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Nutritional Significance of Milk Lipids

P.W. Parodi

17.1. Introduction

Fat is a concentrated source of energy that provides 30-40% of dietary
calories in developed countries. Fat imparts palatability to food, serves as
a vehicle for fat-soluble vitamins A, D, E and K and supplies essential fatty
acids. The digestion products of fats, along with endogenously synthesized
lipids, provide a diverse group of molecules that play a critical role in
multiple metabolic processes.

Triacylglycerols are the major storage form of energy in animals. They
also protect the body against both cold and heat loss and protect many
organs from trauma due to external forces associated with day-to-day living.
Lipids are vital components of cell membranes and take part in many
inter- and intra-cellular signalling cascades. Lipids have multiple forms
and functions, including vitamins, steroid hormones, and eicosanoids that
are involved in many metabolic processes.

In the previous edition of this series, Gurr (1994) provided a chapter on
the nutritional significance of lipids, which included aspects of their physi-
ology and biochemistry. Since then, considerable advances have been made
in lipid research, which Gurr et al. (2002) have covered recently in a very
readable textbook. This chapter concentrates on the nutritional significance
of milk lipids, a subject that has received scant attention in recent times. This
omission is, no doubt, influenced by the negative nutritional image milk fat
has acquired in recent decades due to its perceived association with coronary
artery disease, and more recently to the belief that fat in general may be
linked to cancer at some sites and to the current obesity epidemic.
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17.2. Dietary Fat and Obesity

During the past two to three decades, the prevalence of obesity in most
countries has increased dramatically. In affluent countries, it is estimated
that 30% of adults are obese and another 35% are overweight. Apart from
aesthetic concerns, excess adiposity can induce multiple metabolic abnor-
malities that contribute to a number of life-threatening diseases. Excess
weight is responsible for 30-40% of heart disease, which no doubt occurs
through linkage to other risk factors, such as hypertension, dyslipidemia,
and type 2 diabetes with its associated insulin resistance and hyperinsuline-
mia. Other conditions associated with excess weight are cancer at several
sites, including breast and colon, gall bladder disease, sleep apnea and an
increased incidence of osteoarthritis (Willett, 2002).

Regional distribution of body fat can influence health risks. Subjects
with upper-body obesity, where fat has accumulated in subcutaneous and
visceral deposits are more prone to metabolic defects than those with per-
ipheral obesity, where fat is stored in the buttock, thighs and lower abdomen
(Lafontan and Berlan, 2003). Certain individuals have a genetic propensity
to store excess energy as fat; others may harbour mutations in genes that
regulate energy balance (Friedman, 2003). However, genetic changes are not
responsible for the soaring incidence of obesity during the past 30 years.
Rather, the incidence generally reflects an imbalance between energy intake
and energy expenditure due to the combination of an abundant supply of
cheap, palatable, energy-dense foods and an increasingly sedentary lifestyle.

The amount of fat in the diet has been blamed for the increase in
obesity. There are two reasons for this. Firstly, the energy value of fat is
9.0 kcal/g compared to 4.0 kcal/g for protein and carbohydrate. Secondly,
the prevalence of overweight individuals tends to be higher in affluent
countries with a high fat intake than in underdeveloped countries with low
fat intakes. However, these between-population (ecologic) comparisons are
seriously confounded by differences in a number of lifestyle factors including
types and availability of food and in physical activity. Moreover, the exten-
sive increase in the incidence of obesity and overweight occurred during the
period when there was a substantial decline in the percentage of energy
derived from fat (Willett, 2002).

Within-population epidemiological studies can avoid confounding due
to differences in lifestyle, ethnicity and food patterns found in ecological
studies. Seidell (1998) and Willett (2002) have reviewed within-population
studies on the relation between fat intake and obesity. Case-control studies
have produced inconsistent results. This format can be prone to serious
biases because obese subjects have been shown to underestimate their energy
and fat intake by up to 50%. Non-obese subjects, on the other hand, tend to
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have healthy lifestyles, aspects of which are difficult to control statistically.
Prospective (cohort) studies should, but do not always, overcome these
biases. Nevertheless, the outcomes of studies that investigated the associ-
ation between percentage of energy from fat and weight gain were incon-
sistent. Thus, there is no conclusive evidence from epidemiological studies
that intake of dietary fat promotes the development of obesity independently
of total energy intake (Seidell, 1998; Willett, 2002).

17.2.1. Randomized Control Trials

The randomized clinical trial is the most reliable method for assessing
the efficacy of diet or drug therapy. A number of systematic reviews have
been conducted on randomized clinical trials that investigated low-fat diets
versus other weight-reducing diets in overweight or obese individuals (Will-
ett, 2002; Kris-Etherton et al., 2002; Pirozzo et al., 2003; Sanders, 2003).

Short-term dietary intervention studies on overweight and obese indi-
viduals show that diets with a lower percentage of calories from fat lead to
modest weight losses (1-4 kg). However, in trials that lasted for one year or
more, there were no significant differences in sustained weight loss between
diets containing 18-40% of energy derived from fat and other weight-
reducing diets. Furthermore, overall weight loss at the conclusion of these
studies was of the order of only 2-4 kg. There is no evidence to suggest that
low-fat diets are more beneficial than other diets of equal energy density for
the prevention of weight regain.

A study using whole-body calorimetry showed that there was no sign-
ificant difference in net fat accumulation in lean or obese women when fed
controlled excess of dietary energy supplied by the monosaccharides glucose
and fructose, the disaccharide sucrose, or fat (McDevitt et al., 2000).

17.2.2. Safety of Low-Fat, High-Carbohydrate Diets

Low-fat, high-carbohydrate diets have been shown to lower plasma
low-density lipoprotein (LDL) cholesterol levels. At the same time, these
diets decrease anti-atherogenic high-density lipoprotein (HDL)-cholesterol,
and increase concentrations of plasma triglycerides, lipoprotein[a] (Lp[a]),
and small dense LDL, plus increasing insulin resistance. Overall, these
changes are likely to increase the risk of coronary heart disease (Willett,
2002; Kris-Etherton et al., 2002; Sanders, 2003).

17.2.3. Energy Value of Milk Fat

The energy value of a fatty acid is dependent on the ratio of its carbon
atom content to its oxygen atom content. Stearic acid (C;g) has a high
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carbon to oxygen ratio and the heat of combustion, used to calculate the
energy value, is 9.48 kcal/g. On the other hand, butyric acid (Cy,) has a low
carbon to oxygen ratio and a heat of combustion of 5.92 kcal/g.

Furthermore, after digestion of milk fat, the fatty acids with chain
lengths of less than 12 carbon atoms are absorbed from the intestine, pass to
the portal circulation and are transferred to the liver, where they are rapidly
metabolized by B-oxidation. In contrast, the longer-chain fatty acids are
resynthesized into triacylglycerols in the enterocytes and are packed into
chylomicrons that enter the lymph and are transported up the thoracic duct
and emptied into the venous circulation. In the capillaries of extra-hepatic
tissues, but mainly adipose tissue and muscle, lipoprotein lipase hydrolyses
triacylglycerols of chylomicrons to fatty acids. Muscle cells consume
these acids as fuel, whereas adipocytes incorporate them into triacylglycerols
for energy storage. When triacylglycerols are required for energy their
fatty acids are degraded by B-oxidation to acetyl-CoA and then to ATP.
For saturated fatty acids, oxidation decreases with increasing carbon
chain-length.

Up to one-third of the fatty acids in milk fat have a chain-length of
14 carbons or less. Because these acids are oxidized rapidly in the liver, have
a lower energy value and are oxidized more readily than long-chain fatty
acids, it follows that milk fat should contribute less to overweight than an
equivalent amount of other dietary fats (Parodi, 2004). A study by Schnee-
man et al. (2003) showed that milk fat is a more potent stimulator of
cholecystokinin than a blend of non-milk fat with a similar ratio of polyun-
saturated to saturated fatty acids. Cholecystokinin is a “‘satiety’” hormone
released into the blood stream by the intestine during feeding and acts to
suppress further eating.

17.3. Dietary Fat and Cancer

As recently as the early 1980s, public health organizations were recommend-
ing a reduction in fat intake for the prevention of cancer. This recommen-
dation was based largely on evidence from early animal studies and from
international comparison studies, which showed strong correlations between
national per capitut fat consumption and the incidence of cancer (Willett,
2001a; Kushi and Giovannucci, 2002). However, other aspects of Western
lifestyles, including positive energy balance and physical inactivity, seriously
confound ecological studies; moreover, population correlations tell nothing
about the diet of individuals who get cancer and those who do not.

On the other hand, within-population studies of a cross-sectional
format have yielded conflicting results, but large prospective studies, which
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provide the most rigorous evidence of association, have not supported an
important role for total fat intake and cancer (Willett, 2001a; Kushi and
Giovannucci, 2002). A brief outline of the role of dietary fat in the develop-
ment of colon (colorectal), breast and prostate cancers—the major non-
smoking related malignancies—follows. It should be appreciated that fat
or a sub-type of fat is usually not consumed as a single unit, but rather as a
component of a food item, that may contain both pro- and anti-cancer
agents. For example, dairy products contain calcium, whey proteins as
well as lipid components with anti-cancer potential (Parodi, 2001b).

17.3.1. Colon Cancer

International comparitive studies show a strong correlation between
per capitut disappearance of fat and rates of colon cancer (Willett, 2001a;
Kushi and Giovannucci, 2002). Early animal studies suggested that dietary
fat plays an important role in the initiation and promotion of colon
tumorigenesis. However, later evidence showed that total energy intake,
rather than fat intake, was more likely to influence tumor development
(Howe et al., 1997).

A number of case-control studies have shown an association between
the risk of colon cancer and intake of fat. In many of these studies, a positive
association between total energy intake and the risk of colon cancer was also
noted, which is important because of the high correlation between fat intake
and energy consumption. Other studies showed that physical inactivity or
excess energy intake relative to requirements strongly increased the risk of
this malignancy (Giovannucci and Goldin, 1997). Howe et al. (1997) com-
bined the data from 13 case-control studies and found a significant associ-
ation between total energy and the risk of colorectal cancer. However,
neither total, saturated, mono- nor poly-unsaturated fat was associated
with risk of colorectal cancer independent of total intake of energy.

Three of the four large prospective studies that adjusted for energy
intake, the Netherlands Cohort Study (58,279 men, 62,573 women), the
Iowa Women’s Health Study (35,215 women), and the Health Professionals
Follow-up Study (47,949 men), did not find an association between total fat
intake or class of fat and the risk of colon cancer. The fourth study, the
Nurses” Health Study (88,751 women) showed that animal fat, but not vege-
table or fat from dairy products, was positively associated with the risk of
colon cancer. Because intake of red meat has been associated with colon
cancer in a number of studies, the increased risk may be linked to compounds
like haem and heterocyclic amines formed during high-temperature cooking
of meat rather than to fat (Giovannucci and Goldin, 1997; Willett, 2001a;
Kushi and Giovannucci, 2002).
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Overall, epidemiological evidence from within-population studies
does not support an independent role for dietary fat or fat subclasses in
the risk of colon cancer. However, the evidence does not preclude the
possibility that certain fatty acids, such as w-6s and w-3s, may exert opposing
influences.

17.3.2. Breast Cancer

There is an extensive literature on the association between fat intake
and the risk of breast cancer. Many animal studies showed that diets high in
fat are associated with an increased incidence of chemically induced tumor
development. However, these associations may be due to the effect of total
energy intake. The study of Ip ef al. (1990), designed specifically to determine
the effect of fat, independent of energy intake, showed that:

e Mammary tumorigenesis was very sensitive to the level of linoleic
acid in the diet and increased proportionally in the range of 0.5-4.4%
at which the effect leveled off

o There may be a small effect of fat distinct from the calorie effect

e Calorie restriction is more striking than a decrease in dietary fat in
suppressing tumor development

e Reducing calorie intake can interrupt the promotion of mammary
cancer by a high fat diet

High intake of total fat is correlated with an increased incidence of
breast cancer in international comparative studies. In addition to the usual
factors that confound associations between dietary fat and cancer in this
type of study, countries with a high fat intake also have a lower age at
menarche, later age at first birth, lower parity and higher post-menopausal
body weight, which are risk factors for breast cancer (Willett, 2001b; Kushi
and Giovannucci, 2002).

Evidence from case-control studies for an association between total fat
intake and the risk of breast cancer is inconsistent (Willett, 2001b; Kushi and
Giovannucci, 2002). On the other hand, prospective studies offer no support
for an association between breast cancer risk and intake of total fat or
specific types of fat. Hunter er al. (1996) conducted a collaborative-pooled
analysis of original data from seven large prospective studies published up to
1995 that represented 4980 cases. The analysis found no evidence of an
association between the intake of total, saturated, mono- or poly-unsatur-
ated fat and the risk of breast cancer. There was no reduction in risk even
among women whose energy intake from fat was less than 20% of total
energy intake. What is more, for the small number of women reporting less
than 15% energy from fat, the risk of breast cancer increased more than
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twofold. A follow-up pooled analysis by Smith-Warner et al. (2001), which
included 7,329 cases, supported the lack of association between total fat, fat
class, animal or vegetable fat intake and the risk of breast cancer.

The 14-year follow-up of the Nurses” Health Study, the largest of the
prospective studies with 2,956 cases, also found no evidence of association
between total or type of fat and breast cancer risk (Holmes et al., 1999a).
Further, no survival advantage was found for a low-fat diet or diets contain-
ing a particular fat type after diagnosis of breast cancer in this cohort of
nurses (Holmes ez al., 1999b).

17.3.2.1. Specific Fatty Acids

Opposing effects of certain individual fatty acids could have influenced
the lack of a relationship between dietary fat and fat type with the risk of
breast cancer. Well-conducted animal studies suggest that linoleic acid pro-
motes development of mammary tumors, whereas saturated, monounsatu-
rated, and trans fatty acids have little or no effect. In many cases, w-3
polyunsaturated fatty acids suppress tumor development. Conjugated lino-
leic acid (CLA) is the most potent anti-cancer fatty acid in that amounts of
1% or less of dietary fat can substantially inhibit the development of mam-
mary tumors (Ip, 1997).

Nevertheless, at this time there is no persuasive evidence from epidemi-
ological studies that any individual fatty acid is associated with the risk of
breast cancer (Willett, 1997). A pooled analysis of nine prospective studies
showed no association between the intake of various dairy products and the
risk of breast cancer (Missmer et al., 2002). However, in epidemiological
studies there is often a high degree of correlation between individual fatty
acids in the diet. This reduces the ability to detect an independent association
between a single acid and cancer risk. Furthermore, dietary assessment
during an epidemiological study may not reflect an individual’s diet at
the time of cancer initiation, which in the case of breast cancer may be in
early life.

17.3.3. Prostate Cancer

Similar to cancer at other sites, there are strong correlations between
per capitut fat intake and prostate cancer deaths in international compara-
tive studies (Kolonel, 2001; Kushi and Giovannucci, 2002). Early case-
control studies often showed positive associations between prostate cancer
risk and total, animal, and saturated fat intake. However, in later studies in
which energy intake was adjusted, only two of five found an increased risk
for total fat intake, whereas two of eight found an increase in the risk of
prostate cancer with animal fat intake (Kolonel, 2001).
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There have been a number of prospective studies in which the rela-
tionship between fat intake and risk of prostate cancer was examined. Only
four of these studies adjusted for energy intake. In these studies, there were
no statistically significant associations between total fat, fat type or individ-
ual fatty acids and the risk of prostate cancer. An exception was a positive
association with a-linolenic acid in the Health Professionals Follow-up
Study (Kolonel, 2001).

Unlike colon and breast cancer, there is a lack of suitable animal
models for mechanistic and dietary studies on prostate cancer. Studies that
have investigated dietary fat intake and the role of individual fatty acids on
prostate cancer risk have produced inconsistent results.

17.3.4. Comment

Evidence from well-conducted epidemiological studies does not sup-
port any meaningful associations between the intake of total fat, fat type or
individual fatty acids and the risk of colon, breast or prostate cancer. Final
proof of a null effect should come from randomized clinical trials. However,
such trials seem unlikely because initiation of tumors may occur early in life,
whereas the clinical symptoms arise late in life. The cost of appropriate trials
would be prohibitive. Further advances, however, may come from improved
dietary assessment and a better understanding of, and adjustment for, con-
founding factors in epidemiological studies.

17.4. Milk Fat and Coronary Heart Disease

By far the most telling negative nutritional aspect of milk fat is the belief that
its content of saturated fatty acids and cholesterol elevate plasma cholesterol
levels, which is a risk factor for coronary heart disease (CHD). During the
early 1950s, it was found that the type of fat in the diet could influence
plasma cholesterol level. Ahrens et al. (1957) showed that diets containing
saturated fats, such as beef, lard and milk fat, produced higher plasma
cholesterol levels than diets containing unsaturated fat like safflower and
corn oil when they were fed under strict metabolic-ward conditions. Later,
Connor (1961) reported that the level of cholesterol in the diet also
influenced plasma cholesterol level.

Since then, there have been numerous studies that investigated the
effect of different types and amounts of fat, individual fatty acids and
other dietary components on plasma cholesterol level. It is now realized
that all saturated fatty acids do not elevate plasma cholesterol levels to the
same extent. The short-chain fatty acids, butyric (Cgy), caproic (Cgy),
caprylic (Cg,); the medium-chain capric (Co,); and stearic (Cjg.,0) acids,
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like monounsaturated acids, have no discernible effect on plasma cholesterol
level. On the other hand, the relative hypercholesterolemic effect of lauric
(Ci2,0), myristic (Cy4,0) and palmitic (Cig,) acids is controversial, but myr-
istic acid may exert the greatest potency (Mensink et al., 2003).

17.4.1. Plasma Cholesterol and CHD

A number of studies, including several large prospective studies, such
as the Framingham Study (Anderson et al., 1987), the Multiple Risk Inter-
vention Trial (Stamler et al., 1986) and the Lipid Research Clinics Program
(Pekkanen et al., 1990), as well as the Seven Countries Study (Verschuren
et al., 1995) showed a positive correlation between levels of plasma choles-
terol and mortality from CHD. However, epidemiological associations
cannot prove causality and elevated cholesterol levels could be either a
cause, a correlate or a consequence of CHD.

The carly studies on CHD demonstrated that saturated fatty acids and
cholesterol increase, whereas polyunsaturated fatty acids decrease plasma
cholesterol levels, and that cholesterol levels are associated with CHD risk,
led to the diet-heart or lipid hypothesis of CHD. Conversely, it followed that
lowering the intake of saturated fatty acids and increasing polyunsaturated
fatty acid intake will lower plasma cholesterol levels, which in turn will
reduce the risk of CHD.

The studies that led to the lipid hypothesis measured plasma total
cholesterol concentration. Cholesterol is insoluble in aqueous solution and
needs to be combined with protein for transport in blood. These plasma
lipoproteins are large heterogeneous aggregates that have different physical
properties, such as density, chemical composition and metabolic function
(Gurr et al., 2002).

Later epidemiological studies demonstrated that the low-density lipo-
protein (LDL)-cholesterol, which is the predominant cholesterol carrier, like
total cholesterol, was positively associated with the risk of CHD. On the
other hand, HDL-cholesterol was negatively associated with the risk of
CHD. Even between individuals having the same LDL-cholesterol level,
those with a predominance of small, dense LDL particles have a much
higher risk of CHD than individuals with a predominance of large, buoyant
LDL particles (Gurr et al., 2002). It is notable that the Cy5.9, Cj4.0 and Cg.
fatty acids that increase total and LDL-cholesterol the most, concomitantly
increase the levels of anti-atherogenic HDL-cholesterol, such that there can
be a beneficial decrease in the total: HDL ratio (Mensink et al., 2003).

Unfortunately, early studies that measured only levels of total choles-
terol are still cited in reviews (e.g., Braunwald, 1997; Schaefer, 2002) to
support the contention that restricting saturated fat and cholesterol intake
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and increasing the intake of polyunsaturated fatty acids will reduce the risk
of CHD. In addition, Ravnskov (1992) has pointed out that reviews sup-
porting the lipid hypothesis written by distinguished scientific bodies often
exhibited bias by ignoring non-supportive studies.

Since the time the lipid hypothesis was proposed, a number of other
risk factors, that can be modified, for CHD have been reported. Of import-
ance are hypertension, cigarette smoking, obesity and physical inactivity,
diabetes mellitus, and elevated plasma levels of Lp(a) and homocysteine
(Braunwald, 1997; Schaefer, 2002).

Data from the 25-year follow-up of the much-cited Seven Countries
Study (Verschuren et al., 1995) showed that the level of plasma total chol-
esterol was linearly related to CHD mortality in all participating countries.
However, the absolute levels of CHD mortality were strikingly different. At
a serum cholesterol level of 5.2 mmol/L there was a fivefold greater mortality
in Northern Europe than in Japan. These differences in mortality risk were
established after adjusting for age, smoking and systolic blood pressure. This
suggests that there are other powerful, as yet largely unknown, risk factors
for CHD in industrialized communities. The WHO Multinational Monitor-
ing of Trends and Determinants in Cardiovascular Disease (MONICA)
Project measured CHD events and risk factors for 38 populations in 21
countries during a 10-year period (Kuulasmaa et al., 2000). The association
between classic risk factors—namely, cigarette smoking, systolic blood pres-
sure, BMI, and serum cholesterol—and trends in the incidence of coronary
events was extremely weak or nonexistent.

Braunwald (1997) points out that fully half of all patients with CHD
do not have any of the conventional risk factors (hypertension, hypercho-
lesterolemia, cigarette smoking, diabetes mellitus, marked obesity and phys-
ical inactivity). Further, up to two-thirds of patients with CHD have what
may be considered normal serum cholesterol levels (see references in Parodi,
2004). These facts suggest that the role of plasma cholesterol in CHD has
been overemphasized and oversimplified.

17.4.2. Saturated Fatty Acids and CHD

Notwithstanding the fact that the consumption of certain saturated
fatty acids can increase plasma cholesterol level, which is a risk factor for
CHD, is there any direct evidence to indicate that saturated fatty acids are
associated with the risk of CHD?

17.4.2.1. Epidemiology—International Comparative Studies

Most ecological studies showed a strong positive correlation between
per capitut disappearance rates of dietary fat, dairy fat, saturated fat, or
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cholesterol and mortality from CHD when simple regression analysis was
employed (Ravnskov, 1998; McNamara, 2000; Schaefer, 2002). The in-
appropriateness of this type of study for attributing causality has been
discussed in earlier sections.

17.4.2.2. Epidemiology—Case-Control Studies

Only a few case-control studies have investigated the association be-
tween CHD and the intake of saturated fat, polyunsaturated fat or total fat
by CHD patients and by subjects free from CHD. Ravnskov (1998) lists
six studies, none of which supported the hypothesis that saturated fat is
associated with an increased risk, and polyunsaturated fat with a decreased
risk of CHD.

17.4.2.3. Epidemiology—Prospective Studies

Ravnskov (1998) presented data for 28 cohorts from 21 prospective
studies. In only three of these cohorts did the evidence show that saturated
fat was associated with a statistically significant increased risk of CHD.
CHD patients in three cohort studies had consumed significantly more
polyunsaturated fat, and in only one cohort had CHD patients eaten
less polyunsaturated fat than CHD-free participants. The cohorts included
the Framingham Study and the large well-conducted Health Professionals
Follow-up Study and the Alpha-Tocopherol, Beta-Carotene Cancer Preven-
tion Study. Since then, Hu et al. (1997) presented the 14-year follow-up data
from the Nurses’ Health Study. After adjustment for confounding variables
in multivariate analyses, no statistically significant associations were found
between intake of total fat, animal fat, or saturated fat and the risk of CHD.

Later, Hu et al. (1999) re-analyzed the fatty acid data from the 14-year
follow-up results of the Nurses’ Health Study. The saturated fatty acids were
grouped as C4;0 — C]o;o, CIZ:O + C14;0, C16;0, C]g;o, and C]z;o — C1g;0. After
adjustments for confounding variables in multivariate analyses, none of
the saturated fatty acid groupings was positively associated with the risk of
CHD. The Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study also
investigated the relationship between specific groups of saturated fatty acids
and CHD risk (Pietinen et al., 1997). After multivariate adjustment for
energy and other confounding risk factors, the study found statistically
significant inverse associations between the risk of CHD mortality and the
intake of total saturated fatty acids and the so-called hypercholesterolemic
fatty acids (Cjz.0 — Cig.0). What is more, this study showed positive associ-
ations between intake of polyunsaturated fatty acids and linoleic acid and
the risk of death from CHD.
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Epidemiological studies provide little, if any, evidence to support the
hypothesis that saturated fatty acids, even those of chain length Cj5.0 — Cig.0
that can elevate serum cholesterol concentration, are associated with the risk
of CHD. This may result from the increased plasma HDL-cholesterol con-
centration produced by saturated fatty acids largely compensating for
the adverse effects of these fatty acids on LDL-cholesterol concentration
(Hu and Willett, 2000). In addition, saturated fatty acids lower the level
of plasma Lp[a], which is considered a significant risk factor for CHD
(Mensink et al., 1992).

17.4.3. Dietary Cholesterol and CHD
17.4.3.1. Dietary Cholesterol and Serum Cholesterol

Clinical studies show that dietary cholesterol is a less potent regulator
of plasma cholesterol than are saturated fatty acids. Results from
meta-analyses predict that plasma cholesterol response to a 100 mg/day
change in dietary cholesterol will be from 0.06 to 0.07 mmol/L. The data
show that although dietary cholesterol elevates plasma total cholesterol
and LDL-cholesterol level, it also increases the level of HDL-cholesterol
such that there is little overall effect on the LDL:HDL ratio (McNamara,
2000).

17.4.3.2. Dietary Cholesterol and the Epidemiology of CHD

Numerous international comparative studies found significant positive
correlations between per capitut consumption of cholesterol and CHD mor-
tality using simple univariate regression analysis (McNamara, 2000).

Ravnskov (1995) listed cholesterol intake for CHD patients and con-
trols from 14 within-country longitudinal studies. In only two of these
studies were CHD patients found to have a statistically significantly higher
intake of cholesterol than control subjects.

Kritchevsky and Kritchevsky (2000) provided a summary of the evi-
dence linking dietary cholesterol to the risk of CHD in 10 cohorts from eight
large, well-conducted prospective studies that were reported since 1980,
which included the Nurses’ Health Study, the Health Professionals Follow-
up Study and the Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study. In eight of the cohorts there was no statistical association between
cholesterol intake and the risk of CHD. In one of the positive studies the
association was established by simple univariate analysis and was not
adjusted for other dietary variables. The other study adjusted only for fat
intake. There is no compelling evidence from these epidemiological studies
that dietary cholesterol is associated with the risk of CHD.
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17.4.4. Intervention Studies for CHD Prevention

A consequence of the lipid hypothesis of CHD is that reduction of
saturated fat and cholesterol and an increase of polyunsaturated fatty acids
in the diet will lower plasma cholesterol level with a reduction in the risk of
CHD. A causal relation between diectary fat and CHD can be established
only by conducting randomized clinical trials.

17.4.4.1. Dietary Intervention Trials

There have been three primary and eight secondary prevention trials in
which dietary change was the only variable. Dietary modification included
reduction in total fat, substitution of saturated fat by polyunsaturated oils
and reduction in cholesterol intake. These changes resulted in a reduction of
saturated fat intake by 27-55% and reductions in plasma cholesterol of up to
18%. However, with the exception of one study, the Lyon Diet Heart Study
(de Lorgeril et al., 1994), neither total or CHD mortality was lowered sign-
ificantly by the dietary interventions (Ravnskov, 1998; Parodi, 2004). In the
successful Lyon Diet Heart Study, a Mediterranean-type diet was compared
with the usual post-infarct prudent diet. Throughout this trial, plasma
cholesterol levels were similar in both the treatment and control groups.

17.4.4.2. Multifactor Intervention Trials

Multiple studies have examined the effect of dietary modification plus
various lifestyle changes or drug therapy on CHD outcome and total mor-
tality. Muldoon et al. (1990), Ravnskov (1992), and Davey Smith et al.
(1993) conducted meta-analyses of these trials. Overall, there was a small
benefit for nonfatal CHD, which was more noticeable in high-risk patients,
but not for CHD or total mortality.

17.4.4.3. Drug Intervention Trials

Bucher et al. (1999) conducted a systematic review of the benefit of
different classes of cholesterol-lowering drugs for prevention of CHD and
total mortality. Only the statin drugs showed a statistically significant
reduction in mortality from CHD and from all causes.

Statin Drugs and CHD. Statin drugs are 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors that act by inhibiting HMG-
CoA reductase, the rate-limiting step in cholesterol biosynthesis. The
statins are now the most commonly prescribed drugs for the treatment of
hypercholesterolemia. They can reduce plasma total cholesterol by 20-42%,
LDL-cholesterol by 25-55% and triglycerides by 10-35%. In addition,



614 P.W. Parodi

HDL-cholesterol levels are increased by 4-8% (Maron et al., 2000). These
changes in plasma lipids are claimed to reduce the risk of major coronary
events by around 30%. However, this value is misleading because it refers to
the relative risk of CHD; the absolute risk reduction is only about 2%.

Parodi (2004) listed the six major statin intervention trials of five years
duration or longer. The absolute risk reduction in CHD mortality ranged
from 0.12 to 3.5% and in total mortality from —0.1 to 3.3% with weighted
means of 1.3 and 1.7%, respectively. In the statin trials, the relative reduction
in risk was independent of baseline levels of LDL-cholesterol (Sacks et al.,
2000), whereas the absolute or percentage reduction in LDL-cholesterol
had little relationship to coronary events (Sacks er al, 1998). The risk of
CHD events with statin therapy is considered less than with other drugs
that produce comparable reductions in plasma cholesterol level. Moreover,
angiography studies suggest that clinical improvement with statin therapy
far exceeds changes in the size of atherosclerotic lesions (Takemoto and
Liao, 2001).

It is now realized that statin drugs possess a number of important anti-
atherogenic properties, independent of reduction in cholesterol level. Statin
therapy can improve endothelial function, decrease oxidative stress and
vascular inflammation and improve the stability of atherosclerotic plaques
(Maron et al., 2000; Takemoto and Liao, 2001). Because of these pleiotropic
effects, the contribution of reduction in plasma cholesterol level, if any, to
reduction in the risk of CHD cannot be assessed and cannot be used to
validate the lipid hypothesis. It is relevant that the hypolipidemic drug
gemfibrozil and agents like calcium channel blockers, B-adrenergic blockers,
angiotensin-converting enzyme inhibitors, and aspirin can reduce the risk of
CHD events to about the same extent as statins without lowering plasma
cholesterol levels (Parodi, 2004).

17.4.5. Comment

Evidence from well-conducted prospective epidemiological studies
does not suggest that consumption of saturated fat and cholesterol is asso-
ciated with an increased risk of CHD. Randomized clinical trials that
reduced the intake of saturated fatty acids and cholesterol and increased
the intake of polyunsaturated fatty acids to lower plasma cholesterol levels
did not significantly improve CHD or total mortality. The minor improve-
ment in CHD events for trials of the potent cholesterol-lowering statin drugs
may result, to an unknown extent, from their pleiotropic effects and cannot
be used to justify the lipid hypothesis.

Unfortunately, when saturated fatty acids are replaced by carbohy-
drate in the so-called low-fat, high-carbohydrate diets, a reduction in plasma
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LDL-cholesterol levels is accompanied by an increase in small, dense LDL
particles, triglycerides and insulin and a decrease in HDL-cholesterol level
(Krauss, 2001), all of which are risk factors for CHD.

Individuals do not consume saturated fatty acids and cholesterol as
dietary items, rather they are components of milk fat and other lipids and
milk fat contains other components such as, sphingolipids and rumenic acid
(RA; cis-9, trans-11-Cig.,), which may help prevent CHD. Similarly, milk fat
is consumed as a component of dairy products and dairy product consump-
tion has been associated with reduction in blood pressure, weight loss and a
reduced incidence of the metabolic syndrome (a convergence of insulin
resistance, glucose intolerance, hypertension, obesity and dyslipidemias),
which are CHD risk factors (Parodi, 2004). Indeed, the Nurses’ Health
Study found no significant associations between intake of low-fat or high-
fat dairy products and major CHD events (Hu ez al., 1999), whereas a recent
prospective case-control study found that the estimated intake of milk fat
was negatively associated with the risk of CHD (Warensjo et al, 2004).
Elwood et al. (2004) identified ten prospective epidemiological studies that
measured milk consumption and cardiovascular disease. A pooled estimate
of risk found that drinking milk was associated with a small but worthwhile
reduction in CHD and stroke risk.

17.5. Trans Fatty Acids and CHD

Early investigations into a link between dietary trans fatty acid (TFA)
intake and plasma cholesterol level in clinical trials, and CHD in epidemi-
ology studies provided conflicting results. This outcome resulted from small
numbers of participants in the trials combined with poor experimental
design.

17.5.1. Clinical Studies

In the early 1990s, a series of well-designed clinical studies convincingly
demonstrated that TFAs increased plasma total and LDL-cholesterol to
levels similar to those produced by saturated fatty acids. More than this,
TFAs reduced plasma HDL-cholesterol level. The overall effect was that the
ratio of LDL-cholesterol to HDL-cholesterol was approximately double
that for an equivalent intake of saturated fatty acids (Ascherio et al.,
1999). In addition, TFAs adversely affect other CHD risk factors. Plasma
triglycerides and Lp[a] levels are increased (Ascherio et al., 1999) and it was
shown recently that consumption of TFAs was associated with a deleterious
increase in small, dense LDL particles (Mauger et al., 2003).
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17.5.2. Epidemiological Studies

Early studies of the relation between intake of TFAs and the occur-
rence of CHD also produced conflicting results. However, the large, well-
conducted prospective studies showed positive associations between TFA
intake and risk of CHD. The Nurses’ Health Study and the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study produced statistically
significant positive associations, whereas in the Health Professionals Follow-
up Study the positive association did not attain statistical significance
(Ascherio et al, 1999). There was also a significant positive association
between TFA intake and CHD risk in the smaller Zutphen Elderly Study
(Oomen et al., 2001).

17.5.2.1. Differential Effect of Ruminant TFAs and TFAs from
Hydrogenated Vegetable Oils

A case-control study (Ascherio et al., 1994), a cross-sectional study
(Bolton-Smith ef al., 1996) and three prospective studies; the Nurses’ Health
Study (Willett et al., 1993), the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study (Pietinen ef al., 1997), and the Zutphen Elderly Study
(Oomen et al., 2001), separately assessed the effect of TFAs from hydrogen-
ated vegetable oil and animal fat on the risk of CHD. With the exception of
the small Zutpen Elderly Study (Oomen et al., 2001), the studies found that
the positive association with the risk of CHD was explained entirely by the
intake of TFAs from hydrogenated vegetable oil.

17.5.3. Biological Explanation for the Disparate Effects
17.5.3.1. Dietary TFAs

About one-fourth of the TFAs in ruminant fat is represented by RA,
which is by far the predominant natural isomer of conjugated linoleic
acid (CLA). The remaining TFAs are mainly trans monounsaturated acids
of which vaccenic acid (VA; trans-11-Cig.;) is predominant. On the other
hand, hydrogenated vegetable oils contain predominantly elaidic acid (¢rans-
9-Cjs.1) and have a more even distribution of the other trans-Cig.; acids, but
contain little or no RA (Parodi, 2004).

17.5.3.2. Bioconversion of VA to RA

Animal and human tissues contain the enzyme A’-desaturase that can
introduce a cis-double bond at carbon 9 in VA to produce RA. Santora et al.
(2000) fed VA to mice and found that 12% of this VA or 50% of the VA
stored in carcase adipose tissue was converted to RA. Humans fed increasing
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amounts of VA exhibited linear increases of RA in their plasma. The mean
conversion level was about 20% (Turpeinen ez al., 2002). Because the content
of VA in ruminant fat can be several-fold higher than the content of RA,
bioconversion of VA may effectively double the supply of RA to target
tissues.

17.5.4. RA and Atherosclerosis

Several studies on animal models demonstrated that CLA could
retard the development of atherosclerosis. The CLA used in these studies
was a mixture of isomers in which RA and frans-10, cis-12-Cig., were
predominant and present in near equal amounts. Because these two isomers
can show identical biological effects in some tissues and dissimilar effects
in other tissues, a benefit for RA in these studies cannot be assumed.
Nevertheless, there is emerging evidence that RA has anti-atherogenic
properties.

Kritchevsky (1999) reviewed studies conducted with colleagues, which
demonstrated that dietary CLA could inhibit the development of choles-
terol-induced atherosclerosis in hamsters and in rabbits. Reduction in the
severity of pre-existing lesions was also noted. Recently, Kritchevsky (2003)
fed rabbits a diet containing 1% of relatively pure RA. This diet significantly
inhibited the formation of atherosclerotic lesions in the aortic arch and
thoracic aorta, compared to a diet without RA.

The validity of extrapolating observations on animal models to human
atherosclerosis is often questioned. However, during the last decade gene
deletion technology has allowed the production of a variety of transgenic or
knockout animal models that can closely resemble particular human lipo-
protein disorders. One model that is now used extensively to study athero-
sclerosis is the apolipoprotein E-deficient mouse (apo E~/7). In this model,
mice develop severe hypercholesterolemia and atherosclerosis on a regular
low-fat, low-cholesterol diet. The progression and histopathology of the
lesions are similar to those that develop in humans. Recently, Toomey
et al. (2003) reported that 1% RA fed to apo E~/~ mice not only inhibited
the development of atherosclerosis but also caused the regression of estab-
lished lesions.

In most cases, the reduced incidence of atherosclerosis in animals
fed CLA or RA was not accompanied by a decrease in plasma total or
LDL-cholesterol level or an increase in HDL-cholesterol level. Thus, other
mechanisms must be responsible for the prevention of atherosclerosis.
Atherosclerosis is recognized nowadays as a chronic inflammatory disease,
and RA has been shown to exhibit a number of important anti-inflammatory
properties (Yu et al., 2002):
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o It reduces the expression of the inducible form of cyclooxygenase
(COX)-2 and the end product prostaglandin E; (PGE;). COX-2 is a
rate-limiting enzyme in the conversion of arachidonic acid to series-2
prostacyclins, the vasoconstricting thromboxanes, and prosta-
glandins such as PGE.

e It decreases the production of inducible nitric oxide synthase, which
is responsible for the release of pro-inflammatory nitric oxide.

e It reduces the production of the pro-inflammatory cytokines tumor
necrosis factor a (TNF «), interleukin (IL)-1, and IL-6.

RA was also shown to inhibit the production of series-2 prostaglandins
and thromboxanes in endothelial cells from human saphenous vein, which
is the vein commonly used in coronary bypass surgery (Urquhart ez al.,
2002).

These anti-inflammatory properties, as well as certain other biological
properties of RA, are similar to those seen with ligands for the peroxisome
proliferator-activated receptors (PPARSs), especially the PPARYy isoform.
The PPARs are nuclear receptors primarily involved in the regulation of
lipid and glucose homeostasis. Activation of PPARYy inhibits intracellular
signalling cascades, such as for nuclear factor kB (NF-kB), a transcription
factor that regulates cytokine production. A number of synthetic drugs used
in the treatment of dyslipidemias, diabetes and obesity, that are risk factors
for CHD, are PPAR agonists. At the molecular level PPAR agonists can
regulate foam cell formation, plaque stability, and decrease the formation
of pro-atherosclerotic proteins, such as fibrinogen and C-reactive protein
(Desvergne and Wahli, 1999; Kersten et al., 2000).

RA is a potent activator of PPARa and PPARYy (Belury et al., 2002).
Yu et al. (2002) found that inhibition of pro-inflammatory products by RA
was associated with PPAR<y activation. Likewise, Toomey et al. (2003)
showed that the regression of preestablished atherosclerosis in apo E~/~
mice fed RA is associated with an increased expression of PPARYy.

17.6. Anti-Cancer Agents in Milk Fat

The demonization of fat, especially milk fat, over the past several decades
means that the diet has been deprived of several components with anti-
cancer potential. Milk fat components, such as RA, sphingolipids, butyric
acid, certain branched chain fatty acids, ether lipids, vitamins, and novel
components introduced from feed, have been shown to prevent tumor
development at a number of sites in animal models.
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17.6.1. Rumenic Acid
17.6.1.1. Early Studies with Mixed Isomers of CLA

During the past 15 years, multiple studies have shown that CLA could
inhibit the development of carcinogenesis in various experimental models.
Physiological concentrations of CLA suppressed the proliferation in a wide
range of human cancer cell lines that included breast, ovarian, prostate,
colon, liver, mesothelioma, glioblastoma and leukemia. This growth sup-
pression by CLA was in contrast to linoleic acid, which usually promoted
growth. Mice fed CLA and inoculated with human breast or prostate cancer
cells had reduced tumor growth and drastic reduction in metastases. CLA
also inhibited chemically-induced skin, stomach and intestinal tumors (Par-
odi, 2004). However, the outstanding attribute of CLA is its ability to inhibit
mammary tumor development (Ip ez al., 2003).

In the initial study by Ip ez al. (1991), the authors fed rats a standard diet
or that diet supplemented with 0.5, 1.0 or 1.5% CLA, 2 weeks prior to and
following administration of the carcinogen 7, 12-dimethylbenz[a]anthracene
(DMBA). At the end of the experiment, the total number of mammary
adenocarcinomas in the groups fed 0.5, 1.0 and 1.5% CLA was reduced by
32, 56 and 60% compared to the control, respectively. Tumor incidence,
tumor multiplicity (number of tumors per rat) and total tumor weight were
reduced to a similar degree. This tumor inhibition by CLA is in contrast to
linoleic acid, which promotes tumor development in this model.

This group subsequently conducted numerous studies to explore mech-
anisms contributing to the anti-cancer action of CLA (reviewed in Ip et al.,
2003). Notable findings were:

o At low carcinogen doses, there was effective inhibition of tumor
development when the diet was supplemented with as little as
0.05% CLA.

e« CLA was effective for both the direct-acting carcinogen methyl-
nitrosourea (MNU) and the indirect-acting DMBA, suggesting the
action of CLA was independent of carcinogen activation.

o CLA was equally effective in inhibiting mammary tumor develop-
ment when it was part of a 5% low-fat diet or a 20% high-fat diet.

e Tumor inhibition was similar when CLA was part of 20% unsatur-
ated-fat diet provided as corn oil or as a 20% saturated-fat diet
provided by lard.

e Even though a diet containing 12% linoleic acid produced more
mammary tumors than a diet containing 2% linoleic acid, CLA
suppressed tumor development to the same degree with both diets.
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o CLA was preferentially incorporated into the neutral lipids of mam-
mary tissue. When CLA was removed from the diet, its disappear-
ance from neutral lipids paralleled the rate of occurrence of new
tumors.

The age of the rat when CLA supplementation is commenced can
influence outcome. When rats were fed CLA from weaning at 21 days of
age until day 51 only, then administered a carcinogen at day 57, they were
protected from subsequent tumor development. However, when CLA
entered the diet for the same period of time after carcinogen administration
and when the animals were older, there was no protection against tumor
development. A continuous intake of CLA was then necessary to obtain
equivalent protection. The period from 21 to 51 days of age corresponds to
development of the mammary gland to adult stage morphology.

Further studies showed that during the pubescent period, CLA reduced
the development and branching of the expanding mammary ductal tree.
There was also a reduction in the density and rate of proliferation of terminal
end bud (TEB) cells. TEBs are the least differentiated and most actively
growing glandular ductal structures, which are most abundant from weaning
to puberty and are the site of chemically induced tumors (Ip et al., 2003).

17.6.1.2. Studies with Rumenic Acid

The early studies with CLA used a synthetic mixture of many isomers,
but usually contained about 70-80% of near equal quantities of RA and
trans-10, cis-12-Cyg.5. Recently, a number of studies have demonstrated that
both isomers can inhibit mammary tumor development (Ip et al., 2003).

In a novel experiment, Ip ef al. (1999) demonstrated that rats fed a
R A-enriched butter had reduced mammary epithelial mass, decreased size of
the TEB population, suppressed proliferation of TEB cells, and inhibition
of mammary tumor incidence and tumor number similar to animals fed an
equivalent quantity of mixed CLA isomers. There was a consistently higher
level of RA in the liver, mammary fat pad, peritoneal fat, and blood plasma
of rats fed RA-enriched butter compared to CLA-fed rats. The elevated RA
levels resulted, no doubt, from endogenous A°-desaturation of VA, which
was concurrently increased in the RA-enriched butter.

A follow-up study demonstrated that pure isomers of RA and trans-10,
cis-12-Cyg.» were equivalent in preventing the development of both MNU-
induced premalignant lesions, called intraductal proliferations (IDPs) and
tumors in the mammary gland (Ip et al., 2003). Later, it was shown that
feeding rats a diet containing 2% VA inhibited MNU-induced IDPs to the
same degree as feeding a diet containing 1% RA (Banni et al., 2001).
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17.6.1.3. Mechanisms for the Anti-Tumor Action of RA

Tumors grow when the rate of cell proliferation exceeds apoptosis.
Apoptosis is the mechanism of programmed cell death by which the body
eliminates unwanted or damaged cells. At the molecular level, a number of
mechanisms by which RA exerts its antitumor effects have been demon-
strated. RA, like mixed CLA isomers, inhibits the proliferation of malignant
mammary tumor cells. In addition, RA inhibits proliferation in normal
mammary epithelial cells. This reduction in proliferation was associated
with decreased expression of the cell regulatory biomarkers, cyclin D1 and
cyclin A. However, rapidly proliferating cells in young rats were more
sensitive to RA treatment than more quiescent cells in older animals.
When rats were fed RA, apoptosis was induced in MNU-induced 1DPs,
but not in normal TEBs or more differentiated alveoli structures. The
induction of apoptosis in IDPs was associated with reduced expression of
the anti-apoptotic regulatory protein bcl-2 (Ip et al., 2003).

Angiogenesis is the process of forming new blood vessels, which are
necessary for the growth and spread of tumors. Masso-Welch et al. (2004)
demonstrated that RA effectively inhibits angiogenesis in mice. This inhib-
ition was related to reduced serum levels of vascular endothelial growth
factor (VEGF). VEGF not only plays a central role in promoting angiogen-
esis, but can also stimulate the growth and invasiveness of breast cancer cells
(Ip et al. 2003). Hubbard et al. (2003) reported that RA reduced pulmonary
tumor metastasis in mice when mammary tumor cells were either trans-
planted into mammary fat pads or injected intravenously via the tail vein.

Two other, as yet largely unproven, mechanisms for the anti-tumorigenic
action of RA are the reduction in COX-induced pro-tumorigenic eicosanoid
species, and the activation of PPARs. RA may displace linoleic acid or its
metabolite, arachidonic acid, from membrane phospholipids and from neutral
lipids. This decreases available substrate for the tumor-promoting prostacy-
clins, thromboxanes and prostaglandins, generated by constitutive COX-1
and the inducible form COX-2. It is also possible that RA, or its metabolites,
can directly inhibit COX activity (Belury, 2002; Parodi 2004). As discussed
previously, RA can bind and activate PPARy Moreover, RA can also
increase the expression of PPAR+y (Brown et al., 2003). Synthetic PPARYy
agonists have been shown to protect against cancer at a number of sites
including the breast (Desvergne and Wabhli, 1999; Kersten et al., 2000).

17.6.1.4. Epidemiology

An initial case-control study on Finnish women found an inverse
association between RA and breast cancer in post-menopausal women, but
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not in pre-menopausal women (Aro et al., 2000). After adjusting for known
risk factors, post-menopausal women in the lowest quintile of dietary RA
had a threefold greater risk of breast cancer compared to women in the
highest quintile of intake. Similarly, women in the lowest quintiles of plasma
RA and VA levels both had a fivefold greater risk of breast cancer.

Since then, three other epidemiological studies have failed to confirm a
protective role for RA or VA in the development of breast cancer. A Dutch
prospective study used dietary assessment, a French study compared RA
levels in tissue adjacent to malignant tumors with levels adjacent to benign
tumors, and the third study was a nested case-control study of Finnish
women using fatty acid data from plasma collected prospectively. Recently,
a fourth study showed that, although higher intakes of CLA were not related
to overall breast cancer risk, risk of estrogen receptor negative breast
cancer—the most aggressive form—in pre-menopausal women was reduced
(Mc Cann et al., 2004). Parodi (2004) has described methodological inad-
equacies in these studies.

17.6.2. Sphingolipids and Colon Cancer

Evidence suggests that dietary sphingolipids, acting through their hy-
drolysis products, ceramide and sphingosine, can inhibit the development of
colon cancer (Duan, 1998; Vesper et al., 1999). In milk fat, sphingomyelin is
by far the predominant sphingolipid.

17.6.2.1. Mechanisms: the Sphingomyelin Signalling Pathway

Sphingomyelin is concentrated in the outer leaflet of cellular mem-
branes and its function was thought to be solely associated with structural
stability. However, an important sphingomyelin-signalling pathway has been
established recently. Extracellular agonists such as TNF-«, interferon -,
IL-1, and 1,25-dihydroxyvitamin Ds (1,25(OH),D;) bind and activate
their cellular receptors to stimulate the release of sphingomyelinase. The
liberated sphingomyelinase cleaves sphingomyelin to produce ceramide. In
turn, ceramide acts as a second messenger for the extracellular agonists,
transmitting the signal through multiple downstream targets, such as protein
phosphatases and protein kinases. These targets, in turn, regulate a number
of transcription factors that control the expression of a range of genes
responsible for inhibition of cell growth, cell cycle arrest, differentiation,
and apoptosis.

Other agonists, like platelet-derived growth factor, can induce
ceramidase, which hydrolyses ceramides to sphingosine. Sphingosine also
acts as a second messenger in signalling cascades that regulate cell growth.
Because of their biological activity in regulating cell growth, ceramide and
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sphingosine are referred to as tumor suppressor lipids (Duan, 1998; Vesper
et al., 1999).

17.6.2.2. Digestion and Tissue Enhancement

Unlike other dietary lipids, sphingolipids are poorly digested in the
proximal small intestine, and digestion continues slowly in the distal small
intestine and in the colon. The rate of sphingolipid digestion in the intestinal
tract mirrors the distribution pattern for alkaline sphingomyelinase in the
intestine. Studies in rats found that the digestion products of sphingolipids,
mainly ceramides and sphingosine, are absorbed rapidly by intestinal cells
where they can be degraded further or re-incorporated into sphingolipids
that mostly remain associated with the intestine. Nevertheless, some labelled
sphingoid base has been detected in lymph, plasma and the liver (Nyberg
et al., 1997; Duan, 1998; Vesper ef al., 1999). Nyberg et al. (1997) found that
the ceramide content in the colonic mucosa increased with increasing sphin-
gomyelin intake. Enhancement of colonic tissue with ceramide, as a result
of dietary sphingolipid intake, could be important for the prevention of
colon cancer.

17.6.2.3. Sphingomyelinase, Ceramide and Human Carcinomas

The importance of alkaline sphingomyelinase and ceramides in colon
cancer is suggested by studies that compared their levels in tumors with
levels in normal colonic tissue. Hertervig ez al. (1997) found that the activity
of alkaline sphingomyelinase was 75% less in tissue from human colon
carcinomas than in normal colonic tissue. In familial adenomatous polyposis
patients, there was a 90% decrease in alkaline sphingomyelinase activity
in colonic adenomas and in surrounding mucosa compared to healthy
controls (Hertervig et al., 1999). Human colon carcinomas had a 50%
decrease in cellular ceramide content compared to normal colon mucosa
(Selzner et al., 2001).

17.6.2.4. Cell Culture Studies

Ceramides and sphingosine can inhibit cell growth, promote differen-
tiation and induce apoptosis in a range of human cancer cell lines, including
several types of colon cancer cells (Parodi, 2004). Selzner ez al. (2001)
established that ceramides induced cell death in cultured human SW403
colon cancer cells. Treatment of these cells with a ceramidase inhibitor,
which prevented the catabolism of ceramides and thus increased its
content in the cells, resulted in suppressed cell growth and induction of
apoptosis. Selzner et al. (2001) then injected SW403 cancer cells and
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human metastatic Lovo cancer cells into the portal vein of mice. Adminis-
tration of a ceramidase inhibitor to these mice inhibited colon cancer
metastases to the liver.

Bile acids that escape enterohepatic circulation and pass to the colon
can be cytotoxic to colonocytes. Damaged cells undergo apoptosis and are
shed into the lumen. To maintain cell homeostasis, new cells must be
produced. This replacement can result in an increase in cell proliferation
rate that can increase the risk of mutations in tumor-related genes and
lead to carcinoma development. Moschetta ez al. (2000) showed that
sphingomyelin protected against bile acid-induced cytotoxicity in human
CaCo-2 colon cancer cells, a common model for studying intestinal cell
function.

17.6.2.5. Animal Tumor Studies

A series of studies show that sphingolipids derived from milk protect
against development of colon tumors in mice. In the initial study (Dillehay
et al., 1994), mice fed diets supplemented with 0.025, 0.050 or 0.1% sphin-
gomyelin had less than half the incidence of 1,2-dimethylhydrazine (DMH)-
induced colon tumors than mice fed non-supplemented diets. In addition, a
diet supplemented with 0.025% of the ganglioside GM; produced signifi-
cantly fewer DM H-induced aberrant crypt foci (ACF) than control animals.
ACF are microscopically determined pre-neoplastic lesions that can develop
into colon tumors.

In a follow-up study (Schmelz et al., 1996), mice were fed 0-0.1%
sphingomyelin isolated from low-fat milk or buttermilk. Sphingomyelin
from both sources reduced DMH-induced ACF by 70%. In a longer-term
study, sphingomyelin had no effect on the incidence or multiplicity of
chemically induced colon tumors. However, up to 31% of tumors in the
mice fed sphingomyelin were adenomas, whereas all of the tumors in
the non-supplemented mice were malignant adenocarcinomas. In order to
eliminate the possibility that an unknown component isolated from milk
along with sphingomyelin was the anti-tumor agent, Schmelz et al. (1997)
compared the action of milk-derived sphingomyelin with a synthetically
prepared product. Both sources of sphingomyelin reduced DMH-induced
ACF formation to the same extent.

Schmelz et al. (2000) then isolated the complex sphingolipids, gluco-
sylceramide, lactosylceramide and the ganglioside GDj3, from milk. These
sphingolipids were added individually to the diet of mice at a level of 0.025
or 0.1%. All three sphingolipids reduced the number of DMH-induced ACF
by about 40%, a reduction that was comparable to that obtained by sphin-
gomyelin in earlier experiments.
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The next study (Schmelz et al., 2001), used a different model, the
ApcMin/+ mouse. In this model the mice have a germline mutation in
the adenomatous polyposis coli (Apc) gene and they spontaneously develop
adenomas (polyps) throughout the intestinal tract, but preferentially in the
small intestine. In humans, germline mutations in the 4PC gene (a tumor
suppressor gene) are responsible for familial adenomatous polyposis, a
syndrome in which patients develop multiple benign adenomas in the
colon. If not resected, a proportion of these adenomas will progress to
become malignant. In sporadic colon cancer, mutations in the APC gene
initiate the development of most tumors.

ApcMin/+ mice were fed a control diet or that diet supplemented with
either 0.1% ceramide, a sphingolipid mixture of sphingomyelin, glucosylcer-
amide, lactosylceramide and ganglioside GD3; with a composition similar to
that found in dairy products, or this mixture plus ceramide (60:40). All three
diets significantly reduced the number of spontaneously developed tumors in
all regions of the intestines (Schmelz et al., 2001).

In the preceding experiments, sphingolipid supplementation com-
menced after tumor initiation with a chemical carcinogen. Lemonnier et al.
(2003) fed 0.05% sphingomyelin to a group of mice before tumor intiation
and to another group after tumor initiation. Both dietary protocols drastic-
ally reduced tumor formation to the same extent, which suggests thst sphin-
golipids may have both chemopreventive and chemotherapeutic benefits. In
this study, tumor inhibition was associated with normalization of cell pro-
liferation and the rate of apoptosis.

This is an exciting area of research and further mechanistic studies
leading to human intervention studies must follow.

17.6.3. Butyric Acid

Uniquely, milk fat of ruminants contains butyric acid, which is an
important anti-cancer agent. Butyric acid is best known for its action in
the colon where it is generated, along with other short-chain acids, by
bacterial fermentation of dietary fiber and starch. Colonocytes utilize a
portion of this butyric acid as a primary energy source, with the remainder
delivered to the portal circulation and transported to the liver where it is
metabolized rapidly.

A number of animal studies have shown that dietary fibers, which
liberate a constant and elevated supply of butyrate to the colon, are the
most effective for prevention of chemically induced colon tumors. Moreover,
the level of butyric acid in the colonic lumen of patients with colorectal
cancer and adenomas was found to be lower than that in healthy individuals
(Parodi, 2004).
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17.6.3.1. Mechanistic Studies

Low concentrations of butyric acid can inhibit growth in a wide range
of human cancer cell lines, including prostate and several types of breast and
colon cancer by a number of mechanisms (Williams ef al., 2003; Parodi,
2004). It is believed that central to the anti-cancer action of butyric acid is its
ability to inhibit histone deacetylases, which results in histone hyperacetyla-
tion and destabilization of chromatin structure that facilitates transcription
factor binding and activation of genes associated with cell growth. Histone
hyperacetylation activates the p2/ gene, which inhibits the cell cycle regu-
lators, cyclin D1 and cyclin Bl. This results in the inhibition of cyclin-
dependent kinase, which in turn prevents phosphorylation of retinoblastoma
protein required for progress from the pre-synthetic G; phase of the cell
cycle to the S phase. The arrested cells may then differentiate or undergo
apoptosis (Davie, 2003). A summary of these related cell-growth inhibiting
mechanisms induced by butyric acid (Williams et al., 2003; Parodi, 2004) are
outlined below:

e Inhibition of proliferation.

e Induction of terminal differentiation.

o Induction of apoptosis associated with increased caspase (cysteine
protease) activity and decreased expression of the anti-apoptotic
Bcl-2 protein along with increased expression of the pro-apoptotic
Bak and Bax proteins

e Inhibition of angiogenesis associated with down-regulation of
VEGF.

o Anti-inflammatory action. Chronic or recurrent inflammation prob-
ably has a role in many types of human cancer.

e Up-regulation of immunosurveillance.

e Increased expression of insulin-like growth factor binding protein-3
(IGFBP-3), the major plasma binding protein for insulin like growth
factor-1 (IGF-1). Elevated levels of IGF-1 relative to levels of
IGFBP-3 are implicated in the development of several human can-
cers, including colon, breast and prostate.

e Enhanced expression of glutathione S-transferase (GST). GSTs in-
activate carcinogens by catalyzing their conjugation to glutathione,
forming water-soluble metabolites that are easily excreted.

e Suppression of colonocyte NF-kB activation (Yin et al., 2001).
NF-«kB is a transcription factor that regulates several signalling
patterns involved in cell proliferation and apoptosis. In many tumors
activation of NF-kB promotes proliferation and inhibits apoptosis.
Activation of NF-«B is also associated with inflammatory response.
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17.6.3.2. Butyric Acid as a Chemotherapeutic Agent

Early attempts to use butyrate in the treatment of human cancer—
usually in patients refractory to other treatments—were unsuccessful (Pouil-
lart, 1998). Failure was largely due to the very short half-life of butyrate
in the circulation. The appeal of butyrate as a therapeutic agent lies in
the absence of systemic toxicity, therefore a series of butyrate analogues—
referred to as prodrugs—that increase the plasma half-life of butyrate were
developed. One simple prodrug is the triacylglycerol, tributyrin. Orally
administered tributyrin increased and extended plasma butyrate concentra-
tion in rats and mice (Egorin et al., 1999) and in humans (Conley et al.,
1998). Thus, enhanced plasma butyrate levels may allow anti-cancer action
at sites other than the colon. In milk fat, one triacylglycerol molecule in three
contains butyrate (Parodi, 2004).

17.6.3.3. Mammary Tumor Prevention

Two studies have shown that dietary butyrate inhibits chemically-
induced mammary tumor development in rats. First, Yanagi et al. (1993)
showed that addition of 6% sodium butyrate to a basal diet containing 20%
fat, supplied by a margarine made from safflower oil, significantly reduced
the incidence of DMBA-induced mammary carcinomas and adenocarcino-
mas. In the second study, Belobrajdic and McIntosh (2000) fed rats a 20%
fat diet consisting of either milk fat, sunflower seed oil (SSO), SSO + 1%
tributyrin (butyric acid content equivalent to milk fat) or SSO + 3% tribu-
tyrin. At any period during the course of the experiment, there was a relative
risk increase of 88% that rats consuming the SSO diet would develop MNU-
induced mammary tumors compared to those in the milk fat group. The
addition of 1% or 3% tributyrin to the SSO diets reduced tumor incidence by
20 and 52%, respectively, in comparison to SSO alone.

17.6.3.4. Synergy

There are a number of studies that show synergism between butyrate
and other dietary components and common drugs in reducing cancer cell
growth. This could result in lower plasma butyrate requirements for anti-
cancer action (Parodi, 2004). In summary:

« Retinoic acid, at concentrations likely to be found in plasma, re-
duced by tenfold the level of butyric acid required to induce differ-
entiation.

 Physiological concentrations of 1, 25(OH),D; acted synergistically
with butyrate to inhibit proliferation and induce differentiation.
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e Resveratrol, a plant polyphenol found in red wine and grapes, en-
hanced the ability of butyrate to induce differentiation.

e A HMG CoA reductase inhibitor, used for treatment of hypercho-
lesterolemia, enhanced butyrate-induced inhibition of proliferation.

o Aspirin, now commonly used for prevention of CHD and colon
cancer, combined with butyrate exerted stronger anti-proliferate
and pro-apoptotic effects than either alone.

17.6.4. 13-Methyltetradecanoic Acid

13-Methyltetradecanoic acid (13-MTDA) is a 15-carbon fatty acid
with a terminal isopropyl group. It is synthesized by bacteria in the rumen,
along with other branched-chain fatty acids. Yang et al. (2000) demon-
strated that low concentrations of 13-MTDA could induce cell death in a
range of human cancer cell lines. The cell lines tested were prostate, colon,
lung (small cell), liver, and gastric carcinomas, mammary and pancreatic
adenocarcinomas, and leukemia. 13-MTDA-initiated cell death resulted
from rapid induction of apoptosis.

Human lung cancer cells and human prostate cancer cells were implanted
into athymic nude mice, then harvested and implanted in the lung and
prostate, respectively, of a MetaMouse orthotopic model. Feeding 13-MTDA
for 40 days inhibited the growth of lung cancer implants by 65% and prostate
cancer implants by 85% compared to control animals (Yang ez al., 2000).

Recently, Wongtangtintharn ez al. (2004) showed that a series of iso- and
anteiso-branched-chain fatty acids was cytotoxic to breast cancer cells. The
highest activity was observed with iso-Cj¢,9 and the activity decreased as the
chain-length increased or decreased from Cj4. Cytotoxicity of branched-
chain fatty acids was comparable to that of RA and trans-10, cis-12-Cjs..

17.6.5. Ether Lipids

Milk fat contains small amounts of ether lipids. Synthetic ether lipids
at low concentrations are potent anti-neoplastic agents. Cell culture studies
showed that they inhibited cell growth, induced differentiation, promoted
apoptosis and showed anti-metastatic activity. In human chemoprevention
trials ether lipids have been administered parenterally. Although the ether
bond is preserved when these lipids are delivered orally, no cancer chemo-
prevention studies have utilized dietary ether lipids (Parodi, 2004).

17.6.6. Cholesterol

Evidence of a role for dietary cholesterol in carcinogenesis, using animal
models, is contradictory. This may result, in part, from contamination of



Nutritional Significance of Milk Lipids 629

the test cholesterol with oxidation products that are carcinogenic and the
use of supra-physiological doses. Nevertheless, dietary cholesterol was
shown to inhibit chemically-induced colon tumors (El-Sohemy et al.,
1996a) and mammary tumors (El-Sohemy et al., 1996b) in serum-cholesterol
sensitive rats. The researchers consider that the accompanying elevated
serum cholesterol levels triggered the inhibition of endogenous cholesterol
synthesis by reducing the level of HMG-CoA reductase. HMG-CoA
reductase is the rate-limiting enzyme in the cholesterol biosynthetic pathway
that converts HMG-CoA to mevalonate, which is required for DNA syn-
thesis during rapid cell proliferation associated with the early stage of
tumorigenesis.

17.6.7. p-Carotene and Vitamin A

Milk fat supplies the diet with a substantial proportion of its daily
B-carotene and vitamin A requirements. Dietary B-carotene is converted to
retinal in the intestinal epithelium and in the liver by the enzyme B-carotene-
15-15'-dioxygenase. The retinal formed is further metabolized to retinoic
acid (vitamin A).

Epidemiological evidence suggests that diets rich in B-carotene—
largely fruit and vegetables—and high plasma levels of B-carotene are
inversely associated with the risk of cancer, especially esophagus, lung,
stomach, colorectal, breast and cervical cancers (Cooper, 2004).

Both B-carotene and vitamin A can inhibit growth in a large range of
human cancer cell lines (Krinsky, 1993; Niles, 2000). Several animal studies
have shown that vitamin A deficiency promotes the development of
spontaneous and chemically-induced tumors, whereas dietary supplementa-
tion with vitamin A can prevent chemically-induced tumor development
(Niles, 2000). Likewise, B-carotene protects against tumor development in
animal models (Krinsky, 1993; Cooper, 2004; Russell, 2004). Nevertheless,
B-carotene is preferred for human studies because blood and tissue levels
increase in proportion to dietary intake, whereas vitamin A level does not
increase in a linear manner because of homeostatic regulation; high levels of
vitamin A are toxic (Cooper, 2004).

There has been some success with vitamin A and its derivatives for
treatment of certain types of cancer (Niles, 2000). However, the use of
B-carotene as a therapeutic agent suffered a setback when the results from
two of three large human intervention studies indicated that high doses of
B-carotene caused an increased risk of lung cancer in smokers and
subjects exposed to asbestos. This increased risk is thought to be due to
metabolites associated with high doses of B-carotene in the presence of
smoke (Russell, 2004).
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17.6.8. Vitamin D and its Metabolites

Milk fat is not a rich source of vitamin D, but in some countries dairy
products are fortified with this vitamin. Vitamin D, through its metabolites,
is an anti-cancer agent of increasing importance. Vitamin D results
from ultraviolet light-catalyzed conversion of 7-dehydrocholesterol in the
skin. The pre-vitamin D3 thus formed is transported to the liver, where it is
converted to 25-hydroxyvitamin D3 [25(OH)Ds], which is the main circulat-
ing form of the vitamin. The circulating 25(OH)Dj is subsequently converted
to 1, 25(OH),D; in the kidneys by the enzyme 25-hydroxyvitamin D-la-
hydroxylase. This conversion is regulated by physiological requirements
(Hansen et al., 2001; Zitterman, 2003; Holick, 2004). It is now realized that
a number of tissues, including colon, breast and lung contain 1a-hydroxylase
and can produce 1, 25(OH), D3, which acts in an autocrine manner to regulate
cell growth (Holick, 2004).

1, 25(OH), D3 inhibited proliferation and induced differentiation and
apoptosis in human colon, breast, prostate and gynecological cancers as
well as several forms of hematopoietic cancer (Studzinski and Moore,
1995; van Leeuwen and Pols, 1997). Experimental animal studies show
that 1, 25(OH),D; inhibited chemically-induced breast, colon, and skin
tumors. The growth of colon, breast and prostate cancer cells, as well as
melanoma and retinoblastoma cells implanted into rodents was retarded by
treatment with 1, 25(OH), D3 (Studzinski and Moore, 1995; van den Bemd
et al., 2000).

Epidemiologic evidence suggests that low exposure to sunlight, low
dietary intake of vitamin D and low plasma levels of 25(OH)D; and
1, 25(OH),Ds increase the risk of developing colon, breast and prostate
cancer (Studzinski and Moore, 1995; van den Bemd et al., 2000; Zittermann,
2003). There is evidence that vitamin D deficiency can attenuate the bene-
ficial effect of dietary calcium for the prevention of colonic adenoma and
carcinoma (Parodi, 2001a).

17.6.9. Anti-Cancer Agents from Feed

The cow has a remarkable capability to extract biological components
from its feed and transfer them to its milk. The best-known example is
B-carotene from pasture, a portion of which is converted to vitamin A
in vivo, so that milk fat contains both these anti-cancer compounds. Vitamin
E can also be obtained from the cow’s feed. Cows fed cottonseed meal
transfer the polyphenol, gossypol, to milk, and alfalfa or lucerne provides
B-ionone. Both gossypol and B-ionone, an HMG-CoA reductase inhibitor,
are demonstrated anti-cancer agents (Parodi, 2004).



Nutritional Significance of Milk Lipids 631

Milk fat contains small quantities of phytanic and pristanic acid.
Phytanic acid is produced by bacterial cleavage of the phytol side chain of
plant chlorophyll in the rumen. Some phytanic acid is converted to pristanic
acid by a-oxidation in the liver. Both of these branched-chain acids are
agonists for PPARa at physiological concentrations (Parodi, 2004). Milk
fat from cows fed cannery fruit and vegetable waste no doubt contains other
interesting phytochemicals with anti-cancer potential.

17.6.10. Milk Fat and Cancer

Milk fat contains a number of components with anti-cancer potential,
but many of these components are present at levels lower than those shown
to produce a benefit in in vitro and in vivo experimental models. Neverthe-
less, as outlined in Section 17.6.3, synergy between anti-cancer components
in milk fat and with other components from dietary items can lower several
fold the concentration required to produce a physiological effect.

A role for milk fat in cancer risk has not been examined adequately in
epidemiological studies, because milk fat is not consumed as a single dietary
item, but as a component of dairy products and dairy products also contain
non-lipid components with anti-cancer potential (Parodi, 2001a, b). On the
other hand, seven studies were found in the literature, where milk fat or
butter diets were compared with diets containing equal amounts of polyun-
saturated vegetable oils or margarine in animal models of colon, breast, and
skin cancer. All seven studies showed that there was less tumor development
with milk fat-based diets (Parodi, 2004).

17.7. Other Nutritional Benefits

When milk fat is included in the diet it can confer a number of additional
health related benefits. These aspects of milk fat nutrition have recently been
reviewed in some detail (Parodi, 2004) and are summarized briefly below:

e Children fed low-fat milk had up to a fivefold greater incidence of
acute gastrointestinal illness than children who were fed whole milk.

o Studies in vitro and in rats showed that short and medium chain fatty
acids and monoacylglycerols hydrolyzed from milk triacylglycerols
and digestion products of sphingolipids possess strong anti-bacterial
and anti-viral properties.

o Milk fat is not a rich source of linoleic (w-6) and linolenic (»-3) acids;
however, the ratio of w-6: -3 is close to unity, which is considered to
be ideal for good health. Rats fed diets high in milk fat had a
beneficial long-chain polyunsaturated fatty acid profile in plasma
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and aortic phospholipids, where arachidonic acid levels were reduced
and the levels of eicosapentaenoic and docosahexaenoic acids en-
hanced. An equivalent benefit was not observed when rats were fed
the same level of vegetable oils or lard.

o Milk phospholipids were shown to protect against stress, bacterial,
and chemical-induced gastric mucosal damage.

e Milk fat may promote bone formation.

o There was less plaque formation on human tooth surfaces in subjects
who drank whole milk than in subjects who drank skim milk or water.

o There is accumulating evidence that consumption of whole milk compared
to skim milk and the consumption of butter compared to margarine is
associated with a lower incidence of asthma and other allergic disorders.

17.8. Conclusions

The demonization of fat during the past two decades is unwarranted. There
is no compelling evidence that fat is responsible for the current obesity
epidemic or is implicated in weight gain independent of energy density.
Evidence from well-conducted animal and epidemiological studies does not
support a role for fat in the etiology of breast, prostate and colon cancer, the
major non-smoking-related cancers.

Even though milk fat contains some fatty acids that may elevate plasma
total and LDL-cholesterol levels, which are risk factors for CHD, this effect is
balanced by concurrent increases in levels of anti-atherogenic HDL-choles-
terol. In addition, saturated fatty acids reduce plasma levels of atherogenic
Lp[a] and produce a less atherogenic LDL particle size. Dietary intervention
studies, where there was a substantial reduction in saturated fat intake and
plasma cholesterol levels, did not produce an improvement in CHD or total
mortality. Prospective epidemiological studies provide no evidence that sat-
urated fatty acids are a risk factor for CHD. Indeed, in two large studies,
saturated fatty acids were inversely associated with risk.

Milk fat contains several compounds that have demonstrated anti-
cancer activity in animal models. The more important ones are rumenic
acid, a potent inhibitor of mammary tumorigenesis, sphingomyelin and
other sphingolipids that prevent the development of intestinal tumors and
butyric acid, which prevents colon and mammary tumor development.
Emerging evidence suggests that milk fat can prevent intestinal infections,
particularly in children, prevent allergic disorders, such as asthma and
improve the level of long-chain w-3 polyunsaturated fatty acids in blood.

Fat is an essential component of the diet, and inclusion of milk fat as
part of a balanced diet should be advantageous rather than detrimental.
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