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ABSTRACT

There is growing awareness that the profound changes in the envi-
ronment (eg, in diet and other lifestyle conditions) that began with
the introduction of agriculture and animal husbandry =10 000 y ago
occurred too recently on an evolutionary time scale for the human
genome to adjust. In conjunction with this discordance between our
ancient, genetically determined biology and the nutritional, cultural,
and activity patterns of contemporary Western populations, many of
the so-called diseases of civilization have emerged. In particular,
food staples and food-processing procedures introduced during the
Neolithic and Industrial Periods have fundamentally altered 7 cru-
cial nutritional characteristics of ancestral hominin diets: /) glyce-
mic load, 2) fatty acid composition, 3) macronutrient composition,
4) micronutrient density, 5) acid-base balance, 6) sodium-potassium
ratio, and 7) fiber content. The evolutionary collision of our ancient
genome with the nutritional qualities of recently introduced foods may
underlie many of the chronic diseases of Western civilization. Am
J Clin Nutr 2005;81:341-54.
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EVOLUTIONARY DISCORDANCE

Evolution acting through natural selection represents an on-
going interaction between a species’ genome and its environment
over the course of multiple generations. Genetic traits may be
positively or negatively selected relative to their concordance or
discordance with environmental selective pressures (1). When
the environment remains relatively constant, stabilizing selec-
tion tends to maintain genetic traits that represent the optimal
average for a population (2). When environmental conditions
permanently change, evolutionary discordance arises between a
species’ genome and its environment, and stabilizing selection is
replaced by directional selection, moving the average population
genome to a new set point (1, 2). Initially, when permanent
environmental changes occur in a population, individuals bear-
ing the previous average status quo genome experience evolu-
tionary discordance (2, 3). In the affected genotype, this evolu-
tionary discordance manifests itself phenotypically as disease,
increased morbidity and mortality, and reduced reproductive
success (1-3).

Similar to all species, contemporary humans are genetically
adapted to the environment of their ancestors—that is, to the

environment that their ancestors survived in and that conse-
quently conditioned their genetic makeup (1-3). There is grow-
ing awareness that the profound environmental changes (eg, in
diet and other lifestyle conditions) that began with the introduc-
tion of agriculture and animal husbandry ~10 000 y ago oc-
curred too recently on an evolutionary time scale for the human
genome to adapt (2-5). In conjunction with this discordance
between our ancient, genetically determined biology and the
nutritional, cultural, and activity patterns in contemporary West-
ern populations, many of the so-called diseases of civilization
have emerged (2-12).

CHRONIC DISEASE INCIDENCE

In the United States, chronic illnesses and health problems
either wholly or partially attributable to diet represent by far the
most serious threat to public health. Sixty-five percent of adults
aged =20 y in the United States are either overweight or obese
(13), and the estimated number of deaths ascribable to obesity is
280 184 per year (14). More than 64 million Americans have one
or more types of cardiovascular disease (CVD), which represents
the leading cause of mortality (38.5% of all deaths) in the United
States (15). Fifty million Americans are hypertensive; 11 million
have type 2 diabetes, and 37 million adults maintain high-risk
total cholesterol concentrations (>240 mg/dL) (15). In post-
menopausal women aged =50y, 7.2% have osteoporosis and
39.6% have osteopenia (16). Osteoporotic hip fractures are as-
sociated with a 20% excess mortality in the year after fracture
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FIGURE 1. The hominin fossil record. Species are indicated with the dates of the earliest and latest fossil record. Adapted from Wood (19).

(17). Cancer is the second leading cause of death (25% of all
deaths) in the United States, and an estimated one-third of all cancer
deaths are due to nutritional factors, including obesity (18).

HOMININ DIETARY CHARACTERISTICS

In the 5-7 million-year period since the evolutionary emer-
gence of hominins (bipedal primates within the taxonomic tribe
hominini; note that the newer term hominin supplants the previ-
ous term, hominid) =20 species may have existed (Figure 1)
(19). Similar to historically studied hunter-gatherers (20, 21),
there would have been no single universal diet consumed by all
extinct hominin species. Rather, diets would have varied by
geographic locale, climate, and specific ecologic niche. How-
ever, there are universal characteristics of preagricultural homi-
nin diets that are useful in understanding how the current Western
diet may predispose modern populations to chronic disease. In-
creasingly, clinical trials and interventions that use dietary treat-
ments with nutritional characteristics similar to those found in
preindustrial and preagricultural diets have confirmed the bene-
ficial health consequences predicted by the template of evolu-
tionary discordance theory.

NUTRITIONAL CHARACTERISTICS OF PRE- AND
POSTAGRICULTURAL DIETS

Before the development of agriculture and animal husbandry
hominin dietary choices would have been necessarily limited to
minimally processed, wild plant and animal foods. With the
initial domestication of plants and animals, the original nutrient
characteristics of these formerly wild foods changed, subtly at
first but more rapidly with advancing technology after the In-
dustrial Revolution. Furthermore, with the advent of agriculture,
novel foods were introduced as staples for which the hominin
genome had little evolutionary experience. More importantly,

food-processing procedures were developed, particularly fol-
lowing the Industrial Revolution, which allowed for quantitative
and qualitative food and nutrient combinations that had not pre-
viously been encountered over the course of hominin evolution.

In contrasting pre- and postagricultural diets, it is important to
consider not only the nutrient qualities and types of foods that
likely would have been consumed by preagricultural hominins
but to also recognize the types of foods and their nutrient qualities
that could not have been regularly consumed before the devel-
opment of agriculture, industrialization, and advanced technol-
ogy. Food types that would have generally been unavailable to
preagricultural hominins are listed in Table 1 (22-24). Although
dairy products, cereals, refined sugars, refined vegetable oils,
and alcohol make up 72.1% of the total daily energy consumed by
all people in the United States, these types of foods would have
contributed little or none of the energy in the typical preagricul-
tural hominin diet (20). Additionally, mixtures of foods listed in
Table 1 make up the ubiquitous processed foods (eg, cookies,
cake, bakery foods, breakfast cereals, bagels, rolls, muffins,
crackers, chips, snack foods, pizza, soft drinks, candy, ice cream,
condiments, and salad dressings) that dominate the typical US diet.

Dairy foods

Hominins, like all mammals, would have consumed the milk
of their own species during the suckling period. However, after
weaning, the consumption of milk and milk products of other
mammals would have been nearly impossible before the domes-
tication of livestock because of the inherent difficulties in cap-
turing and milking wild mammals. Although sheep were domes-
ticated by =11 000 before present (BP) (25) and goats and cows
by =10 000 BP (26, 27), early direct chemical evidence for
dairying dates to 6100 to 5500 BP from residues of dairy fats
found on pottery in Britain (28). Taken together, these data in-
dicate that dairy foods, on an evolutionary time scale (Figure 1),
are relative newcomers to the hominin diet.
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TABLE 1
Food and food types found in Western diets generally unavailable to
preagricultural hominins’

Food or food group Value
Dairy products % of energy’
Whole milk 1.6
Low-fat milk 2.1
Cheese 3.2
Butter 1.1
Other 2.6
Total 10.6
Cereal grains
Whole grains 3.5
Refined grains 20.4
Total 23.9
Refined sugars
Sucrose 8.0
High-fructose corn syrup 7.8
Glucose 2.6
Syrups 0.1
Other 0.1
Total 18.6
Refined vegetable oils
Salad, cooking oils 8.8
Shortening 6.6
Margarine 2.2
Total 17.6
Alcohol 1.4
Total energy 72.1
Added salt, as sodium chloride 9.6°

! Data adapted from references 22-24.
2 In the US diet.
3 Salt from processed foods, table salt use, and cooking; in g/d.

Cereals

Because wild cereal grains are usually small, difficult to har-
vest, and minimally digestible without processing (grinding) and
cooking, the appearance of stone processing tools in the fossil
record represents a reliable indication of when and where cul-
tures systematically began to include cereal grains in their diet
(7). Ground stone mortars, bowls, and cup holes first appeared in
the Upper Paleolithic (from 40 000 y ago to 12 000 y ago) (29),
whereas the regular exploitation of cereal grains by any world-
wide hunter-gatherer group arose with the emergence of the
Natufian culture in the Levant =13 000 BP (30). Domestication
of emmer and einkorn wheat by the descendants of the Natufians
heralded the beginnings of early agriculture and occurred by
10—11 000 BP from strains of wild wheat localized to southeast-
ern Turkey (31). During the ensuing Holocene (10 000 y ago
until the present), cereal grains were rarely consumed as year
round staples by most worldwide hunter-gatherers (32, 33), ex-
cept by certain groups living in arid and marginal environments
(32, 34). Hence, as was the case with dairy foods, before the
Epi-Paleolithic (10 000—-11 000 y ago) and Neolithic (10 000 to
5500y ago) periods, there was little or no previous evolutionary
experience for cereal grain consumption throughout hominin
evolution.

In Table 1, it is shown that 85.3% of the cereals consumed in
the current US diet are highly processed refined grains. Preced-
ing the Industrial Revolution, all cereals were ground with the use
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FIGURE 2. Per capita consumption of sucrose in England from 1815 to
1970. WWI, World War I; WWII, World War II. Adapted from Cleave (38).

of stone milling tools, and unless the flour was sieved, it con-
tained the entire contents of the cereal grain, including the germ,
bran, and endosperm (35). With the invention of mechanized
steel roller mills and automated sifting devices in the latter part
of the 19th century (35), the nutritional characteristics of milled
grain changed significantly because the germ and bran were
removed in the milling process, leaving flour comprised mainly
of endosperm of uniformly small particulate size (35, 36). Ac-
cordingly, the widespread consumption of highly refined grain
flours of uniformly small particulate size represents a recent
secular phenomenon dating to the past 150-200 y (35).

Refined sugars

The per capita consumption of all refined sugars in the United
States in 2000 was 69.1 kg, whereas in 1970 it was 55.5 kg (24).
This secular trend for increased sugar consumption in the United
States in the past 30 y reflects a much larger worldwide trend that
has occurred in Western nations since the beginning of the In-
dustrial Revolution some 200 y ago (37). The per capita refined
sucrose consumption in England steadily rose from 6.8 kg in
1815t054.5kgin 1970 (38), as shown in Figure 2. Similar trends
in refined sucrose consumption have been reported during the
Industrial Era for the Netherlands, Sweden, Norway, Denmark,
and the United States (39).

The first evidence of crystalline sucrose production appears
about 500 BC in northern India (37). Before this time, honey
would have represented one of the few concentrated sugars to
which hominins would have had access. Although honey likely
was a favored food by all hominin species, seasonal availability
would have restricted regular access. Studies of contemporary
hunter-gatherers show that gathered honey represented a rela-
tively minor dietary component over the course of a year, despite
high intakes in some groups during short periods of availability.
In the Anbarra Aborigines of northern Australia, average honey
consumption over four 1-mo periods, chosen to be representative
of the various seasons, was 2 kg per person per year (40). In the
Ache Indians of Paraguay, honey represented 3.0% of the aver-
age total daily energy intake over 1580 consumer days (41).
Consequently, current population-wide intakes of refined sugars
in Westernized societies represent quantities with no precedent
during hominin evolution.

In the past 30y, qualitative features of refined sugar consump-
tion have changed concurrently with the quantitative changes.
With the advent of chromatographic fructose enrichment tech-
nology in the late 1970s, it became economically feasible to
manufacture high-fructose corn syrup (HFCS) in mass quantity
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FIGURE 3. Per capita consumption of refined sugars in the United States
from 1970 to 2000. Adapted from the US Department of Agriculture (24).

(42). The rapid and striking increase in HFCS use that has oc-
curred in the US food supply since its introduction in the 1970s
is indicated in Figure 3. HFCS is available in 2 main forms,
HECS 42 and HFCS 55, both of which are liquid mixtures of
fructose and glucose (42% fructose and 53% glucose and 55%
fructose and 42% glucose, respectively) (42). Increases in HFCS
occurred simultaneously, whereas sucrose consumption de-
clined (Figure 3). On digestion, sucrose is hydrolyzed in the gut
into its 2 equal molecular moieties of glucose and fructose. Con-
sequently, the total per capita fructose consumption (fructose
from HFCS and fructose from the digestion of sucrose) increased
from 23.1 kg in 1970 to 28.9 kg in 2000. As was the case with
sucrose, current Western dietary intakes of fructose could not
have occurred on a population-wide basis before industrializa-
tion and the introduction of the food-processing industry.

Refined vegetable oils

In the United States, during the 90-y period from 1909 to 1999,
a striking increase in the use of vegetable oils occurred (Figure
4). Specifically, per capita consumption of salad and cooking oils
increased 130%, shortening consumption increased 136%, and
margarine consumption increased 410% (22). These trends oc-
curred elsewhere in the world and were made possible by the
industrialization and mechanization of the oil-seed industry (43).
To produce vegetable oils from oil-bearing seeds, 3 procedures
can be used: /) rendering and pressing, 2) expeller pressing, and
3) solvent extraction (43). Oils made from walnuts, almonds,
olives, sesame seeds, and flax seeds likely were first produced via
the rendering and pressing process between 5000 and 6000 y ago.
However, except for olive oil, most early use of oils seems to
have been for nonfood purposes such as illumination, lubrica-
tion, and medicine (43).

The industrial advent of mechanically driven steel expellers
and hexane extraction processes allowed for greater world-wide
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FIGURE 4. Per capita consumption of vegetable oils in the United States
from 1909-1919 to 1990-1999. Adapted from Gerrior and Bente (22).

vegetable oil productivity, whereas new purification procedures
permitted exploitation of nontraditionally consumed oils, such as
cottonseed (43). New manufacturing procedures allowed vege-
table oils to take on atypical structural characteristics. Margarine
and shortening are produced by solidifying or partially solidify-
ing vegetable oils via hydrogenation, a process first developed in
1897 (44). The hydrogenation process produces novel trans fatty
acid isomers (trans elaidic acid in particular) that rarely, if ever,
are found in conventional human foodstuffs (44). Consequently,
the large-scale addition of refined vegetable oils to the world’s
food supply after the Industrial Revolution significantly altered
both quantitative and qualitative aspects of fat intake.

Alcohol

In contrast with dairy products, cereal grains, refined sugars,
and oils, alcohol consumption in the typical US diet represents a
relatively minor contribution (1.4%) to the total energy con-
sumed. The earliest evidence for wine drinking from domesti-
cated vines comes from a pottery jar dated 7400—7100 y BP from
the Zagros Mountains in northern Iran (45), whereas the earliest
archaeologic indication of the brewing of beer and beer con-
sumption dates to the late fourth millennium BC from the Godin
site in southern Kurdistan in Iran (46). The incorporation of
distilled alcoholic beverages into the human diet came much
later. During the period from ~800 to 1300 AD, various popu-
lations in Europe, the Near East, and China learned to distill
alcoholic beverages (47).

The fermentation process that produces wine takes place nat-
urally and, without doubt, must have occurred countless times
before humans learned to control the process. As grapes reach
their peak of ripeness in the fall, they may swell in size and burst,
thereby allowing the sugars in the juice to be exposed to yeasts
growing on the skins and to produce carbon dioxide and ethanol
(48). Because of seasonal fluctuations in fruit availability and the
limited liquid storage capacity of hunter-gatherers, itis likely that
fermented fruit drinks, such as wine, would have made an insig-
nificant or nonexistent contribution to total energy in hominin
diets before the Neolithic (49).

Salt

The total quantity of salt included in the typical US diet
amounts to 9.6 g/d (Table 1). About 75% of the daily salt intake
in Western populations is derived from salt added to processed
foods by manufacturers; 15% comes from discretionary sources
(ie, cooking and table salt use), and the remainder (10%) occurs
naturally in basic foodstuffs (50). Hence, 90% of the salt in the
typical US diet comes from manufactured salt that is added to the
food supply.

The systematic mining, manufacture, and transportation of
salt have their origin in the Neolithic Period. The earliest salt use
is argued to have taken place on Lake Yuncheng in the Northern
Province of Shanxi, China, by 6000 BC (51). In Europe the
earliest evidence of salt exploitation comes from salt mines at
Cardona, Spain, dating to 6200-5600 BP (52). It is likely that
Paleolithic (the old stone age which began 2.6 million years ago
and ended 10 000—12 000 y ago) or Holocene (10 000 y ago to
the present) hunter-gatherers living in coastal areas may have
dipped food in seawater or used dried seawater salt in a manner
similar to nearly all Polynesian societies at the time of European
contact (53). However, the inland living Maori of New Zealand
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lost the salt habit (53), and the most recently studied inland
hunter-gatherers add no or little salt to their food on a daily basis
(54). Furthermore, there is no evidence that Paleolithic people
undertook salt extraction or took interest in inland salt deposits
(55). Collectively, this evidence suggests that the high salt con-
sumption (=10 g/d) in Western societies has minimal or no
evolutionary precedent in hominin species before the Neolithic
period.

Fatty domestic meats

Before the Neolithic period, all animal foods consumed by
hominins were derived from wild animals. The absolute quantity
of fat in wild mammals is dependent on the species body mass
—larger mammals generally maintain greater body fat percent-
ages by weight than do smaller animals (21, 56). Additionally,
body fat percentages in wild mammals typically vary by age and
sex and also seasonally in a cyclic waxing and waning manner
with changing availability of food sources and the photoperiod
(Figure 5) (57, 58). Hence, maximal or peak body fat percent-
ages in wild mammals are maintained only for a few months
during the course of a year, even for mammals residing at tropical
and southern latitudes (59). In mammals, storage of excess food
energy as fat occurs primarily as triacylglycerols in subcutaneous
and abdominal fat depots. The dominant (>50% fat energy) fatty
acids in the fat storage depots (adipocytes) of wild mammals are

345

saturated fatty acids (SFAs), whereas the dominant fatty acids in
muscle and all other organ tissues are polyunsaturated fatty acids
(PUFAs) and monounsaturated fatty acids (MUFAs) (11). Be-
cause subcutaneous and abdominal body fat stores are depleted
during most of the year in wild animals, PUFAs and MUFAs
ordinarily constitute most of the total carcass fat (11). MUFAs
and PUFAs are the dominant fats in the edible carcass of caribou
for all 12 mo of the year, as illustrated in Figure 6 (11, 60—65).
Because of the seasonal cyclic depletion of SFAs and enrichment
of PUFAs and MUFAs, a year-round dietary intake of high
amounts of SFAs would have not been possible for preagricul-
tural hominins preying on wild mammals. Even with selective
butchering by hominins, in which much of the lean muscle meat
is discarded, MUFAs and PUFAs constitute the greatest percent-
age (>50% of energy as fat) of edible fatty acids in the carcass of
wild mammals throughout most of the year (Figure 6).
Beginning with the advent of animal husbandry, it became
feasible to prevent or attenuate the seasonal decline in body fat
(and hence in SFAs) by provisioning domesticated animals with
stored plant foods. Furthermore, it became possible to consis-
tently slaughter the animal at peak body fat percentage. Neolithic
advances in food-processing procedures allowed for the storage
of concentrated sources of animal SFAs (cheese, butter, tallow,
and salted fatty meats) for later consumption throughout the year.
Technologic developments of the early and mid 19th centu-
ry—such as the steam engine, mechanical reaper, and rail-
roads—allowed for increased grain harvests and efficient trans-
port of both grain and cattle, which in turn spawned the practice
of feeding grain (corn primarily) to cattle sequestered in feedlots
(66). In the United States before 1850, virtually all cattle were
free range or pasture fed and were typically slaughtered at4 -5y
of age (66). By about 1885, the science of rapidly fattening cattle
in feedlots had advanced to the point that it was possible to
produce a 545-kg steer ready for slaughter in 24 mo and that
exhibited “marbled meat” (66). Wild animals and free-range or
pasture-fed cattle rarely display this trait (11). Marbled meat
results from excessive triacylglycerol accumulation in muscle
interfascicular adipocytes. Such meat has a greatly increased
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FIGURE 6. Seasonal variation in mean percentage body fat for mature male, immature male, and mature female caribou (57). Total body fat and total body
protein, as a percentage of energy, were calculated from the respective mean values by weight by using the cubic regression equations developed by Cordain
etal (20). The edible carcass mass was calculated by subtracting the mass of the bones (minus marrow), hide, hooves, antlers, blood, urine, and gastrointestinal
contents from the total live weight. The mass of the edible organs and tissues were calculated from the allometric relation between body mass and organ and
tissue mass (60—63). Edible carcass fatty acid composition was calculated by multiplying tissue and organ mass by fatty acid composition (% mass) in these

tissues from values for caribou or similar ruminant species (11, 64, 65).
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SFA content, a lower proportion of n—3 fatty acids, and more
n—06 fatty acids (11, 65).

Modern feedlot operations involving as many as 100 000 cat-
tle emerged in the 1950s and have developed to the point that a
characteristically obese (30% body fat) (67) 545-kg pound steer
can be brought to slaughter in 14 mo (68). Although 99% of all
the beef consumed in the United States is now produced from
grain-fed, feedlot cattle (69), virtually no beef was produced in
this manner as recently as 200 y ago (66). Accordingly, cattle
meat (muscle tissue) with a high absolute SFA content, low n—3
fatty acid content, and high n—6 fatty acid content represents a
recent component of human diets (11).

HEALTH RAMIFICATIONS OF FOODS IN THE
NEOLITHIC AND INDUSTRIAL ERAS

The novel foods (dairy products, cereals, refined cereals, re-
fined sugars, refined vegetable oils, fatty meats, salt, and com-
binations of these foods) introduced as staples during the Neo-
lithic and Industrial Eras fundamentally altered several key
nutritional characteristics of ancestral hominin diets and ulti-
mately had far-reaching effects on health and well-being. As
these foods gradually displaced the minimally processed wild
plant and animal foods in hunter-gatherer diets, they adversely
affected the following dietary indicators /) glycemic load, 2),
fatty acid composition, 3) macronutrient composition, 4) micro-
nutrient density, 5) acid-base balance, 6) sodium-potassium ra-
tio, and 7) fiber content.

Glycemic load

The glycemic index, originally developed in 1981, is arelative
comparison of the blood glucose raising potential of various
foods or combination of foods based on equal amounts of car-
bohydrate in the food (70). In 1997, the concept of glycemic load
(glycemic index x the carbohydrate content per serving size) was
introduced to assess blood glucose raising potential of a food
based on both the quality and quantity of dietary carbohydrate
(71). Table 2 shows that refined grain and sugar products nearly
always maintain much higher glycemic loads than unprocessed
fruits and vegetables. Unrefined wild plant foods like those avail-
able to contemporary hunter-gatherers typically exhibit low gly-
cemic indices (73).

Acute elevations in blood glucose concentrations, along with
increases in hormones secreted from the gut, stimulate pan-
creatic insulin secretion causing an acute rise in blood insulin
concentrations. Consumption of mixed meals containing pro-
tein and fat combined with carbohydrate may lower the total
glycemic and insulinemic response of the carbohydrate food
alone (74). Nevertheless, it is established that repeated con-
sumption of high glycemic index, mixed meals results in
higher mean 24 h blood glucose and insulin concentrations
when compared with low glycemic index, mixed meals of
identical caloric content (75, 76).

Within the past 20 y, substantial evidence has accumulated
showing that long term consumption of high glycemic load car-
bohydrates can adversely affect metabolism and health (71, 77,
78). Specifically, chronic hyperglycemia and hyperinsulinemia
induced by high glycemic load carbohydrates may elicit a num-
ber of hormonal and physiologic changes that promote insulin
resistance (71, 77, 78). Chronic hyperinsulinemia represents the

TABLE 2
Glycemic indexes and glycemic loads of various food groups’

Glycemic index Glycemic load?

Grain products

Rice Krispies cereal’ 82 72.0
Cornflakes™? 81 70.1
Rice cakes’ 78 63.6
Shredded wheat cereal® 75 62.0
Graham wafers” 74 56.8
Cheerios cereal® 74 54.2
Rye crisp bread” 64 52.6
Vanilla wafers” 77 49.7
Stoned Wheat thins” 67 41.9
Corn chips’®"/ 63 39.9
Muesli bar’? 61 39.3
Bagel 72 38.4
Doughnuts 76 37.8
White bread 70 34.7
Whole-wheat bread 71 32.7
All-bran cereal®* 42 32.5
Sugar, sweets
Jelly beans 78 72.6
Lifesavers’? 70 67.9
Table sugar (sucrose) 65 64.9
Mars bar’#7> 65 40.4
Vegetables
Baked potato 85 21.4
Sweet potato 61 14.8
Yam 37 8.4
Rutabaga 72 6.3
Beets 64 6.3
Carrots 47 4.7
Fruit
Banana 52 11.9
Grapes 46 8.2
Kiwi fruit 53 7.5
Pineapple 59 7.3
Apple 38 5.8
Pear 38 5.7
Watermelon 72 5.2
Orange 42 5.0
Dairy foods
Ice cream 61 14.4
Yogurt, low-fat 27 53
Skim milk 32 1.6
Whole milk 27 1.3

! Data adapted from reference 72.

2 Glycemic load = glycemic index X carbohydrate content (in 100-g
portions); the glycemic reference is glucose with a glycemic index of 100.

7 Kellogg’s Inc, London.

? Kellogg’s Inc, Auckland, Australia and Battle Creek, ML

7 Rice Growers Co-op, Leeton, Australia.

% Nabisco Brands Ltd, Toronto.

7 Christie Brown and Co, Toronto.

8 General Mills Inc, Mississauga, Canada.

¢ Ryvita Company Ltd, Poole, United Kingdom.

10 Smith’s Snack Food Co, Adelaide, Australia.

7' 01d El Paso Foods Co, Mississauga, Canada.

/2 Uncle Toby’s, North Ryde, Australia.

3 Nestlé, Rhodes, Australia.

4 Mars Confectionery, Ballarat, Australia.

> M & M Mars, Hackettstown, NJ.

primary metabolic defect in the metabolic syndrome (79). Dis-
eases of insulin resistance are frequently referred to as “diseases
of civilization” (5, 78, 79) and include: obesity, coronary heart
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disease (CHD), type 2 diabetes, hypertension, and dyslipidemia
[elevated serum triacylglycerols, small-dense, LDL cholesterol
and reduced HDL cholesterol]. It is likely that the metabolic
syndrome may extend to other chronic illnesses and conditions
that are widely prevalent in Western societies, including: myopia
(80), acne (81), gout (79), polycystic ovary syndrome, epithelial
cell cancers (breast, colon, and prostate), male vertex balding,
skin tags and acanthosis nigricans (78). Diseases of insulin re-
sistance are rare or absent in hunter-gatherer and other less west-
ernized societies living and eating in their traditional manner (5,
21, 82, 83).

In addition to high-glycemic-load carbohydrates, other ele-
ments of Neolithic and Industrial Era foods may contribute to the
insulin resistance underlying metabolic syndrome diseases.
Milk, yogurt, and ice cream, despite having relatively low gly-
cemic loads (Table 2), are highly insulinotropic, with insulin
indexes comparable with white bread (84). Fructose maintains a
low glycemic index of 23 and a low glycemic load, but paradox-
ically itis routinely used to induce insulin resistance in laboratory
rodents at high (35-65% of energy) dietary concentrations (85,
86). Diets containing lower concentrations (20% of energy) of
fructose worsened insulin sensitivity in hyperinsulinemic men
(87); more recently it was shown that fructose infusions in
healthy men and women induce insulin resistance (88). Dietary
fructose may contribute to insulin resistance via its unique ability
among all sugars to cause a shift in balance from oxidation to
esterification of serum nonesterified free fatty acids (89, 90).

In the typical US diet, sugars with a high glycemic load (HFCS
42, HFCS 55, sucrose, glucose, honey, and syrups) now supply
18.6% of total energy, whereas refined cereal grains with a high
glycemic load supplies 20.4% of energy (Table 1). Hence, =
39% of the total energy in the typical US diet is supplied by foods
that may promote the 4 proximate causes of insulin resistance:
chronic and substantial elevations in plasma glucose (91, 92),
insulin (93, 94), VLDL (95), and free fatty acid (96) concentra-
tions. Although sugars and grains with a high glycemic load now
represent a dominant element of the modern urban diet, these
foods were rarely or never consumed by average citizens as
recently as 200 y ago.

Fatty acid composition

Chemically, fats are defined as acylglycerols— compounds in
which a fatty acid molecule (acyl group) is linked to a glycerol
molecule by an ester bond. Almost all dietary and storage fats are
triacylglycerols, compounds in which 3 fatty acid molecules are
bound to a single glycerol molecule. Fatty acids fall into 1 of 3
major categories: /) SFAs, 2) MUFAs, and 3) PUFAs. Addition-
ally, essential PUFAs occur in 2 biologically important families,
the n—6 PUFAs and the n—3 PUFAs. Substantial evidence now
indicates that to prevent the risk of chronic disease, the absolute
amount of dietary fat is less important than is the type of fat (97).
Beneficial health-promoting fats are MUFAs and some PUFAs,
whereas most SFAs and trans fatty acids are detrimental when
consumed in excessive quantities (97). Furthermore, the balance
of dietary n—6 and n—3 PUFAs is integral in preventing the risk
of chronic disease and promoting health (97-99).

The Western diet frequently contains excessive saturated and
trans fatty acids and has too little n—3 PUFAs than n—6 PUFAs
(97-99). High dietary intakes of SFAs and trans fatty acids
increase the risk of CVD by elevating blood concentrations of

total and LDL cholesterol (97, 100-102). n—3 PUFAs may re-
duce the risk of CVD via many mechanisms, including reduc-
tions in ventricular arrhythmias, blood clotting, serum triacyl-
glycerol concentrations, growth of atherosclerotic plaques, and
blood pressure (98). A 20% reduction in overall mortality and a
45% reduction in sudden death after 3.5 y were reported in
subjects with preexisting CVD when given 850 mg n—3 fatty
acids, either with or without vitamin E (103). Higher dietary
intakes of n—3 fatty acids are also therapeutic in preventing or
ameliorating many inflammatory and autoimmune diseases (99).
Low- (22% energy) and high- (39% energy) fat diets that had
identical ratios of PUFAs to SFAs, n—6 PUFAs to n—3 PUFAs,
and MUFAs to total fat produced no significant differences in
total or LDL cholesterol after a 50-d trial (104). These data
support the notion that fat quality is more important than fat
quantity in regard to CVD risk.

Although much of the early work on the link between diet and
CVD focused primarily on dietary fats and their effect on total
and LDL-cholesterol concentrations, there are many other di-
etary elements that can operate synergistically to promote ath-
erosclerosis. As was previously mentioned, carbohydrates with a
high glycemic load encourage a proatherogenic blood profile by
elevating triacylglycerols and small-dense LDLs, while reducing
HDL cholesterol. Atherosclerosis is not just a “plumbing” prob-
lem involving excessive LDL cholesterol in the blood from ex-
cessive dietary SFAs, but also from chronic inflammation, which
is essential in the formation of atherosclerotic plaques (105). A
recent study suggested that the blood concentration of the in-
flammatory marker C-reactive protein (CRP) is a stronger pre-
dictor of CVD than is LDL cholesterol (106). High-glycemic-
load diets are associated with increased concentrations of CRP
(107), as are low dietary intakes of n—3 PUFAs (108), and diets
that encourage weight loss reduce CRP (109) concentrations.
These studies indicate how multiple interrelated qualities of
Western diets and recently introduced Neolithic and Industrial
Era foods may drive a variety of mechanisms that promote the
development of chronic diseases.

The 6 major sources of SFAs in the United States diet are fatty
meats, baked goods, cheese, milk, margarine, and butter (110).
Five of these 6 foods would not have been components of homi-
nin diets before the advent of animal husbandry or the Industrial
Revolution. Because of the inherently lean nature of wild animal
tissues throughout most of the year (Figure 5) and the dominance
of MUFAs and PUFAs, high dietary levels of SFAs on a year-
round basis (Figure 6) could not have exerted adverse selective
pressure on the hominin genome before the development of ag-
riculture.

The advent of the oil-seed processing industry at the beginning
of the 20th century significantly raised the total intake of vege-
table fat (Figure 4), which directly increased the dietary level of
n—6 PUFAs at the expense of a lowered level of n—3 PUFAs
because of the inherently higher concentrations of n—6 PUFAs
and lower concentrations of n—3 PUFAs in most vegetable oils
(111). The trend toward a higher ratio of n—6 ton—3 PUFAs was
exacerbated as meat from grain fed cattle and livestock became
the norm in the US diet over the past 100y (11, 66). In the current
US diet, the ratio of n—6 to n—3 PUFAs has risen to 10:1 (112),
whereas the ratio in hunter-gatherer diets predominant in wild
animal foods (20, 21) has been estimated to be between 2:1 and
3:1(11, 111).
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The invention of the hydrogenation process in 1897 (44) al-
lowed vegetable oils to become solidified and marketed as short-
ening or margarine and as foods containing hydrogenated veg-
etable oils. The hydrogenation process introduced a novel trans
fatty acid (trans elaidic acid) into the human diet, which elevates
blood cholesterol concentrations and leads to an increased risk of
CVD (113). trans Fatty acids in the US diet are now estimated to
constitute 7.4% of the total fatty acid intake (114).

Macronutrient composition

In the present US diet, the percentage of total food energy
derived from the 3 major macronutrients is as follows (23): car-
bohydrate (51.8%), fat (32.8%), and protein (15.4%). Current
advice for reducing the risk of cardiovascular disease and other
chronic diseases is to limit fat intake to 30% of total energy, to
maintain protein at 15% of total energy, and to increase complex
carbohydrates to 55-60% of total energy (115, 116). Both the
current US macronutrient intakes and suggested healthful levels
differ considerably from average levels obtained from ethno-
graphic (20) and quantitative (21) studies of hunter gatherers in
which dietary protein is characteristically elevated (19-35% of
energy) at the expense of carbohydrate (22—40% of energy) (20,
21). Although the macronutrient compositions of hominin diets
during the Paleolithic period cannot be directly determined, re-
cent isotopic data from Neanderthal (117) and Upper Paleolithic
European (118) skeletons support the notion that protein consump-
tion may have been substantially higher than current values.

An increasing body of evidence indicates that high-protein
diets may improve blood lipid profiles (119-123) and thereby
lessen the risk of CVD. Wolfe and Giovannetti (121) have shown
that the isocaloric substitution of protein (23% of energy) for
carbohydrate in moderately hypercholesterolemic subjects re-
sulted in significant decreases in total, LDL, and VLDL choles-
terol and triacylglycerols and an increase in HDL cholesterol.
Similar beneficial blood lipid changes have been observed in
type 2 diabetic patients in conjunction with improvements in
glucose and insulin metabolism (119, 120). Furthermore, high-
protein diets have been shown to improve metabolic control in
patients with type 2 diabetes (119, 120, 124). In obese women,
hypocaloric, high-protein diets improved insulin sensitivity and
prevented muscle loss, whereas hypocaloric, high-carbohydrate
diets worsened insulin sensitivity and caused reductions in fat-
free mass (125).

Epidemiologic evidence supports the clinical data, which
shows a cardiovascular protective effect of dietary protein. Pro-
tein intake has been shown to be inversely related to CVD in a
cohort of 80 082 women (126). Dietary protein is also inversely
related to blood homocysteine concentration (127), an indepen-
dent risk factor for CVD. Meat-eating populations have been
shown to maintain lower plasma homocysteine concentrations
than nonmeat eaters (128, 129). In numerous population studies,
summarized by Obarzanek et al (130), higher blood pressure has
been associated with lower intakes of protein. A 4-wk dietary
intervention of hypertensive subjects showed that a high-protein
diet (25% energy) was effective in significantly lowering blood
pressure (131). Furthermore, many population studies have es-
tablished that stroke mortality is inversely related to protein
intake (132, 133).

Because protein has >3 times the thermic effect of either fat or
carbohydrate (134) and because it has a greater satiety value than
do fat or carbohydrate (134, 135), increased dietary protein may

TABLE 3
Percentages of all individuals aged = 2 y not meeting 100% of the 1989
US recommended dietary allowances’

Nutrient Value
%
Vitamin B-12 17.2
Niacin 25.9
Phosphorus 274
Riboflavin 30.0
Thiamine 30.2
Folate 33.2
Vitamin C 37.5
Tron 39.1
Vitamin B-6 53.6
Vitamin A 56.2
Magnesium 61.6
Calcium 65.1
Zinc 73.3

! Values are the 2-d average of data collected from 1994 to 1996 (23).

represent an effective weight-loss strategy for the overweight or
obese. Recent clinical trials have shown that calorie-restricted,
high-protein diets are more effective than are calorie-restricted,
high-carbohydrate diets in promoting (136—-138) and maintain-
ing (139) weight loss in overweight subjects while producing less
hunger and more satisfaction (140).

Micronutrient density

Refined sugars are essentially devoid of any vitamin or min-
eral (64). Accordingly, the consumption of refined sugar or foods
containing refined sugar reduces the total vitamin and mineral
(micronutrient) density of the diet by displacing more nutrient-
dense foods. A similar situation exists for refined vegetable oils,
except that they contain 2 fat-soluble vitamins (vitamin E and
vitamin K) (64). Because vegetable oils and refined sugars con-
tribute =36.2% of the energy in a typical US diet (Table 1), the
widespread consumption of these substances—or foods made
with them—has considerable potential to influence the risk of
vitamin and mineral deficiencies.

The vitamins and minerals most frequently lacking in the US
diet are listed in Table 3. At least half the US population fails to
meet the recommended dietary allowance (RDA) for vitamin
B-6, vitamin A, magnesium, calcium, and zinc, and 33% of the
population does not meet the RDA for folate. Adequate dietary
intake of both folate and vitamin B-6 prevents the accumula-
tion of homocysteine in the bloodstream. Elevated blood con-
centrations of homocysteine represent an independent risk
factor for the development of CVD, stroke, and deep vein
thrombosis (141, 142).

The nutrient density in various food groups for the 13 vitamins
and minerals most frequently lacking in the US diet are con-
trasted in Table 4 (64, 143, 144). Because whole grains and milk
maintain the next to the lowest nutrient density rankings, dis-
placement of fruit, vegetables, lean meats, and seafood by these
2 staple food groups lowers the overall micronutrient density in
the diet. Wild plant foods known to be consumed by hunter-
gatherers generally maintain higher micronutrient concentra-
tions than do their domesticated counterparts (4, 145), as does the
muscle meat of wild animals (64). Consequently, the Neolithic
introduction of dairy foods and cereal grains as staples would
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TABLE 4
Mean nutrient density of various foods groups (418-kJ samples)’

Whole grains Whole milk Fruit Vegetables Seafood Lean meats Nuts and seeds

(n=28) (n=1) (n=20) (n=18) (n =20) (n=4) (n=10)
Vitamin B-12 (ug) 0.00 [4] 0.58 [5] 0.00 [4] 0.00 [4] 7.42 (7] 0.63 [6] 0.00 [4]
Vitamin B-3 (mg) 1.12 [4] 0.14 1] 0.89 [3] 2.73 [5] 3.19[6] 4.73[7] 0.35[2]
Phosphorus (mg) 90 [3] 152 [5] 33[1] 157 [6] 219 (7] 151 [4] 80 [2]
Riboflavin (mg) 0.05 [2] 0.26 [6] 0.09 [3] 0.33 [7] 0.09 [4] 0.14 [5] 0.04 [1]
Thiamine (mg) 0.12 [5] 0.06 [1] 0.11[3] 0.26 [7] 0.08 [2] 0.18 [6] 0.12 [4]
Folate (ug) 10.3 [4] 8.1[2] 25.0 [6] 208.3 [7] 10.8 [3] 3.8[1] 11.0[5]
Vitamin C (mg) 1.53[3] 74.2 [5] 221.3[7] 93.6 [6] 1.9 4] 0.1[1] 0.4 2]
Iron (mg) 0.90 [4] 0.08 1] 0.69 [2] 2.5917] 2.07 [6] 1.10 [5] 0.86 [3]
Vitamin B-6 (mg) 0.09 [3] 0.07 [1] 0.20 [5] 0.42 [7] 0.19 [4] 0.32 [6] 0.08 [2]
Vitamin A (RE) 2 (2] 50 [5] 94 6] 687 [7] 32 [4] 1[1] 2 (3]
Magnesium (mg) 32.6 [4] 21.9[2] 24.6 [3] 54.517] 36.1[6] 18.0[1] 35.8 [5]
Calcium ((mg) 7.6 (2] 194.3 [7] 43.0 [4] 116.8 [6] 43.1[5] 6.1[1] 17.5[3]
Zinc (mg) 0.67 [4] 0.62 [3] 0.25[1] 1.04 [5] 7.6 7] 1.9 [6] 0.6 [2]
Sum rank score 44 44 48 81 65 50 38

! Food types within food groups are based on the most commonly consumed foods in the US diet (135, 136). Values in brackets represent relative ranking
(7 = highest; 1 = lowest). The micronutrient concentrations for each food group were derived from reference 64. RE, retinol equivalents.

have caused the average micronutrient content of the diet to
decline. This situation worsened as cereal milling techniques
developed in the Industrial era allowed for the production of
bread flour devoid of the more nutrient-dense bran and germ (35).
The displacement of more nutrient-dense foods (eg, fruit, vege-
tables, lean meats, and seafood) by less-dense foods (refined
sugars, grains, vegetable oils, and dairy products) and the sub-
sequent decline in dietary vitamin and mineral density has far

reaching health implications— consequences that not only pro-
mote the development of vitamin- deficiency diseases but also
numerous infectious and chronic diseases (7).

Acid-base balance

After digestion, absorption, and metabolism, nearly all foods
release either acid or bicarbonate (base) into the systemic circu-
lation (146, 147). As shown in Table 5, fish, meat, poultry, eggs,

TABLE 5
Potential net acid (or base) loads of 17 food groups’
Net acid load® Net acid load® Potassium Protein Protein
mEq/418 kJ mEq/10 460 kJ mEq/418 kJ g/418 kJ /100 mEq potassium
Acid-producing foods
Fish (n = 8) 14.6 398 8.1 16.8 207
Meat (n = 3) 124 342 7.6 18.4 242
Poultry (n = 2) 7.8 227 4.7 13.4 287
Egg(n=1) 73 215 2.4 8.3 339
Shellfish (n = 3) 7.3 215 18.4 18.0 159
Cheese (n = 9) 33 115 0.8 7.1 982
Milk (n = 4) 1.3 64 6.4 5.7 90
Cereal grains (n = 7) 1.1 60 2.6 3.2 153
Near-neutral foods
Legumes (n = 6) -0.4 24 12.6 10.6 100
Base-producing foods
Nut (n = 6) —1.1 6 3.8 2.5 86
Fresh fruit (n = 11) -52 —98 9.4 1.6 16
Tuber (n = 2) —-54 —102 11.8 22 18
Mushroom (n = 1) —-11.2 —247 62.3 25.7 41
Root (n = 5) -17.1 —395 343 6.8 21
Vegetable fruit (n = 1) -175 —404 355 5.6 15
Leafy greens (n = 6) —234 —553 43.5 10.0 24
Plant stalks (n = 1) -24.9 -590 54.8 4.6 8

! Daily net acid load per 10 460-kJ hypothetical diet, for which a single food group is solely consumed; 32.9 mEq/d was added to baseline to account for
diet-independent organic acid production. For example, the total net endogenous acid production for a 10 460-kJ diet of cereal grains = (1.1 mEq) X (10 460
kJ/418 kJ) + 32.9 mEq = 60.4 mEq/d.

2 Calculations were made with the use of previously described procedures (148). Positive and negative values represent acid-producing and base-producing
equivalents, respectively.
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shellfish, cheese, milk, and cereal grains are net acid producing,
whereas fresh fruit, vegetables, tubers, roots, and nuts are net
base producing. Legumes yield near-zero mean acid values,
which reflects an overlapping distribution from slightly net acid
producing to slightly net base producing. Not shown in Table 5
are energy-dense, nutrient-poor foods such as separated fats and
refined sugars that contribute neither to the acid nor the base load.
Additionally, salt is net acid producing because of the chloride
ion (146).

The typical Western diet yields a net acid load estimated to be
50 mEq/d (148). As a result, healthy adults consuming the stan-
dard US diet sustain a chronic, low-grade pathogenic metabolic
acidosis that worsens with age as kidney function declines (146,
149). Virtually all preagricultural diets were net base yielding
because of the absence of cereals and energy-dense, nutrient-
poor foods—foods that were introduced during the Neolithic and
Industrial Eras and that displaced base-yielding fruit and vege-
tables (147). Consequently, a net base-producing diet was the
norm throughout most of hominin evolution (147). The known
health benefits of a net base-yielding diet include preventing and
treating osteoporosis (150, 151), age-related muscle wasting
(152), calcium kidney stones (153, 154), hypertension (155,
156), and exercise-induced asthma (157) and slow the pro-
gression of age- and disease-related chronic renal insuffi-
ciency (158).

Sodium-potassium ratio

The average sodium content (3271 mg/d) of the typical US diet
is substantially higher than its potassium content (2620 mg/d)
(23). Three dietary factors are primarily responsible for the di-
etary ratio of sodium to potassium, which is >1.0. First, 90% of
the sodium in Western diets comes from manufactured salt (so-
dium chloride); hence, the sodium content of naturally occurring
foods in the average US diet (=330 mg) is quite low. Second,
vegetable oils and refined sugars, which are essentially devoid of
potassium, constitute 36% of the total food energy. The inclusion
of these 2 foods into the diet displaces other foods with higher
potassium concentrations and thereby reduces the total dietary
potassium content. Third, the displacement of vegetables and
fruit by whole grains and milk products may further reduce the
potassium intake because potassium concentrations in vegeta-
bles are 4 and 12 times those in milk and whole grains, respec-
tively, whereas in fruit the potassium concentration is 2 and 5
times that in milk and whole grains (64). Taken together, the
addition of manufactured salt to the food supply and the displace-
ment of traditional potassium-rich foods by foods introduced
during the Neolithic and Industrial periods caused a 400% de-
cline in the potassium intake while simultaneously initiating a
400% increase in sodium ingestion (4, 12, 159).

The inversion of potassium and sodium concentrations in
hominin diets had no evolutionary precedent and now plays an
integral role in eliciting and contributing to numerous diseases of
civilization. Diets low in potassium and high in sodium may
partially or directly underlie or exacerbate a variety of maladies
and chronic illnesses, including hypertension, stroke, kidney
stones, osteoporosis, gastrointestinal tract cancers, asthma,
exercise-induced asthma, insomnia, air sickness, high-altitude
sickness, and Meniere’s Syndrome (ear ringing) (160-170).

Fiber content

The fiber content (15.1 g/d) (23) of the typical US diet is
considerably lower than recommended values (25-30 g) (116).
Refined sugars, vegetable oils, dairy products, and alcohol are
devoid of fiber and constitute an average of 48.2% of the energy
in the typical US diet (Table 1). Furthermore, fiber-depleted,
refined grains represent 85% of the grains consumed in the
United States (Table 1), and because refined grains contain 400%
less fiber than do whole grains (by energy), they further dilute the
total dietary fiber intake. Fresh fruit typically contains twice the
amount of fiber in whole grains, and nonstarchy vegetables con-
tain almost 8 times the amount of fiber in whole grains on an
energy basis (64). Fruit and vegetables known to be consumed by
hunter-gatherers also maintain considerably more fiber than do
their domestic counterparts (145). Contemporary diets devoid of
cereal grains, dairy products, refined oils and sugars, and pro-
cessed foods have been shown to contain significantly more fiber
(42.5 g/d) than either current or recommended values (159).

Once again, the displacement of fiber-rich plant foods by
novel dietary staples, introduced during the Neolithic and Indus-
trial periods, was instrumental in changing the diets that our
species had traditionally consumed—a diet that would have al-
most always been high in fiber. Soluble fibers (those found pri-
marily in fruit and vegetables) modestly reduce total and LDL-
cholesterol concentrations beyond those achieved by a diet low
in saturated fat and fiber, by slowing gastric emptying, may
reduce the appetite and help to control caloric intake (171). Diets
low in dietary fiber may underlie or exacerbate constipation,
appendicitis, hemorrhoids, deep vein thrombosis, varicose veins,
diverticulitis, hiatal hernia, and gastroesophageal reflux (172).

SUMMARY

In the United States and most Western countries, diet-related
chronic diseases represent the single largest cause of morbidity
and mortality. These diseases are epidemic in contemporary
Westernized populations and typically afflict 50—-65% of the
adult population, yet they are rare or nonexistent in hunter-
gatherers and other less Westernized people. Although both sci-
entists and lay people alike may frequently identify a single
dietary element as the cause of chronic disease (eg, saturated fat
causes heart disease and salt causes high blood pressure), evi-
dence gleaned over the past 3 decades now indicates that virtually
all so-called diseases of civilization have multifactorial dietary
elements that underlie their etiology, along with other environ-
mental agents and genetic susceptibility. Coronary heart disease,
for instance, does not arise simply from excessive saturated fat in
the diet but rather from a complex interaction of multiple nutri-
tional factors directly linked to the excessive consumption of
novel Neolithic and Industrial era foods (dairy products, cereals,
refined cereals, refined sugars, refined vegetable oils, fatty
meats, salt, and combinations of these foods). These foods, in
turn, adversely influence proximate nutritional factors, which
universally underlie or exacerbate virtually all chronic diseases
of civilization: /) glycemic load, 2) fatty acid composition, 3)
macronutrient composition, 4) micronutrient density, 5) acid-
base balance, 6) sodium-potassium ratio, and 7) fiber content.
However, the ultimate factor underlying diseases of civilization
is the collision of our ancient genome with the new conditions of
life in affluent nations, including the nutritional qualities of re-
cently introduced foods. ¢ |
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