers
were given to animals [7–9], when they were tested in human subjects, the results
were variable in original studies [10] and in a recent review [10–12]. Some studies
reported a decline in body fat when CLA was administered to human subjects. Out
of the 15 publications that looked at the effect of CLA on body weight and/or body
fat, 6 reported a positive effect on reducing body fat, 1 indicated an increase in lean
body mass, and none found a significant reduction in body weight (Table 16.1). The
dose of CLA supplementation ranged from 0.4 to 6.8 g/d and the duration of treatments
was from 4 weeks to 6 months. Of the subjects involved in these investigations, eight
studies used healthy subjects, five used overweight or obese individuals, and one used
subjects with type 2 diabetes mellitus. In all of these studies, a mixture of CLA isomers
was used for the dietary treatment and most of these preparations had equal amounts
of c9,t11 and t10,c12, which are the two major isomers present in many commercially
available CLA supplements. In general, CLA seemed to be effective in both genders.

In a double-blind, placebo-controlled study, 21 patients with type, 2 diabetes
were given either 8.0 g/d of CLA oil (76% total CLA, 37% c9,t11 

 

+

 

 39% t10,c12
isomer, in free fatty acid form) or 8.0 g/d of safflower oil as the control [13]. After
8 weeks of intervention, the plasma concentrations of the t10,c12 CLA isomer were
inversely correlated with body weight changes as well as serum leptin levels, indicating
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a possible role for this CLA isomer in body weight regulation in these patients. CLA
(1.8 g/d) (Tonalin, Natural Lmt, ASA; containing equal amounts of c9,t11 and t10,c12
isomers) supplementation to healthy exercising human subjects (10 males and
10 females, aged 18 to 30 years (yr)) with normal body weight for 12 weeks in a double-
blind and placebo (hydrogel) controlled study reduced body fat but not body weight as
measured using near infrared light [14]. In another double-blind, placebo-controlled
study, 53 healthy subjects (both genders) aged 23 to 63 years were randomly assigned
to CLA supplementation (4.2 g/d, equal amounts of c9,t11 and t10,c12 isomers) or the
same amount of olive oil for 12 weeks [15]. At the end of the study, the percentage of
body fat decreased by 3.8% (p < 0.001) within the CLA-treated group and this reduction
was also significant when compared with the placebo control (p = .05), while body
weight, serum lipids, and glucose metabolism were not affected by CLA.

Blankson et al. [16] investigated the dose–response relationship of CLA (Tona-
lin, with equal amounts of c9,t11 and t10,c12 isomers, Natural Lipids, Norway) to
body fat mass in 60 overweight or obese volunteers (body mass index ranged from
25 to 35 kg/m2). The subjects were randomly divided into five groups and were
given the respective treatments (9 g olive oil and 1.7, 3.4, 5.1, or 6.8 g/d CLA) for
12 weeks. At the end of the study, a significantly higher reduction in body fat mass
was found in the CLA groups compared with the placebo group ( p = .03). The
reduction in body fat within the CLA subjects was significant for the groups given 3.4
and 6.8 g CLA when compared with the baseline level within the group (a reduction
of 5.7% p = .05 and 3.7% p = .02, respectively). Other than the reduction in body
fat, no significant differences were observed among the groups for lean body mass
and body mass index. However, within group, the 6.8 g/d CLA treatment significantly
increased the lean body mass when compared with the baseline.

Mougious et al. [17] examined the effect of dietary CLA supplementation (0.7 g
of CLA for 4 weeks and 1.4 g of CLA for the next 4 weeks) in 24 volunteers (14 men
and 10 women, aged 19 to 24 years) in a double-blind, placebo-controlled design
and found that fat mass was significantly reduced in the CLA group during the
second period ( p < .004) but not over the full duration of the study. Subjects were
administered capsules (CLA-70 in capsules manufactured by TrofoCell, Hamburg,
Germany) that contained equal amounts of the c9,t11 and t10,c12 isomers. The
serum lipid profiles were affected by CLA as serum HDL-cholesterol decreased
significantly ( p < .001) and triacylglycerols (TAGs) as well as total cholesterol
tended to decrease in the CLA group during the first period.

The short-term metabolic effects of CLA in abdominally obese men were inves-
tigated by Riserus et al. [18]. In this study, 25 abdominally obese men (body mass
index 32 ± 2.7 kg/m2) participated in a double-blind, randomized controlled trial for
4 weeks, during which the CLA group received 4.2 g/d CLA (36.9% c9,t11, 37%
t10,c12, 1.4% t,t isomers, and 2.2% c,c isomers) and the placebo-controlled group was
given the same amount of olive oil. After 4 weeks, there was a significant decrease in
sagittal abdominal diameter in the CLA group compared with the placebo ( p = .04).

The fat reduction property of CLA isomers was also found to be useful in cosmetic
applications. CLA (the isomeric composition information was not available in the
publication) enhanced the effect of herbal anticellulite pills when the two were used
concomitantly in females with visible cellulite [19].
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Kamphuis et al. [10,20] evaluated the effect of CLA on body weight maintenance
after weight loss. In this study, overweight subjects (26 men and 28 women, average
age 37.8 ± 7.7 years, average body mass index 27.8 ± 1.5 kg/m2) were first subjected
to a low calorie diet for 3 weeks and then administered 1.8 g/d or 3.6 g/d CLA
(Tonalin 75% TG, Hovdebygda, Norway) or given a placebo over a 13-week inter-
vention period. Though body weight was not affected by any of the treatments,
appetite (hunger, satiety, and fullness) was favorably decreased by CLA.

Medina et al. [21] conducted a study with 24 healthy women (aged 20 to 41 years)
given CLA (3 g/d, 17.6% c9,t11, 22.6% t10,c12, 23.6% c11,t13, 16.6% t8,c10, 7.7%
t9,t11 and t10,t12, and 11.9% other isomers) for 64. At the end of the study, CLA
treatment in subjects lowered circulating leptin, but did not affect appetite nor body
fat compared with the placebo (sunflower oil) control group. In another study, 17
young healthy nonobese sedentary women (aged 19 to 24 years) were given 2.1 g/d
CLA (equal amounts of c9,t11 and t10,c12 isomers) or placebo for 45 d in a random-
ized, double-blind, crossover design [22]. At the conclusion of the study, no significant
differences were observed in energy, carbohydrate, lipid, or protein intake between
the CLA and placebo groups. No significant differences were found in body fat or
lipid metabolism parameters, such as serum leptin, TAG, total cholesterol, HDL-
cholesterol, and alanine aminotransferase between the CLA and the placebo groups.
Therefore, although daily supplementation with CLA increased blood levels of the
dietary isomers, CLA had no effect on body composition or the lipidemic profile in
nonobese women. An important observation in this study was that the 2-week washout
period after the end of CLA supplementation was sufficient to deplete CLA isomers
in the serum lipids.

In healthy resistance-training subjects, beginner or advanced athletes, 6 months
of CLA supplementation significantly reduced body fat compared with the baseline
level [11]. In this 6-month period of dietary supplementation, 7 g/d CLA-oil (con-
taining 54% CLA, EuroChem Feinchemie GmbH, Groebenzell, Germany, of the
total fatty acids, 8.3% c9,t11, 7.9% t10,c12, 6.0% t8,c10, 7.1% c11,t13, 4.7% c,c,
and 17.7 t,t) was given to two groups of male and female resistance-training athletes
(seven beginners, three female/four male, and seven advanced, two female/five male).
In this study, CLA did not affect body weight or selected endocrine parameters
(serum leptin, soluble leptin receptor, and IGF-I) [11].

In another study, 17 healthy adult women were given 3 g/d CLA (17.6% c9,t11,
22.6% t10,c12, 23.6% c11,t13, 16.6% t8,c10, 7.7% [t9,t11 + t10,t12], and 11.9%
other isomers) or sunflower oil as a placebo and confined to a metabolic suite for
94 d (30 d baseline and 64 d CLA treatment). CLA had no significant effect on
energy expenditure, fat oxidation, or respiratory exchange ratio at rest or during
exercise [23]. Kreider et al. [24] administered either 9 g/d of an olive oil placebo
or 6 g/d of CLA (Tonalin, PharmaNutrients, with 17.6% c9,t11, 22.6% t10,c12,
23.6% c11,t13, 16.6% t8,c10, 7.7% t9,t11 and t10,t12, and 11.9% other isomers)
with 3 g/d of other fatty acids to 23 experienced, resistance-trained subjects for 28 d.
At the end of the study, no significant differences were detected in total body mass,
fat-free mass, fat mass, percentage of body fat, bone mass, bone strength, clinical
blood chemistries (total protein, albumin, globulin, glucose, electrolytes, liver
enzymes, lipid profiles, total bilirubin, hemoglobin, hematocrit, red blood cells, and
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white blood cells), or general markers of catabolism (creatinine, blood urea nitrogen,
creatine kinase, and lactate dehydrogenase) and immunity (neutrophil/lymphocyte
ratio) during training for the CLA group compared with the placebo group.

In a study that examined the safety of CLA supplementation, no significant
effect of 3.4 g/d CLA (Tonalin) on body weight and body mass index (BMI) was
observed [25]. After the 12-week period of fatty acid treatment, no reduction in body
weight was found in overweight or obese volunteers (60 subjects), though there
appeared to be no clinically significant adverse effects [25].

16.2.2 LIPID PEROXIDATION, INSULIN RESISTANCE, 
AND LIPID METABOLISM

Although limited, the effects of CLA on plasma lipids and insulin resistance suggest
specific actions of individual isomers that are detrimental to health (Tables 16.2 and
16.3). Riserus et al. [26] reported findings from a double-blind, placebo-controlled
trial in which 60 obese men with metabolic syndrome were randomized to one of
three groups receiving 3.4 g/d of purified t10,c12 isomer (76.5% t10,c12 CLA), a
CLA isomer mixture (35.4% c9,t11 and 35.9% t10,c12), or placebo (olive oil) for
12 weeks (Table 16.2). At the end of the study, supplementation with the t10,c12
isomer of CLA significantly increased insulin resistance, lowered HDL cholesterol,
and elevated oxidative stress and inflammatory biomarkers in obese men. In another
3-month study, the use of a CLA supplement (consisting of equal amounts of c9,t11
and t10,c12 isomers) clearly induced both nonenzymatic and enzymatic lipid per-
oxidation in 53 healthy men and women (aged 23 to 63 years) subjects [27]. In a
recent publication [28], two major CLA isomers (CLA mix: 3.5 g/d CLA, containing
38% t10,c12, 36.5% c9,t11 + t8,c10; CLA 1012: 4.0 g/d CLA, or consisting of
85.1% t10,c12 and 9.1% of c9,t11; Natural Ltd, Oslo, Norway) were compared
during a 6-week study involving 60 healthy male and female subjects (Table 16.2).
The investigators found that the t10,c12 isomer was twice as potent in inducing lipid
peroxidation compared with the c9,t11 isomer [28]. CLA isomers also increased
urinary 8-iso-PGF2α, a biomarker of nonenzymatic free-radical-induced lipid perox-
idation in subjects when compared before and after CLA treatments were adminis-
tered. A short-term, 1-month study showed similar results in 24 middle-aged obese
men (mean age of 53 years) that the urinary levels of 8-iso-PGF2α and 15-keto-
dihydro-PGF2α (a major metabolite of PGF2α as an indicator of enzymatic oxidation
of arachidonic acid) were significantly increased by daily intake of 4.2 g of a CLA
isomeric mixture (equal amounts of c9,t11 and t10,c12, Natural Ltd, Oslo, Norway)
compared with the placebo control (olive oil) group [29]. These findings raise some
legitimate concerns (increased risk of oxidative stress) for the effectiveness and
safety of CLA supplements in humans that must be addressed in future research.

Riserus et al. [30] investigated the effect of the t10,c12 CLA isomer and a com-
mercial CLA mixture on insulin sensitivity, lipid metabolism, and body composition
in 60 Caucasian obese men (aged 35 to 65 years) with symptoms of metabolic
syndrome in a randomized, double-blind, controlled trial with 3.4 g/d CLA (isomeric
mixture (35.4% c9,t11 and 35.9% t10,c12), purified t10,c12 CLA (76.5% t10,c12
and 2.9% c9,t11) both as oil supplement capsules, Natural Lipids, Hovebygda,
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Norway), or a placebo (content not specified in the original publication) for 12 weeks
(Table 16.3). At the end of the study, the individuals consuming the t10,c12 CLA
product demonstrated increased insulin resistance (19%; p < .01) and glycemia (4%;
p < .001), and reduced high-density lipoprotein (HDL) cholesterol (–4%; p < .01)
compared with the values in the placebo group. The t10,c12 CLA isomer was also
shown to be inversely related to the body weight and serum leptin in subjects with
type 2 diabetes [13].

Noone et al. [31] reported that a specific isomeric mixture of a CLA supplement
had beneficial effects on circulating lipid profiles compared with those given linoleic
acid in a study of 51 normolipidemic subjects (18 males and 33 females, mean age
31.6 ± 10.03 years) (Table 16.4). Administering 3 g/d of the CLA mixture of a 50:50
blend of c9,t11:t10,c12 for 8 weeks lowered fasting triacylglycerols and very low
density lipoprotein (VLDL) cholesterol levels compared with those who consumed
the 80:20 blend of similar CLA isomeric mixture or linoleic acid (all supplements
were free fatty acids). In a double-blind study of 53 healthy male and female subjects
randomly assigned to either supplementation with CLA (4.2 g/d, equal amounts of
c9,t11 and t10,c12) or the same level of olive oil for 12 weeks [15], those in the
CLA group showed higher proportions of stearic, docosatetraenoic, and docosapen-
taenoic acids in serum lipids and thrombocytes, while proportions of palmitic, oleic,
and dihomo γ–linolenic acids were decreased, indicating a decrease in the activities
of the ∆6 and ∆9 desaturases and an increase in the activity of ∆5 desaturase. The
inhibitory effect of CLA isomers on lipid metabolism was also evident in reducing
the fat content of milk in healthy breast-feeding women (1 to 12 months postpartum)
when supplemented with 1.5 g of CLA/d (Tonalin, PharmaNutrients Inc., Lake Bluff,
IL), though the total amount of milk output was not affected [32]. The authors
recommended not taking a commercial CLA supplement while lactating.

In a study of 17 healthy female volunteers [33], the effects of dietary CLA (11.4%
c9,t11, 10.8% t8,c10, 15.3% c11,t13, and 14.7% t10,c12) on blood lipids, lipoproteins,
and tissue fatty acid composition were investigated (Table 16.4). After the 94-d treat-
ment period (30-d stabilization period + 64-d treatment, subjects were given 3.9 g/d
CLA for the intervention group or an equivalent amount of sunflower oil for the control
group), CLA did not change the levels of plasma cholesterol, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, or TAG, even though the plasma CLA
isomer levels were significantly elevated by CLA treatment. In a similar study [34]
with six healthy, weight-stable, adult women (aged 24 to 41 years), 4 weeks of
supplementation with 3.9 g/d CLA (17.6% c9,t11, 22.6% t10,c12, 23.6% c11,t13,
16.6% t8,c10, 7.7% t9,t11 and t10,t12, and 11.9% other isomers) did not significantly
affect fatty acid or glycerol metabolism either at rest or during exercise (Table 16.4).

16.2.3 IMMUNE FUNCTION

Albers et al. [35] showed that by giving 1.7 g/d of a CLA mixture containing a
50:50 blend of c9,t11:t10,c12, the seroprotective rates in 81 healthy subjects that
received hepatitis B vaccination were boosted by more than twofold compared with
subjects that received about the same amount of either a different CLA mix (1.6 g/d,
80:20 c9,t11:t10,c12) or safflower oil (Table 16.5). It seems that the t10,c12 isomer
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was the effective factor in the CLA mixture because of its relative abundance that
resulted in enhanced immune response.

A series of studies were performed to examine the effects of CLA isomers on
fatty acid composition and function of peripheral blood mononuclear cells [36],
indices of immune status [37], and blood coagulation and platelet function [38] (Table
16.4). In one of these studies [36], 17 healthy young women (aged 20 to 41 years)
were recruited to participate in a 93-d study and given CLA (Tonalin) at 3.9 g/d
(mixture of CLA isomers [t10,c12, 22.6%; c11,t13, 23.6%; c9,t11, 17.6%; t8,c10,
16.6%; other isomers 19.6%]) or placebo (sunflower oil) for 63 d. After CLA sup-
plementation, no effect was observed on the function of peripheral blood mononuclear
cells as evidenced by lack of changes for in vitro secretion of prostaglandin E2, leukot-
riene B4, interleukin-1β, or tumor necrosis factor α (TNFα) stimulated with
lipopolysaccharide and the secretion of interleukin (IL)-2 stimulated with phytohe-
magglutinin. CLA treatment also failed to alter the percentages of T cells producing IL-
2 and interferon-γ and monocytes producing TNFα after these cells were activated/
labeled in vitro and measured by flow cytometry. In the test on immune response
after immunization with an influenza vaccine [37], CLA supplementation (3.9 g/d of
an isomeric mixture) to young healthy women (n = 10 in CLA group with average
age of 27.0 ± 1.8 years, n = 7 in control group with average age of 29.3 ± 2.6 years)
failed to alter any of the indices of immune status tested (number of circulating white
blood cells, granulocytes, monocytes, lymphocytes, and their subsets; lymphocyte
proliferation in response to phytohemagglutinin; and influenza vaccine, serum influ-
enza antibody titers, and delayed-type hypersensitivity [DTH] response) compared
with the placebo control (sunflower oil). These data indicate that CLA at the given
doses and durations did not offer any additional benefit to the immune status of these
subjects. In the same study, when compared with sunflower oil, adding 3.9 g/d dietary
CLA to a typical Western diet did not alter the blood-clotting parameters in healthy
adult females [38].

16.2.4 CORRELATION BETWEEN HABITUAL CLA DIETARY INTAKE 
AND BREAST CANCER RISK

The consistent anticancer findings with CLA are from animal and cell culture studies
that utilized mixtures of CLA isomers. However, their application to humans is lacking.
A recent 6.3-year cohort study in the Netherlands [39] reported a weak, but positive,
correlation between CLA (c9,t11 or t9,c11) intake and breast cancer incidence that was
similar to the intake of total trans fatty acids and saturated fatty acids (Table 16.6). Most
of the epidemiologic studies did not show a positive effect of CLA (mean CLA level
was 0.44% as measured in adipose tissue obtained during surgery and the main isomer
was the c9,t11 18:2 [40,41]) on breast cancer prevention [39–41], though one study
suggested that a low intake of CLA (energy adjusted) as measured by food frequency
questionnaire was associated with increased breast cancer risk in female subjects in a
case-control Kuopio Breast Cancer Study (Finland) [42]. The serum CLA level in
breast cancer patients was also lower (p < .01) compared with the age and residency
matched controls [42]. At present, these human studies suggest an increased risk or no
association with cancer and the intake of CLA from dietary sources (Table 16.6).
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16.2.5 METABOLISM OF CLA ISOMERS

Emken et al. [43] investigated the absorption, incorporation in complex lipids, and
elongation/desaturation of dietary CLA isomers (t10,c12 and c9,t11) in comparison
to oleic acid (18:1n-9) and linoleic acid (18:2n-6) in six healthy Caucasian adult women
(aged 23 to 41 years) who had consumed normal diets supplemented with 6 g/d of
sunflower oil or 3.9 g/d of CLA for 63 d (Table 16.7). This study showed that CLA
isomers had a lower absorption (20 to 25% less) relative to oleic and linoleic acids by
using deuterated fatty acids (stable isotopes) and the relative amounts measured by
gas chromatography mass spectrometry (GC-MS). The distribution pattern of the two
major CLA isomers in esterified lipids was also different in that the incorporation of
the t10,c12 isomer was fourfold higher than the c9,t11 isomer in 1-acyl phosphatidyl-
choline, while the incorporation of the c9,t11 isomer was two- to threefold higher than
the t10,c12 isomer in cholesterol esters. Elongated and desaturated CLA metabolites
were also detected in this study, though the amount was very low and found only in
the triacylglycerol fraction.

Lucchi et al. [44] studied the distribution of CLA in chronic renal failure patients,
end-stage chronic renal failure patients in conservative treatment, hemodialysis
patients, and healthy controls (Table 16.7). They found that the incorporation of
CLA in red blood cells was significantly and gradually reduced as the state of renal
failure became more severe; however, CLA in the plasma and adipose tissue was
found to be the highest in the end-stage chronic renal failure patients indicating
either a reduced metabolism or an altered site distribution of CLA isomers (accumulation
in the adipose tissue).

TABLE 16.7
Reported Findings on CLA Isomer Metabolism in Human Studies

Effect CLA Dosea Duration
Subject

and Design Indicators References

CLA isomers
had a lower 
absorption
(20–25%
less) relative 
to oleic and 
linoleic acids

3.9 g/d 63 d Six healthy 
Caucasian
adult women 
(aged 23
to 41 yr)

Absorption,
incorporation, and
elongation/desatur-
ation of dietary
CLA isomers 
(c9,t11 and t10,c12)

Emken 
et al. 2002 
[43]

CLA tissue 
distribution 
was altered 
during renal 
failure

74 chronic 
renal failure 
patients and 
30 controls 
(gender not 
specified)

CLA tissue 
distribution

Lucchi et al. 
2000 [44]

a Whenever possible, CLA dose was given as the amount of pure CLA when the CLA source was a
mixture of CLA and other fatty acids.
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16.3 BIOCHEMICAL AND MOLECULAR ASPECTS

CLA was reported to alter leptin concentration or expression in animal and cell
culture studies [45–48]. As a regulator of appetite and lipid metabolism and a
proposed neuroendocrine regulator of bone mass, leptin is a likely target of CLA
action in adipose tissue for regulating fat mass, and possibly in bone metabolism to
maintain mineral content [49,50].

Specific effects of CLA isomers on activity and expression of enzymes associated
with fatty acid desaturation have been reported. For example, CLA isomers (other
than c9,t11) were observed to decrease the mRNA level of the stearoyl-CoA desat-
urase in both liver tissue and hepatocyte cultures [51]. On the catabolic side, dietary
administration of the t10,c12 isomer in mice reduced body fat and inhibited the
uptake of fatty acids in cultured 3T3-L1 adipocytes purportedly by down regulating
lipoprotein lipase and stearoyl-CoA desaturase [52]. A similar finding was reported
by Choi et al. [53] in mouse 3T3-L1 preadipocyte cultures with the t10,c12 isomer [53].
Dietary CLA (approximately equal amounts of the c9,t11 [43%] and t10,c12 [45%]
isomers) reduced adipose depot weight but not the total body weight in Sprague-
Dawley rats and C57Bl/6 mice; though the possible mechanism for this reduction
in body fat could be attributed to enhanced β-oxidation in muscle for the mice as
evidence by increased expression of uncoupling protein, this was not the case for
the observation in rats [54]. Rahman et al. [55] showed that feeding CLA, either as
a free or triacylglycerol (33.2% c9,t11/t9,c11 and 34.2% t10,c12) produced a 5.2%
decrease in body weight compared with the control rats [55]. The mechanism
responsible for the reported actions of CLA remains unresolved; however, evidence
is mounting to suggest that these are specific for the isomers and animal species.

CLA lowered the production of pro-inflammatory products in macrophages
through activation of peroxisome proliferators activated receptor (PPARγ) [56] and
lowered basal and lipopolysaccharide (LPS) stimulated IL-6 and basal TNF produc-
tion in rat resident peritoneal macrophages [4]. Through activation of PPARγ, CLA
decreased interferon-γ induced mRNA expression of cyclooxygenase (COX)-2, induc-
ible nitric oxide synthase (iNOS), TNFα, and cytokines (IL-1β and IL-6) in RAW
macrophage cultures [56]. It is well recognized that some PUFAs are ligands of PPARs
which can potentially alter COX-2 protein levels and mRNA expression [57]. We
reported that dietary CLA isomers reduced ex vivo prostaglandin E2 (PGE2) produc-
tion in rat bone organ cultures [5] and similar effects of CLA on PGE2 production
in various biological systems are reported [58–60]. In a recent publication, CLA
isomers were not effective in reducing bone lost in the ovariectormized rat [61].
Recognizing the biochemical and molecular relationships between these actions of
CLA isomers, the targets that integrate their potential biological impact include
PPARs, COX enzymes, and genes to influence health status.

16.4 PRINCIPAL BIOLOGICAL ACTIONS OF CLA

CLA is the only known antioxidant and anticarcinogen associated with foods orig-
inating from animal sources. Ha and co-workers [62] were one of the first groups to
report that CLA from beef was protective against chemically induced cancer. In this
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example, CLA isolated from extracts of grilled ground beef were found to reduce
skin tumors in mice treated with 7,12-dimethylbenz[α]anthracene (DMBA), a known
carcinogen [62]. Since then, many investigators have reported biological actions of
CLA isomers. The research on CLA isomeric mixtures has relied almost entirely
on animal models and various cell culture systems. The properties of CLA include
anticarcinogenic [62–72] and antiatherosclerotic [73,74]. Other CLA effects include
antioxidative [64,65,73,74] and immunomodulative [4,75–78]. More recently, pre-
liminary data suggest that CLA may have a role in controlling obesity [52,79,80],
reducing the risk of diabetes [81], and modulating bone metabolism [5,6].

Extensive investigations into the anticarcinogenic properties of CLA showed
that CLA isomers (chiefly mixtures [c9,t11 and t10,c12] of variable purity) reduced
chemically induced tumorigenesis in rat mammary gland and colon [63,65–69,
72,82] and modulated chemically induced carcinogenesis mouse skin [62,83] and
forestomach [64]. Sources of CLA also inhibited the growth of human tumor cell
lines in culture [71,84,85] and in severe combined immunodeficient (SCID) mice
[70,86]. The cytotoxic effects of CLA isomers on growth of various human and
animal-derived cancer cells seem to be linked to decreased expression of the gene
transcription factor Bcl-2 family whose members inhibit apoptotic cell death and/or
induce caspase-dependent apoptosis [87–91]. CLA also prevented basic fibroblast
growth factor-induced angiogenesis [92], a critical process for growth and metastasis
of cancers. Evidence for the anticarcinogenic effects of the c9,t11 isomer suggests
a modifying role in PPARα action [93].

Research in growing animals indicates that CLA reduced body fat accumulation
[94–96] but not all CLA isomers appear to work equally as reported in mice [97,98].
In an experiment the t10,c12 isomer, but not the c9,t11 isomer, induced body fat loss
and adipocyte apoptosis in mice [94]. Others reported an observed fat loss or redis-
tribution when CLA isomers were given to chickens (CLA mixture, animals weighed
less in CLA group) [7], rats (reduce body fat, need isomer info) [8], and pigs (fat
repartitioning, equal amounts of c9,t11 and t10,c12 with small percentages of c,c and
t,t isomers) [9], but when tested in human subjects the response was not as obvious
[12]. The aforementioned studies suggest that close attention be paid to endocrine
parameters and gender and age effects on energy metabolism before designing new
investigations to examine the actions of CLA on weight loss in the human.

16.5 IMPLICATIONS FOR HUMAN NUTRITION

Habitual dietary intake of CLA for humans has been estimated to be in the range of
0.1 to 0.4 g/d. Intake of the c9,t11 CLA isomer was determined to be 94.9 ± 40.6 mg/d
for 22 free-living Canadians by analyzing two 7-d diet records taken 6 months apart
[99]. This level of CLA was significantly correlated to the intake of saturated fat
when expressed as per unit of energy consumed [99]. Total CLA (c9,t11 and t10,c12
isomers, at a ratio of about 1.32:1) intake was estimated to be 0.212 ± 0.014 g/d for
men and 0.151 ± 0.014 g/d for women (in the western United States) in a survey
using food duplicate methodology [100]. In another study of young female college
students in Germany, CLA (c9,t11) intake was calculated to be 0.246 g/d by food
frequency questionnaires or 0.323 g/d by a 7-d estimated record [101]. In addition,
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Fritsche and co-workers [102] estimated the CLA intake to be 0.36 g/d for women and
0.44 g/d for men in Germany.

The published data on CLA and human subjects has increased; however, the
evidence for any benefit to health is inconclusive. Moreover, some investigators indi-
cate that the consumption of CLA isomers by humans should not be recommended
at present [103]. The possible reasons for the inconsistency among the human studies
reviewed herein are likely, but not limited to the following: first, the different CLA
isomeric compositions of the supplements; second, the age, gender, and health status
of the subjects; third, the duration of the treatments; and fourth, some of the studies
were conducted in controlled environments while others utilized free living subjects.
In contrast, more convincing evidence of CLAs positive effects on various biological
targets in animal and cell culture studies supports the need to continue the work in
human subjects. New research should limit the scope, but instead, focus on specific
actions and biological targets for successful applications in the human.

The marketing of commercial CLA products has been largely directed toward
body weight reduction to address the obesity problem in the United States. However,
it is premature to recommend CLA as a means to control obesity based on the limited
published research. The future application of CLA and other nutraceutical fatty acids
as supplements and in functional food formulations continues to be an important
area of public health research [104] and a major effort of product development for
the food industry [105].

16.6 SUMMARY

The published human studies described in this chapter were performed on very diverse
subjects and tested a variety of CLA products that contained mixtures of various
isomers. The inconsistencies in the observed responses are likely attributed to these
differences as well as the duration of investigation. The studies using animal models
avoid many of these variables, some of which can be controlled and others are
unavoidable or inherent to human investigations. Hence, it is difficult to draw
definitive conclusions from the human studies.

CLA isomers are a group of unusual unsaturated fatty acids, present in dairy
and red meat products and certain vegetable oil supplements that appear to be
involved in a variety of biological functions. The biological and physiological effects
of CLA isomers reviewed on various health conditions in the human included body
weight control, lipid metabolism, diabetes and insulin resistance, immune function,
and epidemiologic findings. Although these conditions may at first seem too diverse
for a common investigative approach, in many cases a general biological target can
be studied to advance the understanding of CLA isomers. An integrative approach
to understanding fat accumulation, insulin actions, immune function, and bone
biology would involve PPAR, COX, and other specific transcription factors. There-
fore, recognizing the potential diverse actions of these nutrients provides an oppor-
tunity for collaborative scientific inquiry to systematically study the functions of
CLA isomers for improving health. Since CLA isomers, as well as other PUFAs,
are recognized as natural PPAR ligands, investigating how these isomers modulate
transcription factors and their target genes could lead to elucidating the potential

2162_C016.fm  Page 381  Tuesday, June 7, 2005  12:51 PM



382 Handbook of Functional Lipids

benefits of CLA in humans. Future investigations with CLA should take into account
the recognized actions and potential applications of these isomers to specific phys-
iological states and candidate targets for these nutrients. Until this approach is taken
in understanding the role of CLA in human biology, there is not enough evidence
to pursue human studies to elucidate a mechanism of action.
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17.1 INTRODUCTION

 

In the opinion of the general public and also that of some experts, the less fat you
eat and the less fat you have on your body, the better. While it is certainly true that
the excessive intake of dietary fat contributes to the development of chronic diseases
such as obesity, atherosclerosis, and diabetes, it is equally true that without fat, or
lipids, for that matter, life would be impossible. Like all nutrients, fat is beneficial in
appropriate quantities — and it is harmful to ingest either too little or too much of it.

Dietary fats and oils consist largely of saturated, monounsaturated, and polyun-
saturated fatty acids (PUFAs). PUFAs are broadly subdivided into two key families:
the omega-6 and the omega-3 family. The key members are linoleic acid and

 

α

 

-linolenic acid, both of which are essential — that is, they are fatty acids that the
body is unable to manufacture itself. Inadequate intake of either of these fatty acids
can result in deficiency symptoms. The essentiality of the omega-6 family has been
recognized for decades, but for the omega-3 family it has been a matter of debate
for some time. However, today there is no longer doubt that omega-3 fatty acids
are essential. The focus of interest is currently on the omega-3 long-chain PUFAs
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(LC-PUFAs), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which
have been reported to have many nutritional benefits, including protection against
cardiovascular disease and anti-inflammatory effects. DHA is found in high concen-
trations within the cells of the brain, retina, and reproductive organs and plays an
essential role in the visual and neural development of infants [1].

During the last several hundred years, the human diet has changed considerably
in terms of quantity and quality. In particular, the intake of calories in the form of
fats has risen dramatically. With the introduction of refined vegetable oils, the daily
intake of saturated fatty acids, linoleic acids, and 

 

trans

 

-fatty acids has risen sever-
alfold, concomitant with lower intakes of oils rich in 

 

α

 

-linolenic acid and of omega-
3 LC-PUFAs (i.e., EPA and DHA, notably from fish). Today it is generally accepted
that there is a growing deficiency in these two essential fatty acids, and it is believed
that these dietary changes are partially responsible for the expansion of some of the
most prevalent chronic diseases [2].

The most compelling evidence, however, comes from animal and epidemiologic
studies and clinical intervention trials, which show that fish oils protect the heart from
lethal arrhythmias in the wake of a myocardial infarction. In one recently published
study, mortality over a 3.5-year period was down significantly, declining by more
than 15%, in patients who had received a daily dose of fish oil containing approxi-
mately 1 g of EPA/DHA following myocardial infarction [3]. Because the evidence
for the cardioprotective effect of EPA/DHA is so strong and consistent, various
authorities and professional societies recommend higher intakes of EPA/DHA, either
through fatty fish, fortified foods, or dietary supplements. The British Nutrition
Foundation, for example, has recommended a daily intake of 1.25 g of EPA/DHA
for adults of normal weight [4]. In 1999, a National Institutes of Health workshop
on the essentiality of recommended intakes of omega-6 and omega-3 fatty acids
defined the adequate intake for EPA/DHA to be 650 mg daily [5]. In 2002, the
American Heart Association (AHA) concluded that omega-3 fatty acids benefit the
hearts of healthy people, and those at high risk of — or who have — cardiovascular
disease; the AHA recommends eating fish (particularly fatty fish) at least two times
a week [6]. A proposal for an unconditional health claim for omega-3 LC-PUFAs
and EPA/DHA has been submitted to the Food and Drug Administration.

 

17.2 WAYS TO CORRECT FOR LOW EPA/DHA INTAKES

 

The obvious approach to correct low EPA/DHA intakes is the increase of fish
consumption. However, fish consumption is notoriously low in Western societies,
and increasing the consumption to the recommended levels would involve major
dietary changes. In addition, there are large variations in the EPA/DHA content in
the various fish species, fresh fish is not always available and often expensive, and
many people do not like to eat fish. As a consequence, dietary supplements or fortified
foods with EPA/DHA should be considered as dietary alternatives to eating fish.
The regular consumption of encapsulated EPA/DHA oils is difficult to maintain over
a prolonged period and many people dislike capsules as pharmaceutical application
forms. A more natural way to increase intake of omega-3 LC-PUFAs is the enrichment
with EPA/DHA of foods that are regularly consumed by the majority of the population.
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This approach coincides with an increasing awareness of a relationship among health,
diet, and functional foods or nutraceuticals. This group of food products is designed
to enhance the nutritional value of general food products while maintaining their
sensorial (taste and smell) properties, thus allowing consumers to balance their diet
without changing their eating habits. Using food as a vehicle to increase the intake
of certain nutrients is not a totally new concept: iodine fortification of salt and iron
fortification of flour have been common in many countries for many years.

 

17.3 PROBLEMS OF FOOD FORTIFICATION

 

In general, food companies have been relatively slow to respond to the call from
the dietary sciences for developing food products rich in EPA/DHA to help correct
the low intakes of EPA/DHA. This reluctance is explained in part by the pressure
from consumers to reduce fat in general and by the technical difficulties often
encountered in the manufacture of EPA/DHA-rich food products. However, with the
realization that the quality of dietary fats is as important as quantity, the concept of
adding “good” fats to foods is gaining acceptance. Furthermore, with the develop-
ment of novel refining techniques by the fats and oil industry, EPA/DHA oils of
much better quality can be produced than before with considerable less fish taste
and odor, making it easier to add these oils to a range of foods without affecting
the flavor profile of the product.

Nevertheless, the fortification of food products with EPA/DHA poses certain
difficulties and has delayed the introduction of such products in the mass markets.
Working with EPA/DHA requires special knowledge and attention, as these fatty acids
have intrinsically poor stability. The many double bonds in these fatty acids make
them extremely susceptible to oxidation and therefore extremely sensitive to oxygen,
heat, and light. Consequently they go rancid very quickly, which can be a barrier to
their use as functional nutritional ingredients, particularly when they have been emul-
sified into various food systems. The problem is aggravated with omega-3 LC-PUFAs,
as high secondary oxidation levels are responsible for the fishy taste and smell.
Classical tests to assess oil quality, which include acidity, peroxide value, 

 

p

 

-anisidine
value, 2-thiobarbituric acid value, conjugated dienes, and many other physical and
chemical measurements, are of limited value in the assessment of the quality of an
omega-3 PUFA oil for food fortification purposes. Macfarlane [7] has shown that none
of the measured molecules are useful for correlation with a trained panel taste response,
and Jacobsen [8] has indicated that there is no correlation between peroxide value and
taste panel response in mayonnaise that incorporates LC-PUFAs.

When a headspace of omega-3 PUFAs is created, just about all types of chemistry
are possible. Oxidation of omega-3 PUFAs leads to volatile primary oxidation
products, which, though odorless and tasteless, are precursors of a wide range of
strong oxidation products with a range of off-flavors present at parts per billion
levels

 

 

 

that classical wet chemical testing and electronic noses fail to detect [7,9].
Among the molecules formed are those that give rise to a fishy smell and taste.
Humans are extremely sensitive to small changes in levels of oxidation in EPA/DHA
oils. Until now, sensory evaluation of EPA/DHA oils or the food product containing
the oil has been the only reliable method of deciding whether the oil is possibly fit
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for use; but to recruit, train, and maintain an expert taste panel is no easy task and
expensive. Equipment of adequate sensitivity for measuring the headspace has
become available and techniques developed [10]. Volatiles of static or dynamic
(purge and trap) headspace are analyzed by gas chromatography/mass spectrometry
against a known internal standard and either specific components or total volatiles
are compared with the flavor scores [7]. These techniques offer a way of quantifying
the molecules responsible for off-flavors and correlating them with human sensory
evaluations.

 

17.4 SOLUTIONS TO THE PROBLEMS

 

Fishy smell and taste are the single most important criteria for consumers’ nonac-
ceptance of any food item fortified with EPA/DHA, as most people find the flavor
and smell of oily fish off-putting and unpalatable. Nutritionists and food developers
must realize that these foods should not only be healthy but also taste as good as
similar existing products. With the necessary experience, due care, and proper
precautions taken, however, it is possible to produce a surprising variety of foodstuffs
enriched with EPA/DHA. How can the sensorial properties and oxidative stability
of EPA/DHA oils be improved and preserved to make them more widely available
for human consumption?

The solution is fourfold: (1) work with high-quality raw materials; (2) remove
components that could give rise to a fishy taste and smell; (3) incorporate a powerful
antioxidant system into the purified oil and the food products to slow down oxidation
and to prevent the build-up of new peroxides; and (4) protect oils and foods from
oxygen, heat, and light at all times during storage and manufacture. Coupled with
the techniques described above to monitor the sensory quality of the resulting
products, these factors provide an avenue for successful inclusion of EPA and DHA
in functional foods.

 

17.4.1 R

 

AW

 

 M

 

ATERIALS

 

There are different groups of raw materials that may be used to fortify foods with
EPA/DHA and each has its own advantages and limitations. EPA and DHA are found
naturally in fish, particularly oily fish, making marine oils a cheap and easily
available source of EPA/DHA. However, most current crude fish oils are of very
low quality since they are by-products of fishmeal production. Extraction, winter-
ization, and storage of crude marine oils result in extensive oxidative damage. Crude
fish oils vary extensively in composition and quality and have high levels of free
fatty acids, pigments, polymers, and primary and secondary oxidation products, all
of which require extensive reduction by refining. In recent years, the development
of algal strains rich in DHA has opened up the possibility to produce DHA oils by
large-scale fermentation. A third group of raw material source comprises animal
products enriched in EPA/DHA by raising domestic animals with feed high in
omega-3 PUFAs [11]. Eggs rich in EPA/DHA are now widely available, and egg
yolk or the oil extracted from it can be used to fortify foods. Similarly, it has been
shown that with special feeding regimes it is, in principle, possible to produce milk,
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beef, and pork high in EPA/DHA. Whether such foods represent economical ingre-
dient sources for the fortification of foods with EPA/DHA remains to be seen. It
goes without saying that whatever the EPA/DHA source used for the manufacture
of EPA/DHA foods, raw material quality is of key importance. A special word of
caution is appropriate regarding the choice of nonmarine oils on the assumption that
EPA/DHA sources not derived from fish are more stable and devoid from fishy smell
and taste. Oxidative instability is an intrinsic property of all omega-3 oils, and fishy
smell and taste molecules are obligatory volatile secondary oxidation products of
EPA and DHA, regardless of the origin (be it from fermentation or from fish), as has
been clearly shown by direct comparison of a marine oil with a DHA algal oil [12].

 

17.4.2 R

 

EFINING

 

Whatever the raw material source, it is imperative to remove, as far as possible, any
contaminants that are known or suspected to pose a safety problem and components
that could give rise to fishy smell and taste molecules. A clear maintenance of quality
issues is of paramount importance. In 2002, the Omega-3 Working Group of the
Council for Responsible Nutrition [13] developed a voluntary monograph that
applies to EPA and DHA obtained from fish, plant, and microbial sources of marine
algae. The monograph sets forth rigorous and validated methodology for the assay
methods measuring the amount of EPA and DHA, as well as quality standards and
limits on environmental contaminants. The conventional refining of these oils results
in substantial reduction of undesirable components such as heavy metals and pesti-
cide residues. However, the standard oil refining techniques of degumming, neutral-
izing, bleaching, and deodorization still do not produce oils of acceptable smell and
taste. Treatment with silica, molecular distillation, and other more specialized tech-
niques may be required to remove objectionable fishy smell and taste molecules or
their precursors. With respect to the latter, residual peroxide values (PV) seem to
be of key importance. Let et al. [9] concluded that the initial PV of oils is a critical
determinant for the oxidation rates. A PV of 0.1 meq/kg seems to be an upper limit
for food-grade omega-3 oils of high quality.

 

17.4.3 S

 

TABILIZATION

 

The sensory stability of unprotected omega-3 LC-PUFA oils is very poor. Since the
reaction of EPA and DHA produce particularly unpleasant off-flavors, even at very
low degrees of oxidation, efficient measures to prevent oxidation is a 

 

conditio

 

 

 

sine
qua

 

 

 

non

 

 for the manufacture of bland and stable EPA/DHA food products.
The stability of omega-3 LC-PUFA oils can be prolonged substantially by the

addition of suitable antioxidants. Most commonly used is 

 

α

 

-tocopherol (vitamin E)
in combination with ascorbyl palmitate. Vitamin E is the most important lipid-soluble
antioxidant in nature and appears to be the major free-radical scavenger inside human
membranes and in plasma lipids. Tocopherols inhibit lipid peroxidation because they
scavenge lipid peroxyl radicals much faster than these can react with adjacent fatty
acid side chains or with membrane proteins. The hydroxyl group of the tocopherol
gives up its hydrogen atom to the peroxyl radical, converting it to lipid peroxide.
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By leaving an unpaired electron on the oxygen this produces a tocopheryl radical.
Hence, after breaking the chain reaction of lipid peroxidation, 

 

α

 

-tocopherol is itself
converted to a radical and consumed during the process. The 

 

α

 

-tocopherol radical can
be regenerated to tocopherol by ascorbate. However, studies have shown those con-
ventional chain-breaking antioxidants systems, including tocopherols and ascorbic
acid, may not provide optimal protection [14,15]. Recently, other natural antioxidants,
such as rosemary, thyme, oregano, and sage extract, have been proposed in addition
to the tocopherols and ascorbates to improve stability.

The combination of heavy metal ions with traces of hydroperoxides catalyze both
the initiation of lipid peroxidation and the decomposition of hydroperoxides. Omega-3
hydroperoxides, in particular, seem susceptible to trace metal-mediated degradation into
undesirable volatile components [16]. Metal chelators such as citric acid and ethylene-
diaminetetraacetic acid (EDTA) have been shown to prevent this cycle and to be very
effective inhibitors of oxidative deterioration of food products [17,18].

Microencapsulation or spray drying EPA/DHA oils into powders together with
starches or proteins is another way to protect EPA/DHA oils from being rapidly
oxidized and from the various forms of stresses imposed during the processing of
foods [19]. When correctly formulated, powders can be dispersible in aqueous media
and exceptionally stable. These properties, together with a neutral taste, make them
attractive for enriching foods of low fat content or foods where a high dispersibility
is required, such as in low-fat milk drinks or functional beverages.

 

17.5 FOOD MANUFACTURE

 

Despite today’s availability of high-quality EPA/DHA oils and powders for various
food applications, the manufacture of foodstuffs enriched with EPA/DHA with no
off-flavors is not a trivial task. In any food manufacturing process there are a number
of factors that need to be addressed when the addition of EPA/DHA oils is consid-
ered. As discussed above, oxygen, heavy metals ions, elevated temperatures, and
light greatly accelerate PUFA oxidation. As a general rule, exposure to these factors
should be kept as low as possible during all steps of food product manufacture,
transport, and storage. The observance of the following general dos and don’ts will
greatly improve the chances of success (Table 17.1). However, it must be realized
that development of an EPA/DHA food must be considered on a case-by-case basis
and on the particular product type with expert help from food technologists familiar
with the chemistry of PUFAs. A demonstration of how success may depend critically
on the combination of new technology and novel process control can be found in
the form of pasteurized fresh milk launched in Ireland in the spring of 2004. Thanks
to aseptic dosing of the heat-sensitive EPA/DHA to processed milk just before it is
packaged in cartons, the fatty acids do not have to be included in the milk pasteur-
ization process, which would destroy their stability. Previously, only ultrahigh
temperature  (UHT) milk could be fortified with omega-3 LC-PUFAs.

Since added water is a common ingredient of most foods, whenever possible
this should be deionized and deaerated before coming in contact with PUFAs. The
addition of a metal chelator such as citric acid will help overcome the pro-oxidant
effect of residual heavy metal atoms, such as iron and copper. The removal of oxygen
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is particularly important in low-fat products such as margarines and spreads con-
taining emulsifiers, thickeners, and flavoring agents. In all cases, additional antiox-
idants will be required to protect the product and provide the desired shelf life.
Typically tocopherols, ascorbyl palmitate, or sodium ascorbate are used. The exact
nature and amounts required will depend upon the individual product concerned,
the fat content and overall composition of the fat blend, and the shelf life needed.
One has to be extremely careful in the choice and the final concentration of the
antioxidant combination. Overdosing may turn the antioxidant into a pro-oxidant,
and possible “oversynergistic” effects between added antioxidants and those natu-
rally present in other food components (e.g., flavonoids, catechins, carotenes, and
tocopherols) must be considered. On the other hand, as the consumption of
EPA/DHA foods increases the physiological requirements of vitamin E as a function
of the fortification levels, a compensation, preferably in the form of tocopheryl
acetate must therefore be applied [20].

Foods with a high fat content, such as margarines, spreads, and salad oils,
lend themselves most easily to the addition of EPA/DHA oils. Oily forms can be
added to products just like any other fat, most preferably as close as possible to
the end of the manufacturing process to limit the time of exposure of the oils to
oxygen, heat, and light.

Another food group that contains appreciable amounts of fat is milks and
yogurts. Milk has been shown to be an efficient carrier for EPA/DHA, most probably
because of the highly dispersed milk lipid micelles into which omega-3 oils can
diffuse. Milk varies considerably in composition depending on the forage of the
dairy cattle and is beset with all the difficulties when working with emulsions. Milk
trace metals, notably iron and copper, and components of the milk fat globule
membrane promote oxidation of milk fat and development of off-flavors even in
the absence of added omega-3 LC-PUFAs [21]. Conversely, casein, citric acid, and

 

TABLE 17.1
General Handling Rules for Maximizing the Stability and the Flavor 
Profile of EPA/DHA Oils and Food Products

 

Critical Factors General Handling Rules

 

Oxygen Work and package under vacuum
Work and package under nitrogen
Use airtight storage material 

Heavy metals (Cu, Fe) Choose high-quality raw materials low in heavy metals
Minimize contact with metal equipments and containers
Add chelating agents

Peroxides Choose raw materials low in peroxides
Remove peroxides with novel refining technology
Use a combination of antioxidants 

Temperature Work and store at the lowest temperature and for shortest
time possible

Light Use opaque equipment and packaging material
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lactoferrin are stabilizing milk components by virtue of their well-recognized efficient
metal chelating properties [22,23].

The manufacture of food products that involve an emulsification step is partic-
ularly complex. Emulsified food systems with EPA/DHA show wide variations in
oxidative stability mainly due to the large surface area of the oil droplets [24]

 

,

 

 the
rheological stress incurred, and the likelihood of air being introduced during homog-
enization or emulsification. Whenever homogenization or emulsification are
required, it is recommended that the process be carried out under either a vacuum
or an inert gas blanket to minimize exposure to oxygen.

In multiphase food mixtures and lipid emulsions, antioxidants do not necessarily
provide the same protection as in bulk oils (the so-called polarity paradox). What
may work in oil may not necessarily work in an emulsion, as the partitioning between
the aqueous and lipid phases, the physical properties of the components, and the
nature of the interfaces are important factors that affect antioxidant activity and are
difficult to reproduce [16,25,26]. In one example, DHA single-cell oil supplemented
with 1937 ppm of mixed tocopherols lost its high stability completely in the corre-
sponding emulsion [12]. On the other hand, EDTA seems to be particularly suited
as an inhibitor of lipid oxidation in emulsion systems by chelation of iron [12,17].

In liquid applications, the low viscosity presents a particular challenge to food
technologists for the incorporation of EPA/DHA oils, and EPA/DHA oils often
need to be mixed with emulsifiers or density modifiers to prevent separation and
ringing. Powders may also be easier to incorporate into beverages with heavy
suspension, where the cloud hides any impact of the nutritional oil, but here the
dispersibility and leakage of oil from the powder are critical. Well-packaged prod-
ucts with short shelf lives also lessen formulation challenges. EPA/DHA-fortified
products should not be stored in transparent packing since light can cause them to
oxidize and metal packing should also be avoided to minimize oxidation. However,
even with all precautions taken, there is a very small window open between the amounts
needed for a significant enhancement of the nutritional value and the achievable
fortification levels without affecting the flavor and taste profile of the food product
(Table 17.2).

 

17.6 PRODUCTS ON THE MARKET

 

Increasing consumer awareness of the health benefits of EPA and DHA has gener-
ated a wealth of opportunities for their use in functional foods. Many food and
beverage companies with functional food programs consider EPA and DHA as
important food ingredients. Food technology has now advanced to the point where,
in theory, any food can be enriched with EPA and DHA [27]. At the forefront of
developments are infant formulas and baby follow-on food in Europe and the Far
East. Over the last couple of years, a surprisingly large number of EPA/DHA-
fortified food products have entered the market, ranging from meat, eggs, and dairy
products to cereals, cereal bars, and infant formulas (Table 17.3). Breads, low-fat
spreads, and milk for the delivery of EPA/DHA have entered the mainstream in
Europe, are rapidly gaining acceptance elsewhere, and are appearing on the shelves
of supermarkets and groceries.
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TABLE 17.3
A Selection of EPA/DHA Foods Marketed in Different Countries

 

Bread and Bakery Products

 

Germany Omega-3 bread and rolls (VK Mühlen, Hamburg); 

 

Diamant

 

 

 

Vital

 

, bread
mix (Diamant Mühle); 

 

Wellness

 

 

 

Aktifit

 

, bread (Ruf Lebensmittelwerke)
Portugal

 

Tostagrill

 

 

 

Saude

 

, toast bread (Diatosta)
Spain

 

Cuetara

 

 

 

F-plus

 

, biscuits (Cuetara), 

 

Galleta

 

 

 

Omega

 

 

 

2

 

, biscuits (Grupo 
Siro)

Sweden

 

Leva

 

, bread (Pågen)
United Kingdom

 

Nimble

 

 

 

Heartbeat

 

, bread (British Bakeries); 

 

Heartwatch

 

 

 

Omega

 

; sliced
bread, sponge cakes, biscuit varieties (Functional Nutrition)

South Africa

 

Richbake

 

 

 

Omega

 

 

 

Brown

 

, bread mix (Credin Bakery)
Australia

 

Tip

 

 

 

Top

 

, sliced bread (TipTop Bakeries)
Malaysia

 

Sweetie

 

, bread (Today Bakery)
Vietnam

 

Marie

 

, biscuits (Kinh Do Bakery)
Central America

 

Club

 

, crackers (Pascual)

 

Margarines and Spreads

 

Belgium

 

Vitelma

 

, margarine (Vandemoortele)
Finland

 

Lätt

 

 

 

&

 

 

 

Lagom

 

, margarine (Arla Foods)
France

 

Primevère

 

, margarine (Céma)
Germany

 

Vitaquell

 

 

 

Omega-3

 

, fat spread (Vitaquell)
Scandinavia

 

Gaio

 

, fat spread (MD Foods)
United Kingdom

 

Heartwatch

 

 

 

Omega

 

, reduced fat spread (Functional Nutrition)
United States

 

Smart

 

 

 

Balance

 

 

 

OmegaPlus

 

, margarine (GFA)
Australia

 

Sea

 

 

 

Change

 

, margarine (Caines)
Chile

 

Dos

 

 

 

Alamos

 

, margarine (Grasco)

 

Eggs and Egg Products

 

Finland

 

Minicol

 

 

 

Omega

 

, pasteurized eggs (Wammala Food)
Germany

 

Eiplus

 

, eggs (Eifrisch)
Netherlands

 

Columbus

 

, eggs (Belovo)
Italy

 

Sereno

 

, eggs (Maia Agroalimentare); 

 

Oro

 

,

 

 

 

eggs (Unione Cascine 
Valpadana); 

 

OvitoPiù

 

, eggs (Fattorie del Garda)
United States

 

Gold

 

 

 

Circle

 

 

 

Farm

 

, eggs (OmegaTech & NutraSweet Kelco); 

 

Liquid

 

 

 

Eggs

 

 
(Burnbrae Farms); 

 

Eggs

 

 

 

Plus

 

 (Pilgrim’s Pride)

 

Pasta

 

United Kingdom

 

Heartwatch

 

 

 

Omega

 

, pasta spirals and crests (Functional Nutrition)

 

Milk and Dairy Products

 

France

 

Candia

 

 

 

Omega

 

, milk (Candia)
Ireland

 

Dawn

 

 

 

Omega

 

 

 

Milk

 

 (Dawn Dairies)
Italy

 

Plus

 

 

 

Omega-3

 

, UHT milk (Parmalat)
Portugal

 

Especial Omega-3, milk (Mimosa)
Spain Omega-3, skimmed milk and yogurt (Puleva); Candia aux Omega 3 and 

Lauki Omega +, UHT milk (Candia)
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TABLE 17.3(Continued)
A Selection of EPA/DHA Foods Marketed in Different Countries

Australia Farmers Best with Omega 3, skimmed milk (Dairy Farmers); Heart Plus, 
skimmed milk (Peter & Brownes)

Brazil Vitalat, UHT semi-skimmed milk (Parmalat)
Chile Margarina Belmont Omega-3, margarine (Watt’s Alimentos)
Colombia Omega-3, milk (Parmalat)
Peru Gloria Omega-3:6, milk (Gloria)

Juice and Soft Drinks
Germany Riobella, fruit drink (Kirberg)
United Kingdom Bertrams Exclusive Omega, fruit juice (Bertrams)

Meat, Poultry, and Seafood Products
Finland Atria Turkey Luncheon, meat slices (Atria)
Spain Omega-3 Jamon Cocido, cooked ham; Terra y Mar, turkey breast 

(Carnicas Serrano)
Israel Mega Off, frozen chicken pieces (Off Tene)
United States Line of franks, burgers, sausages based on salmon and tuna 

(AquaCuisine); surimi (Wegman’s); seafood salad and crab surimi 
(Shining Ocean); crab surimi (Nichirei Trident); salmon chowder 
(Tabatchnik)

Philippines Hotdog (Pure Foods)
Australia Range of meat products (Hans Small Goods)

Snacks
United States OmegaZone, nutrition bar (Sears Labs); PediaSure, child nutrition bar 

(Abbott Laboratories)

Term Infant Formula
Europe Aptamil First, Aptamil Extra and Aptamil Forward (Milupa)
United States Isomil Advance (Ross Products); Enfamil Lipil (Mead Johnson); Good 

Star Supreme DHA and ARA (Nestlé)
Asia Pacific Enfalac A+ with DHA/AA, Enfapro with DHA, Enfakid with DHA (Bristol-

Myers Squibb); S26 Gold with DHA/AA, Promil Gold with DHA/AA, 
Progress Gold with DHA/AA (Wyeth); Gain Plus (Abbott)

Indonesia SGM 1, 2, and 3 with DHA (Sari Husada); Chilmil and Chilkid (Sanghiang 
Perkasa/Morinaga)

Preterm Infant Formulas
United Kingdom Osterprem (Farley’s)
Belgium Premilon (Nutricia)
United States Similac NeoSure Advance and Similac Natural Care Advance (Ross 

Products); Enfamil Premature Lipil (Mead Johnson)

Baby Food
United States First Advantage (Beech-Nut)
Venezuela Chicken soup with strained vegetables (Heinz)
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17.7 DO EPA/DHA FOODS WORK?

The direct clinical evidence for a health benefit of EPA/DHA comes from studies
with natural or concentrated fish or single-cell DHA oils. It may be legitimate to ask
whether these effects can be reproduced with food products enriched with EPA/DHA.
A number of studies have addressed this question and provided direct proof for a
health beneficial effect of commercially available EPA/DHA food products. In
healthy humans, skimmed milk supplemented with fish oil reduced the levels of
total LDL cholesterol, homocysteine, and endothelial adhesion molecules — all
accepted biochemical risk factors for cardiovascular disease — or conversely
increased HDL cholesterol (the “healthy” form of cholesterol) concentrations
[28,29]. Similarly, bread containing 0.5 g of omega-3 fatty acids in the form of fish
oil lowered plasma triglyceride and increased HDL-cholesterol levels in subjects
with hyperlipidemia [30]. It is unquestionable that EPA/DHA foods lead to a desir-
able modification of cardiovascular disease risk factors, which, hence, offer an
alternative to supplements or a change of dietary habits. Despite the technical issues
of incorporating EPA/DHA into foodstuffs, there is no doubt that this concept offers
food processors the opportunity to introduce a new range of foods associated with
definite health benefits that will enjoy the support of the scientific community as
helping in disease prevention. Sooner or later, EPA/DHA will become important and
widely accepted ingredients in foods.
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18.1 INTRODUCTION

 

Increased plasma levels of low-density lipoprotein (LDL) cholesterol in humans con-
stitute the main risk factor for cardiovascular disease (CVD), the leading cause of death
in most developed countries. Dietary and pharmaceutical interventions have been used
to control human cholesterol levels. The challenges encountered stem from the fact that
the body has a natural tendency for the continual 

 

de novo

 

 synthesis of cholesterol.
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Every cell in the body contains cholesterol and has a ready access to a large extracellular
supply. In addition, normal diets can make major contributions to the body cholesterol
content. Excess cholesterol predisposes people to severe pathology.

Dietary and nutritional guidelines for prevention of CVD are aimed at promoting
the consumption of lower cholesterol diets and foods with natural hypocholester-
olemic effects. There is currently intense research interest in the dietary sources of
secondary plant metabolites because of their potential preventive effects on the
chronic diseases of Western societies, especially CVD and cancer. Phytosterols (plant
sterols) in the diet are poorly absorbed and interfere with cholesterol absorption.
The effect of phytosterols in diet on modifying the risk of certain diseases has
been known for centuries. Phytosterols in foods were identified as natural cholesterol-
lowering agents in the 1950s [1]; however, the development and convenience of
using pharmaceutical drugs in that era made drugs preferable as cholesterol-lowering
therapies compared with phytosterols. Through scientific research, the understand-
ing of the relationships among phytosterols, physiological function, and disease
has been the focus of both food and pharmaceutical industries seeking to provide
the consumer with the normal foods they enjoy eating daily, but with a health-
promoting component.

 

18.2 DESCRIPTION OF PHYTOSTEROLS

 

Phytosterols encompass the entire class of sterols found in membrane extracts of
the unsaponifiable fat-soluble fractions of plants, including algae. These include pure
sterols, stanols, their phenolic acids, and conjugated glucosides. Common known
sources are vegetables, wood, and vegetable oils. Phytosterols are members of the
triterpene family. All triterpenes are synthesized via a pathway that starts with
reduction of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) (six carbons) to
mevalonate (five carbons). Six mevalonate units are then assembled into two farnesyl
diphosphate molecules, which are combined to make squalene (30 carbons or “three
terpenes”). Enzymatic ring closure steps then form cycloartenol (also 30 carbons), and
additional enzymatic reactions form common plant triterpenes such as phytosterols,
triterpene alcohols, and brassinosteroids [2].

 

18.2.1 D

 

IFFERENCES
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IMILARITIES
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TO
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HOLESTEROL
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TRUCTURE

 

 A

 

ND

 

 B

 

IOSYNTHESIS

 

Phytosterols are C-28 or C-29 sterols, structurally very similar to cholesterol (C-27),
but differ in their nucleus and/or side chain configuration or polar groups
(Figure 18.1). Common substitutions include methyl, ethyl, or double bond at the
C-24 position in the sterol side chain. 

 

β

 

-Sitosterol contains an ethyl group at C-24,
campesterol has a methyl group at C-24, and stigmasterol is considered to be an
unsaturated phytosterol because of the double bond at C-22. Chemical saturation of
the -5 double bond leads to the 5-

 

α

 

 position of the hydrogen atom (i.e., cholestanol,
campestanol, sitostanol), while enzymatic transformation by gut bacteria leads to
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epimerization of the H atom at position 5 to the 

 

β

 

 configuration as represented by
coprostanol and its derivatives [3].

Cholesterol is the predominant sterol in animals. Plant membranes contain little
or no cholesterol, and they are composed of several types of phytosterols. Both
cholesterol and phytosterols have structural functions. The function of phytosterols
in plants is primarily related to their ability to affect membrane fluidity and water
permeability [4]. Phytosterols are also thought to stabilize plant membranes and play
a role in membrane rigidification based on existing sterol/phospholipid ratios. The
primary role of cholesterol in the body appears to be as a constituent of membranes.
It is also the precursor for synthesis of steroids and bile acids. Free cholesterol serves
as a stabilizer for cell membranes and cholesteryl fatty acid esters are the storage/
transport form, usually associated with triacylglycerols. Both cholesterol and phy-
tosterol synthesis have been known to be controlled by the enzyme HMG-CoA
reductase. However, recent findings on the Pojak and Rohmer shunts debate the
essential role of HMG-CoA reductase as a rate-determining enzyme for phytosterol
synthesis in plants as well as cholesterol biosynthesis in animals [5].

Individual phytosterols differ in their effect on membrane stability. Stigmasterol
has been reported to cause disorder in membranes, and the molar ratio of stigmasterol
to other phytosterols in the plasma membrane increases during senescence [6]. Phy-
tosterols also act as plant hormones and hormonal precursors [7]. The most frequent
phytosterols in nature, and thus in human diets, include sitosterol, campesterol, stig-
masterol (4-desmethylsterols of the cholestane series), and dihydrobrassicasterol —
the latter unique to the Brassica species (canola). The typical Western daily diet
contains 100 to 300 mg phytosterols and 20 to 50 mg plant stanols [8].

 

FIGURE 18.1

 

Structures of sterols and their saturated derivatives.
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18.3 CHOLESTEROL-LOWERING MECHANISM 
OF PHYTOSTEROLS

 

A series of collaborated mechanisms regulate cholesterol levels in the body. The
two nuclear hormone receptors, liver X receptor (LXR) and the farnesoid X receptor
(FXR), are known to control the transcription of several genes that play a major role
in cholesterol metabolism [9,10]. Adenosine triphosphate-binding cassette (ABC)
transporter is encoded by one of such genes to reduce the amount of cholesterol
absorbed by transporting cholesterol out of enterocytes into the intestinal lumen
[27,28]. The enzyme Acyl CoA:cholesterol acyltransferase (ACAT) also catalyzes
the esterification of cholesterol in cells and facilitates cholesterol absorption [21].
The physicochemical presence of phytosterol in the diet interferes with the normal
processes by which cholesterol absorption is regulated in the body. Although the
hypocholesterolemic mechanism is not fully understood, three main effects of plant
sterol metabolism, together, could potentially elucidate the basis of the proven
hypocholesterolemic functionality:

• Phytosterol effects on cholesterol absorption
• Phytosterol effects in the intestinal lumen
• Phytosterol effects on intracellular cholesterol pool

 

18.3.1 P

 

HYTOSTEROL

 

 E

 

FFECTS

 

 

 

ON

 

 C

 

HOLESTEROL

 

 A

 

BSORPTION

 

Due to their physical structure, chemical nature, and biological activities, phytosterols
reduce cholesterol absorption and increase cholesterol excretion with no effects on
high-density lipoprotein (HDL) or triglyceride (TG) levels. The serum cholesterol-
lowering effects of phytosterols are believed to be associated with an inhibition of
cholesterol absorption resulting from the higher affinity of phytosterols than of cho-
lesterol for micelles [11]. Phytosterols appear to decrease the solubility of cholesterol
in the oil and micellar phases (the aggregation of molecules with both lyophilic and
hydrophilic groupings at the interphase), thereby displacing cholesterol from bile salt
micelles and interfering with its absorption [12]. In situations where the concentration
of 

 

β

 

-sitosterol in mixed micellar solutions is maintained similar to that of cholesterol,
phytosterols are absorbed at rates equal to cholesterol [13].

A cholesterol molecule with a methyl or ethyl group (phytosterols) results in
poor intestinal absorption of phytosterols in humans. The longer the side chain, the
less it is absorbed because of increased hydrophobicity [14] relative to cholesterol,
the base molecule. This increases the ability of phytosterols to mix with micelles in
competition against cholesterol, thereby blocking cholesterol absorption into the
body. Studies have suggested that the mechanism that accounts for inhibition of
cholesterol absorption is different from that controlling the absorption of phytosterols
from mixed micelles. Specifically, sitosterol [12,13] and fucosterol [12] displace
cholesterol from micelle solution, accounting for the inhibition of its absorption, but
micellar solubilization does not ensure absorption since sitosterol in not absorbed
even where fully micellar solubilized [15]. About 5% or less of phytosterol is absorbed
from the human intestine compared with 30 to 60% for dietary cholesterol [7]. It has
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been reported that the different absorption rates of cholesterol vs. phytosterols may
be due to differences in the rates of esterification before incorporation into chylomi-
crons [16]. About 70 to 80% of the absorbed cholesterol is esterified, compared with
12% for phytosterols [15]. Animal and human studies, as well as 

 

in

 

 

 

vitro

 

 experiments,
indicate an inverse relationship between the absorbability of plant sterols and their
efficiency in inhibiting cholesterol absorption [17]. In animals, it has been shown
that the absorption rate of campesterol is considerably higher than that of sitosterol and
stigmasterol [18]. The carrier for absorbed phytosterols circulating in human plasma
is LDL, and HDL is the carrier in rats [21].

The efficacy of phytosterols as cholesterol-lowering agents has been compared
among phytosterols differing in saturation or as free and esterified forms. Hydroge-
nation of the 5-

 

α

 

 nucleus double bond leads to a decrease in sterol absorbability, as
has been demonstrated for cholesterol/cholestanol [19] and sitosterol/sitostanol [17].
The more saturated equivalents of phytosterols, namely, the phytostanols/plant
stanols, are almost unabsorbable. Hence, it is proposed that phytostanols are more
effective as cholesterol-lowering agents than their sterol counterparts, although this
has been disputed by other studies.

About 20% of the absorbed 

 

β

 

-sitosterol is converted to cholic and chenodeox-
ycholic acids. The remainder is excreted in bile as free sterol and this excretion is
more rapid than that of cholesterol [20]. While studies with humans have supported
the formation of cholic and chenodeoxycholic acid from labeled sitosterol, rat studies
could not confirm the conversion of phytosterols to bile acids. Unabsorbed phy-
tosterols may undergo bacterial transformation by intestinal microflora to produce
metabolites as coprostanol and coprostanone detected in fecal excreta [21].

 

18.3.2 P

 

HYTOSTEROL
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The small intestine is believed to be the major site for cholesterol absorption. The
phytosterol effects at the absorption sites of the intestinal lumen could therefore be
the location for distinguishing between the absorbable and nonabsorbable phytoster-
ols. Intestinal esterification of sterols by ACAT is reported to be more efficient for
cholesterol than for phytosterols. Esterification rate is reported at 89, 79, and 34%
for campesterol, sitosterol, and stigmasterol, respectively, compared with cholesterol
[21]. Slower rate of transfer of sitosterol from the cell surface to intracellular site,
compared with cholesterol, may also contribute to the lower absorption rate for plant
sterol [21]. Cocrystallization of phytosterols and cholesterol in the gastrointestinal
tract could lead to the reduction of intestinal cholesterol uptake. This mechanism is
supported by reports on formation of mixed cholesterol:

 

β

 

-sitosterol crystals from a
mixed solution of cholesterol and 

 

β

 

-sitosterol and formation of solids/mixed crystals
from mixed cholesterol:

 

β

 

-sitosterol after solvent evaporation [22].
Specific phytosterols may increase bile acid excretion [23] and hinder cholesterol

esterification rate in the intestinal mucosa 

 

in

 

 

 

vitro

 

 [24]

 

.

 

 

 

In

 

 

 

vivo

 

 studies indicate that
phytosterols may modify hepatic acetyl-CoA carboxylase [25] and cholesterol-7

 

α

 

-
hydroxylase enzyme activities [26] in animals and humans. The expression of ABC
in the small intestine has been reported to affect the efflux of phytosterols from
enterocytes back out into the intestinal lumen, thereby limiting their absorption [27,28].
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18.3.3 E

 

FFECTS
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HOLESTEROL
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Hepatic cholesterol content is the major regulator of the plasma cholesterol level. The
hepatic availability of cholesterol is determined by intestinal absorption and by
synthesis and degradation in the liver. Because all cells in the body have the ability
to synthesize cholesterol 

 

de novo

 

, this natural feature of cells could neutralize the
phytosterol-induced cholesterol reduction by enhancing cholesterol synthesis. Sev-
eral reports have discussed the extent to which cholesterogenesis offsets the hypo-
cholesterolemic effects of phytosterols. Studies with the enzyme HMG-CoA reduc-
tase show that phytosterols have less influence on HMG-CoA activity compared
with cholesterol [29]. Therefore, the hypocholesterolemic mechanism of phytosterols
may not involve suppression of cholesterol synthesis. Different interpretations of
the effect of phytosterols on cholesterogenesis have been reported. The principles
underlying the methods used to assess cholesterogenesis vary, including methods
using stable isotope tracers and endogenous pathway precursors; this could be a
factor for the observed differences in the trend of cholesterol synthesis measured in
the studies. 

 

β

 

-sitosterol has been shown to inhibit cholesterol synthesis [30] in
animals. A sitostanol-rich phytosterol mixture did not result in significant changes
in endogenous cholesterol synthesis in hypercholesterolemic men [32]. The hypoc-
holesterolemic mechanism may [7,31,57] or may not [32,64] result in elevation in
endogenous cholesterol synthesis. Decreases in the serum concentration of choles-
terol were dependent on the dose of ingested cholesterol, and the fractional synthesis
rate of cholesterol was highest at the maximal dose of phytosterol feeding. Generally,
the reported observations suggest that any compensatory cholesterol synthesis is
offset by the hypocholesterolemic effects of phytosterols if the recommended dose
of phytosterol is ingested.

 

18.4 NUTRITIONAL STUDIES WITH PHYTOSTEROLS

18.4.1 E

 

FFECTIVE
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PPLICATION
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EVELS

 

The amounts of plant sterols present in ordinary American diets are not sufficient
to block the absorption of cholesterol by competitive blockade of absorptive sites.
On average, humans consume about 200 to 300 mg/d [33], with intakes in vegetarians
and Japanese estimated to be higher, 300 to 500 mg/d [34]. Prehistoric diets had
intakes of phytosterols at levels higher than 1 g/d.

Earlier reports on the therapeutic use of phytosterols for treatment of hypercho-
lesterolemia suggested cholesterol-lowering efficacy only at high doses of 10 to 20 g/d;
thus, the application of less absorbable sterols for therapeutic use was recommended
[35]. In addition, a dose–response effect was reported, with the concentration of
phytosterols [31] and phytostanols [36] plateauing after levels higher than 2.5 g were
consumed. Recent nutritional studies have reported efficacy of phytosterols and their
derivatives at lower levels of about 1.5 to 3.0 g/d administered as a capsule, in a
suspension, or as a mixture with margarines or other oils. Reports from two studies
[37,38] indicated that reduction in cholesterol absorption is less effective with low
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cholesterol (less than 200 mg/d) diets. In a study, 0.74 g/d soybean phytosterols mixed
in butter (36% fat, 0.4 to 0.45 g/d) lowered total and LDL cholesterol by 10% and
15%, respectively, in 12 healthy males [39] after 4 weeks. In hypercholesterolemic
males and females, 0.6 to 0.8 g/d of phytosterols and their derivatives have been shown
to reduce total and LDL cholesterol by 1 to 4% and up to 7%, respectively, over a
minimum of 9 weeks [40,75,76]. The health benefits of serum cholesterol concentra-
tion reduction also appear to be related to age. A 10% reduction in total serum
cholesterol concentration produces a reduction in CVD of 50% at age 40, 40% at age
50, 30% at age 60, and 20% at age 70, with a greater part of the lower risk benefits
realizable after 2 years, and the full benefit after 5 years [41].

Epidemiologic and experimental studies on membrane structure and function of
tumor host tissue, apoptosis, immune function, and cholesterol metabolism [42]
suggest that dietary phytosterols may offer protection from some common cancers
in Western societies, including colon, breast, and prostate. In the past few years,
issues about safety and efficacy have shifted the focus of most scientific studies from
phytosterols to phytostanols and their derivatives. However, with more researchers
working with phytostanols, it has been observed that the higher hypocholesterolemic
effect reported with phytostanols is not consistent [14,44] and remains a major issue
of controversy associated with phytosterols and their derivatives. The observed
inconsistencies could be due to variation in the length of the nutritional study,
differences in the data collection protocols, analytical methods used in the reports,
and the physical form in which the phytosterol is dispersed in the diet [43]. A more
probable conclusion that can be drawn from the observed trend suggests that a
mixture of phytosterols [44] or phytosterols and stanols may be as effective as stanols
alone [45], irrespective of the natural raw material source [46].

 

18.4.1.1 Effects of Phytosterols in LDL Cholesterol Reduction

 

Currently, the U.S. National Cholesterol Education Program (NCEP) targets low
LDL cholesterol levels as a goal of therapy [47] to prevent atherosclerosis-related
pathologies. Several studies with various phytosterol mixtures support the assertion
that in normal, mildly, and overtly hypercholesterolemic humans, phytosterols are
effective in reducing total cholesterol and LDL cholesterol levels to about 10 and
15%, respectively [19,23,48–51]. A minimum of 3.0 g phytosterol is needed a day
for at least 2 weeks to realize these reductions. Coadministration of phytosterols
with divalent calcium and magnesium cations further enhances cholesterol lowering
[52]. When phytosterol feeding is discontinued, the LDL cholesterol levels return
to their initial levels [51] within 6 weeks [31]. HDL cholesterol and triglyceride
levels are not significantly affected by dietary phytosterols [31,50,51] although an
increase in HDL cholesterol level has occasionally been reported [48].

 

18.4.1.2 Phytosterols in Combination with Low-Fat Diets

 

Most studies report a general trend of lower cholesterol and LDL cholesterol levels
during the run-in period of clinical studies when subjects are consuming the control diet.
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These pretreatment diets are usually low fat or are made up of polyunsaturated fats [46].
It is argued that feeding a prudent diet of low fat and phytosterols as control may lower
the cholesterol-lowering efficacy of dietary phytosterols [53]. An American Heart Asso-
ciation advisory indicates that the cholesterol-lowering effect of plant sterols is consistent
regardless of the fat level in the background diet [54]. Phytosterols have been highly
efficacious in children [55] and adults [49,50] when used in combination with low-fat
diets.

 

18.4.1.3 Phytosterols in Combination with Cholesterol-
Lowering Medications

 

The two most important pharmaceutical approaches used to lower circulating cho-
lesterol levels are (1) the bile-sequestering polymeric resins, cholestyramine (quater-
nary ammonium functional groups attached to a styrene-divinylbenzene copolymer)
and colestipol (a copolymer of tetraethylenepentamine and epichlorohydrin in the
ratio 2:5); and (2) 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors or
statins. Statins (e.g., Atorvastatin), inhibit HMG-CoA reductase, the rate-determining
enzyme in cholesterol synthesis, and thereby reduce cholesterol synthesis [56]. Drugs
are often used in combination to improve effectiveness. For example, a combination
of statin plus resin inhibits cholesterol synthesis and enhances fecal elimination of
cholesterol by bile acid binding.

Combination therapy using statins with phytosterols has proved efficacious for
patients with hypercholesterolemia. Statins suppress the synthesis of cholesterol
markedly more effectively in subjects with high rather than low baseline synthesis
(29.4 

 

±  

 

0.9% vs. 25.6 

 

±  

 

0.9%, 

 

p 

 

< .001) [40]. Since most studies with phytosterols
show no observable increase in HDL nor reductions in TG levels, such a combination
of a natural food component with medication that enables prevention of cholesterol
synthesis as well as absorption holds extensive benefits for patients.

 

18.4.2 E

 

FFECTS

 

 

 

OF

 

 P

 

HYTOSTEROLS

 

 

 

ON

 

 F

 

AT

 

-S

 

OLUBLE

 

 V

 

ITAMINS

 

The mechanism by which phytosterols achieve lower LDL cholesterol levels via
the inhibition of cholesterol absorption raises concern about the impact of
phytosterols on the absorption of other fat-soluble compounds, such as vitamins
and their precursors, in the intestine. Earlier studies have reported that phy-
tosterol consumption may reduce the absorption of some fat-soluble vitamins;
however, the results could be difficult to interpret. Lipoproteins are the major
transport vehicles for newly absorbed fat-soluble vitamins. A decrease in lipo-
protein levels may limit transport of fat-soluble vitamins or lower efficiency of
absorption. Randomized trials have inconsistently shown a reduction in blood
concentrations of 

 

β

 

-carotene up to about 25%, 

 

α

 

-carotene by 10%, lycopene by
10%, and vitamin E by 8% [36,57]. Decreases in the serum absolute concentra-
tions of 

 

β

 

-carotene and 

 

α

 

-tocopherol concentrations are expected since both
vitamins are transported in serum in lipoproteins, where concentrations decrease
during experimental diet periods [49]. To facilitate understanding of the physi-
ological significance of reduced fat-soluble vitamin levels associated with the
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cholesterol-lowering effects of plant sterols, the expression of fat-soluble vitamin
levels relative to total or LDL cholesterol levels was adapted. When serum 

 

β

 

-
carotene concentrations and tocopherol are related to the serum total cholesterol
concentrations, the decrease is insignificant [49].

Vitamin D and vitamin A (retinal) concentrations are on average unaffected
by sterols and stanols [58]. Vitamin K-dependent clotting factors did not change
in subjects fed stanols [46]. Eight patients were given stanol esters with no
significant changes in prothrombin time and no major changes in coumarin dose,
suggesting that vitamin K status was unchanged [58]. In a study of 185 volunteers,
lipid-adjusted, fat-soluble vitamin concentrations remained unchanged; however,
phytosterol intake reduced lipid-adjusted 

 

α

 

- and 

 

β

 

-carotene concentrations by
15 to 25% after 1 year, relative to control [59]. With the consistent exception of

 

β

 

-carotene where decreases are reported after data were normalized to total
cholesterol level, phytosterols appear to have no significant effect on fat-soluble
vitamin levels.
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With the exception of the reported lower circulating levels of some carotenoids,
studies on the potential toxicity of phytosterols have suggested few biochemical or
clinical side effects. Reports showed no significant effect of 0.8 to 3.2 g of plant
sterol esters on alkaline phosphatase, alanine transaminase, aspartate transaminase,
and 

 

γ

 

-glutamate transaminase levels [60]. Reported toxicity work on coagulation
and fibrinolytic parameters indicates no significant differences in fibrinogen levels,
factor VII coagulant activity, factor VII amidolytic activity, antithrombin III activity,
plasminogen activator inhibitor type I activity, and tissue plasminogen activator
among three dietary treatments [46]. Phytosterols had little or no effect on thyrotrophin,
creatinine, glucose, or hemoglobin levels, white or red blood cell or platelet counts,
or hematocrit [46].

Some concerns exist about potential estrogenic and endocrine effects of phy-
tosterols consumed by growing children. Phytosterol consumption did not show any
estrogenic or endocrine effects 

 

in

 

 

 

vivo

 

 and 

 

in

 

 

 

vitro

 

 [74]. A nominal phytosterol ester
concentration of 8.1% fed to rats for 90 d, an equivalent to a dose of 6.6 g/kg body
weight/d or 4.1 g/kg phytosterol, was considered to be at the no observed adverse
effect level [61]. No toxicity was observed in a wide range of reproductive and
developmental parameters in studies conducted over two generations of rats (81)
[62]. In healthy adult males and females, a high intake of vegetable oil phytosterol
esters (8.6 g vegetable oil phytosterol) increased the amount of neutral sterols in
feces, but did not result in the increased formation of bile acids or sterol metabolites
[44]. The products of bacterial metabolism of cholesterol and primary bile acids,
such as secondary bile acids, deoxycholic acid, and litocholic acid, have been
implicated in colon cancer development [63]. Since the large majority of phytosterols
are not absorbed in the small intestine, such metabolites would accumulate for a
period in the large intestine before excretion and could exert carcinogenic effects.
Current animal and epidemiologic data, however, suggest that phytosterols may
decrease colon cancer [42].
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18.4.3.1 Hyperphytosterolemia

 

The incidence of high levels of phytosterols in the blood exists as hyperphytoster-
olemia or sitosterolemia, a very rare condition due to an inborn error of phytosterol
metabolism. Recent data indicate that the genes ABCG5 and ABCG8 are mutually
involved in the intestinal absorption of phytosterols and possibly also dietary cho-
lesterol, as well as in the biliary secretion of sterols. Mutations in ABCG5 and
ABCG8, the two half-transporters of the ABC transporter family involved in the
absorption of phytosterols into the mucosal cells, have been identified as the cause
of dietary sterol accumulation in patients with sitosterolemia. Patients also show
elevated plasma cholesterol levels.

Some reports suggest that this condition could be cured by administration of
phytosterols [64], such as sitostanol, which is also known to lower serum levels
of other plant sterols [31] without being absorbed. However, this therapy has not
been used for treatment of humans with this condition. Currently, severe cases
of sitosterolemia are treated with bile acid resins such as cholestyramine or
colestipol [45].

 

18.4.3.2 Oxidative Effects of Phytosterols

 

Plant sterols and other cholesterol-like unsaturated lipids are subjected to oxidation
when exposed to air. Oxidation is enhanced by heating, ionizing radiation, exposure
to light, or chemical catalysts. Sterol oxidation is a free-radical chain reaction and
begins with formation of a hydroperoxide that may, in turn, decompose to various
compounds. Similar to cholesterol, the main phytosterol oxidation products are
hydroxy, keto, and epoxy compounds with the possible formation of triol com-
pounds on hydration of the latter intermediates [65]. Many 

 

in

 

 

 

vitro

 

 studies have
shown that cholesterol oxides (oxysterols) have cyototoxic, mutagenic, and
atherogenic properties; induce apoptosis; and are potent regulators of cholesterol
metabolism. Owing to the structural similarities between plant sterols and cho-
lesterol, the possible impact on health of oxidized plant sterols (oxyphytosterols)
in food has been considered; however, unlike cholesterol, information on phy-
tosterol oxidation products is limited. Oxysterols in foods have been measured to
examine the stability. Small amounts of phytoxysterols have been detected in wheat
flour, coffee, fried potatoes, and vegetable oils [66]. The major phytoxysterols
detected were similar to those formed from cholesterol (i.e., 7-hydoxy, 7-keto, and
5,6-epoxy compounds).

Plant sterols may be oxidized even more easily than cholesterol [67]. A recom-
mended daily intake of 2 to 4 g phytosterols could result in the ingestion of 2 to 4
mg phytosterol oxides [65]. Only a few studies have measured the biological effects
of phytosterol oxides; they are similar to cholesterol oxides but show less severe
effects. Studies have demonstrated that phytosterol oxides cause cellular damage in
cultured macrophage-derived cells [68]. 7-Ketocholesterol inhibited cholesterogen-
esis by 20 to 30%, whereas 7-ketositosterol had no effect [69]. Thermally oxidized
derivatives of 

 

β

 

-sitosterol demonstrate similar biological effects as 7-

 

β

 

-OH in U937
cells, but at higher concentrations [70].
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18.5 COMMERCIALIZATION OF PHYTOSTEROL-
INCORPORATED PRODUCTS

 

Research-based sound scientific evidence has established the hypocholesterolemic
impact of phytosterols on human health and heightened the appeal of health-conscious
consumers for phytosterol-incorporating functional food products. Phytosterols are
added in processed commercially available fat-based foods as spreads, yogurt, and snack
bars. The phytosterols/phytostanols are commonly incorporated in the esterified
form, free sterols having a solubility of about 2.55 to 3% in fat, whereas the solubility
of sterol esters is roughly 30% [71,72]. The products have been successfully
launched globally under legislation of the respective food regulatory agency [73]
of the region.
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RODUCING PHYTOSTEROL-ENRICHED PRODUCTS

Cytellin, a preparation of predominantly β-sitosterol, is the first known commercial
product marketed in the United States to treat hypercholesterolemia (from the 1950s
to 1982). Eli Lilly Company introduced Cytellin as a drug to the market. Both soya
oil (rich in campesterol and stigmasterol) and tall oil (from pine trees —93% sito-
sterol) were utilized as phytosterol sources for Cytellin.

Benecol has been manufactured in Finland since 1995. Benecol contains phy-
tosterols from wood pulp as well as other sources. McNeil Consumer Healthcare, a
part of Johnson & Johnson, has produced margarine containing phytostanol esters
providing the consumer with 1.7 g of stanol esters per serving. Studies show that
Benecol lowers total and LDL cholesterol levels by 10 to 15% in adults with high
blood cholesterol levels [51,57]. Other phytostanol ester-containing products such
as products containing Benecol, such as cream cheese spreads, milk, mayonnaise,
yogurt, and snack bars, are available in Europe.

Lipton, a New Jersey-based unit of Unilever, produces Take Control, a margarine
containing phytosterol esters obtained from soybean, in the United States. Three
varieties of Take Control salad dressings — Italian, blue cheese, and ranch — were
launched in September 1999. This is made by the Wish-Bone manufacturing unit of
Lipton. A 2-tablespoon serving contains 1120 mg of natural soybean plant sterol
extract.

Forbes Medi-Tech Inc., a pharmaceutical company, produces Phytrol (consumer-
branded as Reducol), a mixture of unesterified phytosterols and stanols isolated from
coniferous trees. Phytrol is exclusively licensed on a worldwide basis to Novartis
Consumer Health Inc. for use as a functional food ingredient, dietary supplement,
and inclusion in certain over-the-counter products. In 2000, Novartis announced a
joint venture with Quaker Oats to form Altus Foods, to manufacture “healthy foods”
containing Phytrol.

Meadow Lea manufactures Logicol spreads and milk products containing phy-
tosterols available in Australia. Degussa Bioactives produces Cholestatin tablets
containing free phytosterols.
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19.1 INTRODUCTION

 

Structured triacylglycerols (STs) can be defined in several ways, but in this chapter
the term will cover triacylglycerols (TAGs) that have been modified or restructured
from natural oils, fats, and fatty acids. The STs are synthesized for nutritional use
or specific purposes, such as human milk-fat substitutes, low-calorie fats, oils
enriched in essential fatty acids (linoleic and 

 

α

 

-linolenic acid) or long-chain n-3
polyunsaturated fatty acids (eicosapentaenoic [EPA] and docosahexaenoic acid
[DHA]), and TAGs containing both long-chain polyunsaturated fatty acids and
medium-chain fatty acids (MCFAs) for specific nutritional or medical applications.

Early work with STs focused on the needs of hospitalized patients. The interest
was primarily on STs containing MCFAs and long-chain fatty acids (LCFAs). With
these fatty acids on the same glycerol molecule, MCFAs could supply rapidly
available energy and LCFAs could provide essential fatty acids to patients with
malabsorption or with high demands for energy.

During the last 25 years, a range of animal studies has been conducted using STs
and constitutes the background for many of the clinical studies performed subsequently.
These animal studies have included basic investigations of the absorption characteristics
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of STs, as well as animal models of human disease. In the following, results from a
few of these animal studies will be included to support the results from the clinical
studies. However, the main focus of this chapter will be the many clinical studies that
have been conducted investigating the effects of STs.

 

19.2 SYNTHESIS OF STRUCTURED 
TRIACYLGLYCEROLS

 

STs can be produced by different methods. Chemical interesterification with a
catalyst like sodium methoxide results in TAGs with random distribution of the fatty
acids within the glycerol molecule. This randomization distributes the fatty acids
equally in all three positions of the TAG. Most of the clinical studies referred in this
chapter were performed with randomized TAGs.

More specific structures can be achieved by enzymatic interesterification using

 

sn

 

-1,3 specific lipases, which results in specific replacement of the fatty acids in the

 

sn

 

-1,3 positions of the TAG. The outcome of this process depends primarily on
the substrates and the ratio between them, the choice of enzyme, and the process
technology [1,2]. The cost of producing these specific structures is severalfold higher
than producing the randomized products primarily due to the high price of the enzymes
and has therefore discouraged commercialization of specific STs. New lipases with lower
cost are now available and this will probably influence the production of specific STs.

 

19.3 ABSORPTION OF STRUCTURED 
TRIACYLGLYCEROLS

 

The preduodenal lipases (lingual and gastric lipases) perform the first step in the
hydrolysis of dietary TAGs. These lipases possess high activity toward fatty acids
located in the 

 

sn

 

-3 position of the TAG, especially short-chain fatty acids (SCFAs).
In some disease states, like cystic fibrosis and chronic alcoholism with pancreatic
insufficiency, and in preterm infants, these lipases are the major lipolytic agents [3].

The pancreatic lipase catalyzes the further intestinal hydrolysis of ingested TAGs
with preference toward the 

 

sn

 

-1,3 positions resulting in 

 

sn

 

-2 monoacylglycerols
(2-MAGs) and free fatty acids. The nature of the fatty acids in the TAG molecule
determines the hydrolysis rate with faster hydrolysis of MCFAs [4] and slow hydrolysis
of the highly unsaturated LCFAs, in particular, EPA and DHA [5]. The major route
of absorption for the LCFAs and 2-MAGs is through the enterocytes with conservation
of approximately 75% of the fatty acids located in the 

 

sn

 

-2 position of the dietary fat [6].
The specificity and preference of the pancreatic lipase are important issues when
considering the possible advantages of tailor-making fat with particular TAG structures
and maintenance of fatty acids in specific positions following absorption. In the
enterocytes, the 2-MAGs are reesterified with fatty acids of exogenous and endogenous
origin to form a new population of TAGs, and these are secreted to the lymph packed
into chylomicrons. Because of the high polarity of the MCFAs, the low affinity for
the cytosolic fatty acid binding proteins, and the low activation to CoA esters, these
fatty acids are primarily absorbed via the portal vein for oxidation in the liver [7],
although some MCFAs are detected in lymph as well [8].
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The absorption characteristics of STs have been investigated in studies with
lymph-cannulated rats, and these studies have emphasized the preferential absorption
of the fatty acid in the 

 

sn

 

-2 position. Jensen et al. [9] compared the intestinal
absorption of fatty acids from a randomized oil with the absorption of fatty acids
from a specific ST of the medium-chain/long-chain/medium-chain fatty acids
(MLM) type. The absorption of MCFAs was highest from the randomized oil, where
approximately 33% of the MCFAs were in the 

 

sn

 

-2 position, and the absorption of
LCFAs was highest from the structured oil, with 100% LCFAs in the 

 

sn

 

-2 position,
emphasizing the enhanced absorption of fatty acids in the 

 

sn

 

-2 position. Similar
results were obtained by Christensen et al. [10] comparing the absorption of an
MLM TAG and a randomized oil based on MCFAs and EPA/DHA, and by Ikeda
et al. [11] comparing the absorption of fatty acids from a long-chain triacylglycerol
(LCT), a medium-chain triacylglycerol (MCT), and STs of the MLM and long-
chain/medium-chain/long-chain fatty acids (LML) types. These studies concluded
that STs of the MLM type would be a better fat supplement than MCT and LCT in
the treatment of fat malabsorption because of the rapid hydrolysis and absorption
of this structure together with the important supply of essential fatty acids.

The influence of STs on the metabolism of chylomicrons has not yet been exam-
ined in as much detail as the influence on the absorption process. Swift et al. [12]
showed that MCFAs to some extent were incorporated into chylomicrons following
intake of MCT in humans. Hultin et al. [13] compared the clearance of LCT,
MCT/LCT, and MLM emulsions after bolus injection to rats. MLM and MCT/LCT
emulsions were cleared more rapidly from the blood than the LCT emulsion. We have
shown that the size and number of chylomicrons were affected by the structure of
TAGs during absorption in rats after administration of MCT, LCT, MLM, and LML,
indicating that the clearance of the chylomicrons also may be affected by the structure
of the ingested TAG (Porsgaard et al., unpublished results).

 

19.4 CLINICAL STUDIES WITH STRUCTURED 
TRIACYLGLYCEROLS

19.4.1 I

 

N

 

 

 

D

 

ISEASE

 

 

 

S

 

TATES

 

After major surgery or in critically ill patients, most people become catabolic and
lose net protein mass, resulting in loss of muscle and organ tissue and thereby
function. Improvement of the nitrogen balance is therefore important for the conser-
vation of muscle mass and organ function. Mixed fuel systems that incorporate intra-
venous lipid emulsions are increasingly utilized in total parenteral nutrition (TPN).
For the supply of lipids in TPN, different concepts have been in use, and for many
years lipid emulsions based on LCT derived from soybean or safflower oils were the
first choice. LCTs supply essential fatty acids and fatty acids for energy. Therefore,
they inhibit the hydrolysis of protein to amino acids for energy and the body can use
amino acids as protein and not as a calorie source. However, the use of pure LCT
emulsions is connected with slow clearance from the bloodstream and impairment
of the reticuloendothelial system (RES) [14]. RES functions in the phagocytosis
of microorganisms and foreign material and in the secretion of chemical mediators
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of the inflammatory response. Animal studies showed that parenteral administration
of LCT emulsions led to RES overload, thereby suggesting a role for RES in lipid
clearance as well, and RES overload led to interference with the clearance of
bacteria [15,16].

The potential detrimental effects of infusing LCT emulsions have prompted a
search for alternative lipid sources. MCTs derived from palm-kernel or coconut oils
offer potential advantages that include rapid clearance from the bloodstream, rapid
utilization with mitochondrial uptake and metabolism independently of the carnitine
shuttle, and high oxidation rate that results in a reduction in net lipid storage in
comparison to an equivalent amount of LCT [17,18]. Pure MCT emulsions unfor-
tunately do not provide any essential fatty acids and may have side effects, such as
metabolic acidosis; therefore, the use of mixed LCT/MCT emulsions have attracted
increased attention. Results from animal studies suggested that mixed LCT/MCT or
pure MCT emulsions in TPN did not depress RES function and may better support
host bactericidal capacity than similar emulsions composed of pure LCTs [15,16].
Infusion of an MCT/LCT emulsion in traumatized rats led to less atrophy of the gut
mucosa, a major drawback of TPN, during 7 d of TPN compared with infusion of
an LCT emulsion [19]. RES function during LCT or LCT/MCT infusion was exam-
ined in a clinical study and showed that provision of LCT in a mixture with MCT
did not result in RES dysfunction in patients and may be of particular benefit in
critically ill or septic patients [20]. Furthermore, the study showed that the mode of
LCT administration was of particular importance regarding RES function. Contin-
uous mode of LCT administration in contrast to intermittent infusion enabled ade-
quate metabolism of the lipid emulsion without impairment of RES function.

The positive results in TPN with mixed MCT/LCT emulsions led to the use of
STs in clinical experiments. A range of studies was published in which STs were
tested in animal models of human disease. These created the background for many
of the human clinical studies with STs. Numerous investigations have demonstrated
that STs have different metabolic effects compared with the natural oils and physical
mixtures of TAGs.

In rat models of malabsorption in which the common bile and pancreatic duct
was cannulated, thereby creating a malabsorption state, the absorption of STs, both
randomized and specific, was compared with the absorption of LCT and physical
mixtures of MCT and LCT. Administration of specific STs of the MLM structure
with LCFAs from soybean oil [21] and from rapeseed oil [22] showed higher absorp-
tion of the LCFAs compared with the other oils. These studies indicated that STs
of the MLM type may provide a means to increase the absorption of essential fatty
acids in diseases of fat malabsorption, probably due to improved hydrolysis and
absorption when MCFAs are present in the outer positions of the TAG molecule.
Patients with fat malabsorption and with cystic fibrosis and pancreatic insufficiency
are at risk of developing essential fatty acid deficiency [23,24] and could also be at
risk of low fat-soluble vitamin status. In patients with cystic fibrosis, STs (Captex
products) were absorbed faster than safflower oil, and patients receiving Captex
810D with 40% linoleic acid and MCFAs had a higher increase in plasma linoleic
acid compared with controls [25,26]. Tso et al. [27] showed that a randomized oil
produced from MCT and fish oil improved the absorption of fat-soluble vitamins
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compared with the physical mixture of the two fats in a rat model of fat malabsorp-
tion. In Caco-2 cells rendered deficient in essential fatty acids, the administration
of STs produced a marked increase in the cellular levels of linoleic and arachidonic
acids, thereby correcting the deficiency [28]. In fat malabsorbing patients with
Crohn’s disease or short bowel syndrome on home parenteral nutrition, the effect
of long-term treatment with STs (Structolipid 20%) was compared with the effect of
an LCT emulsion (Intralipid 20%) in a crossover study [29]. No differences were
observed between the groups with respect to clinical safety, but the use of STs on
a long-term basis may be associated with possible reductions in liver dysfunction
since two patients receiving the LCT emulsion developed abnormal liver function,
which resolved after switching to the ST emulsion. The results from these studies
indicate that the use of STs with MCFAs and LCFAs may have some beneficial
effects regarding increased absorption of fat in cases of malabsorption and reversal
of essential fatty acid deficiency.

A collection of studies published in the 1980s and early 1990s in various animal
models of burn injury [30–33], endotoxic shock [34], and cancer [35,36] demon-
strated that enteral or parenteral feeding with randomized STs may diminish the
catabolic response to injury and improve nitrogen balance compared with natural
fats and physical mixtures of oils with similar fatty acid compositions.

In humans, several studies were performed comparing the effects of STs in
patients requiring TPN postoperatively with the effects of other fat emulsions.
Sandström et al. [37] conducted a safety and tolerance study in humans in which a
ST emulsion (fat emulsion 73403) was compared with an LCT emulsion (Intralipid
20%) in postoperative patients requiring TPN after major surgery. Safety and toler-
ance variables were similar in the two groups, and the measured physiological and
biochemical variables suggested that the STs were rapidly cleared and metabolized.
A similar study was performed by Bellantone et al. [38] comparing the safety,
tolerance, and efficacy of the same lipid emulsions as used by Sandström et al., but
this time in colorectal surgical patients. The results showed that the STs were safe,
well tolerated, and as efficacious as the LCT emulsion in creating a positive nitrogen
balance postoperatively in the patients. A nitrogen sparing effect of STs was observed
by Lindgren et al. [39] in critically ill patients and by Chambrier et al. [40] in
postoperative patients. Kruimel et al. [41] observed improved nitrogen balance after
ST (Structolipid) infusion compared with infusion of a physical mixture of MCT
and LCT (Lipofundin MCT/LCT 20%) in catabolic patients requiring TPN after
placement of an aortic prosthesis. Serum TAGs and plasma MCFAs increased two
times more after infusion of the physical mixture and this suggested faster clearance
from the blood after ST infusion. A study in postoperative patients comparing the
administration of ST (FE 73403) and LCT (Intralipid 20%) demonstrated also a
faster clearance of the STs as well as an increased whole body fat oxidation as
determined by indirect calorimetry [42]. These results suggested that STs were
hydrolyzed and oxidized faster than the other lipid emulsions.

In postsurgical cancer patients, the effect of enteral feeding of a fish oil-based,
randomized ST was investigated [43]. The rationale for incorporating n-3 fatty acids
into STs was to change the eicosanoid and cytokine production, yielding improved
immunocompetence and reduced inflammatory response to injury and disease.
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The results showed that the STs were well tolerated and that the number of infections
and gastrointestinal complications were reduced. In addition, improved renal and
liver functions were suggested through modulation of urinary prostaglandin levels.
In a follow-up study, the presumed mechanism for these observed effects was inves-
tigated and a reduction in eicosanoid production from peripheral blood mononuclear
cells was observed [44].

Overall, the results from all these studies in which STs have been compared
with LCT or physical mixtures in patients suggest that STs have a future in TPN
regimens as well as in enteral nutrition. The experiments show important improve-
ments in the nitrogen balance and increases in body fat oxidation, factors that are
important for the conservation of muscle mass and organ function during disease
states and after major surgery. Reasons for not using STs in lipid emulsions for TPN
may be the higher price compared with LCT or physical mixtures, but a lower cost
of lipases for use in production of STs in the future may help improve their use in
enteral and parenteral nutrition.
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Human milk contains 3 to 5% total lipid, and the fatty acid composition of this lipid
is highly dependent on the maternal dietary habit. Saturated and monounsaturated
fatty acids predominate, each accounting for approximately 40% of total fatty acids.
The most abundant saturated fatty acid in human milk fat is palmitic acid, and
approximately 70% of this fatty acid is positioned at the 

 

sn

 

-2 position of the glycerol
backbone [45] and is absorbed as 2-MAG [46]. Fat for infant formulas is normally
produced from vegetable oils in which palmitic acid is esterified to the outer 

 

sn

 

-1
and 

 

sn-

 

3 positions. Lard is an exception, with almost 70% palmitic acid in the 

 

sn

 

-2
position, but its use in infant formulae offers some limitations in many countries
due to religious reasons. This means that palmitic acid in vegetable oil-based for-
mulae is hydrolyzed from the glycerol backbone by the action of the lipases in the
stomach and in the intestine. Free long-chain saturated fatty acids, when present in
the intestine, tend to form insoluble soaps with calcium that are excreted with feces,
resulting in unnecessary loss of dietary energy and calcium [47]. Furthermore, there
appears to be a link between high levels of insoluble calcium soaps and an increase
in constipation and stool hardness [48], overall factors that are undesirable for the
growth and well-being of the infant.

Betapol is an enzymatically interesterified lipid from Loders Croklaan produced
as an alternative fat for use in human infant formulae. To produce Betapol, tripalmitin
is reacted with unsaturated fatty acids from vegetable oils to give TAGs with up to
60% of the palmitic acid at the 

 

sn

 

-2 position, thereby to a higher degree than
conventional formulae mimicking the structure of human breast milk fat. Animal
studies by Lien et al. [49,50] confirmed that palmitic acid can be efficiently absorbed,
avoiding fatty soap formation if it is present in the 

 

sn

 

-2 position.
In the mid- and late 1990s, a range of clinical studies was published in which

preterm and term infants were fed Betapol or comparable TAGs with similar overall
fatty acid composition but with different structures containing less palmitic acid in
the 

 

sn

 

-2 position. In a study by Carnielli et al. [51], preterm infants were randomized
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to be fed 1 week with Betapol and 1 week with a comparable TAG with 10% palmitic
acid in the 

 

sn

 

-2 position in a crossover design. The fatty acid composition of blood
showed that the palmitic acid content in sterol esters, TAG, and free fatty acids was
higher after Betapol feeding compared with feeding the control TAG, indicating
increased absorption of palmitic acid when present in high amounts in the 

 

sn

 

-2
position. Calcium excretion was lower in Betapol-fed preterm infants, indicating
that this formula improved mineral balance in comparison with a conventional
formula [52]. Lucas et al. [53] observed improved absorption of palmitic acid and
calcium as well as reduced formation of insoluble calcium soaps in the stool of
preterm infants fed Betapol with 74% palmitic acid in the 

 

sn

 

-2 position, compared
with infants fed formulas with 8 or 28% palmitic acid in the 

 

sn

 

-2 position.
In term infants fed formulas with 66% (Betapol), 39 or 13% palmitic acid in

the 

 

sn

 

-2 position from birth, significantly higher absorption of fat (97.6, 93.2, and
90.4% in the three groups, respectively) and calcium (53.1, 35.4, and 32.5% in the
three groups, respectively) was observed after Betapol feeding compared with the
other formulas [54]. The effect on stool hardness and skeletal mineral deposition
was investigated in term infants receiving Betapol with 50% 

 

sn

 

-2 palmitic acid, in
breast-fed infants, and in infants receiving a formula with 12% 

 

sn

 

-2 palmitic acid [55].
Feeding Betapol as well as breast-feeding resulted in reduced stool soap fatty acids,
softer stools, and greater bone mass compared with the infants fed the control
formula. From the referred studies, it is obvious that feeding an infant formula like
Betapol, which resembles human milk to a higher degree than conventional formulae
(not only in fatty acid composition but also in overall TAG structure due to the
interesterification process), offers some advantages in fat and calcium absorption
compared with other formulae in preterm and term infants.
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Conventional fats and oils contain 9 kcal/g compared with the 4 kcal/g energy content
of carbohydrates and proteins. In Western countries, the daily intake of fat is far
beyond the recommendations that no more than 30% of the dietary calories should
be derived from fat. The increasing problem with obesity and obesity-related diseases
has increased consumers’ and producers’ interests in low-fat products and, thereby,
also in the development of low-energy fats. The approaches to reduce the energy
content of fat have included the use of SCFAs and MCFAs with lower energy content
compared with LCFAs and the use of saturated LCFAs with reduced absorption
efficiencies. The best-known representatives of these low-energy fats are salatrim
and caprenin.

Danisco Cultor manufactures and markets Benefat, the trade name for salatrim,
originally developed by Nabisco Inc. and introduced in the United States, Japan,
and Taiwan in the mid-1990s. Salatrim is a mixture of TAGs composed of short-
and long-chain saturated fatty acids randomly esterified to glycerol. Stearic acid is
the principal LCFA in salatrim, originating from fully hydrogenated canola, soybean,
cottonseed, or sunflower oil, and the SCFAs used are acetic, propionic, and butyric
acids [56]. Due to the relatively low absorption coefficient of stearic acid [57,58]
and the low caloric value of SCFAs, salatrim provides only 5 kcal/g (U.S. regulation)
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or 6 kcal/g (European Union regulation) compared with the 9 kcal/g of typical fats,
thereby creating a reduced-calorie fat. Benefat is used in chocolate confectionery
products and in baked goods in the United States and was approved for use in Europe
in December 2003. Through changes in the number of LCFAs and the number and
chain lengths of the SCFAs in the TAGs, the different preparations can be varied to
be used for cocoa butter substitutes, shortenings, and fats suitable for filled milk and
other dairy products.

In 1994, the results were published from five clinical studies with salatrim in
which salatrim was fed in a variety of food items, such as chocolate bars, cookies,
ice cream, and yogurt, to healthy subjects with intakes between 0 and 60 g/d in
single-exposure and long-term studies [59,60]. The studies concluded that salatrim
ingestion produced no significant clinical effects when consumed at the anticipated
maximum use level of 30 g/d. Excretion of fecal fat and stearic acid increased
during periods of salatrim feeding compared with periods with control fat (coconut
oil) feeding. This was expected due to the relatively poor absorption of stearic acid.
High doses of salatrim (60 g/d) led to gastrointestinal discomfort in several of the
subjects, but this was not reported at the expected level of maximum daily intake.
The effect on plasma lipids was investigated in hypercholesterolemic subjects fed
margarines rich in either salatrim or a palmitic acid–rich test fat for 5 weeks each
in a crossover design [61]. The results showed that plasma total and low-density
lipoprotein (LDL) cholesterol during the high-fat test diets did not differ from
concentrations measured during a period of low-fat intake, indicating that salatrim
did not adversely affect plasma lipoprotein cholesterol levels.

Caprenin is a randomized TAG containing behenic acid and two MCFAs. It is
produced by Procter & Gamble Company. and has functional and organoleptic prop-
erties comparable to cocoa butter. Because of the incomplete absorption of the LCFA
[62] and the low-energy content of the MCFAs, caprenin has reduced energy value
and provides only 5 kcal/g. A feeding study in hypercholesterolemic men consuming
a caprenin-rich diet for 6 weeks showed decreased high-density lipoprotein (HDL)
cholesterol in serum and increased ratio of total cholesterol to HDL cholesterol com-
pared with a baseline diet enriched in palm oil/palm-kernel oil [63]. This study
indicated that one or more of the fatty acids in caprenin can contribute to hypercho-
lesterolemia in men. Caprenin was used as a cocoa butter substitute in the mid-1990s
in the United States but its use has been taken over by other reduced fat alternatives.
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Fats with the same fatty acid composition, but with different distribution of the
fatty acids on the TAG molecule, may exhibit different effects on blood lipid
parameters. A range of studies has been performed in healthy subjects investigating
the effects on blood lipid parameters of STs in comparison with other fats. Nor-
denström et al. [64] investigated the short-term effect of infusing equimolar doses
of a randomized TAG (FE 73403) and LCT (Intralipid 20%) emulsions into healthy
subjects. The increase in serum TAG concentrations was greater during LCT infu-
sion than during ST infusion. Plasma fatty acid compositions during fat infusions
were similar to the fatty acid compositions of the infused emulsions, indicating
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that the capacity of healthy subjects to hydrolyze ST was at least as high as that
to hydrolyze LCT.

Depending on the position of individual fatty acids in the TAG molecule, they
may influence the lipidemic response differently. In a study by Zampelas et al. [65],
Betapol was used to examine the influence of the positional distribution of fatty
acids on the postprandial response after a liquid test meal. The effect of Betapol
was compared with a TAG with similar fatty acid composition, but the saturated
fatty acids were predominantly located in the 

 

sn

 

-1,3 positions. The results demon-
strated that the positional distribution of fatty acids was not an important determinant
of postprandial lipaemia in healthy men.

Due to the absorption mode of dietary TAG, interesterification could be an
advantage if it moved the cholesterol-raising fatty acids out of the 

 

sn

 

-2 position and
neutral fatty acids in. Christophe et al. investigated the effects on plasma lipid and
lipoprotein levels in healthy men when native butter was substituted by either
chemically [66] or enzymatically [67] interesterified butter. Enzymatic interesterifi-
cation of butter fat resulted in considerable decreases in lauric, myristic, and palmitic
acid with a concomitant increase of stearic and oleic acid at the 

 

sn

 

-2 position of the
TAG [68]. When chemically interesterified butter fat replaced native butter fat, a
decrease in serum cholesterol was observed, but when native butter was replaced
by enzymatically interesterified butter, for unknown reasons it did not affect plasma
lipid and lipoprotein levels. Mascioli et al. [69] investigated the long-term effect of
feeding butter or an interesterified mixture of butter, MCT, and safflower oil, which
increased the content of MCFAs in 

 

sn

 

-2 on the lipidemic response in hypercholes-
terolemic adults. The interesterified mixture had no appreciable effect on plasma
cholesterol concentrations, but was associated with a modest rise in plasma TAG.
This indicated that MCFAs in the 

 

sn

 

-2 position had the same potential as the longer
chain saturated fatty acids, such as myristic and palmitic acid, to increase plasma
cholesterol concentrations. The effect on plasma lipids of interesterifying a high-
palm oil blend was investigated in mildly hypercholesterolemic men [70]. Interest-
erification transferred substantial proportions of palmitic acid into the 

 

sn

 

-2 position
of TAG and the unsaturated fatty acids into the 

 

sn

 

-1,3 positions, but the ingestion of
the interesterified margarine did not result in higher plasma cholesterol than the
original high-palm oil margarine, although the presence of palmitic acid in the 

 

sn

 

-2
position would expectedly result in a cholesterol-raising effect. Zock et al. [71]
used palm oil and enzymatically modified oil (Betapol) to investigate the effect
of the positional distribution of fatty acids within dietary TAG on serum lipopro-
teins in healthy humans. In the palm oil diet, 18% of palmitic acid was attached
to the 

 

sn

 

-2 position, while in the enzymatically modified oil 65% was in the 

 

sn

 

-2
position. Despite these large differences in fatty acid configuration, only very small
differences were observed in lipoprotein concentrations.

To summarize, the effects of STs on blood cholesterol and lipoprotein concen-
trations seem to be minimal compared with native dietary fats with similar fatty acid
compositions but with different TAG structures, indicating that dietary intake of STs
does not lead to any deleterious effects on these blood parameters. In view of the
more modest differences in positional distribution that can be achieved in everyday
diets, the observed results after intake of STs are very small.
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Since dietary fats are metabolized differently in the human body, they may also
influence energy expenditure, substrate oxidation, appetite regulation, and body
weight regulation differently. The effect on these parameters of rapeseed oil in
comparison with three modified fats (lipase interesterified fat, chemically interester-
ified fat, and a physically mixture; all produced from rapeseed oil and octanoic acid)
was investigated in a short-term study in healthy men [72]. No differences were
observed in appetite sensation or 

 

ad libitum

 

 energy intake among the four fats. The
three modified fats resulted in higher postprandial energy expenditure and fat oxi-
dation than the rapeseed oil, but no differences among these three fats were observed.
This means that the modified fats will promote negative energy and fat balance,
overall beneficial effects with regard to body weight regulation. Similarly, Matsuo
et al. [73] compared the short-term effect of soybean oil with a randomized TAG
composed of 80% LCFAs and 20% MCFAs produced by transesterification of MCT
and rapeseed oil in healthy young women. The postingestive energy expenditure and
thermic effect were higher after ingestion of the ST compared with LCT ingestion.
These results suggested that long-term substitution of ST for LCT would result in
body fat loss if the energy intake remained constant. The group also investigated the
effect on body fat accumulation in healthy men [74]. They compared the long-term
effect of a liquid-formula diet supplement containing ST (10% MCFAs, 90% LCFAs)
with that of LCT. Following 12 weeks supplement with the test fats, the body fat
accumulation was lower in the subjects receiving the ST than in those receiving LCT.
Kasai et al. [75] investigated the effect of an ST-containing diet of the MLM type
on body fat accumulation in healthy humans in comparison with an LCT diet. The
subjects consumed the test fat, in bread for breakfast for 12 weeks. Significant decreases
in body weight, amount of body fat, and serum total cholesterol were observed in
the ST group compared with the LCT group. These studies indicate that ST may
have some beneficial effects regarding energy expenditure and body fat accumulation
in healthy subjects.

One study has been published in which the effect of an enzymatically interest-
erified TAG with MLM structure in combination with glucose on exercise perfor-
mance was tested against glucose alone [76]. Well-trained cyclists consumed the
test solutions during prolonged submaximal exercise followed by a time trial. Per-
formance during the time trial was similar after intake of the two test solutions.
MCFAs were not detected in plasma TAGs, fatty acids, and phospholipids, suggest-
ing that the lack in time trial improvement after intake of MCFAs might be due to
no available MCFAs in the systemic circulation.

 

19.5 FUTURE APPLICATIONS

 

In the pharmaceutical industry, the oral absorption of lipophilic compounds may be
limited due to their physicochemical properties. This has led to a growing effort to
develop pharmaceutical formulations enhancing the oral bioavailability of these lipo-
philic compounds. An approach to overcome the low bioavailability is to incorporate
the active lipophilic component into lipid vehicles and ST may be an example of such
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a vehicle. Studies by Holm et al. in rat [77] and canine [78] models using the lipophilic
antimalaria drug halofantrine have indicated that ST may be a possible lipid vehicle
in humans in the future to improve the absorption of lipophilic drugs.

Another area of great economic potential is the use of STs in animal feed, thereby
influencing human consumption indirectly. Studies in postweaning piglets in which
they were fed different test fats in the diet for 3 weeks showed increased fat
digestibility and nitrogen retention after feeding interesterified fats produced from
MCFAs and rapeseed oil compared with pure rapeseed oil [79]. These results indicate
that feeding STs may lead to faster growth of domestic animals compared with
feeding native fats.

In the future, work with structured lipids other than STs, such as structured
diacylglycerols and phospholipids, will definitely be performed. The intake of dia-
cylglycerols has been shown to result in lipid-lowering and antiobesity effects, but
previous work has concentrated only on the glyceride backbone and not on the fatty
acid composition of the diacylglycerols. Phospholipids are emulsifying agents with
widespread use, and only a few studies have investigated the effects of changing
fatty acid composition. Thus, many experiments investigating the effects of different
structured lipids are waiting to be performed.
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20.1 INTRODUCTION

 

Lipases have been referred to as three-measure digestive enzymes, together with
amylases and proteases, since the hydrolysis activity of oils and fats was discovered
in pancreatic homogenate by Bernard in 1856. However, basic and application studies
on lipases were delayed significantly, compared with those on amylases and proteases,
because the substrates, oils and fats, do not dissolve in water, and because determi-
nation of structures of triacylglycerols (TAGs) in oils and fats are very difficult in
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small amounts. Studies on lipase accelerated in the 1980s. Lipases were reported to
be active and stable in water-immiscible organic solvents and started to be used as
catalysts in many organic reactions. A lipase was also used as an ingredient in
detergents, and an immobilized 1,3-position specific lipase was applied for industrial
production of cocoa butter substitute with a fixed-bed bioreactor. In addition, cloning
of lipase genes advanced and x-ray structures of several lipases were determined,
leading to the clarification of oil–water interface activation of lipases, which can be
explained by a helix (lid) covering the catalytic site [1,2].

Based on these basic and application studies, the use of lipases has been increas-
ing in the oil and fat industry. This chapter deals with recent achievements of lipase
studies on the modification of edible oils and fats.

 

20.2 CHARACTERISTICS OF LIPASES

20.2.1 L

 

IPASE

 

-C

 

ATALYZED

 

 R

 

EACTIONS

 

 

 

AND

 

 T

 

HEIR

 

 S

 

UBSTRATE

 

 
S

 

PECIFICITIES

 

Lipases are defined as enzymes that hydrolyze ester bonds of long-chain fatty acids
and alcohols and also catalyze esterification and transesterification (acidolysis, alco-
holysis, and interesterification). In general, hydrolysis occurs preferentially in a
system containing a large amount of water, and esterification proceeds effectively
in a system containing only a small amount of water. Transesterification is catalyzed
efficiently in a mixture without water using an immobilized enzyme.

Lipases have the following substrate specificities: fatty acid specificity, alcohol
specificity, positional specificity, TAG specificity that lipases recognize the overall
structure of TAG [3], and acylglycerol specificity that they have generally strong
activity on acylglycerols in the order of monoacylglycerol (MAG) > diacylglycerol
(DAG) > TAG [4,5]. Among these specificities, fatty acid and positional specificities
are especially important for modification of lipids. In general, lipases act strongly
on C

 

8

 

 to C

 

24

 

 of medium- and long-chain fatty acids, but weakly on polyunsaturated
fatty acids (PUFAs) of 

 

≥

 

C

 

18

 

 with 

 

≥

 

3 double bonds (except for 

 

α

 

-linolenic acid).
Lipases are classified into 1,3-position specific enzymes, which act on primary
alcohol esters, and nonspecific enzymes, which act on primary and secondary alcohol
esters. 

 

Geotrichum

 

 

 

candidum

 

 lipases III and IV act preferentially on ester bonds at
the 2-position of TAGs [6,7], but 2-position specific lipase has not been found.
Isolation of the 2-position specific lipase is strongly desired because the lipase can
be used as a tool for precise processing of oils and fats.

 

20.2.2 C

 

LASSIFICATION

 

 

 

OF

 

 I

 

NDUSTRIAL

 

 L

 

IPASES

 

With the development of gene technology, many lipase genes have been cloned, and
microbial lipases can be classified based on the homologies of their primary structure
deduced from the nucleotide sequences. Homology of the primary structure shows
similarity of tertiary structure, and lipases with similar tertiary structure are assumed
to have similar properties. We thus classify industrial lipases into five groups based
on the homologies of their primary structures (Table 20.1).
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20.3 APPLICATIONS OF LIPASES TO OIL PROCESSING

 

Application studies of lipases have been actively ongoing, and the use of lipases in
the oil and fat industry is increasingly accelerating. Present applications of lipases
are summarized in Table 20.2, and their new applications reported recently are
summarized in Table 20.3. Among them, production of functional lipids with lipases
in the food industry is classified from the viewpoint of the reactions (hydrolysis,
esterification, and transesterification) and is described below.

 

20.3.1 P

 

RODUCTION

 

 

 

OF

 

 O

 

IL

 

 R

 

ICH

 

 

 

IN

 

 PUFA

 

S

 

 

 

BY

 

 S

 

ELECTIVE

 

 
H

 

YDROLYSIS

 

Lipases generally act weakly on PUFAs; thus, hydrolysis of PUFA-containing
oils enriches PUFAs in undigested acylglycerols [8]. 

 

Candida

 

 

 

rugosa

 

 lipase is
suitable for this purpose because, among industrially available lipases, the lipase
acts most weakly on PUFAs. When tuna oil containing ca. 25% docosahexaenoic

 

TABLE 20.1
Classification of Industrial Lipases Based on Their Primary Structures

 

Group Microorganism Property

 

Bacteria
 Group 1

 

Burkholderia

 

 

 

cepacia

 

Positional specificity: nonspecific or

 

B.

 

 

 

glumae

 

1,3-position preferential

 

Pseudomonas

 

 

 

aeruginosa

 

Acts somewhat on PUFAs
 Group 2

 

P.

 

 

 

fluorescens

 

Positional specificity: nonspecific or

 

Serratia

 

 

 

marcescens

 

1,3-position preferential
Acts somewhat on PUFAs

Yeasts
 Group 3

 

Candida

 

 

 

rugosa

 

Positional specificity: nonspecific

 

Geotrichum

 

 

 

candidum

 

Acts very weakly on C

 

20

 

 fatty acids and PUFAs
Fatty acid specificity: relatively strict
Acts on sterol and 

 

L

 

-menthol
Hydrolysis activity: strong

 Group 4

 

C.

 

 

 

antarctica

 

Positional specificity: 1,3-position preferential,
1,3-position specific in a reaction

Acts strongly on PUFAs and short-chain alcohols
Fungi
 Group 5

 

Rhizomucor

 

 

 

miehei

 

Positional specificity: 1,3-position specific

 

Rhizopus

 

 

 

oryzae

 

Acts weakly on PUFAs

 

Thermomyces

 

 

 

lanuginose

 

Acts strongly on C

 

8

 

 to C

 

24

 

 saturated and

 

Fusarium

 

 

 

hetersporum

 

monoenoic fatty acids

 

Penicillium

 

 

 

camembertii

 

Positional specificity: 1,3-position specific
Does not act on TAGs
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acid (DHA) was hydrolyzed with the lipase in the presence of 50% water, the
content of DHA in acylglycerols increased to 50% at 70% hydrolysis [9]. The
content of DHA increased further by repeating hydrolysis of acylglycerols
obtained from a single reaction. Several repetitions of the selective hydrolysis
produced oils containing nearly 70% DHA. Short-path distillation or 

 

n

 

-hexane
fractionation is adopted industrially to recover acylglycerols from the oil layer
[9,10]. Oil containing high concentrations of DHA has been on the market in
Japan as a nutraceutical since 1994.

Selective hydrolysis of borage oil containing 

 

γ

 

-linolenic acid (GLA) increased
the content of GLA from 22 to 45% at 60% hydrolysis using 

 

C.

 

 

 

rugosa

 

 lipase as a

 

TABLE 20.2
Industrial Applications of Lipases

 

Application Origin of Lipase Appendix

 

Detergent

 

Thermomyces

 

 

 

lanuginosa

 

Optical resolution

 

C.

 

 

 

rugosa

 

Positionally nonspecific enzyme

 

C.

 

 

 

antarctica
Serratia

 

 

 

marcescens

 

Pseudomonas

 

Burkholderia

 

, etc.
Medicine (digestive)

 

Aspergillus

 

 

 

niger

 

Diagnostic reagent

 

Pseudomonas

 

 

 

aeruginosa

 

Assay of TAGs and cholesterol esters 
in blood

Production of unsaturated fatty
acids by hydrolysis of oils

 

C.

 

 

 

rugosa

 

Pseudomonas
Linoleic, 

 

α

 

-linolenic, and ricinoleic acids
PUFAs

Removal of lipids in egg white

 

Mucor

 

 

 

javanicus

 

Heat labile enzyme
Degradation of TAGs

Paper making Closed Degradation of TAGs in woods
Leather making Closed Removal of fats
Addition of flavor (production 
of flavor)

 

C.

 

 

 

rugosa
Penicillium

 

 

 

roqueforti

 

Butter flavor
Cheese flavor

 

Rhizopus

 

 

 

oryzae

 

Bread flavor

 

A.

 

 

 

niger

 

Bread making

 

Fusarium

 

 

 

oxysporum

 

Partial digestion of TAGs
Partial acylglycerols act as surfactants
Production of functional oils and fats

Cocoa butter substitute and 
human milk fat substitute

 

Rhizomucor

 

 

 

miehei
Rhizopus

 

 

 

oryzae

 

Immobilized 1,3-position specific lipase

 

R.

 

 

 

niveus

 

, etc.
PUFA-rich oil

 

C.

 

 

 

rugosa

 

Selective hydrolysis
Diacylglycerols Closed Esterification with immobilized1,3-

position specific lipase
TAGs containing medium-
and long-chain fatty acids

Closed Transesterification with lipase

Production of steryl esters

 

C.

 

 

 

rugosa
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catalyst [10,11]. An oil containing 57% arachidonic acid (AA) was also produced
by hydrolyzing a single-cell oil containing 40% AA with the same lipase [12].

 

20.3.2 P

 

RODUCTION

 

 

 

OF

 

 A

 

CYLGLYCEROLS

 

 

 

BY

 

 E

 

STERIFICATION

 

It has been reported that lipase-catalyzed esterification synthesizes various esters,
such as fatty acid esters of primary and secondary alcohols (wax esters) [13], lactones
[14], estolides [15,16], 

 

L

 

-methyl esters [17], steryl esters [18], sugar esters [19,20],
and ascorbic acid esters [21,22]. In this section, production of acylglycerols is
described from the viewpoint of lipid modification.

 

20.3.2.1 Production of TAG

 

TAGs with oxidatively unstable fatty acids can be synthesized from glycerol and the
free fatty acids (FFAs) by lipase-catalyzed esterification. Because this reaction is

 

TABLE 20.3
Application of Lipases That Was Recently Reported

 

Application Origin of Lipase Appendix

 

Production of functional lipids
Highly absorbable structured TAGs

 

Rhizomucor

 

 

 

miehei
Thermomyces

 

 

 

lanuginosa

 

Immobilized 1,3-position 
specific lipase

 

Rhizopus

 

 

 

niveus
R.

 

 

 

oryzae

 

, etc
Monoacylglycerols Pseudomonas

 

Penicillium

 

 

 

camembertii
R.

 

 

 

oryzae
C.

 

 

 

rugosa
C.

 

 

 

antarctica

 

Synthesis of useful esters

 

L

 

-Menthyl esters

 

C.

 

 rugosa
Steryl esters C. rugosa
Ascorbic acid esters
Sugar esters

C. antarctica
C. antarctica

Capsaicins C. antarctica
Purification of useful compounds
PUFAs R. oryzae

Rhizomucor miehei
Selective esterification and
selective alcoholysis

C. rugosa
Tocopherols, sterols, steryl esters,
and astaxanthin

C. rugosa
Pseudomonas aeruginosa

Production of biodiesel fuel (fatty
acid methyl esters)

C. antarctica Stepwise methanolysis of TAGs

Production of fatty acid ethyl esters C. antarctica Stepwise ethanolysis of TAGs
Ethyl esterification of fatty
acids
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conducted in a system without the addition of water, the use of immobilized lipase is
effective. When the esterification is conducted over 50°C, spontaneous acyl migration
occurs easily. Hence, 1,3-position specific lipases can be available as well as nonspe-
cific lipases. TAGs were synthesized efficiently even in an organic solvent-free system
by mixing completely 1 mol of glycerol and 3 mol of FFA with immobilized Candida
antarctica lipase (nonspecific; 1,3-position preferential) or Rhizomucor miehei lipase
(1,3-position specific) [23,24]. The degree of esterification increased by evaporating
generated water under reduced pressure with a vacuum pump, and the content of TAG
reached nearly 90%. TAGs with PUFAs were also synthesized using C. antarctica
lipase, which acted strongly on PUFAs (Table 20.4) [23,24].

20.3.2.2 Production of DAG

During digestion, TAGs are hydrolyzed normally to 2-MAGs and fatty acids by
pancreatic lipase and incorporated into intestinal mucosa. The 2-MAGs and fatty
acids are resynthesized to TAGs in epithelial cells, and a part of TAGs is accumulated
in adipose tissue. Meanwhile, DAGs seem to be resynthesized with difficultly to
TAGs after incorporation of the digested components (mainly 1-MAGs and FFAs)
into intestinal mucosa, resulting in reduction of body fat [25].

DAGs are synthesized basically by esterification of glycerol with 2 mol of fatty
acids using immobilized 1,3-position specific lipase. In this reaction, removal of
generated water increases the yield of DAGs. DAGs produced by an enzymatic
process have been on the market in Japan as a ‘‘food for specified health uses” since
1999.

20.3.2.3 Production of MAG

MAGs are very good emulsifiers and are widely used as food additives. MAGs
with saturated and monoenoic fatty acids are produced industrially by chemical

TABLE 20.4
Synthesis of TAGs with PUFAs Using
C. antarctica Lipase

PUFA

Composition (wt%)

TAG 1,3-DAG 1,2-DAG MAG FFA

GLA 89.1 4.0 1.5 1.1 4.3
AA 88.8 3.4 1.3 1.9 4.6
EPA 88.4 3.8 1.8 1.4 4.6
DHA 82.8 5.8 1.0 2.9 7.5

A mixture of PUFA/glycerol (1:3, mol/mol) and 5% immobi-
lized C. antarctica lipase was agitated for 24 h at 40°C and
15 mmHg.
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alcoholysis of oils and fats with 2 mol of glycerol at high temperatures of 210 to
240°C [26,27]. But the process cannot be applied to synthesize MAGs with unstable
fatty acids. Meanwhile, an enzymatic process is available for production of MAGs
with unstable fatty acids for nutritional application because it proceeds efficiently
under mild conditions.

Enzymatic synthesis of MAGs has been actively studied since about 1990.
Many of the reports were syntheses of MAGs with saturated and monoenoic acids
by hydrolysis of TAGs, esterification of fatty acids with glycerol, glycerolysis of
TAGs, and ethanolysis of TAGs in organic solvent systems [28]. An organic
solvent-free system is preferable from the viewpoint of industrial production, and
several systems have been proposed; glycerolysis of TAGs with Pseudomonas
lipase [29,30] and esterification of fatty acids and glycerol with Penicillium
camembertii mono- and diacylglycerol lipase [31]. An important fact can be drawn
from these reports: the yield of MAG increases in the reaction at low temperatures.
This conclusion is explained by the melting point of MAG. Its melting point is
the highest among components (FFA, MAG, DAG, and TAG) in the reaction
mixture if the constituent fatty acids are the same. Because lipases act very weakly
on solid-state substrate, MAG solidified at low reaction temperatures and does
not participate in the reaction. A high yield of MAG was therefore achieved
[29,30,32].

In an industrial production of MAG, short-path distillation (molecular distil-
lation) is presently adopted for purification of MAG from the reaction mixture. It
is, however, difficult to separate MAG and FFA by distillation. Hence, the content
of contaminating FFA after the reaction should be less than 5%. In light of this
matter, we are studying the production of MAG with FFA for nutritional applica-
tions. While the study has not yet been completed, we developed two processes
for production of MAG with conjugated linoleic acid (CLA). The processes are
described below.

20.3.2.3.1 Two-Step In Situ Reaction System
CLA is a group of C18 fatty acids containing a pair of conjugated double bonds in
either cis or trans configuration. A typical commercial product (referred to as FFA-
CLA) contains almost equal amounts of 9cis, 11trans (9c,11t)-CLA, and 10t,12c-
CLA. The FFA-CLA has been reported to have various physiological activities, such
as reduction of the incidence of cancer [33,34], decrease in body fat content [35,36],
beneficial effects on atherosclerosis [37,38], and improvement of immune function
[39]. These activities attracted a great deal of attention, and synthesis of MAG from
FFA-CLA and glycerol was attempted because the first product in the industrial
process is the FFA mixture containing CLA.

Monoacylglycerol lipase synthesizes MAG from FFA and glycerol, and may not
catalyze conversion of MAG to DAG. However, since there was no monoacylglycerol
lipase available as an industrial enzyme, Penicillium camembertii mono- and dia-
cylglycerol lipase (referred to as lipase) was selected and used as a catalyst for
production of MAG with CLA by a two-step in situ reaction system [40].

The first step was esterification of FFA-CLA with 5 mol of glycerol. This reaction
required 2% water by weight of the reaction mixture for maximal expression of
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activity of P. camembertii lipase. However, this water and the water generated by
esterification hindered the achievement of a high degree of esterification, and the
reaction reached a steady state at 80% esterification. Hence, after the reaction reached
a steady state (10 h), the water was removed continuously by evacuation at 5 mmHg
with a vacuum pump. The degree of esterification reached 95% after 24 h (34 h in
total), and the contents of MAG and DAG were 49 and 46%, respectively
(Figure 20.1) [40].

The second step is glycerolysis of DAG. The reaction mixture in the first-step
esterification was solidified by vigorous agitation on ice. When the solidified mixture
was allowed to stand on ice for 2 weeks, glycerolysis of DAG proceeded successfully,
and the content of MAG in the reaction mixture increased to 89%. Hydrolysis did
not occur during the glycerolysis, and the content of FFA decreased slightly from
5 to 4% [40].

20.3.2.3.2 Esterification at Low Temperature
MAG-CLA was efficiently produced by the two-step in situ reaction described in

the previous section. But this process included a drawback that >2 weeks was necessary
for completion of the reaction. If P. camembertii lipase does not recognize MAG
synthesized by esterification of FFA-CLA with glycerol, the yield of MAG will
increase because the MAG will not convert to DAG. We thus attempted esterification
of FFA-CLA with glycerol at low temperatures.

When FFA-CLA was esterified at 5°C with 5 mol of glycerol using P. camem-
bertii lipase in the presence of 2% water, the degree of esterification reached 90%

FIGURE 20.1 Esterification of FFA-CLA with glycerol with P. camembertii lipase. The reac-
tion was conducted at 30°C in a mixture of 294 g FFA-CLA/glycerol (1:5, mol/mol) and 6 ml
(60,000 U) P. camembertii lipase, with agitation at 250 rpm. At 20 h, as indicated with the arrow,
the reactor was connected to a vacuum pump, and the reaction was continued with dehydration
at 5 mmHg. Open circles, FFA-CLA; closed circles, MAG-CLA; squares, DAG-CLA.
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after 45 h and the contents of MAGs and DAGs were 87 and 5%, respectively [41].
TAGs were not synthesized in this P. camembertii lipase-catalyzed esterification.
After the esterification was conducted for 20 h (the degree of esterification, 81%),
dehydration was started by evaporation at 5 mmHg with a vacuum pump. The
degree of esterification increased concomitantly with dehydration and reached 95%
after 16 h (36 h in total). The contents of MAGs and DAGs were 93 and 3%,
respectively (Figure 20.2A) [41]. When esterification system at low temperature
was adopted, other triacylglycerols lipases (from Rhizopus oryzae and C. rugosa)
were also effective for production of MAG-CLA. When C. rugosa lipase was used
instead of P. camembertii lipase and the reaction was conducted under similar
conditions, the degree of esterification reached 95% and the content of MAGs was
93% (Figure 20.2B) [32]. These results show that solidification of MAG at low
reaction temperatures is effective for an increase in the reaction yield.

20.3.3 PRODUCTION OF MODIFIED TAG 
BY TRANSESTERIFICATION

20.3.3.1 Production of Cocoa Butter Substitute

The main component of cocoa butter is TAG with palmitic and stearic acids at the
1,3-positions and oleic acid at the 2-position. The physical property, which has a
sharp melting point around body temperature, is due to the specific structure of TAG,

FIGURE 20.2 Production of MAG-CLA by esterification lipase at low temperature followed
by dehydration. A 300-g mixture of FFA-CLA/glycerol (1:5, mol/mol), 60,000 U P. camem-
bertii or R. oryzae lipase, and 2% of water originating from lipase solution was agitated at
5°C and 250 rpm. (A) Reaction with P. camembertii lipase. At 20 h, the reactor was connected
to a vacuum pump, and the reaction was continued with dehydration at 5 mmHg. (B) Reaction
with R. oryzae lipase. At 24 h, dehydration was started. Arrows indicate the time when
dehydration was started. Open circles, FFA-CLA; closed circles, MAG-CLA; open squares,
DAG-CLA; closed squares, TAG-CLA.
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and the fat is important as a material for making chocolate. An enzymatic process
was attempted to produce a fat that has a property (melting point) similar to that of
cocoa butter. The modified fat, 1,3-stearoyl-2-oleoyl glycerol, was produced by
exchange of fatty acids at the 1,3-positions of 2-oleoyl TAGs with stearic acid [42]
and has been on the market in Japan since 1983. The new process with a fixed-bed
bioreactor packed with an immobilized 1,3-specific lipase attracted attention in those
days and significantly affected subsequent oil processing with lipases.

The bioreactor is operated by feeding substrates dissolved in n-hexane; thus, a
modified fat having a higher melting point can be produced by similar process. At
present, 1,3-behenoyl-2-oleoyl glycerol is also produced and is used for controlling
the melting point of chocolate.

20.3.3.2 Production of Human Milk-Fat Substitute

Human milk fat contains 20 to 25% palmitic acid (PA), and about 70% of the fatty
acid is esterified to the 2-position of TAGs [43,44]. In addition, the main component
of the milk dienoic TAGs is 1,3-oleoyl-2-palmitoyl glycerol. Gastric and pancreatic
lipases in infants hydrolyze dietary fat to 2-MAGs and fatty acids, and the absorp-
tion efficiency of free PA is relatively low compared with that of free unsaturated
fatty acids [45]. Hence, the fat absorption is higher in infants fed fats with PA at
the 2-position of TAGs than the 1,3-positions [46]. It has been hypothesized from
these facts that the high absorption efficiency of human milk fat is the result of
specific positioning of PA at the 2-position of the TAG moiety [46,47].

Based on these facts, 1,3-oleoyl-2-palmitoyl glycerol was produced as human
milk-fat substitute. The fat was produced by similar reaction to that for production
of cocoa butter substitute: transesterification of fatty acids at 2-palmitoyl TAGs with
oleic acid (or oleic acid ethyl ester) using immobilized 1,3-position specific lipase
[48,49]. The fat substitute is presently used as an ingredient in infant formula.

Human milk contains AA, which accelerates the growth of preterm infants, as
does DHA [50,51]. Therefore, 1,3-arachidonoyl-2-palmitoyl glycerol was synthe-
sized by acidolysis of tripalmitin with AA in an organic solvent-free system using
immobilized R. oryzae lipase [52].

Because lipases act very weakly on solid-state substrates, high reaction temper-
atures are required when a high melting point fat is used as a substrate in an organic
solvent-free system. Thermostable immobilized lipases are preferable for this pur-
pose. It was reported that the thermostability is significantly increased by selecting
a suitable carrier for the immobilization [53]. In addition, thermostable lipases were
created by gene technology; Fusarium heterosporum lipase with the C-terminal
prosequence [54-56] and R. oryzae lipase with the N-terminal prosequence [56,57]
are thermostable.

20.3.3.3 Production of TAGs Containing 
Medium- and Long-Chain Fatty Acids

TAGs in various vegetable oils, such as soybean and rapeseed oils, are mainly
composed of C18 long-chain fatty acids. As described in Section 20.3.2.2, TAGs are
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hydrolyzed to 2-MAGs and fatty acids by pancreatic lipase and incorporated into
intestinal mucosa. The 2-MAGs and fatty acids are resynthesized to TAGs in epi-
thelial cells, and a part of TAGs is accumulated in adipose tissue. Meanwhile, ester
bonds of medium-chain fatty acids, such as C8 and C10, are hydrolyzed not only by
pancreatic lipase, but also by gastric lipase, and the fatty acids undergo rapid β-
oxidation in liver after their adsorption into intestinal mucosa. Hence, TAGs con-
taining medium-chain fatty acids do not accumulate in adipose tissue. Attention was
focused on this property of medium-chain fatty acids, and TAGs with long- and
medium-chain fatty acids were produced industrially. The oil was produced by
interesterification of rapeseed oil and medium-chain TAG, and has been on the
market in Japan as a ‘‘Food for specified health uses” since 2003. A reaction with
powdered Alcaligenes lipase is reported to be effective for production of this type
of transesterified oil [58].

20.3.3.4 Production of Highly Absorbable Structured Lipids

In general, natural oils and fats contain saturated or monoenoic fatty acids at the
1,3-positions and highly unsaturated fatty acids at the 2-position. However, the
distribution of fatty acids along the glycerol backbone is not specified. Meanwhile,
TAGs having particular fatty acids at a specific position of glycerol are referred
to as structured TAGs. TAGs with medium-chain fatty acid at the 1,3-positions
and long-chain fatty acid at the 2-position (MLM-type) are hydrolyzed to 2-MAGs
and fatty acids faster than natural oils and fats with long-chain fatty acids (LLL-
type), resulting in efficient absorption into intestinal mucosa [59,60]. Because
PUFAs play a role in the prevention of a number of human diseases, MLM
containing PUFAs are expected as nutrition for patients with maldigestion and
malabsorption of lipids and as high-value added nutraceuticals for the elderly.
Studies on enzymatic production of structured TAGs have been conducted at many
laboratories since 1995, and many processes have been proposed. Typical pro-
cesses for the production are described below, although all of them do not adopt
transesterification.

20.3.3.4.1 Production by Acidolysis or Inter esterification
of Natural Oils

A typical production process of MLM-type structured TAGs is the same as that
of production cocoa butter substitute and human milk-fat substitute. The struc-
tured TAGs can be produced by acidolysis of natural oils with medium-chain
fatty acid or by their interesterification with medium-chain fatty acid ethyl esters
using immobilized 1,3-position specific lipases (e.g., lipases from Rhizopus
oryzae, R. miehei, and Thermomyces lanuginosa) [9,61–63]. MLM-type struc-
tured TAGs containing DHA were produced using tuna oil as a starting material
[64]. MLM-type TAGs with GLA [65] and AA [66] were produced using borage
oil and a single-cell oil containing high content of AA, respectively. In addition,
MLM-type TAGs containing linoleic and α-linolenic acids were produced from
safflower and linseed oils, respectively [67]. Purification of structured TAGs is
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efficiently achieved by short-path distillation [65]. Hexane extraction under alka-
line conditions is also available for their purification from the reaction mixture
obtained by acidolysis. Spontaneous acyl migration can be repressed by restricting
the amount of water in the reaction mixture and by conducting at low temperatures
(<30°C). We believe acidolysis or interesterification of natural oils is suitable for
industrial production of MLM-type TAGs.

The content of medium-chain fatty acid in TAGs was increased to 40 to 50 mol%
by single reaction. If all fatty acids at the 1,3-positions are exchanged with medium-
chain fatty acid, the content will reach 66.7 mol%. Hence, the content of medium-
chain fatty acid in TAGs showed that all of the TAGs in the reaction mixture were
not MLM-type. To increase the content of MLM, repeated reaction was effective.
Safflower and linseed oils underwent acidolysis with caprylic acid (CA) using
immobilized R. oryzae lipase (Table 20.5). The contents of CA in TAGs were 49
and 47 mol%, respectively. After the reaction, their acylglycerol fractions were
recovered and were then allowed to react again, resulting in 60 mol% of CA content.
Three-times repetitions of acidolysis of the two oils reached 67 mol% of CA content,
showing that all fatty acids at the 1,3-positions were exchanged with CA. Actually,
high-performance liquid chromatography analysis indicated that TAGs changed
almost completely to MLM-type [66,67].

Repeated reaction was effective for complete exchange of fatty acids at the
1,3-positions of natural oils with CA. However, because 1,3-position specific
lipases act weakly on PUFAs, especially on DHA, tuna oil was not converted

TABLE 20.5
Production of Structured TAGs Rich in MLM from Safflower
and Linseed oils by Repeated Reaction

Oil Treatment

Fatty Acid Composition (mol%)

Acidolysis (%)8:0 16:0 18:0 18:1 18:2 18:3

Safflower None n.d. 7.7 2.5 13.5 74.3 n.d. —
First 48.9 1.4 0.5 7.2 41.9 n.d. 73.3
Second 59.8 0.5 n.d. 5.7 41.9 n.d. 89.7
Third 67.4 n.d. n.d. 5.2 27.4 n.d. 101.2

Linseed None n.d. 6.0 2.9 16.7 15.4 57.6 —
First 46.6 1.3 0.6 10.0 10.5 30.9 69.9
Second 60.8 0.4 n.d. 7.6 8.4 22.7 91.2
Third 66.7 n.d. n.d. 6.3 7.3 19.7 100.0

Safflower and linseed oils underwent acidolysis at 30°C for 48 h with two weight parts of CA
using 4% immobilized Rhizopus oryzae lipase. After the single acidolysis, acylglycerols were
recovered and then allowed to react again under similar conditions. The acidolysis was repeated
three times in total. n.d., not detected.
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completely to MLM-type TAGs, even though the acidolysis was repeated three
times [66]. This problem could be solved using a process described in the next
section.

20.3.3.4.2 Production by Preparation of 2-MAG Followed
by Its Acylation

This process does not include transesterification reaction, which is the subject in
this section, but is described for reference because of an interesting process for
production of MLM-type structured TAGs.

MLM-type TAGs were produced by preparation of 2-MAG from natural oil,
followed by acylation of the resulting 2-MAGs (Figure 20.3). In a process, 2-MAGs
were prepared by ethanolysis of triolein or trilinolein with immobilized R. miehei
lipase in a system containing methyl t-butyl ether (yield, 72%). The resulting 2-MAGs
were esterified with CA using immobilized R. miehei or R. oryzae lipase in a mixture
containing n-hexane (esterification, 90%). The synthesized TAGs contained >90%
CA at the 1,3-positions and 99% long-chain fatty acids at the 2-position [68].

In another process, bonito oil underwent ethanolysis with excess amounts of
ethanol (EtOH) (>40 mol/mol of TAGs) using immobilized C. antarctica lipase. This
lipase acted strongly on C8 to C24 of saturated and unsaturated fatty acids, and also
acted on only fatty acids at the 1,3-positions in the presence of excess amount of EtOH.
Hence, 2-MAGs were efficiently prepared (yield, 93%). Acylation of the 2-MAGs was
then performed with CA ethyl ester (CAEE) using immobilized R. miehei lipase.
Because this reaction by-produced EtOH, it was shifted to the right side by removing
EtOH under reduced pressure. MLM-type TAGs were produced at 71% yield through
this two-step process [69].

Natural oils containing PUFAs do not carry all PUFAs at the 2-position, and a
part of PUFAs is located at the 1,3-positions. When natural oils containing PUFAs
are converted to MLM-type structured TAGs using a 1,3-position specific lipase, it
is difficult to convert all of the oils to MLM. Indeed, DHA at the 1,3-positions of
tuna oil were converted with CA at only 30%, even though acidolysis of tuna oil

FIGURE 20.3 Production of MLM-type structured TAG by a process comprising ethanolysis
of natural oil and acylation of the resulting 2-MAG. LLL-TAG, natural oil; 2-L-MAG, MAG
with long-chain fatty acids at the 2-position.
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with CA was repeated three times by a process described in Section 20.3.3.4.1 [66].
Hence, the latter process including ethanolysis with immobilized C. antarctica lipase
is effective for production of MLM-type TAGs from PUFA-containing oils.

20.3.3.4.3 Production by Preparation of PUFA-Rich Oil 
Followed by Its Acidolysis

Several kinds of fatty acids are located at the 2-position in natural oils. Even
though all TAGs in a natural oil are converted to MLM-type through the two-
step process described in Section 20.3.3.4.2, the content of MLM containing a
desired fatty acid is determined by the content of the fatty acid esterified at the
2-position of the original oil. Including a pretreatment for increasing the content
of a desired fatty acid at the 2-position, MLM-type TAGs with that fatty acid are
produced in high yield. This section deals with production of structured TAGs
rich in 1,3-capryloyl-2-γ-linolenoyl glycerol (CGC) by a process comprising
selective hydrolysis of borage oil and repeated acidolysis of the resulting acylg-
lycerols with CA.

The content of GLA at the 2-position of borage oil was 49 mol% (Table 20.6).
Hence, even though all TAGs were converted to MLM, the content should not
exceed 49 mol%. The content of GLA at the 2-position will increase by previous
removal of TAGs with fatty acids except for GLA at the 2-position. Selective
hydrolysis described in Section 20.3 was effective for this purpose. An oil contain-
ing 45% GLA (GLA45 oil) was produced by selective hydrolysis of borage oil
with C. rugosa lipase, and the content of GLA at the 2-position of GLA45 TAGs
increased to 85 mol% (Table 20.6). Acidolysis of TAG45 TAGs with CA using
immobilized R. oryzae lipase produced structured TAGs containing 45 mol% CGC,
and the content of CGC was increased to 61 mol% by repeating the acidolysis three
times [70]. Because three-time repetition of acidolysis of borage oil produced
structured TAGs containing only 35 mol% CGC, the process including selective
hydrolysis was shown to be effective for increasing the content of MLM containing
a desired PUFA.

This two-step process was adopted for production of structured TAGs rich in
1,3-capryloyl-2-arachidonoyl glycerol (CAC) from a single-cell oil containing 40% AA.
While acidolysis of the single-cell oil was repeated three times, the content of CAC

TABLE 20.6
Fatty Acid Composition at the 1,3- and 2-Positions of Borage Oil 
and GLA45 TAGs

Oil Position

Fatty Acid Composition (mol%)

16:0 18:0 18:1 18:2 18:3 20:1 22:1 24:1

Borage 1,3 16.1 5.8 17.8 36.6 9.3 5.5 3.3 2.1
2 0.6 n.d. 12.3 34.8 48.9 n.d. 0.3 n.d.

GLA45 TAGs 1,3 9.1 5.4 15.1 28.5 25.3 7.7 4.5 2.4
2 n.d. 0.3 2.4 10.8 84.8 0.5 0.3 0.2

2162_C020.fm  Page 450  Monday, June 20, 2005  12:36 PM



Enzymatic Modification of Lipids for Functional Foods and Nutraceuticals 451

increased to only 36 mol%. The process including selective hydrolysis of the oil,
however, increased the content of CAC to 51 mol% [71], confirming that this two-
step process is valuable for increasing the content of a desired MLM.

20.3.3.4.4 Production by Synthesis of Simple TAG Followed 
by Its Acidolysis

MLM with only one fatty acid at the 2-position will not be synthesized as far as natural
oils are used as starting materials, even though the reaction efficiency is raised. A high-
purity MLM can be synthesized by preparation of a simple TAG, followed by exchange
of fatty acids at the 1,3-positions with medium-chain fatty acid.

Chemical reaction is effective for synthesis of a simple TAG with saturated
or monoenoic acid, but is not suitable for synthesis of a TAG with unstable PUFA.
For this purpose, an enzymatic reaction is desirable. Simple TAGs with PUFAs
were synthesized by esterification of 1 mol of glycerol with 3 mol of FFA using
immobilized C. antarctica lipases as shown in Table 20.4. High-purity MLM with
PUFA at the 2-position can be synthesized by acidolysis of TAG-PUFA with CA
or by interesterification of the TAG with CAEE using immobilized 1,3-position
specific lipases.

According to this strategy, 1,3-capryloyl-2-eicosapentaenoyl glycerol (CEC) and
CAC were synthesized. Trieicosapentaenoin was first synthesized from 1 mol of
glycerol and 3 mol of eicosapentaenoic acid (EPA) using immobilized C. antarctica
lipase, and then underwent interesterification with 100 mol of CAEE using immo-
bilized R. miehei lipase (yield of CEC, 88%) [72]. In addition, when acidolysis of
triarachidonin and triesicosapentaenoin with 13 mol of CA using immobilized R.
oryzae lipase was repeated three times, CEC and CAC were synthesized in 87 and
86% yields, respectively [24].

As described in Section 20.3.3.4.2, transesterification with 1,3-position specific
lipases includes a drawback: the enzymes act weakly on PUFA. Tridocasahexaenoin
actually underwent acidolysis with CA using immobilized R. oryzae lipase. While
the reaction was repeated three times, the yield of 1,3-capryloyl-2-docosahexaenoyl
glycerol (CDC) was only 19% [24]. High-yield synthesis of CDC was achieved
through a two-step process comprising ethanolysis of tridocasahexaenoin using
immobilized C. antarctica lipase for preparing 2-monodocosahexaenoin and acyla-
tion of the 2-MAG with CAEE using immobilized R. miehei lipase. The yield of
CDC was 85% [73].

20.4 CONCLUSIONS

Modification of lipids with lipases has been described in this chapter. Lipases, however,
are very useful for production of useful esters, such as wax esters, estolides, steryl
esters, methyl esters, and capsicines (vanillyl amine fatty acid amides). The enzyme
reactions are also effective for purification of PUFAs and oil- and fat-related com-
pounds, such as tocopherols, sterols, steryl esters, and astaxanthin. In addition, lecithin
can be converted to phosphatidylserine by phospholipase D. Because enzyme reactions
have advantages that by-reactions scarcely occur and create only a little waste material,
it is hoped that lipases will be used more and more in the oil and fat industry.
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21.1 INTRODUCTION

 

Structured lipids (SLs) are a new generation of fats and oils with improved nutritional
or physical properties because of modifications to incorporate new fatty acids or to
change the position of existing fatty acids on the glycerol backbone by chemically and
enzymatically catalyzed reactions and/or genetic engineering. Comprehensive reviews
on the rationale, production, analysis, commercial outlook, and future prospects of SLs
are available [1–3]. With the ability to combine the beneficial characteristics of com-
ponent fatty acids into one triacylglycerol (TAG) molecule, lipid modification enhances
the role fats and oils play in food, nutrition, and health applications. Many of these
potential applications exist either partly or wholly as emulsions. Examples include
nutritional beverages, infant formulae, mayonnaise, margarine, and salad dressings.

An emulsion consists of two immiscible liquids (usually oil and water), one
dispersed in the other in the form of small spherical droplets. A system that consists
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of oil droplets dispersed in an aqueous phase is known as an oil-in-water (o/w)
emulsion, whereas a system that consists of water droplets dispersed in an oil phase
is known as a water-in-oil (w/o) emulsion. Emulsions are thermodynamically unsta-
ble systems because of the positive free energy required to increase the surface area
between the oil and water phases [4]. With time, emulsions tend to separate into a
system that consists of a layer of oil on the top of a layer of water. To form emulsions
that are kinetically stable for a reasonable period of time, emulsifiers are required.
Emulsifiers are surface-active molecules that adsorb to the surface of freshly formed
droplets during homogenization, forming a protective “membrane” that prevents the
droplets from aggregating [5]. Emulsifiers are often amphiphilic molecules that have
both polar and nonpolar regions on the same molecule. Once emulsifiers have been
added to the oil and water, forming drops is easy, but breaking them up into small
droplets requires additional energy. Homogenizers provide the inertial forces needed
to deform and break up emulsion droplets, which are produced by the rapid, intensive
pressure fluctuations occurring in turbulent flow [6]. O/w emulsions can be divided
into three distinct regions: the interior of the droplet (oil), the continuous phase
(water), and the interfacial region (emulsifier).

Emulsified foods may contain a variety of ingredients, including water, lipids,
proteins, carbohydrates, minerals, sugars, small-molecule surfactants, transition met-
als, and antioxidants. Food emulsions undergo diverse treatments, such as storage at
various conditions, before they reach the consumer’s plate. These treatments induce
emulsion modifications, including chemical reactions such as lipid oxidation, which
can produce undesirable off-flavors and potentially toxic reaction compounds that
make the products no longer acceptable for human consumption. Therefore, lipid
oxidation is of great concern to the food industry and manufacturers must develop
methods of preventing or retarding oxidation in foods [5].

In addition to altering the nutritional and physical properties, changing the fatty
acids on a TAG will also affect its oxidation properties. SLs often contain both long-
chain polyunsaturated fatty acids and saturated medium-chain fatty acids (MCFAs) on
the same glycerol backbone. Because of the inherent structural differences between
SLs and unmodified oils, the oxidation properties of SL-based emulsions cannot be
predicted based on current knowledge of conventional lipids in emulsions alone. 

This chapter covers information on emulsions formulated with SLs with
improved functional and nutritional properties. Potential food and medical applica-
tions for SL-based emulsions and the factors affecting the oxidation of SL-based
emulsions are discussed.

 

21.2 APPLICATIONS OF STRUCTURED LIPID-BASED 
EMULSIONS
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The relationship between stereospecific fatty acid location and lipid nutrition suggests
that the process of interesterification or acidolysis could be used to improve the
nutrition profile of certain TAGs. Manufacturers of specialty food ingredients for infant
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formulae, parenteral supplements, and nutritional beverages should design fats with
saturated fatty acids at the 

 

sn-

 

2 position to provide increased caloric intake [7].

 

21.2.1.1 Infant

 

 

 

Formulas

 

The fat component of infant formulae should ideally contain the fatty acids, such
as MCFAs, linoleic acid, linolenic acid, and polyunsaturated fatty acids (PUFAs),
in the same position and amount as those found in human milk. Human milk is
composed of 20 to 30% palmitic acid, with 33% at the 

 

sn-

 

2 position [8]. The fat
in most infant formulae is of vegetable origin and tends to have unsaturated fatty
acids in the 

 

sn-

 

2 position. Innis et al. [9] found that infants fed human milk had
26% palmitic acid in their plasma TAGs compared with 7.4% in infants fed vegetable
oil–based infant formula with the same total concentration of palmitic acid, but not
at the 

 

sn-

 

2 position. When rats were fed a coconut oil and palm olein SL, absorption
was increased due to the increased proportion of long-chain saturates at the 

 

sn-

 

2
position [10]. Although infant formula emulsions have not been prepared with SLs
and administered to infants, evidence exists that SLs with high proportions of
palmitic acid at the 

 

sn-

 

2 position would provide a fat with improved absorption
capability in infants [8]. Such studies are merited, but care must be taken with regard
to the concentrations of the saturates at the 

 

sn-

 

2 position, because palmitic acid is
the only saturate that has been studied extensively and other long-chain saturates
may have hypercholesterolemic effects [11].

 

21.2.1.2 Parenteral

 

 

 

Nutrition

 

While medium chain triacylglycerols (MCTs) have many advantages, humans still
require a minimum amount of long-chain triacylglycerols (LCTs) to provide essential
fatty acids (EFAs). Physical mixtures of MCTs and LCTs have proved useful in the
past for parenteral (intravenous feeding) nutrition. More recently, structured TAGs
composed of long-chain fatty acids (LCFAs) and MCFAs have emerged as the
preferred alternative to physical mixtures for treatment of patients, although both
products provide identical fat contents. Structured lipids composed of both LCFAs
and MCFAs are designed to provide simultaneous delivery of the fatty acids and a
slower, more controlled release of the LCFA into the bloodstream [12]. The advan-
tages of parenterally fed SLs may well relate to differences in absorption and
processing. Structured TAGs that contain MCFA may provide a vehicle for rapid
hydrolysis and absorption due to their smaller molecular size and greater water
solubility in comparison to long-chain TAGs. [13] Structured lipids offer several
advantages over native oils and physical mixtures, including improved immune
function, decreased cancer risk, thrombosis prevention, cholesterol lowering,
improved nitrogen balance, and no risk of reticuloendothelial system impairment [14].
Increases in protein synthetic rates in both skeletal muscle and liver have also been
demonstrated in patients receiving SL [15].

The TAGs in total parenteral nutrition (TPN) are normally administered as an
emulsion. These emulsions are suspected of suppressing the immune function
because pneumonia and wound infection often occur in patients treated with TPN.
However, the influence of various lipid emulsions on leukocyte function is still unclear.
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Kruimel et al. [16] attempted to explain this phenomenon through 

 

in

 

 

 

vitro

 

 studies of
emulsions containing fatty acids with different chain lengths on the production of
radicals by polymorphonuclear leukocytes. Emulsions made from LCT, a physical
mixture of LCT and MCT, and an SL were compared in this study. The results indicated
physical mixtures caused higher peak levels and faster production of oxygen radicals,
compared with LCT and SL emulsions. Chambrier et al. [17] conducted a similar
study comparing the effect of physical mixtures and SL on postoperative patients.
They did not see the hepatic function disturbances in patients given the SL, which are
often observed with TPN. The plasma TAG levels remained normal in patients given
SL, whereas they significantly increased with the physical mixture. Bellantone et al.
[18] gave lipid emulsions to patients after colorectal surgery. The differences between
the SL and physical mixture groups were less marked in this study.

SLs containing MCFAs and n-3 PUFAs could be a therapeutic or medical lipid
source and may be useful in parenteral nutrition as well. Fish oil and MCTs were
used to synthesize structured lipids, which were administered to patients undergoing
surgery for upper gastrointestinal malignancies. The control diet used for comparison
in the study differed only in its fat source. The SL diet was tolerated significantly
better, led to improved hepatic and renal function, and reduced the number of
infections per patient [19].

Lee et al. [20] fed female mice diets supplemented with an SL containing n-3
PUFAs and caprylic acid or soybean oil for 21 d. The effect of the diet on serum
lipids and glucose concentrations were determined at the end of the feeding period.
In spite of the higher content of caprylic acid in the SL, the fatty acid was not
detected in the livers of the SL fed mice. High amounts of n-3 PUFAs were found
in the livers of the SL fed mice. These findings suggest that the caprylic acid was
metabolized quickly for energy and that different fatty acids in the diet may even-
tually lead to change in fatty acid composition of the liver. This SL could decrease
serum cholesterols and TAGs. It may also reduce the rate of body weight gain
because the MCFAs were metabolized more rapidly in the body compared with
soybean oil. SLs of this type are ideal for inclusion into TPN emulsions because of
their improved nutritional properties and rapid absorption.

Recently, a long-term study (4 weeks of treatment) was conducted on the efficacy
and safety of an SL prepared from coconut oil and soybean oil. Patients receiving
the SL were compared with other patients given LCT. This double-blind, randomized,
crossover study indicated that the SL was safe and efficient when provided to patients
on home parental nutrition on a long-term basis and that it may be associated with
possible reduction in liver dysfunction [21].

 

21.2.1.3 Nutritional

 

 

 

Beverages

 

Several nutritional beverages are commercially available for supplemental use with
or between meals, or as a sole source of nutrition. These beverages are manufactured
for people on modified diets, at nutrition risk, or with involuntary weight loss,
and for patients who are recovering from illness or injury. These products are ideal
targets for canola oil replacement with an SL containing MCFAs and LCFAs on
the same glycerol backbone to increase the TAG absorption rate and provide essential
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fatty acids. Beverages formulated with SL have the potential to safely provide
consumers with a more rapid energy source than the beverages currently available
on the market [21–23]. However, the flavor must not be significantly altered com-
pared with the original beverage formulation, as sensory characteristics of a product
greatly influence its performance in the marketplace.

Osborn et al. [24] formulated chocolate-flavored nutritional beverages with
canola oil and SL to determine the effect of the SL on the sensory profile of the
beverage. The SL was synthesized from canola oil and caprylic acid with an 

 

sn-

 

1,3
specific lipase obtained from 

 

Rhizomucor

 

 

 

miehei

 

. Differences were determined using
a triangle test panel and a trained quantitative descriptive analysis (QDA) panel.
Panelists detected a significant difference between samples during triangle testing
(

 

p

 

 < .01). QDA results indicated that sweet flavor was the only prominent attribute
significantly influenced when SL was substituted for canola oil in the nutritional
beverage. The presence of MCFA on the SL glycerol backbone may be responsible
for the increased sweetness, as fatty acids of this length are currently used by the
food industry as flavor carriers [25]. Panelists also detected differences in the foam-
iness of the two beverages, which may be attributed to the changes in fatty acids on
the glycerol backbone as well. Studies conducted on wine indicate that increasing
the amounts of linolenic acid and palmitic acid results in the formation of more
foam [26]. During the acidolysis reaction, a portion of the linolenic and palmitic
acids were removed from the canola oil TAG molecule (3.8 and 2.4%, respectively),
and may explain the decreased foaminess observed in the beverage formulated with
the SL. This study is the first to evaluate the effect of SL on the sensory properties
of food emulsions and the results indicate that SL are likely to be suitable for use
by beverage manufacturers from a flavor standpoint.

 

21.2.3 S
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Improvements or changes in the physical characteristics of a TAG can also be achieved
when SLs are synthesized. Modifying TAGs to improve melting points is an area
of growing interest because replacing hydrogenated oils with SLs results in 

 

trans

 

-
free food products. 

 

Trans

 

 fatty acids are widely believed to have implications in
coronary heart disease [27–29].

Margarine, modified butters, and shortenings manufacturers need fats with a
steep solid fat content (SFC) curve. Margarine is a w/o emulsion that must contain
80% fat. Manufacturers want their product to be solid in the refrigerator, but spread
easily upon removal and melt quickly in the mouth. The spreadability of margarine
at refrigerator temperatures is related to its content of solid fats at 2 and 10

 

°

 

C. The
solid content at 25

 

°

 

C influences plasticity at room temperature [30]. Desired spread-
ability occurs within a range of roughly 15 to 35% solids [31]. Interesterification is
useful for producing plastic fats and oils suitable for use in margarines and short-
enings because chemical properties of the original fat are relatively unaffected and
the fatty acids’ inherent properties are not changed. Additionally, unsaturation levels
stay constant in the fatty acids and there is no 

 

cis

 

–

 

trans

 

 isomerization. When short
(SCFAs) chain fatty acids and LCFAs are incorporated, they can produce TAGs with
good spreadability and temperature stability.
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Marangoni et al. [32] developed a method for enzymatic interesterification of
triolein and tripalmitin in a canola lecithin–hexane reverse micelle system that can
also be adapted for modification of vegetable oils. Chemical interesterification of
butterfat and canola oil was shown to improve the cold-temperature spreadability of
butter [33]. Acidolysis, catalyzed by an 

 

sn-

 

1,3 specific lipase, of stearic acid and
triolein produced a 

 

trans

 

-free SL suitable for use in margarines [34]. This SL was
also produced via interesterification with stearic acid methyl ester and a nonspecific
lipase. Finally, SLs have been produced successfully through genetic engineering.
The high-palmitic soybean oil, described by Stoltzfus et al. [35], has application in
the production of 

 

trans

 

-free margarine-type fats.
Fomuso and Akoh [36] combined two methods of SL production to produce a

margarine fat. Stearic acid was enzymatically transesterified with genetically engi-
neered high-laurate canola oil. A stearic acid level of 30% was found to best match
the melting characteristics of fat extracted from commercially available stick mar-
garine. This SL was used to prepare nonrefrigerated and refrigerated SL margarines.
Slip melting point (SMP), SFC, and hardness index were determined for SL samples
and compared with control margarines. Rheological properties of the margarine
samples were also studied. The SL was suitable (spreadable with no oil exudation
or phase separation) for use in nonrefrigerated margarine, but not spreadable at
refrigeration temperatures. The amount of SL in the refrigerated samples was reduced
to 60% and the remaining 40% fat was made up with canola oil. The addition of
canola oil improved the spreadability at refrigeration temperatures and reduced the
hardening effect of the lauric acid in the SL.

The viscoelastic properties of mayonnaise and Italian salad dressing prepared
with olive oil or an enzymatically synthesized SL prepared from olive oil and caprylic
acid were measured [37]. Olive oil- and SL-based mayonnaise and Italian salad
dressings displayed similar viscoelastic properties, which indicates similar structural
and textural properties. The SL-based emulsions were significantly more stable to
separation than their olive oil-based counterparts.

 

21.3 OXIDATION
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EMULSIONS

21.3.1 O

 

XIDATION
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ECHANISMS

 

It is necessary to have a thorough understanding of the mechanisms of lipid oxidation
and how these are affected by the molecular environment of the emulsified lipids to
effectively design strategies for retarding oxidation in food emulsions. This portion
of the chapter will focus exclusively on the oxidation of o/w emulsions because the
oxidation properties of oils in this type of emulsion are significantly different than
in the bulk phase, whereas, it has been suggested that lipid oxidation in w/o emulsions
occurs at a rate similar to that in bulk oils [5].

Food emulsions, prepared with conventional or structured lipids, are susceptible
to spoilage through the auto-oxidation of their unsaturated and polyunsaturated oil
components [38]. Auto-oxidation reaction mechanisms apply to both systems and
entail oxygen from the atmosphere being added to certain fatty acids, creating unstable
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intermediates that eventually break down to form unpleasant flavor and aroma com-
pounds. Although enzymatic and photogenic oxidation may play a role, the most
common and important process by which unsaturated fatty acids and oxygen interact
is via a complex, radical chain reaction characterized by three main phases [39]:
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Initiation is frequently attributed in most foods to the reaction of fatty acids with
active oxygen species (In

 

•

 

). Initiation occurs as hydrogen is abstracted from an
unsaturated fatty acid (RH), resulting in a lipid free radical (R

 

•

 

), which in turn
reacts with molecular oxygen (O

 

2

 

) to form a lipid peroxyl radical (ROO

 

•

 

). The
propagation phase of oxidation is fostered by lipid–lipid interactions, whereby the
lipid peroxyl radical abstracts hydrogen from an adjacent molecule, resulting in
a lipid hydroperoxide (ROOH) and a new lipid free radical. Such interactions
continue 10 to 100 times before two radical species (R

 

•

 

 or ROO

 

•

 

) combine to
terminate the process by forming a nonreactive molecule (ROOR) [39]. Most food
oils naturally contain enough lipid peroxides to promote lipid oxidation, even if
other sources of radical generators are rigorously eliminated [5]. Additional mag-
nification of lipid oxidation in food emulsions occurs through branching or sec-
ondary initiation reactions promoted by transition metals or other prooxidants as
shown below [40]:
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Lipid hydroperoxides are not considered harmful to food quality; however, they are
further degraded into compounds that are responsible for off-flavors [39]. Formation
of the alkoxyl radical (RO

 

•

 

) leads to 

 

β

 

-scission reactions that result in the generation
of a wide variety of different molecules, including aldehydes, ketones, alcohols, and
hydrocarbons, which are responsible for the characteristic physicochemical and
sensory properties of oxidized oils [40].

The above reaction mechanisms do not illustrate the importance of the physical
location of the various reactive species within the emulsion system. Often, hydro-
peroxides accumulate at the surface of the emulsion droplets, whereas many of the
molecular species responsible for accelerating lipid oxidation originate in the aque-
ous phase (i.e., transition metals or enzymes). Therefore, the inability of prooxidants
to come into close contact with lipids at the droplet surface would decrease their
ability to accelerate lipid oxidation in food emulsions. Additionally, the rate of lipid
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oxidation may be limited by the speed that free radicals, hydroperoxides, or lipids
can diffuse from one region to another with a droplet [40].

 

21.3.2 F
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21.3.2.1 Chemical Structure of Lipids

 

The chemical structure of a lipid is the ultimate determinant of its susceptibility to
oxidation. The number and location of the double bonds are of particular importance.
More unsaturated fatty acids have been observed to oxidize more slowly than less
unsaturated fatty acids in o/w emulsions, whereas in bulk oils, the more unsaturated
oils oxidize faster [41]. At present the reason for this observation is unknown, although
it has been suggested that it is due to differences in the molecular arrangements of the
fatty acids within the micelles. The more unsaturated fatty acids may be buried more
deeply within the hydrophobic interior of the micelles and therefore may be less
susceptible to attack by aqueous-phase prooxidants [40]. SLs may have altered degrees
of unsaturation and molecular arrangements compared with their conventional coun-
terparts, so understanding the oxidation properties of SL-based emulsions will require
extensive kinetics studies to be completed on a case-by-case basis.

 

21.3.2.2 Droplet Characteristics

 

21.3.2.2.1 Oil Concentration

 

Understanding the kinetics of oxidation in emulsions of varying oil droplet concentra-
tions is critical in the food industry, where emulsified systems range from fruit beverages
(<1% oil) to mayonnaise (>80% oil). The effect of oil concentration on lipid oxidation
was determined for caprylic acid/canola oil SL-based emulsions [42]. O/w emulsion
samples were prepared with 10 or 30% oil and stored at 50

 

°

 

C. Decreasing oil concen-
trations led to an increase in total oxidation, calculated from the peroxide and anisidine
values measured in the emulsion samples. One possible cause of this increase is that
the number of radicals generated per droplet increased as the droplet concentration
decreased [40]. Additionally, at higher oil concentrations more unsaturated fatty acids
may have moved into the interior of the oil droplets, and therefore became less accessible
to direct interaction with the prooxidants in the aqueous phase [40].

 

21.3.2.2.2 Droplet Size

 

Little is known about the correlation between oil droplet size and oxidation rate in
emulsion systems. On one hand, small droplet size signifies a large surface area,
implying a high potential for contact between diffusing oxygen, water-soluble free
radicals and antioxidants, and the interface. It also implies a high ratio of oxidizable
fatty acids located near the interface to fatty acids embedded in the hydrophobic
core of the droplets. According to this, decreasing the size of the oil droplets is
therefore expected to favor development of oxidation. For emulsions prepared with
conventional lipids, data on the influence of droplet size on lipid oxidation are often
contradictory. Osborn and Akoh [42] found no effect of particle size on the emulsions
prepared with a caprylic acid/canola oil SL. Because limited amounts of hydroper-
oxides were available in the systems (

 

∼

 

0.3 meq/kg oil), they may have all been

 

2162_C021.fm  Page 464  Tuesday, June 7, 2005  2:01 PM



 

Application of Structured Lipids in Emulsions

 

465

present at the droplet surface in every o/w emulsion studied, which may explain
why changing the droplet size did not affect the oxidation rates [40]. Fomuso et al.
[43] recently reported that smaller droplet sizes led to higher oxidation rates because
of increased surface area in emulsions prepared with enzymatically synthesized
menhaden oil–caprylic acid SL. However, the droplet sizes were similar in most
emulsions in this study and it may be deduced that emulsifier concentration, rather
than droplet size distribution, caused changes in the oxidation properties.

21.3.2.2.3 Physical State
The physical state of the droplets in an SL-based o/w emulsion would also be expected
to influence the rate of lipid oxidation. The droplets in most foods are liquid at room
temperature, but may become partially or totally solidified at refrigerated tempera-
tures. Studies on bulk fats indicate that lipid oxidation occurs more slowly when the
fat is crystalline than when it is liquid. However, similar studies are needed to
determine whether a similar phenomenon occurs in emulsified SLs [40].

21.3.2.3 Interfacial Characteristics

The interfacial region is potentially very important in lipid oxidation since it represents
the region where lipid- and water-soluble components interact and it is where surface-
active compounds such as peroxides and chain-breaking antioxidants concentrate [44].

21.3.2.3.1 Electrical Charge
The interfacial membrane surrounding the oil droplets may have an electrical charge
with a magnitude and sign that is determined by the type and concentration of
charged surface-active species present. An electrically charged surface attracts oppo-
sitely charged ions (i.e., mineral ions, metal ions, and ionic antioxidants) in the
surrounding aqueous phases and subsequently influences the rate of lipid oxidation
in emulsions. Several studies have confirmed the importance of droplet charge in
controlling the rate of lipid oxidation in o/w emulsions [45,46].

Cationic and anionic emulsifiers are not commonly used by the food industry,
but proteins above or below their isoelectric point (pI) could produce negatively or
positively charged emulsion droplets. At pH 3.0, whey protein isolate (WPI)-stabi-
lized emulsion droplets have a net positive charge because they are below the pI of
~5.0 for WPI [47]. The positive charge decreases the likelihood of any interaction
with positively charged prooxidant ions because of repulsive electrostatic forces. On
the other hand, emulsion droplets carry a negative charge at pH 7.0. When the surface
charge of dispersed lipids as micelles is negative, metal-catalyzed oxidation rates
are much higher than they are at positively charged interfaces [48]. This effect
presumably exists because of the electrostatic attraction between the positively
charged metal and the negatively charged emulsion droplet membrane [49], and may
explain the decreased copper-catalyzed oxidation rates measured in pH 3.0 SL-based
emulsions compared with their pH 7.0 counterparts [50].

21.3.2.3.2 Physical and Chemical Barriers
Less is known about how the emulsion droplet interfacial membrane properties
impact oxidation rates. Some data suggested that the thickness of the emulsion
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droplet interfacial membrane could be an important determinant in the ability of
lipid peroxides to oxidize fatty acids [49]. The ability of large surfactants to protect
lipid hydroperoxides is likely due to the ability of these surfactants to alter the
surface activity of lipid hydroperoxides or to provide a protective barrier around the
emulsion droplet that would decrease lipid hydroperoxide-continuous phase prooxidant
interactions. Similarly, Fomuso et al. [43] found higher oxidation levels in SL-based
emulsions prepared with 0.25% emulsifier compared with those containing 1.0%.
Higher surfactant concentrations lead to tighter packing of surfactant molecules at
the oil–water interface, which resulted in a membrane that acted as an efficient
barrier to the diffusion of lipid oxidation initiators into the oil droplets.

Differences in the size of the hydrophobic tail group of emulsifiers may also
result in different rates of oxidation in emulsions. Based on hydroperoxide and
headspace propanal measurements, greater lipid oxidation occurred in salmon oil
emulsion droplets stabilized by Brij-lauryl compared with those stabilized by
Brij-stearyl. [51] The ability of increasing hydrophobic tail group length to decrease
the oxidation of emulsified salmon oil suggests that the longer tail group size
decreases the ability of free radicals originating from hydroperoxides in the aqueous
phase to reach the polyunsaturated fatty acids. Studies of this nature have not yet
been performed on SL-based emulsions. 

Certain types of emulsifier molecules may also be able to act as a chemical
barrier to lipid oxidation. Many emulsifier molecules contain either sugar or amino
acid moieties that can act as radical scavengers. Adsorbed emulsifiers are likely to
be particularly effective at retarding lipid oxidation because of their high local
concentration and close proximity to the oxidation substrate [40]. Whey protein
isolate has been reported to inhibit lipid oxidation in structured lipid- and salmon
oil-based emulsion [42,43,52]. This emulsifier is thought to inhibit oxidation by
chelation of iron and copper and by inactivation of peroxyl radicals [53].

Alternatively, some surfactant molecules used by the food industry are sources
of hydroperoxides. Tweens and phospholipids have been found to contain 4 to 35
µmol hydroperoxides/g surfactant. Therefore, food manufacturers need to closely
monitor the hydroperoxide concentration in their surfactants during storage before
adding them to SL-based emulsions.

21.3.2.4 Interactions with Aqueous-Phase Components

Most food emulsions contain a number of ingredients in addition to oil, water, and
emulsifiers that may be of importance to the lipid oxidation processes. The hydro-
philic components act as either prooxidants or antioxidants depending on their
chemical properties, the prevailing environmental conditions, and their interaction
with the other molecular species involved in the lipid oxidation reaction.

21.3.2.4.1 Salts, Sugars, Polysaccharides, and Proteins
At pH 3.0, the addition of 0.5 M NaCl generally resulted in an increase in secondary
oxidation in the SL-based emulsions containing copper [42]. NaCl stimulation of oxi-
dation could be due to the ability of chloride ions to increase the catalytic activity of
metals or the NaCl-induced changes in the physical properties of the emulsion droplets,
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such as reduction in the thickness of the double layer [54]. Because salt is an
ubiquitous ingredient in foods, processors must be mindful of its ability to promote
lipid oxidation in the presence of metals and incorporate antioxidants into their
product formulations accordingly.

Sucrose significantly retarded oxidation in linoleic acid emulsions; however, the
effect was not concentration dependent [41]. Addition of sugar to safflower oil
emulsions has likewise been found to enhance the oxidative stability of the emulsion
[55]. The inhibitory mechanism of sugars has not been fully determined at this point,
especially in SL-based emulsions. Sugar’s ability to influence lipid oxidation may
stem from its ability to increase viscosity and thus reduce the mobility of the reactants
and reaction products or other mechanisms including quenching metals and scavenging
radicals.

Polysaccharides are often added to o/w food emulsions to enhance the viscosity
of the aqueous phase, which imparts desirable textural attributes and stabilizes the
droplets against creaming. Polysaccharides may also inhibit oxidation through metal
chelation and hydrogen donation [40]. In many food emulsions, there are appreciable
quantities of nonadsorbed proteins dispersed in the aqueous phase, which may
increase or decrease oxidative stability of emulsions through enzymatic or nonen-
zymatic mechanisms [40]. The antioxidant capabilities of whey protein in a Tween
20-stabilized salmon oil emulsion were determined by Tong et al. [56]. High-
molecular-weight fractions of whey had greater antioxidant activity than low-
molecular-weight fractions in this emulsion system. These authors also determined
that the sulfhydryl groups were the primary antioxidants in whey proteins. Further
research on the effects of polysaccharides and proteins on oxidation of SL-based
emulsions is merited.

21.3.2.4.2 Surfactants
After a surfactant concentration is reached that saturates the droplet surface, excess
surfactant molecules can form micelles in the continuous phase. It is well-known
that micelles have the ability to solubilize certain compounds out of the lipid droplets
into the continuous phase of the emulsion [57].

In general, nonpolar antioxidants that are retained in emulsion droplets are more
effective inhibitors of lipid oxidation than polar antioxidants that have significant
partitioning into the continuous phase of an o/w emulsion [58]. Partitioning of
antioxidants in emulsions is mainly influenced by their molecular characteristics.
However, surfactants could also play an important role in antioxidant partitioning
since they can aid in the solubilization of nonpolar compounds out of the lipid into
the water phase. The presence of excess surfactant in the continuous phase of olive
oil, salmon oil, and hexadecane emulsions affected the physical location of polar
phenolic antioxidants (propyl gallate), but not nonpolar antioxidants such as buty-
lated hydroxyltoluene (BHT). However, the solubilization of antioxidants did not
alter the oxidative stability of salmon oil emulsions, suggesting that surfactant
micelles influenced oxidation rates by mechanisms other than antioxidant solubili-
zation [59]. Nuchi et al. [57] demonstrated that Brij micelles inhibited lipid oxidation
in corn oil emulsions. These authors found that the surfactant micelles solubilized
lipid hydroperoxides out of the emulsion droplets, which may better explain the
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ability of surfactants to inhibit lipid oxidation in o/w emulsions. Similar phenomena
are likely to be observed in SL-based emulsions, but studies are needed to confirm.

21.3.2.4.3 Acids, Bases, and Buffers
Acids, bases, and buffers are used to control the pH of food emulsions. The pH of an
aqueous phase can impact the oxidative stability of o/w emulsions in a variety of ways
and may account for the apparent contradictory results found for the effects of pH on
lipid oxidation of emulsions. Recently, increased oxidation rates were measured in
SL-based emulsions at pH 7.0 compared with pH 3.0 in the presence of copper, whereas
the reverse effect was recorded in the presence of iron [50,60]. The effect of pH on
lipid oxidation of SL-based emulsions depends on a variety of factors, including the
nature of the oil and surfactant, the oxidation conditions, the absence or presence
of added prooxidants (i.e., transition metals), and the analytical methods used to
monitor oxidation.

21.3.2.4.4 Transition Metals
Transition metals that can undergo electron redox cycling are a major food prooxidant.
These transition metals decrease the oxidative stability of foods through their ability
to decompose hydroperoxides into free radicals. Decomposition of hydroperoxides by
transition metals may be the most important cause of oxidation in many foods because
both metals and hydroperoxides are ubiquitous to lipid-containing foods [40].

Transition metals are common constituents of raw food materials, water, ingredi-
ents, and packaging materials. However, not all transition metals in foods are equally
reactive. The rate of hydroperoxide decomposition is dependent on the concentration,
chemical state, and type of metal present in the emulsion. The most common
transition metals in foods capable of promoting lipid oxidation are copper and iron,
with the latter generally being in the greater concentration [40]. Although not as
abundant in food emulsions, cuprous ions are capable of decomposing hydroperox-
ides to hydroxyl radicals over 50-fold faster than Fe2+.

The addition of cupric sulfate and ferrous sulfate to model emulsions prepared
with a menhaden oil–caprylic acid SL was positively correlated with peroxide values
[61]. In emulsions formulated with a canola oil–caprylic acid SL, iron significantly
( p < .05) increased lipid oxidation rates compared with control emulsions [60].
Lipid oxidation was also significantly increased in canola oil–caprylic acid SL-based
emulsions upon addition of cupric sulfate [50].

21.3.2.5 Presence of Antioxidants

One of the most effective means for retarding lipid oxidation in fatty foods is to
incorporate antioxidants. This is especially important in SL-based emulsions as enzy-
matically synthesized SLs require downstream processing to remove free fatty acids,
which also results in a loss of natural tocopherols. Akoh and Moussata [62] reported
that the total tocopherol content of unmodified canola oil decreased from 45.34
mg/100 g oil to 0.77 mg/100 g oil after the acidolysis reaction with caprylic acid
and subsequent purification. The loss of natural antioxidant translated into a lower
oxidative stability index for the SL in the bulk phase compared with the unmodified
canola oil (3.5 and 9.65 h at 110°C, respectively).
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Many “antioxidant” substances retard lipid oxidation under certain conditions,
but actually promote it under other conditions [63–65]. Antioxidant activity varies
widely depending on the composition of the emulsions system [66]. The efficacy of
an antioxidant is affected by many of the colloidal properties discussed earlier for
their influence on lipid oxidation of emulsions. Therefore, the term “antioxidant”
must be used carefully, and a compound’s anti- and prooxidant properties must both
be carefully evaluated before it is added to an SL-based emulsion.

There is a growing interest for natural antioxidants as replacements for the
synthetic compounds that are currently used in the food industry for food emulsions
because of safety concerns and the worldwide trend toward the use of natural
additives in foods [67]. Extensive research efforts have been dedicated to the
identification of natural antioxidants from various sources.

Tocopherols and ascorbic acid are the most important natural antioxidants in the
food industry. The well-understood antioxidant mechanism of α-tocopherol involves
the donation of hydrogen to a peroxy radical. In foods, ascorbic acid is a secondary
antioxidant with multiple functions, including scavenging oxygen, shifting the redox
potential of food systems to the reducing range, acting synergistically with chelators,
and regenerating primary antioxidants [68]. Numerous naturally occurring phenolic
antioxidants have been identified in plant sources [68]. However, their effectiveness
in emulsions is often difficult to predict because there are several different mecha-
nisms by which phenolic compounds influence lipid oxidation rates [69]. Potential
natural antioxidants that merit further investigation in SL-based o/w emulsions
include quercetin, soybean isoflavones, a wide range of herb/spice extracts, and
flavonoids isolated from chrysanthemums, rice, buckwheat, barley, and malt.

Fomuso et al. [61] were the first to investigate the effect of natural antioxidants
on SL-based emulsions using a menhaden oil–caprylic acid model system. In their
study, citric acid had the highest negative effect on peroxide value for iron-containing
emulsions, while tocopherol had the highest negative effects for copper-containing
emulsions. Additionally, in the copper-catalyzed emulsions, synergism between citric
acid and α-tocopherol was observed.

At pH 3.0, the addition of α-tocopherol, citric acid, or a combination of the two
compounds resulted in significantly ( p < .05) lower peroxide values and anisidine
values in canola oil– caprylic acid SL emulsions containing copper. α-Tocopherol
and citric acid did not have synergistic effects on hydroperoxide or aldehyde for-
mation in this study [50].

Quercetin and gallic acid exhibited prooxidant effects in SL-based emulsions
containing iron at pH 3.0 and 7.0 [60]. Polar antioxidants are able to interact with
aqueous-phase iron, and the metal-reducing power of phenolics can increase oxida-
tion reactions. [69] In SL-based emulsions stabilized by sucrose fatty acid esters,
α-tocopherol, β-carotene, genistein, and daidzein increased oxidation after 15 d of
50°C storage, compared with control emulsions. However, the same natural compounds
were not significant prooxidants in emulsions stabilized with whey protein isolate [70].

The results of the studies discussed above on SL-based emulsions and natural
antioxidants demonstrate that many factors affect oxidation of emulsified SLs. More
studies are required to fully understand the prooxidant mechanisms behind these natural
compounds. In the meantime, care should be exercised when adding α-tocopherol, citric
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acid, β-carotene, and soy isoflavones to emulsified foods because of their ability to
promote lipid oxidation in some SL-based emulsions under certain conditions.

21.6 CONCLUSIONS

The ability of SLs to combine an increased absorption rate for MCFAs and beneficial
LCFAs in one triacylglycerol molecule makes them very attractive to the medical
community and functional food manufacturers. Lipid oxidation in SL-based o/w emul-
sions is a highly complex area. Clearly, the molecular environment of SL-based
emulsion droplets substantially impacts their oxidative stability. Further studies on the
influence of ingredients and antioxidants are needed to expedite the incorporation of
SLs into product formulations by the food industry.
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22.1 PREAMBLE

 

It is well known that the functional foods market is growing rapidly in most countries
and regions of the world and is expected to continue growing in the future until
people’s concern for better quality of life is met. It is obviously consumers’ concern
for health maintenance and well-being that drives the growth of the functional foods
market. Factors affecting the demand for functional lipids may not be significantly
different from those for functional foods. With people’s concern for health, socio-
economic changes in population age profile, life expectancy, medical conditions,
and levels of health support are factors that shape the trends in the consumption of
functional lipids [1]. Factors critical to the success of functional lipids include
product quality (especially taste), safety, advertising or proof of efficacy, pricing,

 

2162_C022.fm  Page 475  Tuesday, June 7, 2005  2:01 PM



 

476

 

Handbook of Functional Lipids

 

and market positioning. The functional lipids market, like those of other functional
foods, is undoubtedly developing strongly in most countries, and the future of func-
tional lipids will depend, at least in part, on convincing consumers that fats and oils
have positive roles in health maintenance.

The functions of food lipids are considered to originate from several character-
istics of lipids. The nutritional and biological function of food lipids, which are
mainly dependent upon the chain length and degree of unsaturation of fatty acids
(e.g., essential fatty acids such as linoleic and linolenic acid) is one of the major
functions. Another function would be from the structural properties of lipids, and it
is well known that structured lipids like diacylglycerol and olestra have their own
nutritional functions. The ordinary edible fats and oils contain various fat-soluble
materials like several vitamins and phytosterols, and they also have their own
biological functions. Even though a substantial part of the functions of lipids are
understood, it is obvious that the complete comprehension of lipid functions needs
further research [2].

The scope of functional lipids may be considered to belong to “strict definition”
of functional foods rather than “broad definition.” Fish oil, for example, contains a
substantial amount of omega-3 fatty acid such as eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), etc. In this chapter, EPA and DHA will be recognized
as “functional lipids” whereas fish oil will not be. In the category of functional
foods, functional lipids are one of the key items, and this is considered due to the
fact that basic materials of lipids like fatty acids are incorporated in human body
without further breakage, and thus the functionality of lipids can be almost completely
transferred to human body cell.

Sometimes the term “biofoods” is used to elucidate the functional foods, and
biofoods can be defined as foods with biofunctionality from biotechnology, and
from biosphere [3]. World market of biofoods was forecast at $3.7 billion in 2003,
$7.5 billion in 2008, and $12.6 billion in 2013. The annual market rate of increase
during 2000 to 2013 was calculated as 28.2% [4]. (Monetary values are U.S. dollars
throughout this chapter.)

The size of the functional foods market can be estimated in various ways depending
on the definitions of functional foods and calculation methods. By the “strict defi-
nition” of functional foods, the global market for functional foods was assumed at
$5.8 billion and $33 billion by “broad definition” in 1999. The biggest markets for
functional foods by strict definition were achieved in Japan ($2.13 billion), United
States ($1.8 billion), and Europe ($1.79 billion) in 1999. The Japanese market
increased to $2.4 billion in 2001 [5].

Global market of functional foods by broad definition was estimated at more
than $33 billion in 1999 [5] and $62.3 billion in 2001 [6]. It was also estimated at
$51.1 billion in 2005 and $66.6 billion in 2010 [7], whereas another analyst forecast
that the worldwide market for food and beverages containing added ingredients to
improve health or prevent disease will reach $83 billion by 2005 [8]. The U.S. market
for functional foods in 2002 was $20.2 billion and predicted at $37.7 billion in 2007 [9].
Based upon data from various sources, a “reasonable” global market for functional
foods by broad definition was considered to range from $27.5 billion to $38.5 billion
in 2002 [5].
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22.2 POLYUNSATURATED FATTY ACIDS

 

The biological roles of polyunsaturated fatty acids (PUFAs) in the human body have
been reported elsewhere, and the consumption of PUFA is known to reduce the risk
of coronary heart disease, lower triglyceride levels in blood, prevent irregular heart-
beat, decrease high blood pressure, diminish blood clotting potential, improve neu-
rological development in infants, have a mood stabilizing effect, and reduce aggres-
sion [10]. PUFAs have been recognized as key items in functional lipids field due
to their important biological roles, and, therefore, the market for PUFAs has been
a major part of functional lipids. One market analyst estimated the 2001 revenue at
$18 million for long-chain PUFAs (LC-PUFAs) and the 2002 revenue at $50 million,
and it is expected to reach $300 million annually in the years ahead. The potential
global market of LC-PUFAs was estimated at $300 to $400 million [11].

PUFAs are categorized into two major groups, omega-3 (

 

ω

 

-3 or n-3) and omega-6
(

 

ω

 

-6 or n-6) PUFAs, depending upon their molecular structures. Omega-3 PUFAs have
different metabolic pathways from those of 

 

ω

 

-6 PUFAs, and their metabolisms are
influenced by each other [10].

 

22.2.1 O

 

MEGA

 

-3 PUFA

 

Omega-3 fatty acids are widely distributed in plants and animal tissues, and the main

 

ω

 

-3 fatty acids in food sources are 

 

α

 

-linolenic acid (ALA), EPA, docosapentaenoic
acid (DPA), and DHA. Long-chain 

 

ω

 

-3 PUFAs are known to increase heart rate
variability, decrease the risk of heart stroke, reduce serum triglyceride levels, lower
systolic and diastolic blood pressure, reduce insulin resistance, modulate glucose
metabolism, have anticancer and anti-inflammatory activity, have a beneficial effect
on patients with attention-deficit/hyperactivity disorder and schizophrenia, have a
positive effect in managing depression in adults, and decrease plasma/serum total
and low-density lipoprotein (LDL) cholesterol levels.

Omega-3 PUFAs have been incorporated into a range of food products, such as
bread, milk, yogurt, margarine, mayonnaise, soymilk, ice cream, and cereal bars, as
extracted oils but also as powder formulations. Omega-3 PUFAs have been one of
the most important items in the functional lipids market due to their critical roles
in human health and are, therefore, expected to maintain their status in the market.
The practical aspects of introducing 

 

ω

 

-3 PUFA in foods should involve the stabili-
zation of 

 

ω

 

-3 PUFA in foods, and this is facilitated by addition of antioxidants,
blending with more stable vegetable oils, and/or addition of 

 

ω

 

-3 PUFA as microen-
capsulated powder to foods.

ALA has been supplied mostly from dietary plant fats and oils like perilla oil,
flaxseed oil, canola oil, soybean oil, and walnut oil. EPA, DHA, and DPA have been
obtained traditionally from fish oil and marine animals like the harp seal. DPA is
well known to make blood vessels ten times stronger than EPA does, and harp seal
oil containing high DPA content is already on the market. It is established that EPA
has beneficial effects on cardiovascular disease, coronary heart disease, heart rhythm,
atherosclerosis, inhibition of cyclooxygenase activity, ulcerative colitis, and so on.

In 2001, the single cell oil (SCO) blend of DHA and arachidonic acid (ARA, 

 

ω

 

-6
PUFA) was given generally recognized as safe (GRAS) status by the U.S. Food and
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Drug Administration (FDA), and it has been widely used in infant formula since early
2002 [11]. It is obvious that DHA is able to boost brain power in infants. The global
infant formula market is estimated at $7.5 billion, and the U.S. market was estimated
at $3.1 billion in 2001. It was reported that U.S. infants on average consume between
$1500 and $2000 worth of infant formula during the first year of life [11].

DHA and ARA produced from SCO are sold in more than 20 countries in its
formula for term infants, and sales of LC-PUFA-supplemented products in the United
States was nearly $10 million in 2001 [12]. The global market for DHA in the food
and beverage industry has been estimated at $1 billion [13]. Production of DHA in
Japan was calculated as 1000 to 1200 million tons (MT), and the sale price of 22%
DHA oil was 1500 yen/kg [14].

It is well known that many factors influence the fatty acid content of breast milk,
but diet is the key factor. Because of this fact, DHA-enriched foods are marketed
for pregnant and lactating women, besides infant formula and toddler foods. As far
as dietary recommendations during pregnancy are concerned, an intake of 1.36 g/d
of DHA and 7.9 g/d of 

 

ω

 

-6 PUFA are recommended. The minimum intake of DHA
for pregnant women is recommended at 250 to 300 mg/d [15,16].

Even though metabolic pathways of 

 

ω

 

-3 PUFA such as ALA, EPA, DHA, and
DPA are identical, the biological functions are different from each other. It is
therefore expected that products targeted for different activities will appear in the
future. For example, EPA is expected to be used mostly for atherosclerosis, DHA
for brain function and ALA for allergies.

 

22.2.2 O

 

MEGA

 

-6 PUFA

 

Major fatty acids belonging to 

 

ω

 

-6 PUFA are linoleic acid, 

 

γ

 

-linolenic acid (GLA),
and ARA. Until recently, vegetable oils have been the main source of 

 

ω

 

-6 PUFA,
especially for linoleic acid. Oilseed plants containing high linoleic acid content,
however, are being genetically modified to oleic acid–rich plants regardless of its
traditional functionality as an essential fatty acid to increase the oxidative stability
of oil.

GLA is an important member of the 

 

ω

 

-6 family of PUFA and is widely used for
nutritional and medicinal purposes, such as treatments of diabetes, atopic eczema,
inflammation, stress, cardiovascular disease, breast pain, premenstrual syndrome,
and cancer [17]. Major applications of GLA-rich oils (e.g., evening primrose oil,
borage oil, and black currant oil) are health food supplements, infant nutrition
products, pet foods, and cosmetics such as skin care products (e.g., creams, lotions,
and soaps). The total market value of GLA is estimated at about $50 million per
year in 2001. China is the largest single producer of evening primrose seeds, at about
10,000 MT, out of a world production of about 12,000 MT. Seeds produced in China
are used for oil extraction, and most extracted oil is exported. The market for evening
primrose oil has continued to expand and was estimated in 2001 to be in the range
of 1300 to 1500 MT. The price of refined evening primrose oil has declined from
$45/kg in 1989 to $17.5/kg in 1999 [18].

ARA is found in the body of animals, including humans. ARA is not stored in
cells; however, it can be produced and metabolized into mediators very rapidly by one
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of two enzyme pathways into various prostaglandins (by cyclooxygenase) or leuko-
trienes (by lipooxygenase). Both prostaglandins and leukotrienes are highly proinflam-
matory, bronchospastic, and vasodilatory. Ample evidence shows that provision of
ARA to growing infants may provide benefit in the neural development either through
breast-feeding or through its inclusion in infant formula. The current commercial
demand for ARA is predominantly for a single application, infant formula.

Due to its low content in animal organs, ARA is produced by microorganisms,
typically by 

 

Mortierella alpina

 

 spp., and microbes-origin ARA (e.g., ARASCO by
Martek, United States) is on the market. Companies active in commercial production
include Martek, Suntory (Japan), and DSM (the Netherlands), and there are some
developments in South Korea and China [19].

Clinical studies show that infant formulas containing ARASCO support normal
growth and development in healthy term and preterm infants. A number of govern-
ment and international scientific bodies have made recommendations with respect
to the DHA and ARA contents of preterm and term infant formulas [12].

 

22.2.3 C

 

URRENT

 

 

 

AND

 

 F

 

UTURE

 

 M

 

ARKET

 

 

 

OF

 

 PUFA

 

The future potential market for LC-PUFA ingredients, primarily LC 

 

ω

 

-3 PUFA, is
expected to grow up to $540 million, and the food industry is expected to use
$55 million in 2006 [20]. The whole current world 

 

ω

 

-3 PUFA market was estimated
at $500 million in 2002 [21]. Traditional sources of LC-PUFA (i.e., EPA and DHA),
for human consumption are fish oils. The pattern for human consumption of fish oil is
categorized into four groups: food ingredients, nutraceutical and medical/functional
foods, health foods, and pharmaceuticals.

The key problem with the use of microbial oils (e.g., GLA, EPA, DHA, and
ARA) is how economically they can be produced. Although the future prospects for
PUFA SCO look bright, it should be considered that plant geneticists try to produce
PUFA through agricultural routes utilizing microbial genes. It is obvious that com-
petition present between the microbial route and the plant route will be more intense
in the coming years, and the results of the competition will provide the production
technology of PUFA SCO with more economic benefit [22].

 

22.3 STRUCTURED LIPIDS

 

Structured lipids (SLs) have been synthesized to target specific metabolic effects or
to improve physical characteristics of fats and oils. Considerable advances have been
made over the past 10 years in designing SLs, especially in stereospecific location
of fatty acid [23]. There are a number of varieties of SLs such as structured trigly-
cerides (STs), diglycerides (DGs), monoglycerides (MGs), and nonglycerol-based
fatty esters. Nonglycerol-based fatty esters include sorbitol fatty esters, fatty alcohol
esters of trifunctional carboxylic acid, dialkyl dihexadecyl malonate, esterified pro-
poxylated glycerol, polyglycerol esters, methyl glucose polyester, and polysiloxanes.
Commercially available structured lipids like STs and nonglycerol-based fatty esters
are aimed as reduced-calorie fats as well as zero energy fat-like substances such as
olestra [24].
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22.3.1 S

 

TRUCTURED

 

 T

 

RIACYLGLYCEROLS

 

 (ST

 

S

 

)

 

One of the approaches to producing reduced-calorie fats is a usage of one or more
energy-modulating structural features of triglycerides. These include the reduced
energy content of short-chain organic acids, the lower energy content of MCFA, and
the reduced gastric absorption of saturated LCFA and partially hydrolyzed triglyc-
erides. Combinations of these structures, of course, have produced several new
reduced-calorie lipids [24].

In contrast to LCFA, MCFA has unique biological activities. It is reported
elsewhere that MCFA and medium-chain monoglyceride (MCMG) derivatives have
beneficial effects on dental caries formation due to their antimicrobial action.
Medium-chain triglycerides (MCTs), as opposed to PUFA fats, have no growth-
promoting effects in tumor-bearing animals. Data demonstrated that 

 

Helicobacter
pylori

 

 is rapidly inactivated by MCMG and lauric acid [25]. Among SLs, STs and
DGs have been more emphasized in the market than MGs because of their application
in a wide variety of food and nonfood application fields.

There are several commercially available STs on the market. Salatrim is a reduced-
calorie fat developed by Nabisco and commercially produced by Nabisco and Danisco
Cultor, and is composed of short-chain organic acids (acetic, propionic, and/or butyric
acid) and saturated LC fatty acid (mainly stearic acid). Salatrim, having 5 kcal/g of
calorie density, can be used for confections, baking, and dairy applications. Caprenin,
developed by Procter and Gamble (P&G), is a reduced-calorie saturated triglyceride
(5 kcal/g) composed of equimolar amounts of caprylic, capric, and behenic acids.
It is useful as a replacement for chocolate and compound coatings. Bohenin, devel-
oped by Fuji Oil, is a saturated glycerol ester composed of behenic and oleic acid
in 2:1 ratio, and is used for chocolate and compound coating as a calorie-reduced
fat (5 kcal/g).

Captrin is the most common form of MCT produced by interesterification of
glycerol and caproic, caprylic, capric, and lauric acids derived from coconut oil and
palm-kernel oil. It was developed by the Stepan Company, and has been used for sport
nutrition drinks, energy bars, infant formula, and cooking oil for over 40 years. Captrin
is known to have 8.3 kcal/g by Bomb calorimetry measurement, and 6.8 kcal/g as a
net metabolic energy. Consuming MCT at 30 g or less per day does not cause any
metabolic problem in humans, but consuming more than 30 g of MCT may cause
gastrointestinal problems, and ingestion of large amounts may stimulate ketone body
formation. Captrin is on the market under the brand of Neobee by Stepan Company
and Akomed by Karlshamns. Healthy Restter is a brand of cooking oil in Japan
developed by Nissin Oil through esterification of MCFA and glycerol, and its sales
amount in the Japanese market is expected to reach about $1 billion in 2003 [26].

 

22.3.2 D

 

IACYLGLYCEROLS

 

Diacylglycerols (DAGs), known to reduce body fat deposits and to lower the serum
triglyceride level, was first marketed in Japan in 1999 by Kao with the brand of Econa.
DAG oil can be used as cooking oil for many purposes including frying, salad dressing,
spread manufacturing, margarine, snacks, baked foods, curry, and filling oil for canned
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tuna fish. Econa, produced primarily from soybean and rapeseed oils by esterification,
is known to contain more than 80% DAG with phytosterols. Sales of Econa in Japan
in 1999 reached about $66 million, which comprised 8% of the total domestic edible
oil market share [27]. It was expected to increase in sales in Japan by more than 25%
annually, and thus Econa sales reached more than $150 million in 2002, consisting of
approximately 22% of the total edible oil market [28].

Archers Daniels Midland (ADM) initiated commercial scale production of DAG
in the United States by a joint venture of ADM and Kao. DAG oil is expected to
appear on the market at the beginning of 2004 under the brand of Enova. With
approximately ten times more overweight individuals in the United States than in
Japan, marketers expect that the sales of DAG oil will show a similar ratio in the
United States as shown in Japan [27].

In Korea, DAG oil appeared on the market under the brand of Lowfree in 2002
[29]. The retail price of Lowfree is $5.8 per liter, and is almost four times more
expensive than that of normal vegetable cooking oils. The market share of Lowfree
in edible oils is not yet substantial in the Korean market, due to the relatively high
price of Lowfree. CJ, distributor of Lowfree, expected an increase in sales of Lowfree
from $3.1 million in 2002 to $11.5 million in 2003 [26].

It was clearly shown that DAG oil might be useful as an adjunct to the standard
diet therapy of fat restriction in the management of diabetics with hypertriglyceridemia
[30]. It is expected that the obesity and overweight problems would not be easily
overcome in the near future; therefore the sales of DAG oil, based on the continuing
trends seen in Japan and Korea, are expected to increase by more than 20% annually
up to about 20% of the total edible oil market as a premium cooking oil.

 

22.3.3 Z

 

ERO

 

 E

 

NERGY

 

 F

 

AT

 

-L

 

IKE

 

 S

 

UBSTANCES

 

Besides the developments of reduced-energy lipid products, there has also been an
attempt to make a zero energy fatlike materials (i.e., fat mimetics). Among attempts
made, P&G successfully developed a sucrose polyester named olestra. The U.S.
FDA approved the usage of olestra for a limited range of food in 1996 [31]. P&G
has spent over $250 million over the last 25 years for evaluation in a number of
animal and clinical studies.

P&G’s olestra was first launched in food by the Frito-Lay Division of PepsiCo
Inc. in 1998. P&G spent $250 million for olestra plants to supply olestra to Frito-
Lay, of which the annual pull-in was about $550 million in manufacturer sales and
$900 million in retail sales in 1998. It is reported that consumer attitudes about
olestra have mainly been in response to the marketing, education, and media infor-
mation about olestra. The major potential market of olestra lies in its application for
mainly potato chips, and its future is predominantly dependent upon consumer
attitudes toward olestra [32]. Glycerol realized from olestra production is not likely
to make a significant impact on the glycerol market.

Considerable advances have been made over the past 10 years that are slowly
unraveling the differences in designer fat function due to stereospecific fatty acid
location SLs particularly in lower calorie fats. To increase the usage of SLs in
humans, more research will be needed to expand the scope of application in various
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areas such as immune function and metabolism control, and commercial availability
in large quantities of specific SL will permit such studies to be conducted more
easily and economically.

 

22.4 PHOSPHOLIPIDS

 

The total amount of phospholipids (PLs) used in industries was estimated at about
170,000 MT in 2001, most being produced from soybean oil and egg yolk. Usage of
PLs in substantial amounts include food (ca. 58%), animal feed (ca. 20%), cosmetic/
pharmaceutical purposes (4 to 10%), chemical products such as insecticides, paint,
ink, plastics, rubber, leather, textile, and magnetic tapes (ca. 1%), and others [33,34].
Among usages for foods, chocolate and confectionery comprise 21%, baking 15%,
margarine 11%, convenience foods 6%, and dietary 4%, respectively. PLs are appli-
cable for various products in various forms such as high-purity PL phosphatidylcholine
(PC) content >95%), paste PL (PC content >60%), lysoPL, modified PL, and hydro-
genated PL. Dietary lipids contain approximately 10% of PLs in which PC and
phosphatidylethanolamine (PE) are the two major components [35]. The intake of
dietary PL is estimated to be around 3 to 4 g/d, which amounts to about 5 to 8% of
total dietary lipids in many countries, whereas PLs are frequently added to cosmetics
at levels between 0.5 and 1% [36].

It was reported that PLs have therapeutic applications for certain neurological
disorders and liver cirrhosis [36]. PC is known to affect profiles of serum lipids and
lipoproteins, and PE plays a role in altering serum lipoproteins (i.e., lowering the
cholesterol level). Feeding phosphatidylinositol (PI) significantly lowered body
weight gain, and reduced serum triacylglycerol (TAG) concentration by 50%, cho-
lesterol and PL by 30 to 35%, and liver TAG concentration by 25%. Phosphati-
dylserine (PS) has been touted to boost memory and concentration in the elderly,
and currently PS is commercially available that is derived from soy. Sales of PL,
and, in particular, PS, have grown by 100% over the past 18 months. This trend is
expected to continue, because the sales of two leading herbal brain products declined
rapidly after receiving bad press since 2001 regarding safety concerns [37].

 

22.5 CONJUGATED LINOLEIC ACID

 

Since the 1950s, several studies have reported the biological activities of conjugated
linoleic acid (CLA) including body fat mass reduction, antimutagenicity against
chemical carcinogens, anticancer effects against breast, colon, and prostate cancer,
blood glucose control as an insulin sensitizer, inhibition of atherosclerosis, enhancing
immune response, and others [38].

Currently, CLA is available on the market almost entirely in supplement form.
Future applications of CLA will include the improvement of CLA content of meat,
egg, and dairy products, inclusion of CLA in animal tissues and products, incorpo-
ration of CLA into a wide range of foods as a nutritional supplement, and clinical
applications with purified CLA. Other novel uses for CLA include dietetic foods,
skin care products, and cosmetics.
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The Lipid Nutrition division of Loders Croklaan of the Netherlands developed
a CLA made from natural safflower and sunflower oils, called Clarinol, in oil and powder
form. Clarinol is available in free fatty acid form (soft-gel capsule) and triglyceride
form for a variety of food and drink applications [39]. There have been many attempts
to produce CLA through chemical and biological processes, and conventional hydro-
genation process of vegetable oils under specific conditions are also used as a novel
production technology [40,41].

The total global sales amount of CLA is considered to continue to increase in the
future from $30 to 40 million in 2002 (ca. 1000 MT) to $1.83 to 2 billion in 2014
[42,43]. The sales amount of CLA used for functional foods is calculated at $650
million, $150 million for dietary supplements for diabetes type II, $117 million for
immunity-related products, and $90 million for diet foods individually. The animal
industry is expected to achieve a market share of $520 million, and the pharmaceutical
industry and cosmetics industry are expected to make $260 and $40 million, respec-
tively. The total production of CLA in the United States is estimated at 100 to 150 MT,
and its major application is for dietary supplement in mostly capsule form [42,44].

One of the marketing potentials of CLA lies in cheese manufacturing [45].
Specialty cheese sales have grown approximately 4% annually since 1996, an overall
growth of 17.5% between 1996 and 2000. Retail sales of gourmet/speciality cheese
will continue to grow at the same rate annually to nearly $2.9 billion by 2005. At
this moment, however, there are several constraints on the inclusion of high CLA
content into cheese since no actual health claims can be made about CLA for humans,
and most cheese buyers are not aware of CLA. There are, however, opportunities in
usage of CLA in cheese making because the speciality cheese market is increasing
as mentioned above, and a trend toward organic/natural products is attractive to
makers and consumers, while scientific research on CLA will support the expansion
of CLA usage in foods, including cheese.

 

22.6 OTHERS

22.6.1 T

 

OCOPHEROLS

 

Tocopherols are well known to have antioxidant and biological activities as vitamin E
(VE). Tocopherols have widely been used for food, feed, pharmaceuticals, cosmetics,
and resins. In food, tocopherols are used as an antioxidant for frying oil, margarine,
fried snacks, and so on.

The production of vitamins is still dominated by chemical synthesis rather than
extraction from natural resources. Although the enthusiasm for biotechnology has
been attractive, it was not possible to replace chemical processes by fermentation,
with the exception of riboflavin — the only success.

The annual worldwide production of synthetic VE, a mixture of eight stereoi-
somers of 

 

α

 

-tocopherol, was approximately 15,000 to 20,000 MT in 1998, whereas
natural VE was produced at about 2000 MT from soybean oil distillate (scum) [46].
Natural VE has been primarily used in humans for pharmaceutical purposes, and
has been manufactured mainly by Henkel, ADM, Eisai, and Hoffman-La
Roche/Cargill. Usages of synthetic VE include feed (71%), pharmaceuticals (24%),

 

2162_C022.fm  Page 483  Tuesday, June 7, 2005  2:01 PM



 

484

 

Handbook of Functional Lipids

 

cosmetics (3%), and foods (2%), and major producers of synthetic vitamin E are
BASF, Rhone-Poulene, Eisai, and Roche.

The worldwide market for vitamins was estimated at $2.65 billion in 1999, and
a reduction of selling volume and prices occurred thereafter mainly due to the
economic crisis in many regions. The market value of VE fell from $1.1 billion to
below $1 billion in the same period. But the market was expected to grow at an
average annual growth rate of 0.5% to reach $2.74 billion by 2005, and the global
market of oil-soluble vitamins such as A, D, E, and K was estimated to reach
$1.49 billion [47].

The Japanese market for (Foods for Specified Health Uses) (FOSHU) is around
$3.5 billion [48], and the production of natural VE in Japan is about 450 to 500 MT
from 5500 MT soybean oil scum. About 100 MT of natural VE is exported to foreign
countries, and domestic usages are for food antioxidants (ca. 60%) and nutrition
fortification (ca. 40%). Japan imported about 2000 MT of soybean oil scum for VE
production, mainly from the United States and Brazil.

 

22.6.2 P

 

HYTOSTEROLS

 

The term “phytosterols” is used as a collective term for plant sterols and their
hydrogenated stanol forms, whether used in the free sterol form or esterified with
fatty acids, and commonly used by manufacturers and distributors of these sub-
stances. In 2000, the FDA authorized the use of labeling health claims about the
role of plant sterol or plant stanol esters in reducing the risk of coronary heart disease
(CHD) for foods containing these substances. In February 2003, the FDA expanded
the use of phytosterol heart-health claims to a broader range of food products and
dietary supplements [49]. Scientific studies showed that 1.3 g of plant sterol esters
or 3.4 g of plant stanol esters per day in the diet are needed to show a significant
cholesterol-lowering effect through interfering with the absorption of cholesterol in
the intestines. To reduce the risk of CHD, a daily dietary intake of phytosterols of
800 mg or more is needed, and the phytosterol mixtures should contain at least 80%

 

β

 

-sitosterol, campesterol, stigmasterol, sitostanol, and campestanol.
Food and pharmaceutical companies are currently active in the study and devel-

opment of phytosterol-incorporated functional foods and other nutraceuticals, dem-
onstrating that scientific studies and good marketing lead to acceptance by consumers
for various types of foods [50].

 

22.6.3 C

 

OOKING

 

 O

 

IL

 

A patented new cooking oil with the brand name of Functional Oil is on the shelves
of supermarkets in Canada [51]. It is a blend of tropical oils, olive oil, coconut oil,
and flaxseed oil, and contains a high content of MCTs. During the clinical tests of
this new oil against conventional cooking oil, the cholesterol level was reduced by as
much as 13%.

The vegetable oils fortified with VE have become more popular than before, and
the reasons are that VE is beneficial not only in the prevention of oxidation of highly
unsaturated vegetable oils but also in the supply of biologically active compounds [48].
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22.6.4 M

 

ISCELLANEOUS

 

The first cocoa butter substitutes (CBSs) were produced more than 100 years ago in
Denmark, and the basic concept of the product is still same. Unlike cocoa butter, neither
CBSs nor cocoa butter replacers (CBRs) require tempering in chocolate production,
which makes the production process both simpler and safer for the chocolate manufac-
turer. All through 2002 cocoa prices increased on the world market, which stimulated
the demand for alternative fats. As of August 2003, the chocolate industry may use up
to 5% of vegetable fats in products marketed as chocolate within the European Union
(EU) according to a new directive [52]. The International Cocoa Organization (ICCO)
estimated a total displacement of cocoa butter by cocoa butter alternatives (CBAs) at
74,000 MT, which is equivalent to 184,000 MT of cocoa beans. The global market for
chocolate and confectionery products is estimated at 5.6 million MT, with an annual
expected growth of 3 to 4%. In 2005/2006, cocoa production would be 50,000 MT
lower and prices about 8% lower, with a revenue loss to cocoa producers of $780 million.
If there was worldwide adoption of the 5% allowance, the impact could be double that
of implementation in EU. In 2005/2006, cocoa production could be 125,000 MT lower
with a revenue loss to cocoa producers of more than $1.5 billion.

Compared with other edible oils, milk fat has certain properties that offer a good
starting point for developing new milk fat products. The application of milk fat will
ultimately be determined by economic factors, and its availability at a reasonable
price may be the prerequisite for development of new food applications such as milk
with altered fatty acid composition (increased PUFA and CLA content, decreased
total 

 

trans

 

 fatty acid content), removed cholesterol, interesterification, hydrogenation,
fractionation, and blending [53].

Octacosanol has been reported to lower LDL cholesterol levels while raising high-
density lipoprotein (HDL) cholesterol levels, although it does not affect triglyceride
levels in serum blood [54,55]. Octacosanol improves hand-to-eye coordination as
well as alleviating multiple sclerosis. It regenerates and repairs myelin sheaths, often
improves the condition of Parkinson’s disease patients, stimulates the production of
androgens, and helps to prevent miscarriage during pregnancy. Rice bran wax proved
to be the best raw material for 1-octacosanol production, and sugarcane wax, insect
waxes, and beeswax are also used for production. The usage of highly pure natural
octacosanol in pharmaceuticals is now increasing; and natural octacosanol can be used
to formulate sports-type, electrolyte replacement, carbohydrate-loading beverages, and
to prepare various types of dietary supplement tablets and/or capsules for the endurance
of athletes, the elderly, and those who are concerned about their high blood cholesterol
level. Possibilities for consumer products using octacosanol may include sports endur-
ance supplements, weight-loss products, energy-boosting products, stress-reducing
supplements, sexual performance products, and cardiovascular support products.
Although 1-octacosanol has been researched in Cuba, the United States and China for
many years, the marketing of this product is only several years old. However, with the
fast development of deep processing products and price increase, a great potential for
the market of octacosanol a natural and new material can be envisaged. According to
market surveys, many beverages have octacosanol liquid as an additive. It was esti-
mated that the sales volume would be over 10 million cases for octacosanol beverages
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in the Japanese market in 2002. In the United States there are many series of octa-
cosanol health-care foods, and octacosanol and vitamin formulas on the market. These
products have been well received in the U.S. health-care foods market. In Australia,
Korea, and Southeast Asian countries, there are various types of natural octacosanol
dietary supplements and beverages. In short, in international markets the demand for
octacosanol as a material for medicine and health-care food is exceeding supply [56].

 

22.7 CONCLUSIONS

 

In normal diets, a specific single fatty acid is not taken as a sole food lipid source.
Fats and oils in normal diets contain a wide variety of fatty acids with even nonlipid
compounds. No single fat or oil is completely versatile for all purposes such as
cooking, processing, preparation of food lipids with nutritional and biological activ-
ity, etc. The functions of food lipids in the biological system can be fully understood
with extensive and intensive comprehension of the lipid itself and interaction of
lipids with other food components, and this understanding can lead us to evolve the
optimum conditions to achieve maximum functionality of lipids.

One of the typical nutritional issues concerning fatty acids is the ratio of poly-
unsaturated and saturated fatty acids content, and the ratio of the 

 

ω

 

-3 and 

 

ω

 

-6 fatty
acids content in foods. It is obviously beneficial for human nutrition when these ratios
are properly maintained in regular diets, but the incorporation of lipids containing
several functions into foods requires more serious consideration.

A number of functional lipid products with known properties and functions are
already on the market, and many research studies on many lipids are in progress to
discover and identify new functions of lipids. The important problems to be solved
primarily include the improvement of taste and palatability of functional lipid prod-
ucts. Many functional lipids are susceptible to oxidation and therefore prevention
of oxidation is also critical for the commercialization of the products.

The progress in genetic rearrangement techniques makes it possible to produce
oleaginous materials with specific fatty acid composition. This facilitates the pro-
duction of natural compounds like special fatty acids and other compounds that are
present in low concentrations in nature. The production of those lipid materials in
large quantities can lead to practical clinical studies more easily, which are restricted
by the limited supply of special fatty compounds.

A bright future for functional foods is commonly indicated by industry, academia,
and government, and it is worth emphasizing that fats and oils have a significant
role to play in the future growth of functional foods globally. The market size of
dietary supplements is estimated at $20 to 25 billion, whereas that of functional
foods and medicinal foods is estimated at $5 to 10 billion and $1 to 2 billion,
respectively [42]. One of the major challenges that the fats and oils industry faces
is to convince consumers that fats and oils have a positive role in health maintenance.
With the results of these attempts, functional lipids can be used in many fields such
as dietary supplement, functional foods, medicinal foods, the food industry, the
pharmaceutical industry, the animal feed industry, and cosmetics/toiletry, without
heated opposition from consumers and users of functional lipids.
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23.1 INTRODUCTION

 

In the past, the food industry’s focus was to improve processing and increase the shelf
life of the product. Now nutritional quality of food is one of the essential parts for
product development. Most natural fats and oils contain highly unsaturated fatty
acids at the 

 

sn-

 

2 position and saturated or monounsaturated fatty acids at the 

 

sn-

 

1,3
positions of the triacylglycerol (TAG) molecule. Because positional distribution of
fatty acids in TAG of conventional fats and oils is not always ideal for human nutrition,
the modification of TAG structure has been attempted to improve their physicochemical
and nutritional values through biological or technological methods [1].

Structured lipids (SLs), as constituents of functional foods, have been used in
formulation for the maintenance of good health as well as for the treatment of
disease. A large number of studies on SLs have been conducted using edible oil
with specific fatty acids having beneficial properties. The edible oils include palm,
coconut, fish, rice bran, perilla, and palm-kernel oils, which are oils produced mostly
in Asia. Bohenin (Fuji Oil Company Ltd., Japan), reduced-calorie commercial SLs
composed of behenic acid (C22:0) and oleic acid (C18:1), was marketed in Asia
and is useful in introducing blooming stability into chocolate and confection fats.
In this chapter, SLs produced with edible oils popular in Asia as a functional lipid for
pharmaceutical and nutritional purposes, and their application will be discussed.

 

23.2 EDIBLE OILS IN ASIA

 

Vegetable oils are part of traditional diets all over the world. They provide energy
and are carriers for fat-soluble vitamins and antioxidants. Among edible oils soybean,
palm, rapeseed/canola, and sunflower oil, the four major cooking oils, have increased
their market share over 40 years. Soybean and sunflower oils have market share at
about 22% and 8 to 10% of total vegetable oil production, respectively, while
rapeseed/canola oil has about 12 to 13%. The production of palm oil has gradually
increased and will exceed that of soybean oil between 2011 and 2020 [2]. During
2000 and 2001, 52.1 million metric tons (MMT) of oils and fats accounting for
about 45% of the world total (117.1 MMT) were consumed in Asia. Palm and
coconut oils are the major two-commodity oils in Asia, accounting for 20% of global
fats and oils. In particular, Asia produces most of the world’s palm oil (above 21
MMT). Countries in northern Asia, such as China and Korea, consume more soybean
oil than in southeast Asia, where palm oil is prevalent. In the Philippines, the oil of
choice is coconut oil, while cottonseed oil is the most commonly consumed oil in
Pakistan. Trends in a region vary by economic and cultural characteristics.

 

23.2.1 O

 

IL

 

S

 

 R

 

ICH

 

 

 

IN

 

 L

 

INOLEIC

 

 A

 

CID

 

23.2.1.1 Cottonseed Oil

 

Cottonseed oil typically contains palmitic acid (24%), stearic (3%), oleic (19%), and
linoleic acids (53%) (Table 23.1). Minor amounts of cyclopropenoic acids (malvalic
and sterculic) are also present, but these are largely removed during refining process.
This oil is used to produce a spread since the content of saturated fatty acids is
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higher than in most seed oil. The ratio of C16 to C18 in cottonseed oil is higher, and
this chemical characteristic is desirable on its crystallization properties by promoting
the 

 

β

 

 form. Almost one third (32.0%) of the total production was produced in China,
followed by India (11.0%). 

 

Oil World 

 

predicts an increase of production in the future,
especially in China, India, the former Soviet Union, the United States, and Pakistan.

 

23.2.1.2 Sunflower Oil

 

Sunflower oil is composed of linoleic (68%), oleic (20%), palmitic (7%), stearic
(4%), and linolenic (<1%) acids (Table 23.1) and also contains usual minor com-
ponents such as phytosterols and tocopherols (Tables 23.2 and 23.3). High-oleic and
midoleic sunflower oils are available by seed breeding techniques and the levels of
oleic acid are about 80 and 60 to 65%, respectively.

 

23.2.1.3 Soybean Oil

 

Soybean oil, commonly called “vegetable oil,” is extracted from whole soybeans; it is
the most frequently consumed edible oil in the world. Soybean oil contains low saturated
fat (15%) and high unsaturated fat (61% polyunsaturated, 24% monounsaturated)
including two essential fatty acids, linoleic (53.9%) and linolenic (7.1%), which are not
produced in the human body. Soybean seeds are high in tocopherols, and through oil
processing removes over 30% of the tocopherols, the refined soybean oil is still con-
sidered to be a good source of tocopherols (

 

α

 

-, 

 

γ

 

-, and 

 

δ

 

-tocopherols). Soybean oil also
contains phytosterols, including 

 

β

 

-sistosterol, campesterol, and stigmasterol.

 

23.2.1.4 Sesame Oil

 

Sesame oil is obtained from sesame seed (

 

Sesamum indicum

 

 L.) widely cultivated in
India, China, Burma, and east Africa, which are the major producers of sesame seeds,
contributing to approximately 60% of its total world production. Sesame is the oldest
oilseed and is considered to have nutritional value and medicinal properties. Roasted
and unroasted sesame oil is consumed in the eastern Asian countries, especially in
Korea, China, and Japan. A considerable amount of tocopherols and a number of
ligands, mainly sesamin, sesamolin, and sesamol, were retained in sesame oil, and the
presence of these phenolic compounds give this oil a much longer shelf life. Sesamin
is the major ligand of sesame and does not have any potential as an antioxidant.
However, sesamin along with polyunsaturated fatty acids (PuFAs) have been shown
to reduce blood pressure in hypertensive rats [3]. Sesame oil is highly resistant to
oxidation compared with other edible oils, although it contains high content of unsat-
urated fatty acids (85%), including oleic acid (41%) and linoleic acid (LA, 44%) [4].
Sesamolin in sesame oil acts as a precursor of two phenolic antioxidants, sesamol and
sesaminol. In refined unroasted sesame oil, the antioxidant activity is mainly due to
sesaminol produced from sesamolin during the bleaching process. The strong antiox-
idant, sesamol, is formed from degradation of sesamolin during roasting process [5].
The roasting process is an important step for producing sesame oil since it produces
a distinctive pleasant flavor and enhances the quality of sesame oil.
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23.2.2.1 Rice Bran Oil

 

Rice bran oil, a by-product of rice milling, is not a popular oil worldwide but it is
consumed widely as so-called healthy oil in Asia. Rice bran oil contains mostly
oleic acid (46%) and LA (31%) as its unsaturated fatty acids, and palmitic acid
(20%) as its saturated fatty acid. Rice bran oil is an excellent salad oil and frying
oil with high oxidative stability. In recent years, rice bran oil has received much
attention due to its cholesterol lowering, antioxidant, and antiatherogenic activity.
This effect may be due to specific components such as 

 

γ

 

-oryzanol, tocotrienols, and
phytosterols [6,7]. 

 

γ

 

-Oryzanol, a natural antioxidant, is a mixture containing ferulate
esters of triterpene alcohols and plant sterol and the content varies within the range
of 1.1 to 2.6% [8]. Rice bran oil is relatively rich in tocotrienols that inhibit cho-
lesterol synthesis by suppressing Hydroxymethyl-glutaryl-CoA (HMG-CoA) reduc-
tase activity [9]. Phytosterols are natural and nonnutritive components. They are
poorly absorbed and lower serum cholesterol by inhibiting cholesterol absorption
and increasing cholesterol excretion.

 

23.2.2.2 Rapeseed/Canola Oil

 

Rapeseed oil is produced from seeds of two 

 

Brassica

 

 species: 

 

B. napus 

 

and

 

 B.
campestris. 

 

The nutritional aspects of rapeseed oil were questioned, especially con-
cerning the high content (40 to 55%) of erucic acid, an unsaturated 22-carbon fatty
acid suspected to be physiologically harmful, causing heart lesions and an accumu-
lation of fatty material around the heart muscle [10]. In addition, high glucosinolate
content in the meal fraction was organoleptically unacceptable as a protein supple-
ment for animal feed formula. Canadian oilseed breeders developed canola by
genetically altering rapeseed reducing erucic acid content (<2%) and glucosinolate
level (<30 

 

µ

 

mol/g). From this improvement, canola oil provided high-quality nutri-
tional properties due to low-saturated and high-unsaturated fatty acid content (94%).
It is especially higher in oleic acid, like olive oil, than other common commercial
vegetable oils [11]. Canola oil ranks currently the third source of vegetable oil after
soybean and palm oil. Canola oil is commonly used for frying due to a high smoke
point (224

 

°

 

C) and for shortening, salad dressing, and margarine. It is also used in
the manufacture of inks, pharmaceuticals, cosmetics, and other uses.

 

23.2.3 O
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S
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ICH

 

 

 

IN
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LEIC

 

 

 

AND

 

 P

 

ALMITIC

 

 A

 

CID

 

Palm oil is obtained from the mesocarp of oil palm fruit [12]. The palm is a native
of west Africa and was introduced to Malaysia at the start of the 20th century, when
palm oil was commercially produced. The two largest producers of palm oil are
Malaysia (53.2%) and Indonesia (24.1%). During 2000 and 2001, palm oil was
second in world total amounts of produced oil, with a contribution of 20.0%, and
palm oil is considered as important as soybean oil (22.8%). Crude palm oil contains
approximately 1% of minor components, which are carotenoids, tocopherols, tocot-
rienols, sterols, phospho- and glycolipids, and terpenic and aliphatic hydrocarbons
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as well as other trace impurities. Red palm oil is a rich source of 

 

β

 

-carotene as well
as 

 

α

 

-tocopherol and tocotrienols that contribute to the stability and nutritional value
of palm oil. The major constituents of tochopherols are generally 

 

γ

 

-tocotrienol
(44%), 

 

α

 

-tocopherol (22%), and 

 

δ

 

-tocotrienol (12%). Palm oil contains about 50%
of saturated (mainly palmitic acid, 43%), 10% diunsaturated, and 40% monounsat-
urated fatty acids with oleic acid at the 

 

sn-

 

2 position in triacylglycerols, making this
oil as healthy as olive oil. This unique composition makes it versatile on its application
in food manufacturing, in which palm olein and palm stearin are popularly used
worldwide in making margarine, shortenings, and confectionery and in frying snack
foods. It is also a good raw material for the production of oleochemicals, fatty alcohol,
glycerol, and other derivatives for the manufacture of cosmetics, pharmaceutical,
household, and industrial products.

 

23.2.4 O
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S

 

 R
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- 
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Lauric oils are coconut and palm-kernel oils, which only grow under tropical con-
ditions. The sources of coconut oil and palm-kernel oil are copra from 

 

Cocos nucifera

 

and palm kernel from 

 

Elaeis guineensis

 

, respectively. Palm kernel is present inside
the nut of the oil palm fruit and is a coproduct in the extraction of palm oil. Production
of lauric oils takes place predominantly in the Philippines (coconut oil), Malaysia
(palm-kernel oil), and Indonesia (both oils) [13]. The highly saturated lauric oils
differ from most vegetable oils in their high level of lauric acid (45 to 50%) and in
a significant proportion of short-chain fatty acids (SCFAs, C2:0–C6:0) and medium-
chain fatty acids (MCFAs, C8:0–C14:0). Obviously, coconut oil is preferred as a
source of octanoic (caprylic) and decanoic (caproic) acids. The lauric oils are widely
used in both food and nonfood products. For food industry, the lauric oils are found
in spreads, oils, cocoa butter substitutes, filling creams, ice cream, nondairy creams,
and coffee whiteners. For nonfood products they are used in the production of
medium-chain triglycerides (MCTs).

 

23.2.5 O
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23.2.5.1 Perilla Oil

 

Perilla is a traditional oilseed grown for its food uses at the household level in some
Asian countries, but remains less familiar in Western countries. Perilla oil contains
the highest content of 

 

α

 

-linolenic acid (ALA), accounting for 61% among vegetable
oils. Several studies showed that perilla oil reduced serum cholesterol and triglyc-
eride level in blood, prevented atherosclerosis and cancer, and improved immune
function [12,14–16].

 

23.2.5.2 Fish Oil

 

Marine fish oils are composed of a wide range of long-chain fatty acids with the number
of carbon atoms ranging from 14 to 22. Also, they have a high degree of unsaturation
as well as high content of n-3 long-chain polyunsaturated fatty acids (LC-PUFAs), such
as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). In Western countries,
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commercial fish oils are consumed mostly as partially hydrogenated fish oil that is
used for making margarines and shortening. Partial hydrogenation can diminish the
instability problems from oxidation of PUFAs in the original oils because high PUFA
content make them susceptible to oxidation. It is known that diets rich in fish oil can
be effective in lowering the TAG levels in human plasma and reducing chronic heart
disease [17].

 

23.3 STRUCTURED LIPID AS FUNCTIONAL LIPIDS

 

Structured lipids (SLs) are any lipids that have been reconstructed from the native
state of natural fats and oils to change the positions of fatty acids, or the fatty acid
profile having special functionality or nutritional properties. SLs are produced by
either chemical or enzymatic methods. Enzymatic interesterification can create
intended structured lipids, resulting in specific placement of the fatty acids on the
glycerol backbone. Chemical processing produce randomized SLs. SLs as TAGs
contain mixtures of fatty acids (short- and/or medium-chain and long-chain) ester-
ified to the glycerol moiety; thus, the SLs can combine together the unique charac-
teristics of each fatty acid, such as melting behavior, digestion, absorption, and
metabolism, and can increase their application in foods, nutrition, and therapeutics.
SLs are often referred to as nutraceuticals and functional foods since they can provide
medical and health benefits including prevention and/or treatment of disease and
management of nutritional deficiency [18].

Enzymes, many of which show useful specificities, can catalyze reversible reac-
tions in either direction. Normally, lipases, associated with lipid hydrolysis, can also
effect esterification, transesterification, and acidolysis. Lipases such as those derived
from 

 

Aspergillus niger,

 

 

 

Mucor javanicus, M. miehei, Rhizopus arrhizus, R. delemar

 

,
and 

 

R. niveus

 

 are particularly useful for enzymic acidolysis. These are used for acyl
exchange at the 

 

sn-

 

1,3 positions while leaving acyl groups at the 

 

sn-

 

2 position
unchanged [19]. Structured TAGs were applied for production of cocoa butter sub-
stitutes, human milk fat replacers, and nutraceuticals. Unilever has a patent for
upgrading palm midfraction (PMF) as a cocoa butter equivalent (CBE). The PMF
is too rich in palmitic acid and has too little stearic acid, but this deficiency can be
repaired by enzymic acidolysis with stearic acid. Reaction is confined to the
exchange of palmitic acid by stearic acid at the 

 

sn-

 

1,3 positions with no movement
of oleic acid from the 

 

sn-

 

2 position.
A variety of fatty acids is used in the synthesis of SLs for health benefits, and

these fatty acids include SCFAs, MCFAs, saturated LCFAs, monounsaturated fatty
acids and PuFAs.

 

23.3.1 C

 

ONJUGATED

 

 L

 

INOLEIC

 

 A

 

CID

 

 (CLA)

 

CLA is a mixture of positional and geometric isomers of LA (C18:2) containing
conjugated double bonds at C10 and C12, or C9 and C11 with possible 

 

cis

 

 and trans
combination, while LAs contains double bonds between C9 and C10, and C12 and
C13. The predominant isomers of eight possible geometric isomers are cis 9, trans
11 and trans 10, cis12 CLA, which are found naturally in many animal products
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and have been shown to have beneficial physiological effects including inhibiting
cancer risk, enhancing immune response, reducing atherosclerosis and fat gain, and
enhancing growth [20–23].

Dietary CLA has a potential anticancer activity in heterocyclic amine colon
cancer of rats via inhibiting extrahepatic enzymes like prostaglandin H synthase [24],
and in mammary cancer of rodents via inhibiting arachidonic acid (AA) derived
eicosanoid such as prostaglandin E2 [25, 26]. Apoptosis, in particular, cultured
mammary tumor cells and premalignant lesions of rat mammary gland, was induced
by CLA, suggesting particular sensitivity of early pathological lesions to CLA [27].
The evidence for CLA in protecting against atherogenesis is still limited. CLA fed
in an atherogenic diet reduced the development of early arotic atherosclerosis;
however, CLA increased fatty streak formation in an animal model [28–30].

Physiological effects of CLA regarding the body composition are varied. Dietary
CLA lowered abdominal white adipose tissue weight in rats through an enhanced
fatty acid oxidation with elevated activity of mitochondrial carnitine palmitoyltrans-
ferase, and a reduced TAG synthesis with decreased activity of phosphatidate phos-
phohydrolase [31]. By suppressing an activity of heparin releasable-lipoprotein
lipase in 3T3-L1 adipocytes, CLA could reduce body fat storage [32]. In an inves-
tigation of rats fed CLA, a reduction of fat pad size was observed by smaller
adipocyte size [33]. Dietary CLA enhanced T-cell function in mice and pigs [34,35].
Antioxidant activity of CLA is still an unanswered question. Yang et al. [36] found
that CLA as a whole oxidized faster than linoleic acid, since conjugated double bond
is more vulnerable to auto-oxidation than a nonconjugated double bond. Of the CLA
isomers, four trans, trans CLA isomers were relatively stable. Methyl conjugated
linoleate was the most susceptible to degradation, followed by methyl linoleate,
methyl oleate, and methyl stearate under temperature treatment and illumination
[37]. Yu [38] investigated the free-radical scavenging properties of CLA against (2,2-
diphenyl-1-picryhydrazyl) DPPH radicals measured by electron spin resonance
(ESR) and spectrometry methods. Compared with LA, the kinetics of CLA was very
different because CLA provided immediate protection against free radicals while
LA quenched the radicals after lag phase.

CLA occurs predominantly in natural products such as meat and dairy products
from ruminants, since it is formed by rumen microorganisms involved in LA metab-
olism [20]. However, even though CLA has beneficial biological properties, the
consumption of dietary CLA has decreased during the past 20 years due to replacing
milk fat by plant lipid and limiting total energy intake from dietary fat. Therefore,
increasing the concentration of CLA in food or improving oxidative stability of CLA
has been a recent trend [39–41].

23.3.2 SHORT-CHAIN AND MEDIUM-CHAIN FATTY ACIDS

SCFAs and MCFAs have unique nutritional characteristics. In the stomach these fatty
acids are more rapidly absorbed than ordinary LCFAs because of their higher water
solubility, smaller molecular size, and shorter chain length. Hydrophilic SCFAs are
mainly positioned at the sn-3 position of TAG, and they are completely hydrolyzed
by pancreatic lipase in the lumen. SCFAs are useful ingredients in the synthesis of
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low-calorie SLs such as Benefat (Cultor Food Science Inc., New York) since SCFAs
are lower in caloric value than MCFAs and LCFAs. The MCFAs are esterified with
glycerol to form MCTs. The chemical structure of MCTs affords unique properties
such as low viscosity and bland odor and taste. They are very stable to oxidation
due to the saturation of the MCFAs and are liquid at room temperature due to much
lower melting point (C8:0, 16.7°C; C10:0, 31.3°C) than LCFAs (C16:0, 63.1°C).
MCTs deliver fewer caloric values (8.3 kcal/g) than typical LCTs (9 kcal/g). They
are easily absorbed and rapidly utilized for energy. In the small intestine, 1 mol of
conventional fat/oil is hydrolyzed into 3 mole of LCFAs and 1 mol of glycerol. The
LCFAs as a major component of chylomicron are transported into the lymphatic
system through the mucosal wall, and then circulate via the lymphatic system to the
liver where they are oxidized. The LCFAs that are not oxidized for energy are
deposited in fat cells throughout the adipose tissues. Compared to LCTs, the molec-
ular size of MCTs is small. MCTs are readily hydrolyzed as MCFAs and are absorbed
primarily into the intestine. After absorption, MCFAs are bound to serum albumin
and transported through the portal vein into the liver, where they are oxidized to
form ketone body and supply energy quickly [42]. Even MCTs can be absorbed as
a form of TAGs instead of free fatty acids in the cases of bile salts or pancreatic
lipase deficiency, whereas LCT cannot be absorbed as a triacyglycerol form [43].
Due to their unique characteristics, MCTs have clinical applications in the treatment
of patients suffering from fat malabsorption, gallbladder disease, hyperlipidemias,
deficiency of the carnitine system, and obesity.

23.3.3 MONOUNSATURATED FATTY ACIDS

Canola and olive oils are particularly rich dietary source of oleic acid (C18:1), which
is synthesized from palmitic and stearic acid through the elongation and saturation.
Oleic acid is the most common monounsaturated fatty acid (MUFA) and the precursor
for the production of PUFA. As an n-9 family, they do not enter into the prostaglandin
cascade like other n-6 and n-3 PUFA. Epidemiologic evidence indicated that Medi-
terranean diets using olive oil in cooking and in sauces and dressing showed beneficial
effects against coronary heart disease. Diets rich in MUFAs may offer a positive means
of improving human health since MUFAs favorably affect a number of risk factors
for immune [44], diabetes [45], cancer [46], and cardiovascular disease [47] regarding
plasma lipids, low-density lipoprotein (LDLs) cholesterol, and LDL oxidation [48–52].

23.3.4 POLYUNSATURATED FATTY ACIDS

Usually the important PUFAs can be divided into two families, n-3, n-6, and n-9 fatty
acids, depending on the site of the first double bond from the methyl end. The n-3 and
n-6 families are PUFAs, whereas n-9 fatty acids are mostly MUFAs. The n-3 fatty
acids contained in vegetable oils are ΑLΑ and fish oils also have a high content of
n-3 fatty acids mostly in the forms of EPA and DHA [53]. So far, a large number of
studies have been done on the potential benefits of the n-3 fatty acids in human
diseases since a high consumption was associated with protective cardiovascular
disease [54–57], renal disorder [58], inflammatory processes, autoimmune disorders
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[59], infection [60], cancer [61], and allograft rejection [62]. In 2001, the American
Heart Association (AHA) recommended at least 1 g of n-3 PUFA per day for people
who have heart disease, and suggested 2 to 4 g/d for people with elevated levels of
TAGs [63].

LA is a common n-6 fatty acid found in most vegetable oils. These n-3 and
n-6 fatty acids cannot be synthesized by the human body; thus they are considered
as essential fatty acids required for keeping physiological health. The ratio of n-3 to
n-6 fatty acids in body fat is important since the higher ratio is more protective in the
incidence of cancer [64]. Both LA and ALA are the precursors of the n-3 and n-6
families responsible for their active metabolites, AA and EPA/DHA, by desaturation
and elongation reactions, respectively (Figure 23.1). Conversion of ALA to EPA and
DHA is low in humans and may be further suppressed when intake of dietary LA
is high. Under various stimuli, PUFAs such as EPA, DHA, and AA are released
from the phospholipid in cell membranes to undergo enzymatic degradation into
the eicosanoids, which are all C20 compounds as short-lived lipid derived medi-
ators and, like hormones, have profound physiological effects at extremely low
concentration.

FIGURE 23.1 Pathways of n-6 and n-3 polyunsaturated fatty acid metabolism showing chain
elongation and desaturation step.
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AA and EPA are the substrates for the formation of two series of eicosanoids
including prostagladins, leukotrienes, and thromboxanes (Figure 23.2). AA is metab-
olized by cyclooxygenase and lipoxygenase to eicosanoids of the 2- and 4-series
(prostaglandin E2 [PGE2], thromboxane A2 [TXA2], and leukotriene B4 [LTB4]) that
promote tumor growth and aggressiveness in animal tumor models [61]. Metabolism
of EPA and DHA produce 3-series prostagladins and 5-series leukotrienes which
are noninflammatory and do not promote tumor growth and metastasis. In addition,
EPA and DHA are antagonists for the same metabolic pathway of AA resulting in
lower production of 2- and 4-series inflammatory eicosanoids. EPA and DHA are
incorporated into sn-2 position in phospholipids of cell membrane displacing AA
by decreasing precursor enzymes that develop prostagladins of E-2 series. Thus, the
dietary ratio of n-6 to n-3 is an important nutritional variable and should be considered
when searching for the optimum human diet.

23.4 SYNTHESIS OF STRUCTURED LIPIDS

Production of SLs has been conducted with the functional fatty acids in different
fats and oils including canola oil, palm oil, soybean oil, rice bran oil, olive oil, fish
oil, corn oil, perilla oil, safflower oil, sunflower oil, cottonseed oil, MCT, triolein,
tricaprin, and tricaprylin (Table 23.4). Using the functional fatty acids having ben-
eficial effects, lipase-catalyzed acidolysis reaction resulted in the changes in fatty
acid composition, triglyceride structure, viscosity, hydrophobicity, minor compound
contents, and other physicochemical properties of original substrate oil. According
to Fomuso and Akoh [65], SLs from olive oil showed darker color, higher viscosity,
and lower melting point than olive oil. It is assumed that the formation of newly
synthesized triglycerides altered the melting profiles, and this change can influence
the marketing strategy in the fats and oils industry [66].

Furthermore, sensory and nutritional properties of SLs could be comparable or
superior to original oil when SLs were applied to beverages or margarines [67,68].
Compared to original oil, however, the oxidative stability of produced SLs was lower
than original oil; therefore, addition of antioxidants was needed to protect the SLs
from further deterioration [69,70].

FIGURE 23.2 Pathways of n-6 and n-3 PUFA metabolism showing biosynthesis of eicosanoids.

Linoleic acid

Arachidonic acid

2–Series prostaglandins
(PGE–2, TXA–2)

3–Series prostaglandins
(PGE–3, TXA–3)

EPA

Competitive inhibition

α–Linolenic acid

2162_C023.fm  Page 501  Monday, June 20, 2005  12:37 PM



502 Handbook of Functional Lipids

23.4.1 SLS CONTAINING CONJUGATED LINOLEIC ACID

Since CLA has been associated with important health benefits, the incorporation of
CLA into triglyceride forms of edible oils has been carried out by enzyme-mediated
acidolysis to increase the content of CLA in the edible oil. McNeill et al. [71]
incorporated CLA into palm oil, which is produced mainly in Malaysia and Indonesia.
Lipase from Rhizomucor miehei was chosen. After the reaction, the content of CLA
was approximately 30% in SL-palm oil, and the CLA was incorporated throughout
the triglyceride structures. Other types of SLs-CLA from soybean and sunflower oil
were produced, having 24.43 and 23.07 mol% CLA in SL-soybean oil and SL-
sunflower oil, respectively. Tocopherol contents in soybean oil and sunflower oil
were reduced, and the color and oxidative stability were changed [72]. The produc-
tion of SLs rich in both CLA and n-3 fatty acids (EPA and DHA) was studied using
four commercial lipases (PS from Pseudomonas cepacia, G from Penicillium cam-
emberti, L2 from Candida antarctica, and L9 from Mucor miehei), in which men-
haden oil (MO) was modified by lipases at 40°C for 48 h [73]. IM-60 from Mucor
miehei and Chirazyme L-2 from Candida antarctica produced substantial extents
of acidolysis from corn oil and CLA at 50°C in 12 h. In their results, hexane, the
only organic solvent accepted in food processing by the authorities, was appropriate
to maximize the acidolysis reaction rate [74].

TABLE 23.4
Studies on the Synthesis of Structured Lipids with Specific Oils and Fatty Acids

Oil Fatty Acid References

Canola oil Caprylic acid [67,77]
Stearic acid [86]

Coconut oil Lauric acid [66]
Corn oil CLA [74]
Cottonseed oil Lauric acid [66]
Menhaden oil CLA [73]

γ-Linolenic acid [84]
Olive oil Caprylic acid [77]
Palm oil CLA [71]

n-3 Fatty acids [82]
Palm olein Lauric acid [66]
Perilla oil Caprylic acid [76]
Rice bran oil Capric acid [79]
Soybean oil CLA [72]

Lauric acid [66]
Sunflower oil CLA [72]
Tuna oil Caprylic acid [75]
MCT (trilaurin and tricaprylin) EPA [81]

Oil
Olive oil Partially hydrogenated palm oil [68]
Palm oil Fully hydrogenated soybean oil [85]
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23.4.2 SLS CONTAINING SCFAS AND MCFAS

SLs with SCFAs or MCFAs have been of much interest. SCFAs and MCFAs are absorbed
more easily and thus could help provide proper nourishment for fat malabsorption patients.
Pancreatic lipase hydrolyzes ester bonds at sn-1,3 positions in triglycerides, and more
than 75% of fatty acids at the sn-2 position remained in the original position after absorp-
tion. SL-triglycerides with SCFAs or MCFAs at sn-1,3 positions and other functional fatty
acids at the sn-2 position could be ideal because SLs having such a composition were
rapidly hydrolyzed and efficiently absorbed into the mucosal intestine. SL enriched in
caprylic acid (41.9 mol% at sn-1,3) and EPA (7.8 mol% at sn-1,3; 12.4 mol% at sn-2)
was produced by acidolysis of tuna oil with caprylic acid (C8:0) [75]. Perilla oil, which
contains ALA (about 60%), was acidolyzed with caprylic acid to produce SL enriched in
ALA (n-3 fatty acid) and MCFA. Using two lipases, Lipozyme RM IM from Rhizomucor
miehei and Lipozyme TL IM from Thermomyces lanuginosus, caprylic acids were incor-
porated at 48.5 to 51.4 mol% after 24 h incubation in the presence of n-hexane [76].

A packed-bed reactor is frequently used for continuous operation in commercial
scale to minimize labor and overhead costs, and to obtain more consistent quality of SL
[77]. Acidolysis of caprylic acid and olive oil with immobilized lipase from Rhizomucor
miehei (IM60) was performed in a bench-scale packed bed bioreactor. SL-canola oil
with caprylic acid was synthesized in a packed-bed bioreactor with Lipozyme IM cata-
lyzed acidolysis [67,78]. The SL (2 kg) enriched in caprylic acid (40.1%) and oleic acid
(34.7%) was produced under the following optimum conditions: flow rate, 1 mL/min;
temperature 60°C; substrate molar ratio, 5:1; water content, 0.2%. Sensory evaluation
with quantitative descriptive analysis indicated that a chocolate-flavored nutritional bev-
erage containing the SL-canola oil was found to have enhanced sweet flavor and
decreased bubble formation compared with the beverage containing canola oil. The result
suggested the possible substitution of the SL-canola oil for canola oil in food applications.

Rice bran oil, consumed widely in Asia, was modified to contain capric acid
(C10:0) via lipase (IM 60)-catalyzed acidolysis. The decreases in contents of toco-
pherol and tocotrienols in SL-rice bran oil compared to rice bran oil were observed
during enzymatic modification and further processing [79]. Lauric acid (C12:0) was
incorporated into selected vegetable oils such as palm olein, coconut oil, cottonseed
oil, rapeseed oil, corn oil, and soybean oil. Mycelium-bound lipase from Aspergillus
flavus was used for acidolysis, and cottonseed oil showed the highest incorporation
rate with lauric acid followed by soybean oil [66].

23.4.3 SLS CONTAINING N-3 FATTY ACID

When n-3 fatty acids are incorporated into vegetable oils, the species of n-3 fatty acids
and lipases, and the water content could influence the lipase-catalyzed reaction [80,81].
Lipase IM60 incorporated more EPA into vegetable oils than SP435 from Candida
antarctica. With IM60, the addition of 5 µl water increased the EPA content by 4.9%;
however, the incorporation of EPA by SP435 increased with up to 2 µl water addition.
In SL synthesized with medium-chain TAG (trilaurin and tricaprylin) and EPA, the
incorporation (mol%) of EPA increased by adding water to the IM 60-catalyzed
acidolysis [81]. Incorporation of n-3 fatty acids such as EPA (20.8%) and DHA (15.6%)
into palm oil was studied with two lipases, IM60 and QLM [82].
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SL containing n-3 PUFA (EPA, 18 mol% and DHA, 15 mol%) and caprylic acid
(64 mol.%) was produced from tricaprylin and EPA-rich fish oil, and its dietary effect
was compared to soybean oil (oleic acid, 25 mol% and linoleic acid, 66 mol%) in an
animal study with mice for 21 d. The experimental diets contained 17% soybean oil
or SL and 20% total fat content by weight. The concentrations of total serum choles-
terol, LDL cholesterol, and triacylglycerol, and the body weight gain were lowered
significantly (p < .05) in SL-fed mice than soybean oil-fed mice. The fatty acid
composition of liver TAG showed that the mol% of EPA and DHA were much higher
in SL-fed mice. The results suggested that this SL could be a therapeutic and medical
lipid source and may be useful in enteral and parenteral nutrition [83].

23.4.4 SLS CONTAINING N-6 PUFA

γ-Linolenic acid, n-6 PUFA, is used for dietetic and pharmaceutical purposes. SLs
from MO or seal blubber oil (SBO) with γ-linolenic acid were produced by lipase-
assisted acidolysis. Under the optimal condition, the incorporation of γ-linolenic acid
was 37.1% for SBO and 39.6% for MO, and the ratio of n-3 to n-6 PUFA was 1:3.6
for SBO and 1:2.2 for MO. These SLs enriched with n-3 and n-6 PUFA could be
used for clinical and nutritional applications [84].

23.4.5 SLS WITH OIL BLENDS

Lipase-catalyzed acidolysis can be an alternative to hydrogenation. SL was produced
with olive oil and partially hydrogenated palm oil (weight ratio 3:7) blend with IM60,
and the SL was found to have similar physicochemical properties (melting point and
solid fat content) and sensory properties (spreadibility and appearances) to soft tub
margarines [68]. Cocoa butter is widely used in chocolate and confectionery industries
due to its important physical and organoleptic properties. As an alternative, CBEs
have been produced from modified vegetable oil and replaced cocoa butter in as much
as 10% of the market place. SLs for this purpose were produced with palm oil and
fully hydrogenated soybean oil (weight ratio 1.6:1), or high-oleic acid rapeseed oil
and stearic acid or methyl stearate. The major triglyceride component, 1(3)-palmitoyl-
3(1)-stearoyl-2-monoolein, of cocoa butter was identified in the SLs, and the melting
point of SLs was comparable to that of cocoa butter [85,86].

23.5 APPLICATIONS OF STRUCTURED LIPIDS

Several low-calorie oils composed of specific fatty acid have been commercialized,
For example, Caprenin (Proctor & Gamble, Cincinnati, Ohio) and Salatrim. SLs
having particular fatty acids at specific positions of glycerol are used as CBEs and
in an infant formula [1]. LC-PUFAs such as EPA and/or DHA can be introduced into
vegetable oils or synthetic glycerides to give products with enhanced nutritional value.
Interesterification of a common plant oil, such as sunflower oil, with a MCFA by
means of an sn-1,3 specific lipase would yield TAGs containing medium-chain acyl
moieties at the sn-1,3 positions and long-chain acyl moieties at the sn-2 position [87].
The commercial structured lipids and their applications worldwide are presented in
Table 23.5.
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23.5.1 MEDICAL APPLICATIONS

Impact, manufactured by Novartis Nutrition Corp. (Minneapolis, Minnesota), contains
randomized structured lipids created by interesterification of high lauric acid oil and
high LA oil, and can be used for patients suffering from major trauma or surgery, sepsis,
or cancer [88]. Stepan Corp. (Maywood, New Jersey) manufactures Neobee, an SL-
based on MCT, that can be a replacement for partially hydrogenated vegetable oil
(PHVO) in medical and nutritional applications including salad oils, coating, pastry,
breads, and margarine [89]. Abitec Corp. (Columbus, Ohio) developed Captex, which
is used in the clinical and cosmetic industry. Captex 350 is an SL based on MCT
interesterified with coconut oil providing caprylic/capric acid (60%) and lauric acid
(30%), and Captex 810 is prepared from selected high-purity vegetable products and
glycerin, producing a high content of LA (40%) and caprylic/capric acid (40%).

23.5.2 FOOD APPLICATIONS

SALATRIM (short and long acyltriglyceride molecule) is a family of SLs developed
by Nabisco Food Group, and provides approximately half of the calories (5 kcal/g)
of normal edible oil (9 kcal/g). Benefat (Cultor Food Science Inc. New York), the
brand name of SALATRIM, is composed of at least one LCFA (predominantly
C18:0, stearic acid) and at least one short-chain fatty acid (C2, acetic; C3, propionic;
or C4, butyric), which can be produced by replacing some of PUFA of hydrogenated
canola or soybean oil with specific ratios of SCFA. Benefat is permitted as a food
ingredient in the United States, Korea, Japan, and Taiwan, and has been incorporated
in a range of reduced-calorie baked products, confectionery, chocolate coating,
biscuit filling, and nutrition bars [90]. Caprenin, used as a coating fat for Milky Way
II reduced-fat candy bar, is one of the SLs composed of MCFAs (caprylic and capric
acids) from coconut and palm-kernel oils, and very LCFAs (C22, behenic acid) from
hydrogenated rapeseed oil.

Targeted structured lipids could be created via enzyme-catalyzed reaction to
locate specific fatty acids on the glycerol backbone. In Japan, Fuji Oil Company
Ltd. (Osaka) marketed Bohenin, which is a triglyceride composed of behenic acid
(C22:0) at the sn-1 and -3 positions and oleic acid (C18:1) at sn-2 position in a 2:1
ratio. The specific structure produced via lipase-catalyzed reaction has received
considerable attention. Bohenin is used as an antibloom agent and as a tempering
aid in the manufacture of chocolate and chocolate coating, because it has important
properties such as high melting temperature and ability to form β2-crystalline poly-
morphic structures. Human milk contains palmitic acid located predominantly at the
sn-2 position. Betapol was developed by enzymatic transesterification using a lipase
from Rhizomucor miehei, in which a palm oil fraction rich in tripalmitin and a
mixture of canola and sunflower oils high in oleic acid were used. Such TAGs closely
resemble the structure of human milk TAG, and are used in infant food formulation
[91]. Calgene Inc. (Davis, California) created Laurical (high-laurate canola) by
genetically inserting the lauroyl-APC thioesterase into canola, which does not have
lauric acid. This SL contains lauric acid (40%) at sn-1 and -3 positions, and unsaturated
fat such as oleic, linoleic, or linolenic acid at sn-2 positions of the triglycerides, and
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is used in medical nutrition products and confectionary coating, coffee whiteners,
whipped toppings, and filling fats.
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daidzein, 346
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hydrogen donating antioxidant activities of, 
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enzymatic formation, 330–331
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propagation, 331
singlet oxygen oxidation with, 332
termination, 331
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nitric oxide, 33
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reactive oxygen species in, 327–331
singlet oxygen, 329
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Albumin, metal chelation, 336
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Alkanes, 104
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Amines, 107
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Anthraquinones, 344
Anticarcinogenic properties, conjugated linoleic 
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Antioxidants, 192–197

in frying, 192–197
high temperature oxidative stability,

192
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high temperature oxidative stability, 192
oxidation, free-radical reaction, 192
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structured lipids in emulsions, 468–470

natural antioxidants, 469
Antioxidative nutraceuticals, 332–346
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singlet oxygen quenching nutraceuticals,

337
tocopherols, 337–339
tocotrienols, 337–339

Aqueous-phase components, structured lipids, 
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surfactants, 467–468
transition metals, 468

Aromatic hydrocarbons, 105, 107
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Arthritis, rheumatoid, gamma-linolenic acid, 
60–61

Ascorbic acid, 339–340
Asia, edible oils in, 490–497
Atopic eczema, gamma-linolenic acid, 61–62
Auto-oxidation reaction mechanisms, 462–463

 

B

 

Benzene, 105, 109
Benzoquinones, 344
Beta-carotene, 342
Beta-glucoside, 346
Betapol, in infant formulas, 261–278
Biohydrogenation, 

 

trans

 

 fatty acids, 205
Biosynthesis, gamma-linolenic acid, 50–52

in mammals, 51–52
in plants, 50–51

Biotech crops, 125–126
Bleaching, in oil refining process, 114
Blending, in oil refining process, 115–116
Body weight, conjugated linoleic acid, 364–375
Bread making, lipases in, 440
Butylamine, 107

 

C

 

Canada, dietary supplement use in, 6
Cancer, gamma-linolenic acid, 64–65
Cancer patients, postsurgical, structured 

triacylglycerols, 423–424
Canola oil, 495

fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Carbon dioxide, 107
Carbon disulfide, 107
Carbon tetrachloride, 105
Cardiovascular disease, gamma-linolenic acid, 

62–64
atherogenesis, 63–64
blood pressure, 63
hypertension, 63
hypocholestrolemic effect, 63–64

Carotenoids, 195, 341–343
in frying, 195

Catalase, 333
CERCLA, 126
Ceruloplasmin, metal chelation, 336
Characteristics of lipases, 438–439
Chemical barriers, structured lipids in emulsions, 

interfacial characteristics, 465–466
Chloroform, 105
Chocolate, 303–305

nuts, 305

Cholesterol-lowering mechanism of phytosterols, 
406–408

Cholesterol structure, biosynthesis, phytosterols, 
compared, 404–405

Chromones, 344
Chronic disease, cost of, 7
Clean Air Act, 118–121, 126

air toxics, 118–120
federal permits, 120
HAPs, 118–120
NAAQS, 120
odor, 120
state permits, 120–121

Clean Water Act, 121, 126
Cocoa butter, 279–306
Cocoa butter equivalents, 290–303
Cocoa butter substitute, 270–306, 445–446

lipases in, 440
Coconut oil

fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Cocurrent batch extractor, 99–101
Color, small-molecule functionality, 173
Combining technologies for lipids, 152
Commercial hexane, 110
Commercial isohexane, 110–111
Cone penetrometry, 148–150
Confectionary fat, 285–303

cocoa butter equivalent, 290
hard butters, 285–290
lauric, 287
nonlauric, 289

Confectionery foods, 

 

trans

 

 fatty acids, 230
Conjugated linoleic acid, 363–388, 482–483, 

497–498, 502
anticarcinogenic properties, 380
biochemical aspects, 379
biological actions of, 379–380
body weight, 364–375
breast cancer risk, 377
conjugated linoleic acid isomers, metabolism 

of, 378
dietary conjugated linoleic acid 

supplementation, 373–374
dose-response relationship of, 373
fat control, 364–375
health aspects of, 364–378
immune function, 376–377
insulin resistance, 375–376
lipid metabolism, 375–376
lipid peroxidation, 375–376
molecular aspects, 379

Conventional alkali, in oil refining process, 113
Cost of chronic disease, 7
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Cottonseed oil, 490–492
fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Coumarins, 344
Creaming, 164–165
Crude oil processing, in oil refining process, 

112–114
Crystallization, lipid, in emulsions, 166–170

phase transition, 168–169
supercooling, 166–167

Crystal packing, differences in, 144
Cyclic fatty acid formation, 197
Cyclohexane, 104
Cyclohexane derivatives, 109
Cycloparaffins, 104, 109
Cyclopentane, 104
Cyclopentane derivatives, 109

 

D

 

Daidzein, 346
Degradation during frying, 188
Dehulling process, 95
Delivery systems, for functional lipids, 14–15
Deodorization, in oil refining process, 115
Detergents, lipases in, 440
DHA fortification, 389–402. 

 

See also

 

 Fortification
Diabetes, gamma-linolenic acid, 65–66
Diacylglycerols, 480–481

lipases in, 440
production of, 442

Diagnostic reagent, lipases in, 440
Dichloroethane, 105
Dichloromethane, 105
Dichloropropane, 105
Dietary lipids, 351–362. 

 

See also under

 

 specific 
lipid

combinations, effects related to, 359
energy value, 357–358
fat digestion, absorption, 352–357
fatty acids, effects related to, 358
gastric digestion, 353
gastric emptying, 353
glyceride composition, effects related to, 359
intestinal cells, fat digestion products, 355
intestinal metabolism, fat digestion products, 

355–356
physiological effects, 357–359
postprandial effects, 356–357
small intestines, 353–355

chemical reactions, 354
physiochemical reactions, 354

triglycerides, position of fatty acids in, 358–359
Dietary supplements, 5–7

Dioxane, 107
Direct solvent extraction, 91, 97–103
Disease, prevention of, role of food in, 8
Disproportionation, 165
Droplet characteristics, structured lipids in 

emulsions, 464–465
droplet size, 464–465
oil concentration, 464
physical state, 465

 

E

 

Eczema, gamma-linolenic acid, 61–62
Electrical charge, structured lipids in emulsions, 

interfacial characteristics, 465
Emergency Planning and Community Right-to-

Know Act, 122, 126
Toxic Release Inventory, 122

Emulsions
functional role of lipids in, 163–176

coalescence, 165
creaming, 164–165
disproportionation, 165
flocculation, 165
lipid crystallization, in emulsions,

166–170
phase transition, 168–169
supercooling, 166–167

small-molecule functionality in foods
color, 173
effects of lipids on, 170–174
ingredient partitioning, 171–172
partition, 170–171

stability, 164–165
structured lipids in, 457–474

aqueous-phase components, interactions 
with, 466–468

acids, 468
bases, 468
buffers, 468
polysaccharides, 466–467
proteins, 466–467
salts, 466–467
sugars, 466–467
surfactants, 467–468
transition metals, 468

auto-oxidation reaction mechanisms, 
462–463

chemical structure of lipids, 464
droplet characteristics, 464–465

droplet size, 464–465
oil concentration, 464
physical state, 465

infant formulas, 459
interfacial characteristics, 465–466
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chemical barriers, 465–466
electrical charge, 465
physical barriers, 465–466

lipid oxidation, 464
nutritional beverages, 460–461
oxidation, 462–470
oxidation reaction mechanisms, 462–464
parenteral nutrition, 459–460
presence of antioxidants, 468–470

natural antioxidants, 469
Environmental regulatory review, 118–123
Enzymatic modification, lipids, 437–456

acidolysis, natural oils, 447–448
cocoa butter substitute, 445–446
diacylglycerols, production of, 442
esterification, acyglycerols production by, 

441–445
highly absorbable structured lipids, 447–451
human milk-fat substitute, 446
hydrolysis, polyunsaturated fatty acids, 

439–440
industrial lipases, classification of, 438
inter esterification of natural oils, 447–448
lipase-catalyzed reactions, substrate 

specificities, 438
lipases, characteristics of, 438–439
long-chain fatty acids, triacylglycerols 

containing, 446–447
low temperature, esterification at, 444–445
MAG, production of, 442–445
medium-chain fatty acids, triacylglycerols 

containing, 446–447
oil processing, applications of lipases to, 

439–451
in situ reaction system, 443–444
transesterification, production of modified 

triacylglycerols by, 445–451
triacylglycerols, production of, 441–442

EPA, fortification, 389–402. 

 

See also

 

 Fortification
EPCRA. 

 

See

 

 Emergency Planning and 
Community Right-to-Know Act

Esterification
acyglycerols production by, 441–445
in oil refining process, 116

Esters, 106
Ethanol, 106
Ethanolamine, 107
Ethers, 106
Ethyl acetate, 106
Ethyl chloride, 105
Ethylene glycol monoethyl ether, 107
Ethylene glycol monomethyl ether, 107
Ethyl ether, 106
Europe

dietary supplement use in, 6
functional foods, 5

European union food industry, 11–12
consumer trends, 11
market, 11
regulatory review, 11–12

Exothermic process, lipid crystallization, 137–138
Expeller, screw press, in oil extraction, 91

 

F

 

Fast foods, 

 

trans

 

 fatty acids, 222–230
Fat control, conjugated linoleic acid, 364–375
Fat crystal networks, 146–147

microscopy, 147
Fat digestion, absorption, 352–357
Fat-soluble vitamins, phytosterols, 410–411
Fatty acids, effects related to, 358
Fatty fish, 316–317
Federal permits, 120
Ferritin, metal chelation, 336
First production, gamma-linolenic acid, problems 

with, 29–31
Fish, 318–319. 

 

See also

 

 Fish oils
Fish muscle lipids, 313–314
Fish oils, 496–497

microencapsulated, 320
Flaking, 95
Flavanones, 345
Flavanonols, 345
Flavones, 345
Flavonoids, 344

structures of, 345
Flavonols, 345
Flavor formation in frying, 197–199
Flocculation, 165
Food and Drug Administration, 123–124
Food emulsions, functional role of lipids, 

163–176
Food industry, globalization of, 8–9
Food oxidation, 325–350
Food safety regulations, 123–124

premarket approval of solvents, 123–124

 

trans

 

 fat labeling, 124
Fortification, EPA, DHA, 389–402

food manufacture, 394–397
emulsification, 397
metal chelator, 394–395
polarity, 397

low intake correction, 390–391
products available, 397–399
raw materials, 392–393
refining, 393
stabilization, 393–394
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Fractionation
lipids, 151–152
in oil refining process, 117

Free fatty acids, purification via urea inclusion 
compounds, 77–88

Frying lipids, 185–202
acrylamide, 190–191
antioxidants, 192–197

high temperature oxidative stability, 192
oxidation, free-radical reaction, 192

carotenoids, 195
cyclic fatty acid formation, 197
degradation during frying, 188
flavor formation in, 197–199
frying process, 187–189
ground oregano, 196
hydrogenation, reduced polyunsaturated fatty 

acid with, 189–190
lipid oxidation, thermal acceleration of, 

191–192
oil absorption into food, 187
oryzanol, 194–195
oxidative reactions, 197–198
plant extracts, with antioxidant properties, 

195–197
powdered vegetables, 196
reactions induced during, 190–192
rice bran oil, 196
sesame seed oil, 196
sesaminol, 194–195
sesamol, 194–195
spices with antioxidant properties, 195–197
sterols, 194
tea extracts, 196
temperature, 188
thermolytic reactions, 197–198
tocopherols, 193–194
used oil adsorbents, 188–189
water release from food product, 187

Functional lipids
aging, 325–350
conjugated linoleic acid, 363–388
emulsions, application of structured lipids in, 

457–474
enzymatic modification, lipids, 437–456
fats, physical properties of, 135–162
food emulsions, functional role of lipids, 

163–176
food oxidation, 325–350
fortified foods, 389–402
free fatty acids, purification via urea inclusion 

compounds, 77–88
frying lipids, 185–202
gamma-linolenic acid

microbial production of, 19–46
purification, functionality, 47–76

global functional food, 3–18
global market (

 

See also under

 

 specific
country)

industry, 13–14
marine lipids, 311–324
market for functional lipids, 475–488
medium-chain triglycerides, 177–194
metabolism of dietary lipids, 351–362
oils, physical properties of, 135–162
omega-3 fatty acids, 311–324
phytosterols, 403–418
solvent extraction, for edible oil products, 

89–132
structured lipid production, 489–512

 

trans

 

 fatty acids, 203–259

 

trans

 

-free lipids, 203–259
triacylglycerols, structured, 419–434

Fungus producing gamma-linolenic acid, 25–29
Furfural, 106
Furfuryl alcohol, 106

 

G

 

Gamma-linolenic acid, 19–46
atopic eczema, 61–62
biosynthesis, 50–52

desaturation, 51
in mammals, 51–52
in plants, 50–51

cancer, 64–65
cardiovascular disease, 62–64

atherogenesis, 63–64
blood pressure, 63
hypertension, 63
hypocholestrolemic effect, 63–64

concentration, 53–57
diabetes, 65–66
in disease prevention, 60–66
extraction, 52–53
first production, problems with, 29–31
functionality, 47–76
functions of, in mammals, 58–60
fungus producing, 25–29
gamma-linolenic acid

fungus producing, 25–29
sources, 24–25

high-performance liquid chromatography, 52
inflammatory disorders, 60
lipid oxidation, 64
marketing, 34–38
metabolic elongation of, 58–59
metabolic oxidation of, 59–60
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39–41

microbial oils, 21, 24–39
microbial production, 19–46
oil accumulation process, oleaginous 

microorganisms, 21–23
oil extraction, 32
oil of Javanicus, 34–38
platelet abnormalities, 65–66
process operations, 31–32
production, 52–58
purification, 47–76

functionality, 47–76
rheumatoid arthritis, 60–61
single cell oil, 20–23, 38–39

derivation of term, 20
future for, 41–42
production, 23–24, 29
specifications of, safety evaluation, 33–34

single cell protein, 20
sources of, 24–25, 48–50
structured lipids with, 57–58
tumor, 64–65
urea fractionation, 53

Gasoline, 104
Gastric emptying, 353
Gastric digestion, 353
Genetically engineered/biotech crops, 125–126
Genistein, 346
Geometric isomers, unsaturated fatty acids, 204
GLA. 

 

See

 

 Gamma-linolenic acid
Global functional food, 3–18
Globalization of food industry, 8–9
Global market, 7

functional lipids (

 

See also under

 

 specific country)
Glutathione disulfide reductase, 333
Glutathione peroxidase, 333
Glyceride composition, effects related to, 359
Glycitein, 346
Grinding, 95
Ground oregano, in frying, 196

 

H

 

Halogenated hydrocarbons, 105
Haptoglobin, metal chelation, 336
Hard butters, 285–290
Hemopexin, metal chelation, 336
Heptanes, 104
Hexane, commercial, 110
Hexane isomers, 110–111
Hexanes, 104
Highly absorbable structured lipids, 447–451
High-performance liquid chromatography, 

gamma-linolenic acid, 52

Human milk-fat substitutes, 446
Hydraulic press, in oil extraction, 91
Hydrogenation

lipids, 150–151
in oil refining process, 115–116
reduced polyunsaturated fatty acid with, 

189–190

 

trans

 

 fatty acids, 205
Hydrogen donating antioxidant activities, 342
Hydrogen-donating nutraceuticals, 333–335
Hydrogen peroxide, 329
Hydrolysis, polyunsaturated fatty acids, 439–440
Hydroxycinnamic acids, 344
Hydroxyl radical, 328–329
Hyperphytosterolemia, phytosterols, 412

 

I

 

Immune function, conjugated linoleic acid, 
376–377

Industrial lipases, classification of, 438
Infant formulas, structured lipids in, 261–278, 459
Inflammatory disorders, gamma-linolenic acid, 60
Ingredient partitioning, small-molecule 

functionality, 171–172
Insulin resistance, conjugated linoleic acid, 

375–376
Interesterification, 116

lipids, 151
in oil refining process, 116
structured triacylglycerols, 427

Inter esterification of natural oils, 447–448
Intestinal cells, uptake of fat digestion products 

by, 355
Intestinal metabolism, fat digestion products, 

355–356
Inventory Update Rule, 127
Isobutanol, 106
Isoflavones, 343

structure, 346
Isohexane, 104, 110–111
Isolation of functional lipids, 1–512
Isomeric fatty acids, 246–247
Isopentane, 104
Isopropanol, 106
Isopropyl ether, 106
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Japan, dietary supplement use in, 6–7
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consumer trends, 12
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market, 12
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Labeling, 

 

trans

 

 fat, 124
Lactoferrin, metal chelation, 336
Large deformation testing, rheological properties, 

lipids, 148–150
Large-scale urea inclusion compounds-based fatty 

acid fractionation, 83–84
Lauric cocoa butter, 287
LDL cholesterol reduction, phytosterols, 409
Leather making, lipases in, 440
Linoleic acid

conjugated, 363–388
anticarcinogenic properties, 380
biochemical aspects, 379
biological actions of, 379–380
body weight, 364–375
breast cancer risk, 377
conjugated linoleic acid isomers, metabolism 

of, 378
dietary conjugated linoleic acid 

supplementation, 373–374
dose-response relationship of, 373
fat control, 364–375
health aspects of, 364–378
immune function, 376–377
insulin resistance, 375–376
lipid metabolism, 375–376
lipid peroxidation, 375–376
molecular aspects, 379

oils rich in, 490–494
cottonseed oil, 490–492
sesame oil, 492–494
soybean oil, 492
sunflower oil, 492

Lipase-catalyzed reactions, substrate specificities, 
438

Lipid crystallization, 137–141
exothermic process, 137–138
influencing factors, 139–140

Lipid oxidation
gamma-linolenic acid, 64
thermal acceleration of, 191–192

Lipid peroxidation, conjugated linoleic acid, 
375–376

Lipid processing. 

 

See also under

 

 specific aspect of
changes related to, 152–153

Long-chain fatty acids
official recommendations for, 317
origin of, 318
triacylglycerols, 446–447

Low-energy fats, structured triacylglycerols, 
425–426

Low-fat diets, phytosterols, 409–410
Lycopene, 342
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Malonyl glucosides, 346
Margarines, 

 

trans

 

 fatty acids, 205–212
Marine lipids, 311–324
Marine oils, 311–315

fish muscle lipids, 313–314
polyunsaturated fatty acids, 313
saturated, 312–313

Market for functional lipids, 475–488
conjugated linoleic acid, 482–483
cooking oil, 484
diacylglycerols, 480–481
omega-3 polyunsaturated fatty acid, 477–478
omega-6 polyunsaturated fatty acid, 478–479
phospholipids, 482
phytosterols, 484
polyunsaturated fatty acids, 477–479
structured lipids, 479–487
tocopherols, 483–484
triacylglycerols, structured, 480
zero energy fat-like substances, 481–482

Marketing, 34–38
MCFAs. 
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 Medium-chain fatty acids
Meats, 
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 fatty acids, 241–245
Mechanical extraction process, 96
Medium-chain fatty acids, 177, 498–499, 503

oils rich in, 496
triacylglycerols containing, 446–447

Medium-chain triglycerides, 177–194
air oxidation, stability to, 181
low viscosity of, 181–182
properties of, 178–179

Membrane stability, phytosterols, effect on, 405
Menhaden fish oil, fatty acid composition, 491
Metabolic elongation, gamma-linolenic acid, 

58–59
Metabolic oxidation, gamma-linolenic acid, 

59–60
Metabolism of dietary lipids, 351–362
Metal-chelating nutraceuticals, 335–337
Metal-chelating proteins, 336
Metals, transition, aqueous-phase components, 

structured lipids, emulsions, 468
Methanol, 106
Methionine sulfoxide reductase, 333
Methyl acetate, 106
Methylcyclopentane, 109
Methyl ethyl ketone, 106
Methyl pentanes, 104
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39–41
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Microbial production, gamma-linolenic acid, 
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Microencapsulated fish oils, 320
Mineral absorption, structured lipid in, 262–264
Miscella refining, in oil refining process, 114
Monounsaturated fatty acids, 499
Multiple melting events, 143–144
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421–422

Nonlauric cocoa butter, 289
Nutraceuticals, 325–350

aging and, 331–332
antioxidative, 332–346

acetyl glucoside, 346
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antioxidative enzymes, 333
ascorbic acid, 339–340
beta-carotene, 342
beta-glucoside, 346
carotenoids, 341–343
daidzein, 346
genistein, 346
glycitein, 346
hydrogen donating antioxidant activities, 342
isoflavones, 343
lycopene, 342
malonyl glucosides, 346
metal-chelating nutraceuticals, 335–337
polyphenols, 343–346
singlet oxygen quenching nutraceuticals, 337
tocopherols, 337–339
tocotrienols, 337–339

lipid oxidation, 331–332
aging, 332
initiation, 331
propagation, 331
singlet oxygen oxidation, 332

fatty acids, 332
termination, 331
triplet oxygen oxidation, 331

fatty acids, 331
reactive oxygen species, 327–331

enzymatic formation, 330–331
hydrogen peroxide, 329
hydroxyl radical, 328–329
nitric dioxide, 33
nitric oxide, 33
peroxyl, 330
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singlet oxygen, 329
superoxide anion, 327–328
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Nutritional beverages, structured lipids in 

emulsions, 460–461
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Obesity, chocolate and, 305
Occupational Safety and Health Regulations, 

117–118, 127
health standards, 117
safety standards, 118

Octane isomers, 109
Oil absorption into food, in frying, 187
Oil accumulation process, oleaginous 

microorganisms, 21–23
Oil extraction process, 32, 91–112

direct solvent extraction, 91
expeller or screw press, 91
hydraulic press, 91
prepress solvent extraction, 91

Oil of Javanicus, 34–38
Oil refining process, 112–117

bleaching, 114
blending, 115–116
conventional alkali, 113
crude oil processing, 112–114
deodorization, 115
esterification, 116
fractionation, 117
hydrogenation, 115–116
innovation, 125
interesterification, 116
miscella refining, 114
physical refining, 113–114
refining, 112–113
winterizing, 114–115

Oleaginous organism, lipid accumulation in, 22
Oleic acid, oils rich in, 495–496

rapeseed/canola oil, 495
rice bran oil, 495

Omega-3 fatty acids, 13, 15, 311–324, 477–478
long-chain

official recommendations for, 317
origin of, 318

Omega-6 fatty acids, 15, 478–479
Oregano, in frying, 196
Oryzanol, in frying, 194–195
Oxidation, food, 325–350
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acetyl glucoside, 346
aglycones, 346
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beta-glucoside, 346
carotenoids, 341–343
daidzein, 346
genistein, 346
glycitein, 346
hydrogen donating, 333–335
hydrogen donating antioxidant activities, 342
isoflavones, 343
lycopene, 342
malonyl glucosides, 346
metal-chelating nutraceuticals, 335–337
polyphenols, 343–346
singlet oxygen quenching nutraceuticals, 337
tocopherols, 337–339
tocotrienols, 337–339

frying, 197–198
lipid oxidation

aging, 331–332
initiation, 331
propagation, 331
singlet oxygen oxidation, 332
termination, 331
triplet oxygen oxidation, 331

reactive oxygen species, 327–331
enzymatic formation, 330–331
hydrogen peroxide, 329
hydroxyl radical, 328–329
nitric dioxide, 33
nitric oxide, 33
peroxyl, 330
peroxynitrite, 330
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superoxide anion, 327–328
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Palmitic acid, oils rich in, 495–496
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fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Palm oil
fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Paper making, lipases in, 440
Paraffins, 109
Parenteral nutrition, structured lipids in 

emulsions, 459–460
Particle size, 99
Partitioning, small-molecule functionality, 

170–171

Pentanes, 104
Percolation-type extractor, 99
Perilla oil, 496

fatty acid composition, 491
Peroxidase, 333
Peroxyl, 330
Peroxynitrite, 330
Petroleum ether, 104
Petroleum fractions, 104
Phase behavior of lipids, 141–142
Phenolic compounds, classes of, 344
Phenylacetic acids, 344
Phenylpropenes, 344
Phospholipids, 482
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 fungi, 25
Physical properties of lipids, 136–150

combining technologies, 152
composition, effects of, 136–137
crystal packing, differences in, 144
fat crystal networks, 146–147

microscopy, 147
fatty acids, 136–137
fractionation, 151–152
hydrogenation, 150–151
interesterification, 151
lipid crystallization, 137–141

exothermic process, 137–138
influencing factors, 139–140

modifying, 150–153
breeding, changes through, 150–152
feeding, changes through, 150–152
genetic alterations, 150–152

multiple melting events, 143–144
phase behavior of lipids, 141–142
polymorphism, fat crystal, 143–146
polytypism, fat crystal, 143–146
processing, changes related to, 152–153
rheological properties, 147–150

cone penetrometry, 148–150
large deformation testing, 148–150
small deformation testing, 147–148

shear, 153
tempering, 152–153
triacylglycerols, 136–137
van der Waals interactions, 145

Physical refining, in oil refining process, 113–114
Phytosterols, 403–418, 484

application levels, 408–409
cholesterol absorption, effects, 406–407
cholesterol-lowering mechanism of, 406–408
with cholesterol-lowering medications, 410
cholesterol structure, biosynthesis, compared, 

404–405
commercialization, phytosterol-incorporated 

products, 413
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fat-soluble vitamins, 410–411
hyperphytosterolemia, 412
intestinal lumen, effects, 407
intracellular cholesterol pool, effects, 408
LDL cholesterol reduction, 409
with low-fat diets, 409–410
membrane stability, effect on, 405
nutritional studies, 408–412
oxidative effects, 412
pharmaceutical companies producing 

phytosterol-enriched products, 413
safety evaluation, 411
toxicity, 411

Plant extracts, with antioxidant properties, 
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Plant scale results, 101–103
Platelet abnormalities, gamma-linolenic acid, 

65–66
Polymorphism, fat crystal, 143–146
Polyphenols, 343–346
Polysaccharides, aqueous-phase components, 

structured lipids, emulsions, 466–467
Polytypism, fat crystal, 143–146
Polyunsaturated fatty acid-rich oil, lipases in, 440
Polyunsaturated fatty acids, 313, 477–479, 

499–501, 504
Postsurgical cancer patients, structured 

triacylglycerols, 423–424
Powdered vegetables, in frying, 196
Premarket approval of solvents, 123–124
Prepress solvent extraction, 91, 96
Preterm infants, structured lipid in infant formula, 

270–273
Prevention of disease, role of food in, 8
Processed foods, 
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 fatty acids, 220–222
Process operations, 31–32
PUFA. 
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 Polyunsaturated fatty acids
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Rapeseed oil, 495
RCRA. 
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 Resource Conservation and Recovery 
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Refining, in oil refining process, 112–113
Regulatory review, 117–124

Clean Air Act, 118–121
air toxics, 118–120
federal permits, 120
HAPs, 118–120
NAAQS, 120
odor, 120
state permits, 120–121

Clean Water Act, 121

Emergency Planning and Community Right-to-
Know Act, 122

Toxic Release Inventory, 122
environmental, 118–123
European union food industry, 11–12
Food and Drug Administration, 123–124
food safety, 123–124

premarket approval of solvents, 123–124
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 fat labeling, 124
Japanese food industry, 12–13
Occupational Safety and Health Regulations, 

117–118
health standards, 117
safety standards, 118

Resource Conservation and Recovery Act, 
121–122

spent bleaching clay, 122
spent nickel catalyst, 122

solvent for extraction
toxicity of extraction solvents, 103–112
Toxic Substances Control Act, 122–123, 127

Inventory Update Rule, 123
United States food industry, 9–11
workplace, 117–118

Resource Conservation and Recovery Act, 
121–122, 127

Characteristic Wastes, 127
Listed Wastes, 127
spent bleaching clay, 122
spent nickel catalyst, 122

Rheological properties, lipids, 147–150
cone penetrometry, 148–150
large deformation testing, 148–150
small deformation testing, 147–148

Rheumatoid arthritis, gamma-linolenic acid, 
60–61

Rice bran oil, 495
fatty acid composition, 491
in frying, 196
sterol composition, 494

Role of food in prevention of disease, 8

 

S

 

Safety, functional foods, 8, 16. 

 

See also

 

 
Regulatory review

Salts, aqueous-phase components, structured 
lipids, emulsions, 466–467

Screw press, in oil extraction, 91
Seed cleaning, 95
Serum lipoprotein profiles, 
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 fatty acids, 246
Sesame oil, 196, 492–494

fatty acid composition, 491
in frying, 196
sterol composition, 494
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Shear, lipids, 153
Shellfish, 318–319
Short-chain fatty acids, 496, 498–499
Single cell oil, 20–23, 38–39

derivation of term, 20
future for, 41–42
production, 23–24, 29
specifications of, safety evaluation, 33–34

Single cell protein, 20
Singlet oxygen, 329

oxidation, fatty acids, 332
quenching nutraceuticals, 337

Small deformation testing, rheological properties, 
lipids, 147–148

Small intestines, fatty acid reactions, 353–355
chemical reactions, 354
physiochemical reactions, 354

Small-molecule functionality in foods, effects of 
lipids on, 170–174

Snack items, 
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 fatty acids in, 222–230
Solvent extraction

Clean Air Act, 118–121
air toxics, 118–120
federal permits, 120
HAPs, 118–120
NAAQS, 120
odor, 120
state permits, 120–121

Clean Water Act, 121
cocurrent batch extractor, 99–101
commercial hexane, 110
commercial isohexane, 110–111
cooking, 95–96
dehulling, 95
direct solvent extraction, 97–103
for edible oil products, 89–132
Emergency Planning and Community

Right-to-Know Act, 122
Toxic Release Inventory, 122

environmental regulations, 118–123
evaluation methods, 99–101
expanding, 96
flaking, 95
Food and Drug Administration, 123–124
food safety, 123–124

premarket approval of solvents, 123–124
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 fat labeling, 124
future trends in, 124–126
genetically engineered/biotech crops, 125–126
grinding, 95
hexane isomers, 110–111
mechanical extraction, 96
to obtain edible oil products, 89–132
Occupational Safety and Health Regulations, 

117–118

health standards, 117
safety standards, 118

oil extraction process, 91–112
direct solvent extraction, 91
expeller or screw press, 91
factors affecting, 97–99
hydraulic press, 91
prepress solvent extraction, 91

oil refining process, 112–117
bleaching, 114
blending, 115–116
conventional alkali, 113
crude oil processing, 112–114
deodorization, 115
esterification, 116
fractionation, 117
hydrogenation, 115–116
innovation, 125
interesterification, 116
miscella refining, 114
physical refining, 113–114
refining, 112–113
winterizing, 114–115

particle size, 99
percolation-type extractor, 99
plant scale results, 101–103
preparation for extraction, 94–96
prepress solvent extraction, 96
regulatory issues, 117–124
Resource Conservation and Recovery Act, 

121–122
spent bleaching clay, 122
spent nickel catalyst, 122

rolling, 95
seed cleaning, 95
solvent for extraction, 103–112
storage, 94–95
toxicity of extraction solvents, 103–112
Toxic Substances Control Act, 122–123, 

127
Inventory Update Rule, 123

workplace regulations, 117–118
Soybean oil, 492

fatty acid composition, 491
tocopherol composition, 493

Spices with antioxidant properties, 195–197
State permits, 120–121
Sterol composition, edible oils, 494
Sterols, 194

in frying, 194
Steryl esters, production of, 440
Storage issues, 94–95
Structured lipids, 479–487, 489–512

Asia, edible oils in, 490–497
conjugated linoleic acid, 497–498
containing conjugated linoleic acid, 502
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in emulsions, interfacial characteristics, 

465–466
food applications, 506–507
linoleic acid, oils rich in, 490–494

cottonseed oil, 490–492
sesame oil, 492–494
soybean oil, 492
sunflower oil, 492

medical applications, 506
medium-chain fatty acid, 498–499,

503
oils rich in, 496

monounsaturated fatty acids, 499
N-3 fatty acids, oils rich in, 496–497

fish oil, 496–497
perilla oil, 496

with oil blends, 504
oleic acid, oils rich in, 495–496

rapeseed/canola oil, 495
rice bran oil, 495

palmitic acid, oils rich in, 495–496
polyunsaturated fatty acids, 499–501
production, 489–512
short-chain fatty acids, 496, 498–499
synthesis, 501–504

Structured triacylglycerols, 419–434
absorption of, 420–421
blood lipid parameters, 426–427
clinical studies with, 421–428
in disease states, 421–424
effects in healthy subjects, 428
in human milk-fat substitutes, 424–425
interesterification, 427
in low-energy fats, 425–426
malabsorption state, 422–423
nitrogen balance, 421–422
postsurgical cancer patients, 423–424
synthesis of, 420

Sugars, aqueous-phase components, structured 
lipids, emulsions, 466–467

Sunflower oil, 492
fatty acid composition, 491
sterol composition, 494
tocopherol composition, 493

Superfund, 126
Superoxide anion, 327–328
Superoxide dismutase, 333
Supplementation, conjugated linoleic acid, 

373–374
Surfactants, aqueous-phase components, 

structured lipids, emulsions,
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 Triacylglycerols
Tea extracts, in frying, 196
Tempering, lipids, 152–153
Term infants, structured lipid in infant formula, 

273–275
Tetrachloroethylene, 105
Thermolytic reactions, in frying, 197–198
Tocopherol composition, edible oils, 493
Tocopherols, 193–194, 337–339, 483–484

in frying, 193–194
structures of, 338

Tocotrienols, 337–339
structures of, 338

Toluene, 105, 109
Tooth decay, chocolate and, 305
Toxicity of extraction solvents, 103–112
Toxicology, functional foods, nutraceuticals, 8
Toxic Release Inventory, 127
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Right-to-Know Act, 122

Toxic Substances Control Act, 122–123, 127
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Transesterification, production of modified 
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 fatty acids, 203–259
biohydrogenation, 205
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clinical aspects of, 245–247
dietary sources of, 205–245
hydrogenation, 205

Transferrin, metal chelation, 336
Transferrin ferro-oxidase, metal chelation, 336
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-free lipids, 203–259
Transition metals, aqueous-phase components, 

structured lipids, emulsions, 468
Trends affecting functional food industry, 7–9
Triacylglycerols, 136–137

absorption of, 420–421
blood lipid parameters, 426–427
clinical studies with, 421–428
in disease states, 421–424
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in human milk-fat substitutes, 424–425
interesterification, 427
in low-energy fats, 425–426
malabsorption state, 422–423
nitrogen balance, 421–422
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synthesis of, 420
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Trichloro-trifluomethane, 105
Triethylamine, 107
Triglycerides

fatty acids, 358–359
medium-chain, 177–194

air oxidation, stability to, 181
low viscosity of, 181–182
properties of, 178–179

Triplet oxygen oxidation, fatty acids, 331
Tumors, gamma-linolenic acid and, 64–65
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United States, dietary supplement use in, 5–6
United States food industry, 9–11

consumer trends, 9
FDAMA, 11
functional foods, 5
market, 9
NLEA, 10–11
qualified, 11
regulatory review, 9–11

Unsaturated fatty acids, geometric isomers, 204
Unsaturated hydrocarbons, 109
Urea fractionation, gamma-linolenic acid, 53
Urea inclusion compounds

bench-scale urea inclusion compounds-based 
fractionation, methodology, 80–82

fractionation, 80

free fatty acid fractionation
applications, 82–83
solvent types, 84

free fatty acid purification, 77–88
large-scale fatty acid fractionation, 83–84
physical description, 78–80
solvent, 81
temperature programming, 81
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van der Waals interactions, 145
Vegetable oils, 

 

trans

 

 fatty acids, 212–220
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Water release during frying, 187
Winterizing, in oil refining process, 114–115
Workplace regulatory review, 117–118
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Xylenes, 105

 

Z

 

Zero energy fat-like substances, 481–482
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