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Stellingen behorende bij het proefschrift 

Ooinega-3 fatty acids and vitamin Din traditionally living 
East-African populations� 

Martine F. Luxwolda 

De teleurstellend negatieve lange termijn uitkomst van het onderzoek 
naar de verbetering van de neurologische ontwikkeling van pasgeborenen 
door het toedienen van lange-keten meervoudig onverzadigde vetzuren 
aan zwangeren en pasgeborenen illustreert de plasticiteit van het brein. 
(dit proefschrift) 

2 De huidige aanbeveling voor de vitamine D status van �30 nmol/L 
25-hydroxyvitamine D (<70 jaar) en �50 nmol/L (�70 jaar), zoals opgesteld 
door de Gezondheidsraad op 26 september 2012, dient vervangen te worden 
door een aanbeveling van tenminste 80 nmol/L. (dit proefschrift) 

3 Omdat synthese in de huid onder invloed van UVB straling de voornaamste 
bron is van onze vita mine D, status zou het gestimuleerd moeten warden om 
van maart tot november buiten te pauzeren en te sporten. (dit proefschrift) 

4 Al heeft een vrouw met overgewicht/obesitas voldoende DHA in haar 
vetweefsel dan nog zal het nagenoeg onmogelijk zijn om het in voldoende 
mate te mobiliseren. (dit proefschrift) 

5 De fysiologische klok-vormige relatie tussen DHA en AA wordt verstoord 
door de enorme Westerse linolzuurplas. (dit proefschrift) 

6 Gerandomiseerde onderzoeken met afzonderlijke nutrienten, door 
velen verward met 'Evidence Based Nutrition: is het huidige regerende 
reductionistische paradigma, dat de complexiteit van de natuur straal 
negeert. Het dient per direct vervangen te warden door een benadering 
vanuit de systeembiologie. (dit proefschrift) 

7 De hoge kosten van de gezondheidszorg zijn in hoge mate te wijten aan het 
falen van de volksgezondheid om onze leefstijl gunstig te be"invloeden. 

8 De hoge kosten van de gezondheidszorg zijn dus deels te wijten aan de 
bescherming van onze privacy. 

9 Wat niet kan, is nog nooit gebeurd (Ynte Koster). 

10 Life is what happens to you, while you're busy making other plans. 
(John Lennon) 

11 De wereld is een boek en wie niet reist, leest slechts een bladzijde. (Augustinus) 

12 De meest fundamentele ideeen van de wetenschap zijn in wezen eenvoudig 
en kunnen in de regel warden uitgedrukt in een taal die voor iedereen 
begrijpelijk is. (Einstein) 
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Chapter 1 

INTRODUCTION 

This thesis reports on studies in the nutritional science that have been conducted from an 

evolutionary prospective. We contend that Evolutionary Medicine predicts that many, if not all, 

diseases of civilization are caused by a mismatch between our rapidly changing environment and 

our ancient genome. We are currently dealing with a conflict between our man-made environment 

and our genome, that for the greatest part still resides in the Paleolithic era (2.5 million years-10,000 

years ago). Our diet is an important part of our environment and insight into what our ancestors ate 

during the Paleolithic might consequently provide us with important information that could be of 

use in both public health and health care. More specifically, we focus on two nutrients of which the 

status is likely to have become jeopardized by our current Western lifestyle. These are the essential 

fatty acids, notably those in fish, and vitamin D, which are both abundantly available in the land

water ecosystem. There is good evidence that a great part of our evolution occurred in locations 

where the land meets with water. By studying the status of the fish oil fatty acids and vitamin D 

in selected East African tribes we tried to reconstruct what their roles might have been in the past 

when our genome was much better adapted to the environment. 

EVOLUTIONARY MEDICINE 

Incorporation of an evolutionary approach into the Medical Sciences is useful because of its capacity 

to explain disease in the context of our place in nature. In 1963, the Dutch Nobel price winner 

Nikolaas Tin bergen already differentiated between 'proximate' and 'evolutionary' explanations while 

studying behavior in terms of the theory of natural selection 1• His theories were extended to the 

Medical Sciences by the pioneers of Evolutionary Medicine, Randolph Nesse and George Williams. 

They contended that proximate causes are based on direct anatomical or physiological descriptions 

of the phenotype and provide a direct answer to the question how we get sick. Evolutionary or 

ultimate explanations, however, derive their information from our evolutionary past and provide 

answers to the question why we get sick2• An example might illustrate the difference. In gout, high 

uric acid causes precipitation of crystals, which might result in painful joints. This is the mechanism 

of how gout begins, but does not explain why it is amongst us. Apes, humans and certain New World 

monkeys have relatively high serum uric acid concentrations which is due to several mutations in 

the uricase enzyme gene dating back to the early Miocene (5-23 Mya)3A. High uric acid is a powerful 

antioxidant5 and helps to maintain blood pressure under low salt dietary conditions6-8• Both features 

might have evolutionary, that is reproductive, advantages. These advantages override the genesis 

of gout, which, on its turn, is obviously a disadvantage. The underlying gene (uricase) exhibits so 

called 'antagonistic pleiotropy'9• Such genes increase the chance of successful reproduction early in 

life, but at the expense of deleterious effects in later life. Rather than eradicating uric acid to prevent 

gout we might better aim at a balance of optimal antioxidant protection and blood pressure 

regulation and minimal harm, which notably emphasizes the important role of prevention. 
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Introduction 

Conflict between man-made environment and ancient genome 
Evolutionary Medicine predicts that during the past millions of years of evolution, the hominin 
genome remained adapted to its local environment10,11• This environment was located in Africa, 
which continent is nowadays generally accepted to be the ancestral homeland of homo sapiens12,13, 

The oldest fossil remainders attributed to homo sapiens date to about 200,000 years ago and were 
found in the Afar basin in Ethiopia 14• Because of the relatively stable environmental circumstances in 
East Africa during the past million years of our evolution, hominins had ample time to become well 
adapted to that specific environment. This adaptation resulted in harmony between the genome 
and environment for optimal support of survival and procreation. That is: nature in balance with 
nurture, not vice versa, there was first an environment and then came an optimally adapted genome. 
In several Out-of-Africa waves, the last occurring from some 100,000 years ago, hominins have 
colonized Asia, Australia, Europe and finally the Americas 15• New habitats prompted adaptation to 
the new local conditions of existence. These adaptations to e.g. new climates, diets and diseases16,17 

and admixture with Neanderthals18 and Denisovians19,20 (Figure 1) augmented human genetic 
variation, but most (about 95%) of our current genetic variation was already present in the group of 
hominins that founded homo sapiens, some 200,000 years ago21 • 

Human family tree 

Source: Nature 

African 

French 

...,...�---'"""f""- Vindija 

Interbreeding 
I 

Neanderthal 

_______ ..,, Denisova 

Figure 1. A model of our recent adaptations to new environments since 'Out-of-Africa' and the admixture 

with Neanderthals and Denisovians. 

After the divergence of the Denisovans from Neanderthals, there was gene flow from Neanderthals into the 

ancestors of all present-day non-Africans. Later there was admixture between the Denisovans and the ancestors 

of Melanesians that did not affect other non-African populations.© BBC, with permission. 
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Chapter 1 

Since the Agricultural (about 10,000 years ago) and Industrial (100-200 years ago) revolutions we 

have drastically changed our conditions of existence and continue to do so with still increasing 

pace. These man-made changes have caused a conflict between the current environment and our 

slowly adapting genome22-25• Many, if not all, of the present typically Western diseases might be 

considered to ensue from this conflict, that centers mainly around the metabolic syndrome, also 

named the insulin resistance syndrome26•27• Consequently, a return to the conditions of existence of 

the Paleolithic era according to the culture of the 2l 51 Century might be the only effective manner 

to increase our number of years without chronic disease, by some referred to as 'healthy aging: For 

this we need to have knowledge of our ancestral environment, including our diet and our lifestyle 

in general. 

Through the optimization of the environment to the needs of our static genome, Evolutionary 

Medicine might provide us with important lessons for a healthy lifestyle and thereby the prevention 

and (co)treatment of Western diseases. One of the subjects researched in this thesis are the fatty 

acids, notably eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids which are abundant in 

fish, and of which at least DHA dates back to the early history of photosynthesis some 2.6 billion 

years ago28• These so called long chain polyunsaturated fatty acids of the omega-3 series (LCPw3) 

play important roles in brain development, the immune system and in cardiovascular and (neuro) 

psychiatric health. The expansion of our DHA-rich brain is one of the most striking changes in 

human evolution. The availability of sufficient amounts of LCPw3 is likely to have been a prerequisite 

for the development of the large human brain, but has become jeopardized by the man-made 

environmental changes in our recent past. Recent information suggests that brain growth might, 

amongst others, have become favored by the selection of alleles with greater LCPw3 synthetic 

activity (named haplotype D) that appeared after the split from Neanderthals (some 500,000 years 

ago) but before homo sapiens' Out-of-Africa diaspora (50,000-100,000 years ago)29
• 

Another subject of this thesis is vitamin D, which we obtain from sunlight exposure of our skin 

and to a lesser degree from the diet, notably fish. Like DHA, vitamin D is a dinosaur molecule that 

dates back to some 750 million years at least30• Dinosaur molecules are of special importance since 

they exhibit the most diverse functions in our body and thus also a wide variety of pathology when 

their status falls short. Medawar already recognized that ''. . . .  endocrine evolution is not an evolution 

of hormones but an evolution of the uses to which they are put; an evolution not, to put it crudely, of 

chemical formulae but of reactivities, reaction patterns and tissue competences'131• In other words, 

as translated by Danielli32, •• • "evolution is the history of changing uses of molecules, and not of 

changing synthetic abilities': As is the case with DHA, there is much evidence that also the vitamin 

D status of the present Western populations is too low. As predicted by evolution, vitamin D has 

recently turned out to have many functions and, not surprisingly, one of them is an as yet poorly 

researched function in brain growth, development and health. 

12 



Introduction 

Brain growth and its requirements 

Our common ancestor with the current chimpanzee, who lived in Africa around 6 million years ago, 

had a brain volume of about 400 ml. Hominin brain volume subsequently increased gradually from 

about 400 ml in the first Australopitheci to about 600-850 ml in early Homo. Since about 2.5 million 

years ago, brain has doubled in size to the current volume of approximately 1,400 ml of homo 
sapiens33

• This increase in brain size is likely to have been caused by a different foraging strategy 

that was probably followed by various physiological and bodily adjustments. The most important 

trigger might have been the exploration of a new eco-system in which we gained access to high

quality nutrition, that was easy to find and to digest, while it also contained ample amounts of 

macro- and micronutrients for the building and maintenance of a larger brain34• New foods needed 

adjustment of our dentition to that of an omnivore with smaller teeth and thinner molar enamel35• 

Also the improved digestibility of our diet by cooking is likely to have been of crucial importance. 

It provided us with dietary flexibility and constrained us to the adaptation to diets with high caloric 

density36-38 (Figure 2). Direction of energy to the growing, metabolically highly active, brain was 

also enabled in part by other physiological and anatomical changes, such as the shortening of the 

colon33•39 and the loss of muscles34• These adjustments become apparent when we compare with our 

closest vegetarian cousins among the primates who have much smaller brain/body weight ratios, 

also named encephalization quotients (EQ). 

chimpanzee/ bonobo 
lineage human lineage 

0 

0 
g' 3 
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Figure 2. Main dietary shifts during hominin evolution. 

-
Agriculture, i #animal domestication 

g * 

# 

* 
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suggestive evidence/ 
inference 

Approximate dates of existence for human and chimpanzee/bonobo-lineage genera are depicted in gray boxes. 
Timing of some of the important dietary transitions in hominin evolution is highlighted in # and * to indicate 
whether these transitions are supported strongly or suggestively, respectively. Adapted from Luca, Ann Rev Nutr 
201040 with permission. 
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Chapter 1 

The human brain consumes about 23% of the resting metabolic rate, while the brain of a typical 
primate uses only about 8-9% of its basal metabolism. The specific nutrients that were needed to 
build our large brain have been named 'brain selective nutrients'41 • They include, among others, 
iodide, selenium, the vitamins  A and D, and the before mentioned DHA, which are all abundantly 
available in the land-water ecosystem42• It is assumed that during the first stage of human evolution, 
hominins left the tropical forests to enter more open areas and thereby introduced more animal 
food into their diets at the expense of plant foods43.44. Probably as a result, early humans continued 
to grow taller and increased their brain mass. The new features obviously required occurrence of as 
yet poorly understood mutations, but these did not need to be that complicated or widespread in 
number as it looks like in first instance45"48• Given the appropriate environment and sufficient time, 
the mutations towards a bigger brain and other adaptations are likely to have happened without 
any long-term plans and without some distant goal, as opposed to the concept of'intelligent design' 
(Figure 3). 

Figure 3. The infinite monkey theorem, 
Give enough monkeys enough typewriters for enough time and one wil l  eventually come up with the complete 

works of Shakespeare. 

There are compelling arguments, from various disciplines including archeology, anthropology, 
(patho)physiology, biogeochemistry, comparative anatomy and epidemiology that a sizeable part 
of our evolution occurred at places where the land meets the water49-53• For instance, the short 
stature of pygmies may be a pleiotropic result of selection for coping with iodine deficiency. Their 
short-stature phenotype may not be adaptive to the rainforest at all, but be merely a byproduct 
of selection on genes that affect iodine metabolism in the typically iodine deficient rainforest 
environment 16• Also during the Out-of-Africa Diaspora early humans most probably migrated along 
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Introduction 

the water54•55, suggesting that the iodine-rich foods from the land-water ecosystem have always 
been amply available. Although our ancestors undoubtedly left this ecosystem to explore other 
biomes, our diet has probably remained relatively stable during the Paleolithic, while the first rapid 
environmental and dietary changes occurred from its ending some 10,000 years ago. 

Changing lifestyle and its consequences 

The first changes in human diets were introduced since mankind started to cultivate the land more 
than 10,000 years ago in Mesopotamia, which is the very fertile land located between the Tigris and 
Euphrates rivers nowadays known as Iraq. The concomitant settling gradually ended homo sapiens' 
nomadic hunting-fishing-gathering lifestyle. The minimally processed diet of the hunter-gatherer 
consisted of mainly plant and animal foods56• With the advent of the Agricultural revolution, due 
to cultivation and the increased consumption of carbohydrate-rich foods, we changed our dietary 
macronutrient composition by diminishing the consumption of protein and to a lesser extent 
of fat42• Changes became even more substantial from the beginning of the Industrial revolution, 
which allowed for quantitative and qualitative nutrient combinations that had not previously been 
encountered over the course of hominin evolution56• The presumed high protein consumption of our 
hunting-gathering ancestors is often questioned. The skepticism traces to the mostly exaggerated 
role of the hunting of large animals. It was however shown that in reality the majority of protein 
in worldwide gatherer communities is obtained by the women gathering nuts, tubers and small 
animals57 and that only 25-35 en% of subsistence is derived from hunting58• 

It has been estimated that the median percentages energy (en%) changed from 30-39 en% 
fat, 25-29 en% protein and 39-40 en% carbohydrates in the Paleolithic diet42 to, e.g., the typical 33 
en% fat, 15 en% protein and 52 en% carbohydrates encountered in the current American diet59• The 
differences are notably on account of protein and carbohydrate and become obviously explained 
by the larger proportion of animal foods consumed by hunter-gatherers60• There were, however, 
also concomitant changes in the qualities of notably fat and carbohydrates. Fat in the current 
average Western diet contains relatively high amounts of w6 fatty acids (FA) [notably linoleic acid 
(LA) from refined seed oils], industrially produced trans fatty acids and possibly saturated fatty acids 
(SAFA). These higher intakes occurred at the expense of the w3FA [both alpha-linolenic acid (ALA) 
and the LCPw3 from fish]61 , which were abundantly present in the shore-based Paleolithic diet42• 

Our Paleolithic ancestors have never eaten many of the food products that we currently consume. 
Examples are dairy products, cereals, refined sugars, refined vegetable oils and man-made alcoholic 
beverages, which jointly comprise 72% of the total daily energy consumed by the population in the 
United States62• The 'rapid' carbohydrates in most of these foods have high glycemic indices, which 
is the blood glucose raising potential of 50 g carbohydrate in a food (or a combination of foods) 
compared with 50 g glucose or white bread, and also raise the glycemic load of our diet, which is the 
equivalent amount of pure glucose per standard portion of a food (or the combination of food)63• It 
is e.g. nowadays well established that the long term consumption of diets with high glycemic loads 
can adversely affect metabolism and health63•66• 
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Chapter 1 

Other dietary changes include a decreased intake of certain micronutrients (e.g., folate, vitamin 

D, magnesium, zinc), a shift from base-producing foodstuffs (fruits, vegetables) towards acid

producing counterparts (grains), increased intake of sodium (salt), reduced intake of potassium 

and a decreased intake of fiber, which all occur in the context of an unprecedented body weight 

and composition24•67.69• The relatively large adipose tissue compartment constitutes a sizeable 

distribution volume for the accumulation of essential FA and fat soluble vitamins, such as vitamin D. 

Because of our sedentary life without periods of fasting and our continuous postprandial metabolic 

state, these stores become minimally mobilized, suggesting that some of use might reside in a 

condition of marginality for certain fat soluble micronutrients that can be described as 'starvation in 

the midst of plenti Our diet changed concomitantly with many other factors that can be traced to 

lifestyle, such as a reduced physical activity, an abnormal microbial flora, lack of sleep, chronic stress 

and environmental pollution 7°. Each of these might be causally related to another and contribute to 

a state of homeostatic imbalance with chronic low grade inflammation as a common denominator 

and insulin resistance and its sequelae as a result7 1 • The ensuing pandemic of diseases of affluence56 

exerts little selection pressure. That is, the ensuing diseases usually do not cause mortality prior to 

reproductive age, but rather reduce our numbers of years in health, notably at the end of the life 

cycle1 1 ,22• The number of years (at birth) that the Dutch population lived without chronic disease 

amounted to 48 years for men and 42 for women in 2007, while there is evidence that these 

numbers are subject to a decline72• Our nevertheless high life expectancy is often misinterpreted 

and by some quoted as a contra-argument for a return to our ancient diet, as if it was the diet 

that caused the substantially lower (mean!) life expectancy of our ancestors and apparently also 

of many populations currently living in developing countries. However, our still increasing (mean) 

life expectancy at birth in Western countries originates mostly from our achievement to diminish 

some unfavorable conditions of existence as experienced by our early ancestors, notably by the 

introduction of public health sanitation, the reduction of (childhood) infections, famine, homicide 

and tribal wars73, and obviously also from the tremendous advances in health care. By learning from 

the past, Evolutionary Medicine aims at an increase of the number of life years without chronic 

disease and a decrease of the number of years that we spent in gradually deteriorating health at 

the end of our lifecycle, rather than an increase in life expectancy per se. This may not only reduce 

suffering, but also reduce the costs of health care by shifting these to prevention. 

The crucial role of pregnancy 

Successful reproduction is among the most important selection factors in evolution. In theory, 

evolution might aim at either quantity (the number of offspring) or quality (the health of the 

offspring) to achieve maximum survival rates. In practice, however, it will maximize both to a certain 

extent. For humans, the preference seems skewed towards quality rather than quantity, although 

the shift from hunting and gathering to agriculture at the beginning of the agricultural revolution 

clearly coincided with deteriorating health and adverse effects on longevity, as deduced from 
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Introduction 

archeological finds74• These were however compensated for by an increase in offspring numbers, 

secondary to the increased availability of food throughout the year and the reduction of the 

weaning period74• 

More than twenty years ago David Barker demonstrated that infants in the UK with low birth 

weight are at greater risk of developing coronary heart disease at adult age75; observations that 

were subsequently confirmed in many other countries, including the study of infants born in the 

1944 Dutch 'Hunger winter' during the Second World War. Barker's, already legendary research, 

points at developmental plasticity with underlying epigenetic mechanisms76•77 that are clearly 

comprehensible from an Evolutionary point of view. We are dealing with a 'predicted adaptive 

response: which implies that through environmental triggers the fetus becomes optimally adapted 

for extra uterine life78• Intra-uterine growth restriction signals a thrifty postnatal life (the so called 

'thrifty phenotype'), while a high birth weight programs for a copious postnatal environment. 

A mismatch between the prediction and the actual environment is increasingly recognized as 

an important factor in the etiology of typically Western diseases. By making us aware of what is 

nowadays named the 'Developmental Origins of Health and Disease (DOHaD): Barker emphasized 

that optimum health starts within the intra-uterine period, and probably even prior to conception, 

and that (sub-clinical) deficiencies in early life may eventually have important adverse effects at 

adult age. It seems that from the perspective of health the single most valuable and feasible gift to 

our progeny is to provide them with a perfect start. 

The large human brain requires adequate amounts of nutrients during early development, 

while the Barker hypothesis predicts that nutrient deficiencies during early life might have fatal 

consequences after reaching adulthood. Consequently, nutrition during pregnancy needs 

particular attention. The intra-uterine cell divisions far outnumber those occurring in early postnatal 

life and insufficient organ size or inadequate balance might ensue if the 'window of opportunity' 

becomes prematurely closed by nutrient limitation. The developing child grows fast, especially in 

the third trimester of pregnancy. In this period, the supply of the necessary building blocks like 

glucose and fatty acids should to a large extent be independent of the maternal metabolic status, 

which is known as the state of maternal 'accelerated starvation' and 'facilitated anabolism'79• Fetal 

needs are usually directive, since the developing fetus ranks high in the evolutionary hierarchy. To 

meet the fetal needs, decreased (hepatic) insulin sensitivity in late pregnancy supports changes in 

carbohydrate, lipid and amino acid metabolism that are fundamental for normal fetal growth and 

development80• Secondary to the state of reduced insulin sensitivity during advanced pregnancy, 

the maternal adipose tissue compartment distributes free fatty acids, while the liver increasingly 

produces glucose via gluconeogenesis and distributes triglycerides via very low density lipoprotein 

(VLDL). Glucose crosses the placenta without restriction, but other nutrients, such as fatty acids, 

become transported or trapped through special fatty acid binding proteins (FABPs) that are 

expressed in the placenta81 •82• As a consequence, maternal circulating concentrations of energy-rich 

nutrients, such as glucose and fat, but probably also vitamins from adipose tissue stores, like vitamin 
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D, tend to increase, promoting their transport across the placenta. That is, if stores have indeed been 

build prior to conception. 

Drawbacks of contemporary attempts to arrive at optimal nutritional status 

It is clear that research of mothers and infants with different fish oil fatty acid and vitamin D status 

in the perinatal period is important since it might lead to optimization of the feto-maternal unit 

that aims at 'health: but also the health of the offspring at adult age and the prevention of maternal 

depletion. Meanwhile, establishment of the optimal nutritional status during pregnancy, but even 

so in infancy, adolescence, adulthood and old age, is utterly complicated, since 'causality' with 

health remains difficult to prove and is also subject to consistently changing scientific paradigms. 

Reference values, as presently employed in health care, derive mainly from populations in Western 

countries. However, the aforementioned changing environment since the agricultural and industrial 

revolutions has influenced these populations, their dietary habits included. Consequently, many 

'reference values' may not necessarily reflect 'optimal values' and might even be polluted by data 

from subjects with severe subclinical deficiencies and adverse outcomes in the long run. 

In the present thesis, we restricted ourselves to observational studies to find clues for optimal 

nutritional status and did not perform intervention studies, such as RCTs. Although RCTs a re certainly 

appropriate and even mandatory for drug studies, their employment in Nutrition ('Evidence Based 

Nutrition') has become increasingly criticized, mostly because of the difficulty to address the 

many functions of a single nutrient, the difficulty to study the many possible interactions with 

other nutrients, and to research dose-response relationships with hard clinical endpoints within 

reasonable time and within financial limits83• These limitations of Evidence Based Medicine, the 

many inconsistent meta-analysis of randomized controlled trials (RCTs) that we can find in the 

literature, and the overwhelming number of 'non-Evidence Based' observations raise the question 

whether the majority of the current research aiming at nutritional recommendations is worth the 

efforts and related costs. 

Regarding the study design it seems more sensible to consider our diet as some composite of 

biological systems (vegetables, fruits, meat, fish) that each contain an as yet poorly understood 

functional nutrient balance, while this level of complexity actually applies for the study of our 

lifestyle in general. For instance, it is reasonable to study energy intake in relation to physical activity 

but also the intake of energy in relation to chronic stress and sleep duration84. 

The 'Hill criteria for causality'85•86 which is composed of nine items (Table), might be a reasonable 

alternative for the costly one dimensional RCTs and their meta analyses, while a risk-benefit analysis 

may constitute a practical approach to arrive at scientifically well founded recommendations, such 

as e.g. demonstrated for vitamin D87• Another drawback is that the outcomes of nutritional research 

can not be patented, which puts treatment with drugs in a favorable position and seriously hampers 

the development of scientifically based preventive measures. 
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Table. The Hill criteria for causality 

- Strength of association 
- Consistency (repeated observation) 
- Specificity (one agent, one result) 
- Temporality (exposure precedes effect) 
- Biological gradient (dose-reponse relation) 
- Plausibility (e.g. mechanisms) 
- Coherency (no serious conflict with the generally known facts of the natural history 

and biology of the disease) 
- Experimental verification (randomized, controlled trial) 
- Analogy with other causal relationships 

Adapted from Grant85• 

Rationale for this thesis 
Having set the ultimate aim at the level of systems biology, humans, because of our limited ability 
to think in more than 3 dimensions or so, inevitably end up with some degree of reductionism. 
Therefore, the present thesis addresses only a few aspects of the diets of selected East African tribes 
who inhabit the East African Rift Valley. By studying status makers, notably those of essential fatty 
acids and vitamin D we tried to gather some information on the dietary habits, and lifestyle in 
general, of our early ancestors and thereby the conditions of existence during human evolution that 
shaped our genome to what it currently is. The results may serve as a basis for recommendations or 
targeted RCTs, but in both cases by keeping in mind that the human being is part of nature and not 
the sum of the outcomes of many one-dimensional studies according to a newly adopted paradigm. 
It might in this context be appropriate to emphasize that there is no Evidence for 'Evidence Based 
Medicine' either and that only 15% of medical practices are based on solid clinical trials88• 

ESSENTIAL FATTY ACIDS AND LONG CHAIN POLYUNSATURATED FATTY ACIDS 

Until the introduction of the concept of essential fatty acids (EFA) by George and Mildred Burr in 
1929, dietary fat was regarded mainly as an energy source. Burr and Burr demonstrated that removal 
of LA from the diet leads to symptoms of deficiency such as dermatitis, growth retardation and 
infertility in rats89• The essentially of both fatty acids from the omega-3 (w3FA) and the omega-6 
(w6FA) series in human infant nutrition became clear in 1982 when Ralph Holman and coworkers. 
demonstrated paresthesia, inability to walk and impaired vision in a 6 year old infant who received 
w3FA-deficient parenteral nutrition90• Over the past decades it has been shown that, apart from the 
straightforward clinical deficiencies, subclinical deficiencies of the EFA a-linolenic acid (ALA) and LA 
and their long-chain polyunsaturated acid (LCP) metabolites EPA, DHA and AA, might also play roles 
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in preventing chronic conditions such as cardiovascular and (neuro)psychiatric diseases91
•
92

• The 

importance of dietary lipids is nowadays widely acknowledged by health authorities, but optimal 

status is still subject of debate. 

EFA metabolism, dietary origins and function 

The parent EFA are ALA (18:3w3) and LA (18:2w6). They can be converted into long-chain 

polyunsaturated fatty acids (LCP) with 20 and 22 carbon atoms. The most important members of 

these LCP are DHA (22:6w3), EPA (20:Sw3) and AA (20:4w6). Synthesis to LCP occurs by alternating 

desaturation and elongation where the last steps take place in the endoplasmatic reticulum 

(Figure 4). The delta-5 and delta-6 enzymes (also referred to as FADS-1 and FADS-2, respectively) 

are the two desaturases involved in the desaturation steps. They show preference in the order 

w3FA>w6FA>w9FA. Humans have limited capacity to synthesize EPA and notably DHA93
• With 

regard to the FADSl and FADS 2 activities, there are 2 haplotypes, named D and A, in which the 

evolutionary more recent D-haplotype gives rise to higher LCP synthesis activity29• Because of 

the altogether poor LCP synthesis capacity, even in pregnant and lactating women93
, some argue 

that EPA, DHA and AA, rather than ALA and LA, should be considered as the genuine EFA94. The 

liver and adipose tissue are capable of synthesizing fatty acids de nova, particularly in the case of 

a carbohydrate-rich diet. De nova FA synthesis results in saturated fatty acids (SAFA), notably 16:0. 

Stearic acid (18:0) is mainly synthesized by chain elongation of 16:0. The resulting 16:0 and 18:0 may 

become desaturated by delta-9 desaturase (SCD, stearoyl CoA-desaturase) to the monounsaturated 

fatty acids (MUFA) 16:1 w7 (palmitoleic acid) and 18:1 w9 (oleic acid), respectively. 

Both ALA and LA are predominantly derived from vegetable oils, nuts and seeds. Dietary sources 

of preformed AA are meat, eggs and poultry95
• Fatty fish are rich sources of both EPA and DHA. Lean 

and tropical fish are usually low in EPA96
• Fish obtain most of their EPA and DHA through the food 

chain that starts with the phytoplankton, of which diatoms contain mostly EPA and (dino)flagellates 

mostly DHA97
• 

DHA and AA are notably abundant in the central nervous system (DHA and AA), including the 

retina (DHA), and accordingly play important roles in fetal and infant neurodevelopment98
• By their 

incorporation into membrane phospholipids, LCP contribute strongly to membrane properties like 

fluidity, flexibility, permeability and modulation of membrane-bound proteins, e.g. by their effects 

on lipid rafts. DHA, EPA and AA are precursors of various classes of regulatory molecules such as 

prostaglandins, thromboxanes and leukotrienes (collectively named eicosanoids), and of resolvins, 

neuroprotectins and maresins. These lipid mediators are of crucial importance in the initiation and 

resolution of inflammation, cell growth, thermoregulation but have many, as yet poorly understood, 

other functions in human physiology71 • The fish oil w3FA EPA and DHA have important functions in 

our inflammatory balance, which are nowadays traced to at least 3 modes of action (Figure 5). 
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Figure 4. The conversion of the essential fatty acids, linoleic acid and a-linolenic acid, to their 

longer chain, more unsaturated, so called long chain polyunsaturated fatty acids (LCP). 

(Sub}clinical LCP deficiency 

Clinical features of w3FA-deficiency comprise reduced learning, abnormal electroretinograms 
and impaired vision 100• The clinical features of w6-deficiency are growth retardation, skin lesions, 
reproductive failure, fatty liver and polydipsia 101 •  Clinical EFA deficiencies (i.e. combined w3FA+w6FA 
deficiency), isolated w3FA-deficiency and notably isolated w6FA-deficiency in Western countries are 
rare. However, especially poor w3FA-status is common, may lead to subclinical deficiency and may 
thereby be involved in obesity, cancer, coronary arterial disease, hypertension, diabetes mellitus, 
schizophrenia, Alzheimer's disease and atherosclerosis. A common denominator of these typically 
Western diseases and conditions, mostly related to the metabolic syndrome, may be found in insulin 
resistance which in turn might find its origin in systemic low grade inflammation. The latter might 
be caused by lifestyle, including a high carbohydrate intake, a high w6FA-intake, a low w3FA-intake 
but also many other factors 71 • The w6FA/w3FA ratio changed dramatically from about 200 years ago 
from the ancient 1 :1 to 15:1 at present 1 °2• This shift relates to many adverse effects attributed to a 
subclinical LCPw3 deficiency. Our currently high LA intake causes competition with the desaturation 
of ALA to EPA and especially DHA, and also competes with DHA for incorporation into structural 
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Figure 5. Summary of the anti-inflammatory actions of long chain omega-3 fatty acids. 
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) exert action on the membrane or following 
controlled release from the membrane by phospholipase enzymes. Their actions are partly mediated by cell 
surface and intracellular receptors like GPR1 20 and PPAR-y. These receptors are involved in inhibiting activation 
of nuclear factor kappa B (NFKB) by physical interaction (PPAR-y) or by inhibiting signaling of phosphorylation 
of inhibitor of kappa B (IKB) (GPR1 20). NFKB plays a central part in responses to inflammation through cytokines, 
adhesion molecules, cyclooxygenase-2 (COX-2), nitric oxide synthase (iNOS) and matrix metalloproteinases 
(MMP). EPA and DHA inhibit arachidonic acid (AA) metabolism and EPA gives rise to eicosanoid mediators that 
may block those deriving from arachidonic acid. The role of the EPA and DHA-derived mediators play a role in 
the resolution of inflammation. Adapted from Calder (Br J of Pharmacology 201 2)99 with permission of John 
Wiley and Sons. 

phospholipids, such as those in red blood cells (RBC) and other tissues103• Our high LA intake may 
cause low DHA status possibly by interference with its synthesis and incorporation 1°4. There is also 
evidence that the currently high LA intake reduces our AA status 105•1 06• RCTs in which SAFA were 
replaced by LA show a tendency to increased risk of cardiovascular disease, which argues against 
the AHA advice to increase our LA intake to 5-10 en% 107-109• There are many studies that related a 
higher w6FA/w3FA ratio to an increased incidence of cardiovascular disease, but also to autoimmune 
disease and (neuro)psychiatric disease91 •92• 

Pregnancy, lactation and brain development 

The abundances of AA and DHA in brain suggest that they are both important for brain growth and 
development1 1 0• 1 1 1 • In contrast to most animals, the major part of brain growth in humans occurs 
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after delivery, while the highest growth rate is reached around delivery1 1 2• This implies that during 
lactation, the newborn infant has even higher requirements for AA and DHA than during pregnancy. 
The well known higher infant LCP contents in circulating lipids and RBC compared with the 
corresponding maternal compartments at delivery is named 'biomagnification'1 13. The underlying 
mechanism is likely to point at maternal extraction to arrive at optimal fetal LCP status for growth and 
development. The resulting maternal LCPw3,depletion is related to the development of postpartum 
depression 1 14, although intervention studies conducted thus far are negative1 15•1 16• Several studies 
showed positive relationships between early DHA status and infant neurodevelopment1 17, but 
the outcomes of RCTs, aiming at improvement of neurodevelopment by supplementation of 
pregnant women or their infants with fish oil, DHA or DHA+AA remain inconclusive at best1 10-121 • 

The disappointing outcomes of these intervention studies may be due to too low LCP dosages, 
too short intervention periods, low background LCP status, lack of stratification to LCP status, or 
disturbing effects of LCP supplementation in competition sensitive organs. Despite the negative 
outcomes of the RCTs and their meta analyses it is recommended to fortify infant formulae with 
LCP 122• Taken together, the optimal LCPw3 status for infant (neuro)development and the prevention 
of cardiovascular disease and (neuro)psychiatric disease at later life is still unknown. 

Aim of the LCP studies in this thesis 

To gather more information on maternal-infant LCP sharing during pregnancy and lactation, we 
investigated various East African populations of which some had lifelong high intakes of LCP, 
notably those from fish. Since there is good evidence that homo sapiens evolved in a land-water 
ecosystem, we hoped to address the question what the LCP status of our ancient ancestors living in 
this ecosystem might have looked like during pregnancy, lactation and early life. 

VITAMIN D 

The vitamin D literature is booming since we realize that vitamin D is not only involved in calcium 
and bone homeostasis, that the vitamin D receptor is demonstrable in almost all tissues and that 
about 2,000 of our genes (that is 10% of the haploid genome) are directly or indirectly regulated 
by the vitamin D hormone 123• The importance of vitamin D is nowadays widely acknowledged by 
health authorities but, even more than LCP, its optimal status is at present subject of intensive 
debate and much controversy124-128• 

Vitamin D sources, metabolism and function 

Humans obtain their vitamin D from sunlight exposure, the diet, or from dietary supplements1 29• 

Cutaneous photosynthesis is our major source of vitamin D3• Upon exposure to UV-B, previtamin D3 

is photosynthesized in the skin from 7-dehydrocholesterol (7DHC or provitamin D3), which reaches 
high concentrations in the dermis. However synthesis takes place notably from the 7DHC fraction 
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residing in the epidermis1 30, which probably relates to the limited penetration of UV-B into skin1 3 1 • 

Exposure of surgically removed skin to UV radiation revealed that the capacity to synthesize pre

vitamin D3 in both the epidermis and dermis decreases with age1 30 and so does the area under the 

curve of serum vitamin D following whole body exposure to 260-360 nm 1 32
• 1 33 • There are also many 

other personal factors that determine vitamin D synthesis in skin including skin color, clothing, use 

of sunscreen and behavior (exposure time, posture, activity). Among the environmental factors are 

solar zenith angle, latitude, altitude, season, time of day, ozone, clouding, aerosol (pollution), and 

reflectivity of surface (snow, beach} 1 29• 

Traditionally living people have different hygienic habits than counterparts living in Western 

countries, where removal of the sebum by regular washing with soap is common. 7DHC has been 

identified in sebum in the late fifties1 34•1 35 and because of the limited penetration of UV-B into 

skin, it is conceivable that this fraction becomes more intensely exposed to UV-B than the 7DHC 

residing in the epidermis and notably the dermis. Theoretically, any synthesis of vitamin 03 in the 

sebum by UV-B exposure and heat might under the condition of a long residence time be followed 

by absorption. Vitamin D has indeed been extracted from UV-exposed human sweat and skin 

secretions 1 36• This fraction is likely to be available at least in part, since excessive topical application 

of calcipotriol [a 1 ,25(OH)p analog] has been shown to cause a systemic toxic reaction, proving its 

transdermal uptake1 37•1 38• A similar vitamin D source has been demonstrated in birds and furbearing 

animals who subsequently ingest the vitamin via grooming 1 37• 

Vitamin D and skin (de)pigmentation 

Since the Out-of-Africa Diaspora men drastically changed the latitude at which they lived. It is 

hypothesized that northbound migrants underwent skin depigmentation, which constitutes a 

physiological adaptation to the less intense UV-B radiation at this latitude 139. This hypothesis rests 

notably on the observed relationship between skin pigmentation and latitude which is traceable to 

a strong correlation between skin color and the intensity of UV radiation 140• Our earliest ancestors 

might have had a mostly un-pigmented or lightly pigmented skin covered with black hair, similar 

to our closest living relative, the chimpanzee. The evolution of our hairlessness and unusually high 

number of specialized sweat glands may have arisen from the levels of higher activity as a result of 

bipedalism and brain growth. Bipedalism has thermoregulatory advantages since a smaller surface 

area becomes exposed to the sun. The body is also farther away from the surface and becomes 

thereby exposed to higher airflow 1 41 • Since bipeds experience lower environmental heat loads than 

quadrupeds, they could remain in the open for longer periods of time, while actively foraging 142• 

The high number of sweat glands increased the rate of evaporative cooling, which effectively 

regulates the arterial temperature. The brain is extremely sensitive to heat and due to its dense 

capillary network its temperature becomes arterially regulated1 43• Efficient temperature regulation 

is likely to have been a prerequisite for brain expansion and increased activity levels 1 40• 

While the density of body hair diminished and the number of (UV sensitive) sweat glands 
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increased, there was an increasing need for protection against the destructive effects of UV radiation. 
This was accomplished by increasing melanization of the skin and was of great significance to 
reproductive success since a highly melanized skin protects against UV-induced photolysis of 
folate140•144• Folate is a water soluble vitamin with no particular storage sites, which implies that 
it consistently passes our superficial circulation where it becomes sensitive to radiation-induced 
destruction. It is, amongst many other functions, essential for the closure of the embryonic 
neural tube. Deficiency in early fetal life may cause neural tube defects, which has prompted 
the recommendation to use a folic acid supplement starting prior to conception. However, upon 
migration to less UV-radiated areas deeply melanized skins became a disadvantage and might even 
have caused diseases of mineralization and others. Those who contracted vitamin D deficiency may 
have suffered from rickets and painful osteomalacia. These conditions are likely to cause serious 
handicap in foraging capacity, while in females a deformed pelvic because of childhood rickets 
would cause obstructed labor and unsuccessful reproduction. Natural selection might have favored 
the ones with light skin color at higher latitudes, because of reproductive advantage, resulting in a 
newly balanced equilibrium between optimum vitamin D and folate levels. It is, thus, plausible that 
depigmentation of the skin was a necessary adaptation for humans attempting to inhabit regions 
outside the tropics. 

Fatty fish like mackerel, herring and salmon are rich dietary sources of vitamin D/32•145• 146• Vitamin 
D2 is present in specific mushrooms, plants, algae and fish 1 47• Fish obtain their vitamin D almost 
exclusively from phytoplankton and zooplankton, which are at the bottom of the aquatic food 
chain. Plankton contains both ergosterol (provitamin D2) and 7DHC (provitamin D3), which upon 
exposure to UV-B and heat become converted into the previtamins and subsequently to vitamins 
D2 and D3, respectively1 33•148• Several studies showed high vitamin D contents in wild fish from 
European waters, for example fresh water fish such as trout contained 8 µg/100 g edible meat, while 
salt water fatty fishes like mackerel, herring and salmon 1 46 had contents of 10-17 µg/100 g meat. The 
median vitamin D content of 96 fresh water fishes was 4.95 µg/100 g, as compared to the medians 
of 7.72 µg/100 g in 452 pelagic marine fishes and 0.4 µg/100 g in 196 demersal marine fishes 1 49• Fish 
obtain most of their vitamin D through the food chain, which includes phytoplankton that mainly 
produces vitamin D2• However, the vitamin D identified in fish is, mysteriously, mainly vitamin D/33• 

Finally, provitamins D2 and D3 are present in leaves of land plants and in some algae, where, upon 
exposure to UV-B radiation, they are readily converted into previtamins D. This conversion peaks at 
the same wavelength as in human skin 150• 

Following absorption from the diet, the vitamins D2 and D3 become incorporated into 
chylomicrons and are subsequently transported via the lymphatic system into the venous 
circulation. During transportation within the circulation vitamin D (vitamin D denotes the sum of D2 

and D3) is bound to the vitamin D binding protein (DBP). Both forms can be stored in and released 
from adipose tissue1 51 • In the liver (25-hydroxylase; CYP2R1, CYP 27A1, CYP2J3, CYP3A4), vitamin 
D is converted into the biologically less active metabolite 25-hydroxyvitamin D [25(OH)D] and 
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subsequently in the kidneys [25-hydroxyvitamin D-l a.-hydroxylase; CYP27B1] into the biologically 

highly active 1 ,25 dihydroxyvitamin D [1,2S(OH)p] 1 27• The renal production of 1 ,25(OH)p is 

responsible for vitamin D's endocrine ('classical') function and becomes regulated by 1 ,25(OH)p 

itself via negative feedback, parathyroid hormone (PTH; stimulation) and fibroblast growth factor 

23 (FGF23; inhibition} 1 52• The circulating 2S(OH)D levels are generally accepted to be the best 

parameter for the vitamin D status. Many extrarenal tissues (e.g. placenta, osteoblasts, mammary 

gland, prostate, macrophages, cerebellum) may take up 25(OH)D and convert it into 1,25(OH)p for 

autocrine and paracrine actions, which both belong to the vitamin D's 'non-classical'functions. Both 

25(OH)D and 1,25(OH)p may be deactivated by 24-hydroxylation (CYP24A 1 ). 

Vitamin D is not a vitamin but a prohormone. It is known for centuries to be essential for normal 

bone growth and quality. Adequate supplementation of vitamin D eliminated childhood rickets 

and adult osteomalacia, while low vitamin D status is also involved in osteoporosis. Over the past 

decades the importance of many other biological actions of vitamin D have become clear. These 

are mediated by the interaction of 1 ,2S(OH)p with the vitamin D receptor (VDR), which generates 

biological responses not only in the intestine, bone and kidney for calcium homeostasis but also 

in many other systems, such as the immune system 1 53, pancreas1 54•1 55, cardiovascular system1 56 and 

brain 1 57 ( Figure 6). The latter interactions are at the basis of the many non-calcemic functions of 

vitamin D, explaining its presumed function in the prevention of diseases and conditions such 

as tuberculosis, psoriasis, bowel disease, autoimmune diseases like type 1 diabetes mellitus and 

multiple sclerosis, high blood pressure, heart failure, myopathy and cancer1 58• 

Recently, from an evolutionary point of view, we became confronted with new causes of vitamin 

D deficiency, as became first noticeable from the epidemics of rickets in England in the beginning of 

the 20th century. People covered themselves with clothes, increasingly lived behind (UV absorbing) 

glass, avoided sun exposure and made dietary changes by consuming less food from the water 

ecosystem 1 59• Dark skinned people are not adapted to high latitudes but migrated massively to 

areas with on the average little UV-B exposure. These are among the many causes of low vitamin 

D status as presently encountered in most Western countries. The resulting subclinical vitamin D 

deficiency might contribute in the etiology of many Western diseases. 

(Sub)cl inical vitamin D deficiency 

Vitamin D has experienced increasing attention because of its wide involvement in human health 

and disease1 32• As previously mentioned, vitamin D is well known for its function in calcium 

homeostasis. Accordingly, vitamin D deficiency causes rickets in children and osteomalacia in adults, 

while it is also intimately involved in the etiology of osteoporosis. It has meanwhile become clear 

that vitamin D also processes many non-calcemic functions and is thereby implicated in diseases 

ranging from coronary heart disease (hypertension), cancer (colorectal, breasts and prostate) and 

infectious diseases (tuberculosis, influenza, HIV) to autoimmune diseases (type 1 diabetes, multiple 

sclerosis, rheumatoid arthritis) and others 1 32. In contrast to vitamin D's function in bone homeostasis, 
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Figure 6. The functioning of 1 ,25-dihydroxyvitamin D and the vitamin D receptor 
The function of 1 alpha 25 dihydroxyvitamin D [1 a25(0H)p] and vitamin D receptor (VDR) together can 

generate altered genomic responses or cells displaying rapid responses. Genomic responses are generated via 

the interaction of the 6-s-trans configuration of 1 a25(0H)p and the VDR which is located in the cell nucleus. 

The 6-s-cis shape of 1 a25(0H)p binds to the second ligand pocket of the VDR associated with caveolae of the 

plasma membrane and activates one or more second messenger systems like phospholipase C (PCK), protein 

kinase C, G protein-coupled receptors or phosphatidylinositol-3. The outcomes include the voltage-gated 

calcium of chloride channels, stimulation of exocytosis of generation of the indicated second messenger, some 

are engaged in cross-talk to modulate gene expression. Adapted from Norman, Exp Biol Med 201 0158
• 

its non-classical functions have as yet not been researched in RCTs. This prompted health officials to 
ignore the booming literature on non-classical functions for the establishment of dietary reference 
intakes (DRls), such as the recommended daily allowance (RDA) and Upper Limit (UL). However, 
'no evidence of effect' is not the same as 'evidence of no effect: which fuels the gap between those 
wishing to adhere to the Evidence Based Medicine paradigm and researchers who rather adopt the 
previously mentioned Hill criteria and risk-benefit analyses86• 

Pregnancy, lactation and brain development 

Vitamin D also plays an important role during pregnancy. Many studies reported on associations of 
low maternal and early postnatal vitamin D status with pregnancy outcome or the offspring's health 
at birth and later life. Hypovitaminosis D, by many defined as serum 25(OH)D <80 nmol/L (32 ng/ 
ml), is associated with increased risk of preeclampsia160, gestational diabetes 1 61 , cesarean section1 62 

and bacterial vaginosis160• Examples of the effect of low vitamin D status on offspring outcomes are: 
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intrauterine growth restriction 163·164, acute lower respiratory tract infection 165·166, schizophrenia 167·168, 

mild or moderately-severe language impairment at 5 and 1 O years 1 69, infant heart failure1 70 and 

many more1 11 -1 14. 

There are few studies reporting on the vitamin D requirement of mother and infant during 

pregnancy and lactation. The current US RDA for pregnancy and lactation is 600 IU (15 µg)/day 1 75. 

However, a study in which lactating mothers were supplemented from delivery for 15 weeks with 

1,000 IU/day vitamin D3 resulted in an infant 25(0H)D of no more than 30 nmol/L, which is clearly 

inadequate1 76. Supplementation of lactating mothers daily with 6,400 IU vitamin D markedly 

improved maternal (148 nmol/L) and infant (11 O nmol/L) vitamin D status 1 77. Concerns about 

adequate vitamin D status in pregnant and lactating women still persist, and because the current 

studies lack proof of disease prevention, none of them are considered adequate for the development 

of recommendation 178. 

Vitamin D signaling is also associated with brain development and with brain function in 

adults157. Rat studies showed that pups born to vitamin D depleted dams exhibit increased brain 

mitosis and diminished apoptosis, which is in line with the pro-differentation and pro-apoptotic 

properties of vitamin D1 68· 1 79· 1 80. Vitamin D deficiency in early life might affect neuronal differentiation, 

axonal connectivity, dopamine ontogeny and brain structure and function. It is possible that the 

developing brain is to a certain extent protected from vitamin D deficiency, when compared with 

other organs. However, the evidence for the link between vitamin D and brain function remains at 

present incomplete and further research is needed to find the optimal vitamin D status for infant 

and adult health 1 81 . 

Aim of the vitamin D studies in this thesis 

What the 'optimal' vitamin D status for overall health looks like is an as yet unanswered question 1 26. 

There is even ongoing debate whether an optima I th res hold truly exists. The vitamin D concentrations 

of populations with lifelong high vitamin D status as derived from yearlong exposure to tropical 

sunlight and lifelong high intakes of fish might provide us with information on a favorable vitamin 

D status for overall health from an evolutionary perspective, the maternal-infant vitamin D sharing 

during pregnancy and lactation and the determinants of the vitamin D status across the life cycle. 

GENERAL AIM OF THE THESIS 
To find clues for optimal values we studied populations that have as yet not been influenced 

by Western dietary habits and whose lifestyles in general bear resemblance with those of our 

ancient ancestors. We started our research in East Africa and tried to find populations who still 

live as hunter-gatherers or in the way we lived prior to the agricultural and industrial revolutions. 

We restricted our assessments to the LCP and vitamin D status of various East African tribes. The 

selected populations for the studies on LCP live in Tanzania and have low (Maasai), intermediate 

(Pare), high (Sengerema) or very high (Ukerewe) intakes of freshwater fish. All 4 populations are 
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characterized by the consumption of diets that are constrained in their varieties by the availability 
of the food in their immediate environment. We were particularly interested to investigate whether 
'biomagnification' and maternal DHA losses during pregnancy and lactation also occur at lifetime 
high intakes of fish and at what maternal LCP status the infant reaches a state of postnatal LCP 
equilibrium. We also investigated at which maternal LCP status the mother reaches a state of 
postnatal equilibrium (Chapter 2). We researched the relation between RBC-DHA and RBC-AA 
(Chapter 3) and we determined the relation between RBC-DHA, adipose tissue (AT)-DHA and milk
DHA in these 4 populations with lifetime different fish intakes (Chapter 4). The relations of RBC-DHA 
and RBC-AA with neurodevelopment, using 'general movements' as a neurodevelopmental tool, 
were studied in Chapter 5. 

Regarding vitamin D we investigated the same 4 Tanzanian ethnical groups and added a hunter
gatherer tribe; the Hadzabe. Their members are year round exposed to the natural abundance of 
tropical sunlight. Their vitamin D concentrations might provide us with information on a favorable 
vitamin D status for overall health from an evolutionary perspective. We finally explored the 
determinants of the vitamin D status of the East African populations, in particular during pregnancy 
(Chapter 6). 
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ABSTRACT 

Introduction. Higher LCP in infant compared with maternal lipids at delivery is named 

biomagnification. The decline of infant and maternal DHA status during lactation in Western 

countries suggests maternal depletion. We investigated whether biomagnification persists at 

lifelong high fish intakes and whether it prevents a postpartum decline of infant and/or maternal 

DHA status. 

Methods. We studied 3 Tanzanian tribes with low (Maasai; 0/week), intermediate (Pare; 2-3/week) 

and high (Sengerema; 4-5/week) fish intakes. DHA and AA were determined in maternal (m) and 

infant (i) erythrocytes (RBC) during pregnancy (l 5t trimester n=14; 2nd=103; 3rd=88), and in mother

infant pairs at delivery (n=63) and at 3 months postpartum (n=104) .  

Results. At delivery, infants of all tribes had similar iRBC-AA, which was higher than, and unrelated 

to, mRBC-AA. Transplacental DHA biomagnification occurred up to 5.6 go/o mRBC-DHA; higher 

mRBC-DHA was associated with 'bioattenuation' (i.e. iRBC-DHA< mRBC-DHA). Compared to delivery, 

mRBC-AA after 3 months was higher, while iRBC-AA was lower. mRBC-DHA after 3 months was lower, 

while iRBC-DHA was lower (Maasai), equal (Pare) and higher (Sengerema) compared to delivery. 

We estimated that postpartum iRBC-DHA-equilibrium is reached at 5.9 go/o, which corresponds to a 

mRBC-DHA of 6.1 go/o throughout pregnancy. 

Conclusion. Uniform high iRBC-AA at delivery might indicate the importance of intrauterine 

infant AA-status. Biomagnification reflects low maternal DHA-status and bioattenuation may 

prevent intrauterine competition of DHA with AA. A mRBC-DHA of 6 go/o during pregnancy predicts 

maternal-fetal equilibrium at delivery, postnatal iRBC-DHA equilibrium, but is unable to prevent a 

postnatal mRBC-DHA decline. 
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INTRODUCTION 

The long-chain polyunsaturated fatty acids (LCP) docosahexaenoic acid (DHA), eicosapentaenoic 
acid (EPA) and arachidonic acid (AA) are structural components of membrane phospholipids.1 DHA 
and AA are notably abundant in the central nervous system and play important roles in fetal and 
infant neurodevelopment.2 DHA, EPA and AA are derived either from the diet or from endogenous 
synthesis from their respective parent essential fatty acids (EFA) linoleic acid (LA) and alpha-linolenic 
acid (ALA). Fatty fish are rich sources of EPA and DHA .. Dietary sources of preformed AA are meat, 
eggs and poultry,3 while lean and tropical fish are rich sources of AA.4 It is suggested that LCP 
intakes from our Paleolithic diet have been much highers-7 than presently observed in the majority 
of affluent countries.8•9 The high AA and DHA contents of our Paleolithic diet may imply that human 
evolution, and thus also intrauterine development, took place at high maternal intakes of both AA 
and DHA.7 

Pregnant and lactating women have high LCP needs.1 0 This is notably the case for DHA, which 
becomes synthesized from ALA with difficulty.1 1  Both AA and DHA are important during infant 
development. More AA than DHA accretes in brain in the intrauterine period, while DHA accretes 
rapidly from week 30 of pregnancy to 2 years postpartum.1 2 The commonly observed higher 
LCP in circulating cord plasma lipids as compared to maternal plasma lipids has been coined 
'biomagnification� 1 3The decline of infant DHA status during lactation and of the maternal DHA status 
during pregnancy14 and lactation 15 might reflect the low LCPw3 status in many Western countries. 

The outcome of randomized controlled trials aiming at improvement of neurodevelopment by 
supplementation of pregnant women or their infants with fish oil, DHA,16-18  or DHA+AA,19•20 indicate 
subtle positive effects at most. This contrast with the positive relations between neonatal brain 
DHA and cognitive and behavioral performance that are noted in the combined human and animal 
studies.21 •22 Failure to show favorable effects of LCP might, among many other reasons, relate to 
the use of too low dosages and the study of Western populations with low fish intakes without 
stratification based on baseline DHA status.6 

There is substantial evidence that land-water ecosystems have been exploited by our early 
African ancestors7•23-26 and it is also known that some rural African populations have much higher 
milk LCP contents4•27 as compared to those living in Western countries. Data on the concurrent 
maternal and infant LCP status during pregnancy and lactation in these African populations are 
however currently lacking. 

In view of this lack of data, we determined the maternal and infant DHA and AA status in 3 
traditional rural African populations with different levels of fish intakes. Since a longitudinal study 
design proved impossible in these populations, we collected data deriving from different women 
during pregnancy, at delivery and at 3 months postpartum. The selected populations live in Tanzania 
and have low (Maasai), intermediate (Pare), or high (Sengerema) intakes of freshwater fish. All 3 
populations are characterized by the consumption of diets that are constrained in their varieties 
by the availability of the food in their immediate environment. Red blood cell (RBC) LCP contents 
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served as proxies for LCP status. We were particularly interested to see whether 'biomagnification' 

and maternal DHA losses during pregnancy and lactation also occur at lifetime high intakes of fish 

and at what maternal LCP status the infant reaches a state of postnatal LCP equilibrium. 

SUBJECTS AND METHODS 

Subjects, diet and cultural circumstances 

We selected 3 Tanzanian ethnic tribes with different intakes of local freshwater fish, i.e. the Maasai 

(no or low fish intake, 0/wk), subjects from the Pare Mountains (intermediate fish intake, 2-3/wk) and 

subjects from Sengerema (high fish intake, 4-5/wk). We4 have previously shown that East African 

fresh water fish contain high proportions of both DHA and AA and relatively low EPA as compared 

to European salt water fish. We experienced that collection of longitudinal data was virtually 

impossible. Appointments were not scheduled, nor were we able to motivate subjects to participate 

in a longitudinal study. 

The selected Maasai were Nilotic pastoralists who live in 'bomas' (villages) in the Maasai Steppe 

nearby Ruvu. Their diet consists mainly of curdled milk and meat. It has recently become replenished 

with some ugali (corn porridge). Consumption of fish is uncommon, since it is considered inedible. 

The Pare group was composed of women of the Bantu tribes Pare and Sambaa from the Pare 

Mountains. Their diet was mainly composed of vegetables, beans and fruits with ample ugali, rice 

and chapati (cornwheat pancakes), and some meat or fish. The third population was composed of 

women from Sengerema (southern shore of Lake Victoria). Apart from the abundant consumption 

of fish, they also consume ugali, muhogo (cassava root) and plantain (baked banana). 

The ethnicity/tribe of each of the study groups was considered to be homogeneous. Most women 

were of low socio-economical background. Their incomes were derived from pastoralism (Maasai), 

agriculture (Pare) or fisheries (Sengerema). The studied populations neither had possibilities nor 

interest in changing their cultural habits, including their diets. Local hospital staff members and 

interviews with the participants confirmed that neither pregnancy nor lactation is associated with 

any change in dietary habits, or the prohibition of certain foods (F. Peters, R.S. Kuipers, F.A.J. Muskiet, 

unpublished data). Their dietary compositions were therefore likely to be representative for the 

lifetime dietary habits of each of the ethnical groups. 

Women were included if they were apparently healthy and well nourished, and had delivered 

an apparently healthy child at term (37-42 weeks, by estimate). Use of tobacco and alcohol are 

almost non-existent in these populations, especially among women. Anthropometric data and a 

questionnaire on fish intake were obtained from the medical records or by interviews in Kiswahili. 

Besides the measurement of fundal heights, reliable data on gestational age were not always 

available, since some women had no recollection of their last menstrual period. Devices for echo 

imaging were either not available or not operational. All women gave their informed consent. The 

study was approved by the National Institute for Medical Research in Dar-es-Salaam (NIMR/HQIR.Ba/ 

Vol. IX/145, dated June 16, 2003 and NIMR/HQ/R.BaNol. IX/800, dated April 8, 2009) and was in 
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agreement with the Helsinki declaration of 1975 as revised in 2000. 

Samples and analyses 

We collected about 4 ml EDTA-anticoagulated venous blood of the mothers during pregnancy 
and at delivery and about 4 ml EDTA-cord blood at delivery (BD Vacutainer, Plymouth, UK) .  At 3 
months postpartum, about 4 ml EDTA-anticoagulated venous blood of the mothers was collected. 
About 250 µL EDTA-anticoagulated blood (250 µL pediatric MiniCollect K

3
EDTA-tubes; Greiner Bio

one, KremsmUnster, Austria) was taken by heel prick from the 3 months old infants. The samples 
were stored at 4°C in the dark and processed within 2 h after collection. RBC were isolated by 
centrifugation and washed three times with 0.9% NaCl. After washing, 200 ul of the RBC suspension 
(mothers) or the entire RBC suspension (infants) was transferred to a teflon-sealable Sovirel tube 
containing 2 ml of methanol-6 mol/L HCI (5:1 v/v), 1 mg butylated hydroxytoluene (antioxidant) 
and 50 µg 17:0. In this ready-to-transmethylate mixture fatty acids are stable at room temperature 
and in the dark for months. All samples were transported at ambient temperature to the University 
Medical Center Groningen (The Netherlands) for fatty acid analysis. Within 9 months after collection, 
the methanol-HCL conserved samples were transmethylated by heating at 90 °C for 4 h. Subsequent 
analysis of fatty acid methyl esters was performed, by capillary gas chromatography/flame ionization 
detection according to previously described procedures.28 Fatty acid compositions and their ratios 
were expressed in g% and g/g, respectively. 

Statistics 

Statistical analyses were performed with SPSS version 16.0 (SPSS Inc, Chicago, IL) . Within-tribe 
differences of mothers and infants at delivery were compared with corresponding data at three 
months postpartum by use of the Mann-Whitney U-test. Mother-infant pair differences were tested 
with a Wilcoxon two related samples test. In both instances p<0.05 was considered significant. 
Between-group differences were studied with the aid of the Kruskal-Wallis test, followed by 
analyses with Mann Whitney U-test (non-parametric) at p<0.05. Corrections were made for type-1 
errors (Bonferroni correction). Equations were derived from linear regression analysis. We used the 
coefficient of determination (R2) to estimate the extent to which a given variable was explained by 
another. 

RESULTS 

Study groups 

Pregnant women 
We included 205 different pregnant women. Of these, 14 women were included in their 1st trimester 
of pregnancy (defined as 1 -13 weeks; 3 Maasai, 4 Pare, 7 Sengerema), 103 women in the 2nd 

trimester (14-27 weeks; 14 Maasai, 47 Pare, 42 Sengerema) and 88 women in the 3rd trimester (28 
weeks-delivery; 16 Maasai, 41 Pare, 31 Sengerema). Table 1 shows the characteristics of all pregnant 
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Table 1 :  Characteristics of pregnant women and mother-infant couples at delivery and at 3 months PP 
Maasai Pare Sengerema 

Pregnant women 
Maternal age, y 25 ± 8 (33) 26 ± 6 (92) 26 ± 6 (80) 
Weight, kg trimester 1 50.7 ± 6.4 (3) 54.8 ± 1 6.5 (4) 54.9 ± 8.2 (7) 
Weight, kg trimester 2 52.1 ± 4.4 ( 14)• 56.8 ± 8.2 (47)b 58.6 ± 7.0 (42)b 

Weight, kg trimester 3 52.9 ± 4.7 ( 1 6)• 59.3 ± 8,9 (41 )b 61 .5 ± 3.9 (3 1 )b 

Height, m 1 .60 ± 0.06 (33) 1 .57 ± 0. 1 0  (92) 1 .59 ± 0.06 (80) 
BMl, kg/m2 20.8 ± 1 .4 (33)• 23.6 ± 3.2 (92)b 23.6 ± 2.7 (80)b 

Gravida, n 4 ± 3 (32)b 3 ± 1 (92)• 4 ± 2 (80)b 
Para, n 3 ± 3 (32)b 1 ± 1 (92)• 3 ± 2 (79)b 

Fish intake, times/wk 0 ± 0 (33)• 2 ± 1 (92)b 4 ± 2 (70)( 

Delivery 
Maternal age, y 23 ± 4 (8) 25 ± 7 (31 ) 24 ± 7 (34) 
PP weight, kg 53.0 ± 5.0 (8) 57.3 ± 7.6 (23) 54.4 ±1 0.2 (3 1 )  
Height, m 1 .59 ± 0.06 (8)• 1 .54 ± 0,04 (27)b 1 .56 ±0.06 (3 1 )•,b 

BMI, kg/m2 20.9 ±2,0 (8)b 23.9 ± 2.0 (2 1 )• 22.4 ± 3.3 (3 1 )b 

Gravida, n 3 ± 1 (8) 3 ± 2 (3 1 )  3 ± 3 (34) 
Para , n 2 ± 1 (8) 2 ± 2 (3 1 )  2 ± 3 (34) 
Gestational age at birth, wk 40.0 ± 0 ( 1 ) 39.9 ± 1 .5 ( 1 7) 38.9 ± 1 .8 (28) 
Fish intake, times/wk 0 ± 0 (8)• 3 ± 2 ( 1 7)b 5 ± 2 (30)( 
I nfant birth weight, g 3050 ± 400 (8) 3 1 1 5  ± 535 (26) 2947 ± 75 1 (34) 
Gender, % male 38 (8) 45 (29) 58 (36) 

3 months PP 
Maternal age, y 22 ± 4  (9) 24 ± 4 (40) 24 ± 6 (6 1 )  
P P  weight, kg 52.4 ± 3 (9) 52.2 ± 1 1 (40) 54.6 ± 1 0  (61 )  
Height, m 1 .60 ± 0  (9) 1 .55 ± 0,07 (40) 1 .56 ± 0.06 (61 )  
BMI, kg/m2 20.5 ± 1 . 1 (9) 2 1 .6 ± 4.0 (40) 22.1 ± 3.0 (61 )  
Para, n 3 ± 1 (9) 2 ±  1 (40) 3 ± 2 (6 1 )  
Fish intake, times/wk 0 ± 0.7 (8)" 3 ± 2 (40)b 4 ± 2  (6 1 )( 
Infant age, wk 1 6 ± 4 (9) 1 4 ±  3 (40) 1 3 ± 2 (6 1 )  
Gender, % male 67 (9) 47 (40) 55 (61 )  

Va lues are mean ± SD (n). Different superscripts indicate significant different means, P < 0.01 7. 

women. There were no between-trimester differences in the general characteristics for each of the 
tribes. From the data of different trimesters only body weight is shown. The Pare (p<0.005) in the 
2nd trimester, and Sengerema (p<0.001) women in the 2nd and 3rd trimester, were heavier than the 
Maasai women and had a higher BMI during pregnancy compared to the Maasai (p<0.001 ). The 
number of previous pregnancies was lower in Pare women, compared with Maasai (p=0.003) and 
Sengerema (p=0.003) women. The, for the current study most relevant between-tribe difference, 
was in fish intake. Fish consumption occurred in the order Sengerema>Pare>Maasai. 

Mother-infant pairs at delivery and at 3 months postpartum_ 

We included 73 mother-infant pairs at delivery (8 Maasai, 31 Pare, 34 Sengerema) and 110 different 
mother-infant pairs (9 Maasai, 40 Pare, 61  Sengerema) after three months of exclusive breastfeeding. 
Their characteristics are also shown in Table 1. There were no between-tribe differences for the 
mothers at delivery or at 3 months postpartum, except for a lower BMI at delivery (p=0.001) and 
higher length (p=0.015) of the Maasai mothers compared to Pare mothers. Also in these groups 
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fish consumption occurred in the order Sengerema>Pare>Maasai at delivery and at 3 months 
postpartum. 

Erythrocyte AA and DHA 

RBC-FA data were available from all 205 women during pregnancy. At delivery we studied different 
subjects. RBCs were available of 6 Maasai, 27 Pare and 34 Sengerema women, and 8 Maasai, 29 Pare 
and 36 Sengerema infants. At three months postpartum we included a group of different subjects 
including 9 Maasai, 38 Pare and 60 Sengerema women, and 8 Maasai, 38 Pare and 61 Sengerema 
infants. Drop-out was due to failure to obtain consent for both mother and infant, early discharge 
(only at delivery) and logistical and analytical imperfections (delivery and 3 months postpartum). 

Between-and within-tribe RBC-AA differences and mother-infant RBC-AA relation 

Figure 1 A  {left panel) shows the apparent maternal and infant RBC-AA courses from the first 
trimester to 3 months postpartum. For convenience, data points are connected with dotted lines, 
but it should be noted that they are derived from different study groups. Visual inspection of the 
apparent courses of maternal RBC-AA during pregnancy did not reveal consistent changes. It 
seemed to decreased in Pare (intermediate fish), but appeared constant in Maasai (low fish) and 
Sengerema (high fish) mothers. We analyzed between-tribe maternal RBC-AA differences at delivery. 
RBC-AA of Maasai women was higher than RBC-AA of Pare (p=0.005) and Sengerema (p<0.001}, 
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Figure 1 .  Apparent courses of red blood cel l  (RBC) arachidonic acid (AA; panel A) and docosahexaenoic acid 

(DHA, panel B) from the first trimester of pregnancy up to 3 months postpartum for Maasai (low fish), Pare 

(intermediate fish) and Sengerema (high fish) women and infants. Data represent means±2SEM in g/1 00 g (g%) 

fatty acids. Data derive from different maternal subgroups at the 1 st, 2nd and 3 rd trimester and different mother

infant pairs at delivery and 3 months postpartum. Maternal and infant data are represented by closed and open 
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sign different from Sengerema, 181 sign different from del ivery, oo sign different from mother. 
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whereas Pare and Sengerema women did not show differences. The RBC-AA of the infants showed 

no between-tribe differences at delivery. 

Within-tribe analysis of RBC-AA showed that in Maasai, Pare and Sengerema mothers RBC-AA 

at delivery was lower than at 3 months postpartum (p�0.001). In Maasai infants, there were no 

differences in RBC-AA between delivery and 3 months postpartum, whereas in Pare and Sengerema 

infants, RBC-AA was significantly higher at delivery as compared to 3 months postpartum (p�0.001 ) .  

In all tribes, we found that at delivery, infant RBC-AA was significantly higher compared to maternal 

RBC-AA (Maasai p=0.028, Pare p<0.001 and Sengerema p<0.001 ), but there was no relation between 

infant RBC-AA and maternal RBC-AA (Figure 2A). 

Taken together, maternal RBC-AA was consistently lower at delivery compared to 3 months 

postpartum. Infant RBC-AA contents were similar at delivery and consistently higher than maternal 

RBC-AA. Thus, biomagnification of AA during pregnancy occurred, irrespective of maternal AA status 

(Figures 1 A and 2A). After 3 months of exclusive breastfeeding, infant RBC-AA was lower compared 

to delivery in Pare and Sengerema. This decline did not reach significance for the Maasai, probably 

because of low numbers. 

Between- and within-tribe RBC-DHA differences, and mother-infant RBC-DHA relation 

Figure 1 B (right panel) shows the apparent courses of maternal and infant RBC-DHA contents 

from the first trimester to 3 months postpartum. Visual inspection of maternal RBC-DHA during 

pregnancy revealed a trend of higher RBC-DHA in late pregnancy of the Pare and the Maasai, but not 

the women in Sengerema. Analysis of the between-tribe maternal and infant RBC-DHA differences 
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showed that at delivery, RBC-DHA in Sengerema women was higher compared to Pare and Maasai 
(p<0.001) whereas Pare and Maasai women showed no differences. 
Within-tribe RBC-DHA differences showed that in all tribes, maternal DHA at delivery was higher 
than at 3 months postpartum (Maasai p=0.003; Pare and Sengerema p:s;0.001 ). In the infants, Maasai 
had higher RBC-DHA at delivery compared to 3 months postpartum (p=0.039); Pare did not show a 
significant difference between delivery and 3 months postpartum, while Sengerema infants showed 
a lower RBC-DHA at delivery compared to 3 months postpartum (p=0.027). 

At delivery, the analysis of mother-infant-pairs differences revealed that Maasai (p=0.245) and 
Pare (p=0.091) infants, although insignificant, tended to have higher RBC-DHA than their mothers, 
while (in contrast) the RBC-DHA of the Sengerema infants was lower (p=0.029) compared to their 
mothers. The relationship between maternal and infant RBC-DHA at delivery is shown in Figure 

28. For this analysis we selected data of complete mother-infant pairs (6 Maasai, 24 Pare and 33 
Sengerema). At low maternal DHA status, infants usually had higher RBC-DHA than their mothers 
(biomagnification), but in contrast, at high maternal DHA status, infant RBC-DHA was generally 
lower ('bioattenuation'). Figure 28 indicates that equal RBC-DHA in mothers and infants at delivery 
was reached at a maternal RBC-DHA of 5.6 go/o. 

Although our data are not longitudinal, it appeared that at low maternal RBC-DHA infant RBC
DHA decreased from delivery until 3 months postpartum, whereas at high maternal DHA status, 
infant RBC-DHA increased from delivery until 3 months postpartum. We therefore calculated the 
maternal DHA status at which the infant appeared to be in a state of postpartum DHA-equilibrium. 
In other words, we estimated the maternal RBC-DHA status from which the infant showed no 
changes in RBC-DHA from delivery to 3 months postpartum. 

Figure 3 shows the relation between infant RBC-DHA at delivery and at 3 months postpartum 
for the Maasai, Pare and Sengerema. Only mean values for each of the tribes could be used, since 
we did not study the same infants at delivery and at 3 months postpartum. Figure 3 indicates that 
a postpartum infant RBC-DHA equilibrium was reached at an infant RBC-DHA of 5.9 go/o at delivery. 
This infant RBC-DHA in turn corresponds with a maternal RBC-DHA of 6.1 go/o at delivery (by inserting 
5.9 into equation of Figure 2B). The number of included Maasai was low. Exclusion of their data did, 
however not change the equation in Figure 3. 
Taken together, maternal RBC-DHA contents at both high and low DHA status were lower after 3 
months of exclusive lactation, compared with delivery. Biomagnification of DHA seems to occur up 
to a maternal RBC-DHA of 5.6 go/o at delivery, from this turning point DHA becomes 'bioattenuated� 
Postpartum infant RBC-DHA equilibrium was reached at an infant RBC-DHA of about 5.9 go/o at 
delivery, corresponding to a maternal RBC-DHA of 6.1 go/o during pregnancy and at delivery. For all 
practical reasons we conclude that biomagnification takes place up to a maternal RBC-DHA status of 
about 6 go/o, and that also infant postnatal RBC-DHA equilibrium is reached at about 6 go/o. 
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DISCUSSION 

We determined the RBC-AA and DHA contents of pregnantTanzanian women, and of mother-infant 

pairs at delivery and at 3 months postpartum. The mothers had stable dietary intakes characterized 

by low (Maasai), intermediate (Pare) and high (Sengerema) consumption of freshwater fish. Our 

main findings are that biomagnification of AA occurs irrespective of maternal AA status. In contrast 

to maternal RBC-AA, infant RBC-AA at delivery was remarkably uniform and also after 3 months 

exclusive lactation, although to a lesser extent. There was no relation between maternal and infant 
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Figure 3. Relation between the mean red blood cell (RBC) docosahexaenoic acid (DHA) at delivery and at 3 

months postpartum for the Maasai, Pare and Sengerema infants, respectively. Data represent means±2SEM in 

g/1 00 g (go/o) fatty acids. I nfant RBC-DHA at delivery equals infant RBC-DHA at 3 months postpartum at 5.9 9%. 

RBC-AA. From delivery to 3 months postpartum maternal RBC-AA increased, while infant RBC-AA 

decreased. Maternal and infant RBC-DHA was higher in the sequence Sengerema (high fish)>Pare 

(intermediate fish)>Maasai (low fish). In contrast to RBC-AA, maternal and infant RBC-DHA were 

intimately related. Biomagnification ofDHA occurred up to a maternal RBC-DHA of 5.6 go/o at delivery; 

from this turning point DHA became 'bioattenuated'. From delivery to 3 months postpartum, 

maternal RBC-DHA decreased, while infant RBC-DHA decreased in Maasai (low fish), remained 

constant in Pare (intermediate fish) and increased in Sengerema (high fish). Postpartum infant RBC

DHA equilibrium was reached at an infant RBC-DHA of about 5.9 go/o at delivery, corresponding to a 

maternal RBC-DHA of 6.1 go/o during pregnancy and at delivery. 

Arachidonic acid (AA) 
The higher RBC-AA contents in Maasai, compared to Pare and Sengerema mothers (Figure 1 A), are 
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likely to be caused by their higher intakes of AA from meat. Biomagnification of AA1 2 is consistent 
with data from many others studying plasma PL14•30 or RBC.3 1 -33 Higher infant compared to maternal 
RBC-AA at delivery was previously found by us in Dominica34 and by others in the Netherlands32 

and the data of those 2 studies fitted well within the present study (Dominica: mean maternal RBC
AA 12.4 go/o, infant 16.6 go/o; Netherlands: mean maternal RBC-AA 10.0 go/o, infant 14.2 go/o AA). The 
uniformly high infant RBC-AA at delivery occurred despite between-tribe differences in maternal 
RBC-AA and DHA (Figure 1 A and B), and in the absence of a relation between maternal and infant 
RBC-AA (Figure 2A). 

Although we observed no consistent changes in maternal RBC-AA during pregnancy, maternal 
RBC-AA was consistently higher after 3 months of exclusive lactation as compared to delivery, which 
coincided with a drop of infant RBC-AA. The decreasing maternal AA status during pregnancy found 
by Al et al.14 and the well known postnatal drop of infant RBC-AA,35 suggest that the fetus accretes AA 
at the expense of maternal AA status. However, no clear relation between maternal and infant RBC
AA could be demonstrated in our data, which questions the causality of these opposing changes. 
The increasing maternal AA status after delivery may derive from the discontinued utilization of AA 
by the placenta or discontinued AA transport to the fetus.36•37 Secondly, the postpartum increasing 
maternal AA status may result from decreasing maternal adipose tissue lipolysis and decreasing 
de novo lipogenesis (DNL), secondary to the changing hormonal milieu after delivery, notably the 
restoration of the state of diminished insulin sensitivity/compensatory hyperinsulinemia in the end 
of pregnancy.38•39 Discontinuation of the influx of both of these sources of SAFA, MUFA and PUFA 
(i.e. notably linoleic acid) leads to less dilution of LCP.38•39 The decrease of infant RBC-AA may have 
been caused by postpartum changing infant RBC-PL species40 and the interrupted transplacental 
AA transport.38•39 It can additionally be explained by a lower conversion of LA to AA, since the 
infant's capacity to synthesize LC-PUFA decreases drastically after delivery.4 1 This lower conversion 
might result from lower activities of the delta-5 and delta-6 desaturase enzymes, secondary to 
the changing hormonal milieu after delivery. Finally, LA intakes correlate inversely with RBC-AA.42 

Consequently, the high LA content of human milk (Kuipers, unpublished) and the ensuing postnatal 
surge in the infant LA status37 suggest that the infant's RBC-AA decrease may also be a result of the 
high LA intake from breast milk. 

At 3 months of age, infant RBC-AA in Pare and Sengerema was comparable to that of their 
mothers, indicating a rapid postnatal adaptation of RBC-AA to adult levels. Taken together, AA 
biomagnification seems to aim at a uniform, high infant AA status during pregnancy, most likely to 
sustain neurodevelopment and infant growth.43 A high and uniform AA status seems to be subject 
of declining importance after delivery, which is supported by the maternal data. 

Docosahexaenoic acid (DHA) 

As expected,44 maternal DHA status, and thereby infant RBC-DHA status, appeared highly sensitive 
to maternal fish intake. The virtually constant maternal RBC-DHA levels during pregnancy are in 
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accordance with earlier data for plasma PL.14.45 

At delivery, infant RBC-DHA appeared higher than maternal RBC-DHA, but this 'biomagnification' 

occurred only up to about 5.6 go/o maternal RBC-DHA. Beyond this point of maternal-fetal 

equilibrium, infant RBC-DHA was mostly lower than maternal RBC-DHA, suggesting 'bioattenuation: 

rather than biomagnification (Figure 2B). The mean RBC-DHA data for a Dutch population32 (with 

low fish intakes) and a Dominican population34 (Caribbean Sea; with local high fish intakes) are 

consistent with the switch from biomagnification to bioattenuation at a higher maternal RBC-DHA 

status (Dominica: mean maternal RBC-DHA 7.6 go/a%, infants 6.5 go/a%; Netherlands: mean maternal 

3.9 go/o, infants 4.7 go/o). In other words, biomagnification might be confined to populations with low 

maternal DHA status, such as typically encountered in most Western countries, but also the currently 

studied Pare (intermediate fish) and Maasai (no fish), who, in contrast to the high fish consuming 

Sengerema women, exhibited tendencies of increasing RBC-DHA during pregnancy (Figure 1 B). 

Increasing amounts of DHA in the maternal circulation during pregnancy4M7 might derive from 

an insulin-induced augmented elongation/desaturation of ALA in the maternal liver, secondary to 

the state of reduced insulin sensitivity/compensatory hyperinsulinism that is characteristic for the 

third trimester.38
•
39 This maternal DHA increase is unlikely to occur at high fish intakes such as in the 

women from Sengerema, because of the negative feedback of dietary DHA on delta-5 and delta-6 

desaturase activity (Figure 1 B). The DHA increase in the maternal circulation might be a driving force 

in biomagnification that is further supported by selective transport to the fetal circulation.48 Fetal 

albumin has been regarded as a major contributor to LCP biomagnification because of its ability 

to bind placentally transferred free LC-PUFA, while fetal albumin concentrations at term are also 

10-20% higher, and albumin's free fatty acid saturation is four times lower, in the fetal circulation 

compared to the maternal circulation.49 A role of the uniquely present alpha fetoprotein (AFP) with 

similar free fatty acid loading capacity in the fetal circulation was dismissed because of its 1,000 

times lower concentration compared to albumin in the fetus.49 AFP, however, has high preference 

for AA and DHA and is preferentially to albumin taken up by immature tissues,50•5 1  suggesting that, 

rather than concentrations, notably fluxes of LC-PUFA trapping proteins might be important for 

biomagnification. Another suggested mechanism for the trapping of LC-PUFA is the incorporation 

of free LC-PU FA from the fetal circulation into phospholipids in the liver or other organs.49 

Higher maternal compared to infant RBC-DHA contents were previously noted after daily 

supplementation of pregnant women from 20 weeks of gestation until delivery with a high fish oil 

supplement containing 2.24 g DHA and 1.12 g EPA.52 In this study a maternal-fetal equilibrium was 

found at an RBC-DHA of 8.87 go/o, named 'saturation point'. A possible explanation for the equilibrium 

at higher maternal RBC-DHA than the current about 6 go/o, is that fish oil was supplemented during 

the 3rd trimester of pregnancy, which is characterized by adipose tissue mobilization.53 Therefore, 

the supplemental DHA might have been abundantly available for incorporation into circulating 

lipids, and to a lesser extent adipose tissue stores, which might have resulted in an overestimation 

of the genuine DHA status during this non-steady state condition characterized by preferential 
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nutrient transfer to the rapidly growing infant. In our study, circulating DHA derived from lifelong 
stable fish intakes that probably caused a steady-state DHA supply of the infant from both the diet 
and adipose tissue stores. 

Data from our populations with stable high intakes of fish suggest that DHA bioattenuation aims 
at the inhibition of abundant transplacental passage, possibly to prevent undesired competition of 
DHA with AA in competition-sensitive fetal organs. Consistent with this notion, we have shown that 
at high DHA status, DHA seems to lower AA, at least in postnatal RBC, and that in umbilical vessels 
DHA does not seem to exceed certain levels, possibly to avoid competition with AA.54 Prevention 
of DHA competition with AA in the fetal period seems important, since fetal AA is implicated in 
growth., o,43,55 

The consistent decrease of maternal RBC-DHA during lactation suggests that a lactating woman 
loses large quantities of DHA to her infant via the milk. This postpartum mother-to-infant DHA 
'surge'37 may represent a genuine form of 'postnatal DHA biomagnification: since it clearly occurs at 
the expense of the mother. It coincides with a more rapid postnatal accretion of DHA in the infant 
brain compared with AA,56 and may therefore illustrate the increasing importance of DHA for retinal 
and neurodevelopment56•57 after delivery. 

The mother-to-infant DHA surge via the milk seemed unable to prevent a RBC-DHA drop in the 
Maasai, prevented a decrease in the Pare infants, but did enable a postpartum RBC-DHA increase 
in the infants of the Sengerema women (Figure 1 B) . A state of postpartum infant DHA equilibrium 
can therefore be reached at lifelong DHA intakes that are somewhat below the intakes by the 
Sengerema women, who reported to eat fish 4-5 times/wk on average. Using the joined data of 
all mothers and infants, we estimated that mothers with an RBC-DHA status of about 6 go/o in early 
pregnancy will have an RBC-DHA of about 6 go/o at delivery and will give birth to infants with about 
6 go/o RBC-DHA. Whether this maternal RBC-DHA of 6 go/o constitutes an appropriate target for the 
DHA status of the mother is questionable, since a maternal RBC-DHA of 6 go/o is unable to prevent a 
drop in maternal RBC-DHA during lactation. We37 recently showed that maternal postpartum DHA
equilibrium is reached at a maternal RBC-DHA content of 8 go/o DHA, which is even higher than the 
mean DHA status of the pregnant women in Sengerema, and coincides with an increase of infant 
RBC-DHA from 7 go/o at delivery to adult levels of 8 go/o at 3 months. 

We recently estimated that our hunter-gatherer ancestors living in a water-land ecosystem had 
daily intakes of gram amounts of AA, EPA and DHA,7 which are substantially higher than the current 
daily intakes of about 200 mg AA and 275 mg DHA (men) from a typically Western diet.8•58 There is 
also good evidence showing that daily intakes above the recommended 450 mg DHA+EPA might 
be beneficial for the lowering of heart rate, blood pressure and triglycerides, and to reach maximum 
antithrombotic effects.59 It has been proposed that optimal protection from cardiovascular disease 
occurs from 8 go/o RBC EPA+DHA,60•61 while an RBC-DHA of 7 go/o [i.e. RBC-(EPA+DHA) �8 go/o], as 
found in healthy subjects in Japan, might be an appropriate target to minimize major depressive 
disorders and bipolar depression.62 The above mentioned maternal postpartum equilibrium of 8 
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go/o37 is in line with these suggested targets for adequate DHA status and also the observation that 

antagonism between EPA+DHA and AA occurs at RBC-(EPA+DHA) contents above 8 go/o.54 

Pregnant women in Western countries, with low intakes of fish have RBC-DHA contents well 

below 8 go/o. For example, non-supplemented Dutch pregnant women had RBC-DHA contents 

of 4.41 go/o at 36 weeks, 1 9  while after 12 weeks of exclusive lactation their infants had an RBC

DHA content of 4.73 go/o. Supplementation of 220 mg DHA or 220 mg DHA + 220 mg AA during 

pregnancy resulted in a maternal RBC-DHA contents of 5.51 go/o and 5.57 go/o at 36 weeks gestation, 

respectively,
1 9  

while their exclusively breastfed infants had RBC-DHA of 5.50 go/o and 4.95 go/o, 

respectively, after 12 weeks. The mean daily intake of EPA+DHA by Dutch women amounted to 84 

mg in 2003.63 In another study, daily supplementation of 1.3 g DHA during 3 months of lactation 

resulted in a maternal RBC-DHA of 7.9 go/o64 that coincided with an infant RBC-DHA content of 9.1 

go/o65 Taken together, these data suggest that the presently advised intake of 200-300 mg DHA daily 

during pregnancy and lactation66 will be insufficient to reach the maternal RBC-DHA target of 6 go/o 

(i.e. postpartum infant equilibrium) and will be grossly insufficient to reach the target of 8 go/o RBC

DHA (i.e. postpartum maternal equilibrium and infant increase). 

Limitations 

It should be noted that, because of local constraints, the data for each tribe were derived from 

different subgroups that were studied at various occasions during pregnancy and lactation. We 

interpreted differences between these subgroups in terms of longitudinal changes, as based 

on between-group statistical differences. This reasoning seems justified because of their stable 

dietary intakes. In addition, the courses of RBC-AA and DHA during pregnancy and lactation 

were comparable with those of Dutch women, as determined in plasma-Pl.1 4  Another limitation 

might be the use of RBC-LCP data as proxies for whole body LCP status. Their use is supported by 

animal experiments67 and therefore RBC-AA and DHA contents are nowadays widely regarded as 

reliable parameters for LCP-status.68 There are, however, few data at very high DHA intakes on the 

efficiency of DHA incorporation in the various compartments (e.g. brain), and it may be expected 

that each of these compartments will ultimately become 'saturated' to reach compartment-specific 

DHA saturation levels, as e.g. suggested by the DHA contents of umbilical arteries and veins.54 The 

difficulty to include women in their first trimester of pregnancy resulted into a small sample size. 

Few women attend to local hospitals in early pregnancy. Because of the low numbers we refrained 

from statistical analyses of these data. Also, the DHA status during pregnancy was previously shown 

to be influenced by the number of previous pregnancies.29 However, in the present study we found 

no significant DHA status differences in women with 1, 2 or multiple previous pregnancies (data 

not shown). Finally, the LC-PU FA status of the various tribes might be influenced by genetic variants 

(e.g. FADS 1 and FADS2 polymorphism), but these were not taken into account in the present study. 
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CONCLUSIONS 

From the present data from populations with lifelong stable dietary habits, we conclude that infant 

AA status at delivery is uniform, high, and unrelated to maternal AA status, which might indicate the 

importance of fetal AA for growth and brain development. The DHA status of mother and infant on 

the other hand, are intimately related and strongly dependent on the DHA intake from fish. Beyond 

a maternal steady-state RBC-DHA of about 6 g%, biomagnification turns into bioattenuation, 

which may aim at the prevention of DHA competition with AA in infant organs that are sensitive 

to DHA vs. AA competition. A maternal RBC-DHA of 6 g% from early pregnancy up to delivery 

predicts an infant RBC-DHA of about 6 g% at delivery, which will not change during subsequent 

exclusive breastfeeding. Infant equilibrium, however, coincides with maternal DHA losses during 

lactation. The mother-to-infant DHA surge during lactation may represent the genuine form 

of biomagnification. Bioattenuation, rather than biomagnification, might be the physiological 

standard for humans, because of our ancestry from the land-water ecosystem and since studies 

on the prevention of cardiovascular disease and depression indicate optimal RBC-DHA contents 

above 7 g%. It is important to stress that all of the present data derive from populations with stable 

dietary habits and may not be applicable to the state of non-equilibrium that is typical for the so far 

conducted short term supplementation studies with DHA and AA during pregnancy and lactation. 
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ABSTRACT 

Introduction. Low long-chain polyunsaturated fatty acid (LC-PUFA, LCP) consumption relates to 

suboptimal neurodevelopment, coronary artery disease and (postpartum) depression. Maternal-to

infant LCP-transport during pregnancy and lactation is at expense of the maternal status, a process 

known as biomagnification. Despite biomagnification, maternal and infant LCP-status generally 

declines during lactation. 

Materials and Methods. To assess the 1) turning-point of biomagnification (level from which 

maternal (m)docosahexaenoic acid (DHA)-status exceeds infant (i)DHA-status), 2) 'DHA-equilibrium' 

(steady-state-level from which mRBC-DHA stop declining during lactation), 3) corresponding iDHA

status, 4) relationship between RBC-DHA and RBC-arachidonic acid (AA), we measured RBC-FA in 

193 Tanzanian mother-infant pairs with no, intermediate (2-3 times/wk) and high (4-5 times/wk) 

fresh-water fish-consumption, at delivery and after 3 mo of exclusive breastfeeding. 

Results. At 3 mo, mRBC-DHA was lower than the corresponding iRBC-DHA upto a mRBC-DHA of 7.9 

go/o. mRBC-DHA-equilibrium, with equivalent mRBC-DHA at both delivery and at 3 mo postpartum, 

occurred at 8.1 go/o. This mRBC-DHA-equilibrium of 8.1 go/o corresponded with an iRBC-DHA of 

7.1-7.2 go/o at delivery that increased to 8.0 go/o at 3 mo. We found between-group differences in 

mRBC-AA, however, no differences in iRBC-AA were observed at delivery or 3 mo. Relations between 

RBC-DHA vs. RBC-AA were bell-shaped. Discussion. At steady-state LCP intakes during lactation, 1) 

biomagnification occurs upto 8 go/o mRBC-DHA, 2) mRBC-DHA-equilibrium is reached at 8 go/o, 3) 

mRBC-DHA-equilibrium corresponds with iRBC-DHA of7 go/o at delivery and 8 go/o after 3mo,4) unlike 

RBC-DHA, mRBC-AA and iRBC-AA are independently regulated in these populations, 5) bell-shaped 

RBC-DHA vs. RSC-AA-relations might support uniform iRBC-AA. We conclude that 8go/o mRBC-DHA 

might be optimal for infant neurodevelopment and adult cardiovascular-disease incidence. 
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INTRODUCTION 

The long-chain polyunsaturated fatty acids (LC-PUFA, short: LCP) docosahexaenoic acid (DHA), 
eicosapentaenoic acid (EPA) and arachidonic acid (AA) are structural components of membrane 
phospholipids (PL), modulators of gene expression and precursors of eicosanoids (AA, EPA), 
resolvins (AA, EPA, DHA) and (neuro)protectins (DHA).1 DHA and AA are notably abundant in the 
central nervous system and play important roles in fetal and infant neurodevelopment.69 Horrobin 
et al.70 suggested that collaboration between EPA and AA plays a key role in the beneficial effects 
of low-dose EPA in psychiatric disease. Low DHA in the central nervous system has been suggested 
to decrease DHA turnover, with reciprocal increase in AA turnover.71 High-DHA intakes reduce AA 
in e.g. RBC72 and possibly in brain.73 Low (n-3) LCP status is intimately related to cardiovascular and 
psychiatric diseases at adult age.74 Most populations living in Western countries are characterized 
by low intakes of (n-3) LCP (especially EPA and DHA), which contrasts with the derivation of our 
ancestors from a land-water ecosystem with abundantly available (n-3) LCP and (n-6) LCP (especially 
AA).7,7s 

With advancing gestation, the pregnant mother increasingly transfers LCP, notably DHA, to the 
developing infant. Compared to its mother, infant plasma lipids and erythrocytes (RBC) in the second 
half of pregnancy contain higher relative amounts of LCP, which has been coined 'biomagnification:1 3 

We have recently shown that biomagnification of DHA might actually reflect low maternal (n-3) LCP 
status, since infants born in a population with lifetime high freshwater fish intakes have lower cord 
blood RBC-DHA compared with their mothers. We found that this 'bioattenuation' occurs from a 
maternal RBC-DHA at term of about 6 go/o, which corresponds with a maternal RBC-DHA of about 
6 go/o in early pregnancy.36 After birth, breastfed infants in Western populations show consistent 
decreases of RBC-DHA.76•77 This might, analogous to the intrauterine period, reflect low maternal 
(n-3) LCP status, since infants born to mothers with lifetime high intakes of freshwater fish exhibit 
postpartum RBC-DHA increases.36 

Although the transfer of nutrients via lactation is generally considered to be beneficial for the 
infant, it may diminish maternal stores, resulting in the so called 'maternal depletion syndrome:78 

Maternal LCP depletion, which affects DHA more than AA, may be most pronounced with longer 
gestation, short birth intervals, increasing parity and multiple pregnancy.29•79 While AA in maternal 
plasma PL and RBC-AA increase to prepregnancyvalues after delivery, there is a consistent postpartum 
decrease of maternal plasma PL- and RBC-DHA in lactating compared to non-lactating women.1 5 

Low intakes of (n-3) LCP during pregnancy were reported to result in slightly shorter gestation, 
marginally lower birth weight and increased risk of preterm delivery.80 Low maternal DHA status 
in populations with low seafood consumption, has also been associated with a higher incidence 
of postpartum depression.81 The causality is however uncertain, since randomized controlled trials 
(RCT) with DHA in pregnancy and lactation have been inconclusive.82•83 For instance, in a placebo 
controlled trial, supplementation with 200 mg DHA/d for the first 4 mo after delivery prevented 
postpartum decline in plasma PL-DHA, but did not influence postpartum depressive symptoms.82 
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A recent small trial showed beneficial effects of (n-3) LCP supplementation on depression during 

pregnancy.84 Finally, a declining maternal DHA status during pregnancy was suggested to be 

involved in compromised maternal selective attention, a key component of cognition.85 

We investigated the transplacental LCP-gradient and the courses of maternal and infant RBC

LCP during lactation in three rural African tribes with constant, lifetime low, intermediate and 

high intakes of tropical freshwater fish. We were particularly interested to determine 1) the point 

where biomagnification turns into bioattenuation, i.e. the level from which the maternal LCP-status 

exceeds the infant LCP-status 2) the DHA status at which the mother reaches a postpartum RBC

DHA equilibrium, i.e. the steady-state maternal RBC-DHA level at delivery that suffices to prevent a 

decline in the maternal DHA status during subsequent lactation, 3) the postpartum course of infant 

RBC-DHA that corresponds with maternal postpartum DHA equilibrium and 4) the relation between 

RBC-DHA and RBC-AA at low and high fish intakes. 

PARTICIPANTS AND METHODS 

Study design 

We studied the transplacental LCP gradient at delivery and the course of the maternal and infant 

LCP status during exclusive lactation. For this we selected 3 ethnic groups in Tanzania with different 

intakes of (n-3) LCP from local fish, i.e. the Maasai (no or low fish intake), participants from the Pare 

Mountains (intermediate fish intake) and participants from Sengerema (high fish intake). Each 

of these groups was considered homogeneous with respect to ethnicity/tribe and their lifetime 

dietary habits. The data for the transplacental gradient were derived from 3 groups of healthy 

and well-nourished mothers who delivered apparently healthy infants at term (37-42 wk). Data on 

the course of the LCP status in mothers and infants during exclusive lactation were derived from 

the comparisons of the LCP status of these mothers/infants with those of counterparts at 3 mo 

postpartum (PP). The latter were healthy, well nourished and had delivered an apparently healthy 

mature (37-42 wk of gestation) infant 10-18 wk prior to their visit to the local hospital or dispensary 

for the follow-up of their infant in the pediatric department. All women gave their informed consent. 

The study was approved by the National Institute for Medical Research in Dar-es-Salaam (NIMR/ 

HQ/R.8aNol. lX/800, dated April 8, 2009) and was in agreement with the Helsinki declaration of 1975 

as revised in 2000. 

Study groups 

The Maasai are a group of Nilotic pastoralists from the Maasai Steppe nearby the dispensary in 

Ruvu. Their diet is composed of curdled milk, some ugali (corn porridge) and meat. Because fish 

are considered as snake-like creatures, they are usually not eaten. The Pare group included Bantu 

women from the agricultural Pare and Sambaa tribes who visited Same hospital from the nearby 

Pare Mountains. Their staple foods are ugali, rice and cornwheat pancakes, with some meat, fish and 

beans, together with a relatively abundant consumption of fruits and vegetables. Fish consumption 
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is irregular since nearest lake is located >30 km from their villages. The Sengerema group included 
Bantu women from the fishery families living at southern shore of Lake Victoria who attended to 
the hospital of Sengerema. Ugali, cassava root and plantain are staple foods, but consumption of 
fish is markedly more regular in the Lake Victoria area than for inhabitants of the Pare area. Smoking 
and a lcohol consumption is very uncommon within these communities, especially among women. 
Importantly, included participants had neither the possibility to (Pare and Sengerema), nor major 
interest in (Maasai), deviation from their cultural habits, including their diets. We observed, and 
local doctors, nurses and participating women confirmed, that neither pregnancy nor lactation is 
associated with any change in dietary habits in any of the investigated groups. The average dietary 
intakes of mothers at delivery as wel l  as at 3 mo PP were therefore likely to be representative for 
the lifetime dietary habits of their respective ethnic group/tribe as a whole. Data on age, parity, fish 
consumption and duration of lactation were obtained from the medical records or by interviews in 
Kiswahili. Gestational ages were checked by the last known menstrual period and fundal height. 
After delivery all infants were routinely checked for signs of prematurity. 

Samples and analyses 

About 4 ml EDTA-anticoagulated venous blood samples (7.2 mg of sprayed K2EDTA; in 4 ml tubes; 
BD Vacutainer, Plymouth, UK) were col lected from the mothers at delivery and after 3 mo; and 
from the umbilical vein at delivery. An about 250 µL EDTA-anticoagulated blood sample (250 µL 
pediatric MiniCol lect KlDTA-tubes; Greiner Bio-one, Kremsmunster, Austria) was taken from the 3 
mo old infants via a heel prick. Samples were stored at 4°C in the dark and processed within 2 h after 
col lection. RBC were separated from plasma by centrifugation and washed three times with 0.9% 
NaCl. After washing aliquots of 200 µL of RBC suspension (4 ml tubes) or the entire RSC-suspension 
(250 µL tubes) were pipetted into a teflon-sealable Sovirel tube containing 2 ml of methanol-6 
mol/L HCI (5:1 v/v), 1 mg butylated hydroxytoluene (antioxidant) and 50 µg 17:0. In this ready-to
transmethylate mixture FA are stable at room temperature and in the dark for months. Al l samples 
were transported at room temperature to the University Medical Center Groningen (the Netherlands) 
for FA ana lysis. FA were analysed according to previously described methods.28 In short, analyses 
of FA methyl esters (FAME) were performed by capil lary gas chromatography/flame ionization 
detection following the addition of an internal quantification standard (17:0), transmethylation and 
extraction. FA were quantified on the basis of the added 17:0. Fatty acid compositions are expressed 
as g/1 00g FA (g%) for consistency with current literature and the omega-3 index. 

Statistics 

Statistical analyses were performed with SPSS version 16.0.1 (SPSS Inc, Chicago, IL). Between-group 
analyses were tested for normality and subsequently analyzed with an ANOVA and student t-test or 
a Kruskal-Wal lis test and a Mann Whitney U-test. Differences were considered significant at P<0.05. 

Differences between mothers and infants were tested with a paired-samples t-tests or a Wilcoxon 
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test. Differences were considered significant at P<0.05. Bonferroni corrections were made for type-

1 errors by dividing all P-values by the number of comparisons. Consequently, all differences with 

P<0.05 divided by the number of comparisons, were considered significant. Correlations were 

tested by linear regression analysis. 

RESULTS 

Anthropometrics and fish intakes 

We included 193 women/infant pairs in this study: 83 at delivery (63 complete pairs: 6 Maasai, 24 

Pare; 33 Sengerema) and 110 after 3 mo of exclusive lactation (104 complete pairs: 8 Maasai, 36 

Pare; 60 Sengerema). Drop out was due to obtaining consent for only the mother or the infant, early 

discharge, and logistical and analytical imperfections. The anthropometrics and characteristics of 

the investigated mothers and their children are shown in Table 1 .  

There were no between-group differences for the mothers at delivery or at 3 mo PP, except 

for a lower weight at delivery (P<0.05) and higher length at all times (P<0.05) of Maasai mothers, 

compared to Pare mothers, and a higher BMI of Sengerema mothers compared to Maasai at 3 mo PP 

(P=0.048). The principal relevant between-group maternal difference was in fish intakes: fish intakes 

of the Sengerema mothers at delivery and at 3 mo PP (4-5 times/wk) were higher than the Pare 

mothers (2-3 times/wk, P<0.03), which in turn were greater than in the Maasai mothers (0 times/ 

wk, P<0.004). 

Table 1 .  Anthropometrics of mothers and infants at delivery and at 3 months PP1 

Maasai Pare Seng ere ma 
Del ivery 

Maternal age, y 23 ± 4 [8] 25 ± 7 [3 1 ]  24 ± 7 [34] 
Postpartum weight, kg 53.0 ± 5b [8] 57.3 ± 8a [23] 54.4 ± 1 0a.b [3 1 ]  
Height, m 1 .59 ± o.o6a [8] 1 .54 ± 0.04b (27] 1 .56 ± 0.06a.b (3 1 ]  
BMl, kg/m2 20.9 ± 2.0 [8] 23.9 ± 2.0 [21 ]  22.4 ± 3 .3 (3 1 ]  
Gravida, number 3 ±  1 [8] 3 ±  2 (3 1 ]  3 ±  3 (34] 
Para, number 2 ±  1 [8] 2 ±  2 (31 ]  2 ±  3 (34] 
Gestational age at birth, wks 40.0 ± 0 [1 ] 39.9 ± 1 .5 (1 7] 38.9 ± 1 .8 (2.8] 
Fish intake, times/wk 0 ±  oc [8] 3 ±  2b (1 7] 5 ±  2a (30] 
I nfant birth weight, g 3050 ± 400 [8] 3 1 1 5  ± 535 (26] 2947 ± 75 1 (34] 
Gender, % male 38 [8] 45 (29] 58 (36] 

3 months PP 
Maternal age, y 24 ± 4 [9] 24 ± 4 (40] 24 ± 6 (61 ]  
Weight, kg 52.4 ± 3 [9] 52.2 ± 1 1  (40] 54.6 ± 1 0 (6 1 ]  
Height, m 1 .60 ± 0.03a [9] 1 .55 ± 0.07b (40] 1 .56 ± 0.06a.b [61 ]  
BMI, kg/m2 20.5 ± 1 .1 b [9] 2 1 .6 ±  4.0a.b (40] 22.1 ± 3.oa (60] 
Para, number 3 ±  1 [9] 2 ±  1 [40] 3 ±  2 [6 1 ]  
Fish intake, times/wk 0 ±  0.7c [8] 3 ±  2b [40] 4 ±  2a (61 ]  
Infant age, wks 1 6 ± 4 [9] 1 4 ±  3 [40] 1 3 ±  2 [61 ]  
Gender, % male 67 [9] 47 [40] 55 [61 ]  
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Maternal and infant RBC-AA and DHA 

Maternal vs. infant RBC-DHA and AA at delivery and at 3 mo PP 

At delivery, RBC-DHA in Maasai mothers was not significantly different compared to their infants, 
but became significantly lower (P=0.022) at 3 mo PP. Pare mothers tended to have lower RBC-DHA 
at delivery (P=0.091), and had lower RBC-DHA at 3 mo PP compared to their infants (P<0.001). 

Compared to their infants, Sengerema mothers had higher RBC-DHA at delivery (P=0.029), but 
lower DHA at 3 mo PP (P=0.001) (Table 2; Figure 1 A). 

Maasai maternal RBC-AA was lower at delivery compared to their infants (P=0.028), but higher at 3 
mo PP (P=0.015). RBC-AA of Pare mothers was lower at delivery (P<0.001 ), compared to their infants, 
but there was no difference at 3 mo PP (P=0.12). RBC-AA of the Sengerema mothers was lower than 
that of their infants at delivery (P<0.001) and at 3 mo PP (P<0.001) (Figure 1 B). 

Delivery vs. 3 months PP RBC-DHA and AA in mothers and infants 
Both Maasai mothers (P=0.003) and their infants (P=0.039) had higher RBC-DHA at delivery, 
compared to 3 mo PP. From delivery to 3 mo PP, Pare mothers showed a decrease in RBC-DHA 
(P<0.001 ), but the decrease in infant RBC-DHA during lactation was non-significant (P=0.162). 
RBC-DHA in Sengerema mothers decreased after delivery (P=0.001 ), but increased in their infants 
(P=0.027) (Figure 1 A). 
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Figure 1 Maternal and infant RBC-DHA ( lA) and RBC-AA ( 1  B) at delivery and ay 3 mo PP by mothers'fish intake. 
Data are means ± 2*SEM. Maasai mothers (n=6 at delivery; n=7 at 3 mo PP), infants (n=B; n=6); Pare mothers 
(n=27; n=38), infants (n=29; n=38); Sengerema mothers (n=34; n=60), infants (n=36; n=6 1 ). Statistics: only the 
non-significant (P>0.05) comparisons are indicated: Maasai/Pare/Sengerema mother or infant means at a time 
with a common letter (a,b,c) do not differ. Mothers and infants in a group at a time with a common symbol (#,§) 
do not differ. Corresponding timepoints that do not differ are labelled ¥. Comparisons between mother and 
infant were conducted using paired analyses (n= 6 Maasai, 24 Pare, 33 Sengerema). Dotted lines indicate the 
minimum and maximum of the mean infant RBC-AA at delivery and 3 mo PP. 
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0\ "" Table 2. Maternal erythrocyte fatty acids at del ivery and after 3 months lactation by mothers'fish intake1 •2 

Mothers, n 

SAFA 
MUFA 

PUFA 
1 8:3(n-3) 
20:5(n-3) 

22:5(n-3) 

22:6(n-3) 

HCP(n-3) 

r(n-3) 

1 8:2(n-6) 

20:3(n-6) 

20:4(n-6) 

22:4(n-6) 

22:5(n-6) 

HCP(n-6) 

r(n-6) 

Maasai (no fish) 

Delivery 

6 

52.0 (49.5-53.7)• 

2 1 .4 ( 1 9.0-24.0)•·# 

34.6 (34. 1 -36.S)• 
0.23 (0.1 1 -0.28)•·# 
0.1 8 (0.1 3-0.29)•·# 
1 .58 (1 .27-1 .94)•-b.# 
3.41 (2.7 1 -4.43)" 

5.1 6 (4.67-6.27)" 

5.41 (4.89-6.50)• 

7.86 (7.1 9-9.94)•·# 

2.1 7 (1 .53-2.83)• 

1 4.7 (1 1 .9-1 5.5)•·# 

2.87 (1 .64-3.85)•-b 

1 .2 1  (0.73-1 .82)" 

20.1 (1 8.1 -23.4)•·# 

28.6 (27 .3-3 1 .0)• 

3 months PP 

9 

54.4 (52.3-56.S)d·* 

1 7. 1  (1 5.5-1 9.S)dH 
38.7 (37.8-39])d.eH 
0.27 (0.20-0.34)d·* 

0.44 (0.33-0.87)d·* 
2. 1 5  (1 .46-3.46)dH 

2.1 7 (1 .95-2.60)dH 

5.01 (4.44-6.60)d 

5.26 (4.64-6.91 )d 

1 0.3 ( 1 0. 1 -1 1 .4)d·* 

1 .89 (1 .47-2. l 9)d.e.# 

1 7.1  (1 5.8-1 7.3)dH 

2.80 (2.1 2-2.99)d 

1 .00 (0.63-1 . l  l )d 

22.9 (20.1 -23.3)d 

33.2 (30.2-34.3)dH 

Pare (medium fish) 

Delivery 3 months PP 

g/100 g fatty acids (g%) 
27 38 

54.3 (5 1 .0-60.2)b 54.8 (52.0-58.4)d.# 

20.3 (1 8.0-24.6)•·# 1 8.2 (1 5.7-23.6)eH 
34.8 (27.6-39.3)" 38.1 (28.5-42.6)d·#·* 
0.1 4 (0.02-0.28)b.# 0. 1 6  (0.07-0.58)•* 
0.22 (0.04-0.55)•·# 0.39 (0.1 0-1 . 14)dH 

1 .38 (0.80-2.39)•·# 1 .77 (1 . 1 8-2.80)•.H 

4.63 (2.76-6.83)" 3.52 (1 .94-5.1 1 )"-0 

6.1 8 (3.60-9.51 )• 5.54 (3.35-8.40)d 

6.35 (3.65-9.66)" 5.88 (3.54-8.57)d 

9.91 (6.96-1 3.9)b.# 1 0.9 (8.08-1 3.8)dH 

1 .63 (1 . 1 3-2.3 1 )•-b.# 1 .75 (1 .29-2.25)• 

1 1 .8 (8.83-l 3.8)b.# 1 4.4 (1 0. 1 -1 6.4)"-* 

2.75 (1 .93-4.00)"-# 2.72 (1 .62-3.64)d 

1 .06 (0.65-1 .57)•·# 0.84 (0.53-1 .28)dH 

1 7.9 (1 3.9-20.S)b.# 1 9.9 (1 4.7-22.4)•.H 

27.7 (21 .6-31 .1  )•·# 3 1 . 1 (24.5-35.3)"·* 

Sengerema (high fish) 

Delivery 3 months PP 

34 60 

53.7 (5 1 .6-57.5)b 54.4 (49.0-57.7)d.# 

1 8.2 (1 5.3-21 .0)b.# 1 7.4 (1 5.3-20.6)d-* 

36.8 (33.5-40.S)b·• 39.4 (35.8-43.0t·* 
0.1 4 (0.08-0.21 )b.# 0.1 4 (0.09-0.71 )f.# 
0.38 (0. 1 2-1 . 1  0)b.# 0.64 (0.1 5-1 .72)•-U 

1 .64 (0.98-3.27)b.# 1 .92 (1 .47-2.93)•.U 

7.2 1 (4.24-9.28)b.# 6.46 (4.54-8.62)fH 

9.1 9 (5.39-1 3.3)b.# 9.00 (6.60-1 3.0)"·# 

9.34 (5.49-1 3.S)b.# 9.1 2 (6.70-1 3.2)•·· 

9.41 (6.5 1 -1 3.5)•-b.# 1 0.6 (7.40-1 7.g)d·* 

1 .58 (1 . 1 4-1 .86)b.# 1 .53 (1 .1 4-2.S0)d.# 

1 2.6 (1 0.3-1 4.9)°-# 1 3.8 (1 1 .6-1 5.9)•·#·* 

2.38 (1 .68-3.88)b.# 2.09 (1 .39-3.70)"-* 

0.85 (0.63-1 .58)•·# 0.76 (0.56-1 .34)d·* 

1 7  .0 (1 2.9-1 9.3)(.# 1 8.5 (1 5.5-2 1 .9)fH 

26.3 (1 9.4-30. l )b 29.3 (24.6-34. l )f·* 

Abbreviations: PP, pospartum; FA, fatty acids; SAFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA; LC, long-chain PUFA (:::: 20 C-atoms). 
1 ,  Values are medians (range). At a time, medians in a row without a common letter differ. #, Different from corresponding mother/infant; *, different from delivery. All at p<0.05 
2, Table presents all data. These differ slightly from data for mother-infant pairs a lone; significances with # derive from paired-analyses (n=6 Maasai, 24 Pare, 33 Sengerema) 
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Table 2 (continued). Infant erythrocyte fatty acids at delivery and after 3 months lactation by mothers' fish intake1•2 

Maasai {no fish) Pare {medium fish) Sengerema {high fish) 

Del ivery 3 months PP Delivery 3 months PP Delivery 3 months PP 

g/100 g fatty acids (9%) 
Infants, n 8 8 29 38 36 61  

SAFA 52.4 (50.4-56.6)• 52.2 (50.5-54.])d 54.5 {52.2-63.4)b 53.9 {5 1 .4-67.2)d,# 53.0 (5 1 .5-56.7)• 53.9 (5 1 .2-59.0)d,# * 
MUFA 1 6.6 { 1 4.8-20.7)•·# 1 9.5 { 1 8. 1 -32.2)d.U 1 4.4 { 1 2.5-1 6.5)b # 1 7.8 ( 1 3. 1 -25.W·#·* 1 4.7 { 1 3.0-1 9.6)b,# 1 7.0 { 1 4.2-20.2)e* 
PUFA 34.2 (29.4-35.1 )• 36.9 {29.4-39.3)d.# 34.0 (26.6-3 7 .1 )• 37.9 {26.3-42.4)d·* 35.7 {29.7-37.9)b.# 39.3 {34.1 -46.0)e·* 
1 8:3(n-3) 0.09 (0.05-0.1 3)•·· 0.23 (0. 1 6-0.38)d·* 0.06 (0.01 -0. 1 4)a.# 0.1 5 (0.03-0.68)dH 0.06 (0.01 -0.1 3 )•·· 0.1 5 (0.01 -0.40)e # * 
20:5(n-3) 0.1 1 (0.05-0.1 7)•·# 0.35 (0. 1 5-0.49)dH 0.1 2 (0.01 -0.21 )•·# 0.26 (0.03-0.57)d.#.* 0.1 9 (0.06-0.94)b,# 0.45 (0. 1 9-1 .30)e.#.* 
22:5(n-3) 0.33 (0.26-0.60)•·# 1 .27 (0.94-1 .89)d.#.* 0.39 (0.24-0.62)•·# 1 .27 (0.56-1 .92)d.U 0.54 (0.35-2.59)b.# 1 .23 (0.95-1 .79)d #.* 
22:6(n-3) 4.09 (2.89-5.46)• 3.50 {2.Q8-4.1 2)d #.* 4.99 {2.44-6.88)b 4.68 (2.3 1 -6.68)e,# 6.44 (4.66-9.1 0)<-# 6.90 (5.1 0-8.62)f.U 
HCP(n-3) 4.48 (3.3 1 -6.1 1 )• 5.26 (3.42-5.81 )d 5.50 {2.72-7.62)b 6.29 {2.90-8.89)d 7.1 2 (5.1 6-1 2.6)<-# 8.60 {6.24-1 1 .2)e # .* 
r(n-3) 4.55 (3.43-6.1 6)• 5.45 {3.80-6.06)d 5.53 {2.79-7.69)b 6.5 1 (3.08-9.1 W·* 7. 1 8  (5.1 7-1 2.8)c.# 8.80 (6.5 1 -1 1 .4)f.#.* 
1 8:2{n-6) 3.01 (2.54-4.21 )--# 9.22 (7 .23-1 2.4)d.#.* 3.21 (2.28-4.34)•·# 9.36 {6.47-1 1 .8)d.#.* 3.37 ( 1 .98-5.73)•·# 9.83 (5.78-1 8.4)d·* 
20:3(n-6) 2.49 ( 1 .81 -3.29)• 1 .65 (0.88-1 .8 1  )d.U 2.28 ( 1 .81 -3.41 )•·# 1 .77 {0.98-2.27)d * 2.22 ( 1 .60-2.75)•·# 1 .68 { 1 . 1 1 -2.68)d.U 
20:4(n-6) 1 6.6 ( 1 4.6-1 8.3)•·· 1 5.2 ( 1 0.4-1 6.4)d 1 6.2 ( 1 3 .0-1 7.9)•·· 1 4.6 (9. 1 0-1 7.4)d·* 1 6.2 ( 1 2.6-1 8.S)•·· 1 4.9 ( 1 0.9-1 6.9)dH 
22:4(n-6) 2.84 ( 1 .69-3.70)• 2.44 (0.99-3.07)d,e 3.09 (2.34-4.01 )•·# 2.70 ( 1 .58-3.85)d-* 2.90 ( 1 .53-4.1 4)•·# 2.01 ( 1 .37-3.2W·* 
22:5(n-6) 1 .82 ( 1 .24-2.S0)• 1 .26 {0.43-1 .50)d.eH 1 .67 ( 1 .30-2. 1 5)•·# 0.96 (0.50-1 .64)d.U 1 .37 (0.58-2.60)b.# 0.77 (0.48-1 .3W·* 
HCP(n-6) 24. 1 (21 .0-26.1 )• # 2 1 .2 (1 3.1 -23.8)d.eH 23.7 ( 1 9.6-26.5)"·# 2 1 .7 ( 1 3 .4-25.0)d.#.* 22.0 ( 1 6.6-25.0)b.# 1 9.7 ( 1 5.0-22.6t#·* 
r(n-6) 27.0 (23.5-29.4)•.b 30.9 {25.2-33.3)d 27.1 (22.0-30.0)•·# 30.7 (20.9-34.9)d-* 25.5 ( 1 9.6-28.0)b 29.8 (22.3-37.6)d·* 

Abbreviations: PP, pospartum; FA, fatty acids; SAFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA; LC, long-chain PUFA (;':: 20 (-atoms). 
1 ,  Values are medians {range). At a time, medians in a row without a common letter d iffer. #, Different from corresponding mother/infant; *, d ifferent from delivery. Al l  at p<0.05 
2, Table presents all data. These d iffer sl ightly from data for mother-infant pai rs a lone; significances with • derive from paired-analyses (n=6 Maasai, 24 Pare, 33 Sengerema) 
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Chapter 2.2 

In the Maasai, maternal RBC-AA increased from delivery to 3 mo PP (P=0.003), but infant RBC-AA 

did not decrease (P=0.12). For the Pare, maternal RBC-AA increased (P<0.001 ), while infant RBC-AA 

decreased (P=0.001 ). Maternal RBC-AA increased also in Sengerema (P<0.001 ), and decreased in 

their infants (P<0.001) (Figure 1 B). 

Between-group differences in RBC-DHA and AA 

Maasai mothers tended to have lower RBC-DHA, compared to Pare mothers at delivery (P=0.06), 

while Maasai infants had lower RBC-DHA compared to Pare infants (P=0.040). At 3 mo PP, both Maasai 

mothers (P<0.001) and their infants (P=0.004) had lower RBC-DHA compared to Pare. Sengerema 

mothers and their infants had higher RBC-DHA compared to Pare counterparts at delivery and at 3 

mo PP (all P<0.001 ). RBC-DHA of Sengerema mothers and their infants were also higher compared 

to Maasai counterparts at all times (all P<0.001) (Figure 1 A). 

Maternal RBC-AA was higher in Maasai compared to Pare mothers at delivery (P=0.005) and 

at 3 mo PP (P<0.001 ), but RBC-AA was not significantly different between Maasai and Pare infants 

at delivery nor at 3 mo PP. RBC-AA in Sengerema mothers was higher (P=0.049) compared to Pare 

mothers at delivery, but there was no difference at 3 mo PP. 

Also, there were no differences in infant RBC-AA between Sengerema and Pare at delivery, nor 

at 3 mo PP. RBC-AA was lower in Sengerema, compared to Maasai mothers at delivery (P=0.042) and 

at 3 mo PP (P<0.001 ). There were no differences between Sengerema and Maasai infant RBC-AA at 

delivery nor at 3 mo PP (Figure 1 B). 

Maternal vs. infant RBC-DHA and maternal vs. infant RBC-AA 

When the 3 groups were combined, there were significant relations between maternal and infant 

RBC-DHA at delivery (Figure 2A) and at 3 mo PP (Figure 2C). Data that were previously reported 

for mother-infant pairs in Dominica34 and The Netherlands,32 fitted well within the relationships 

(Figure 2A and Figure 2B). Maternal RBC-DHA explained 61% of the variation in infant RBC-DHA 

at delivery and 76% at 3 mo PP. In contrast, there were no significant relations between maternal 

RBC-AA and infant RBC-AA, neither at delivery, nor at 3 mo PP (Figure 2B and Figure 2D) .  Using the 

equations shown on Figure 2 (at y = x), we calculated that at delivery, maternal RBC-DHA levels <5.6 

go/o corresponded with higher infant RBC-DHA, while infant RBC-DHA was lower than maternal RBC

DHA at �5.6 go/o (Figure 2A). At 3 mo PP, maternal RBC-DHA levels <7.9 go/o corresponded with higher 

infant RBC-DHA. There were few mothers with RBC-DHA >7.9 go/o, but extrapolation suggests that 

the reverse may occur beyond this maternal RBC-DHA status (Figure 2C). 

Maternal and infant RBC-DHA vs. RBC-AA 

The relations between RBC-DHA and RBC-AA for the mothers and the infants at delivery and at 3 mo 

PP are presented in Figure 3. We first analyzed the DHA compared with AA relations in each of the 

3 tribes. Linear regression analyses (Table 3; Figure 3) showed different slopes for the Maasai, Pare, 
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Figure 2. Relations between maternal and infant RBC-DHA (A,C) and between maternal and infant RBC-AA 
(B,D) at delivery (A,B) and at 3 mo PP (C,D). Mean data for Dominician (n=7) and Dutch (n=l 83) mother-infant 
pairs are derived from (34) and (32), respectively. Dotted lines represent y = x, i.e. the maternal RBC-DHA 
status equals the infants' status. 

and Sengerema. Those of the Maasai and Pare were mostly positive, whereas those in Sengerema 
were mostly negative. Pooling of all data suggested that the relations between RBC-DHA and RBC
AA were at best bell shaped and were therefore fitted in a quadratic function (Table 3; Figure 3). The 
calculated curves reached their summits at 5.7, 5.7, 4.8, and 6.2 go/o RBC-DHA (Fig. 3A-D, respectively). 
The best linear fit from a RBC-DHA above the respective summits is also in Table 3. Taken together, 
the relations were positive up to ;6 go/o RBC-DHA and became negative or nonsignificantly positive 
beyond ~6 go/o. 

Changing postpartum maternal RBC-DHA as a function of RBC-DHA at delivery 
The fractional changes of maternal RBC-DHA from delivery to 3 mo PP as a function of maternal RBC
DHA at delivery (Figure 4A) and infant RBC-DHA at delivery (Figure 4B) derive from the combined 
Maasai, Pare and Sengerema participants, studied at delivery and at 3 mo PP. Fractional changes are 
given as the ratio (maternal RBC-DHA at 3 mo PP)/(maternal RBC-DHA at delivery) in which a ratio <1 
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0\ 
0\ Table 3. Maternal RBC-DHA and infant RBC-DHA vs. RBC-AA at delivery and at 3 months PP 1 

Combined data Summit of Combined data 
Sengerema quadratic 

Figure Maasai linear p2 Pare l inear p l inear p quadratic p f(x)3 > summit ( l inear)4 p 

3A 0.1 6x +  1 3.6 NS 0.47x + 9.7 0.04 -0.43x + 1 5.6 0.007 8.49 + 1 .47x -0. 1 3x2 0.07 5.7 -0.6 1 x +  1 6.9 0.003 

3B 0.05x + 1 6.2 NS 0.58x + 1 3. 1  0.007 -0.52x + 1 9.6 0.025 9.62 + 2.41 x -0.2 l x2 0.003 5.7 -0.69x + 20.9 0.008 

3C 1 . 1 5x +  1 4.2 0. 1 0  0.29x + 1 3.0 NS -0.37x + 1 6.2 0.02 1 1 . 1  + l .33x -0. 14x2 0.007 4.8 -0.3 1 x +  1 5.8 0.04 

3D 3.09x + 4.3 0.002 0.72x + 1 1 .3 0.02 0.37x + 1 2.3 0.08 8.38 + 2.23x -0.1 8x2 0.001 6.2 0.1 5x +  1 3.8 NS 

1, The correlation RBC-DHA vs. RBC-AA with the highest R2 is shown for each separate g roup (linear relations); for the combined data (quadratic relations) and for 
a l l  data with RBC-DHA > the summit of the quadratic function (l inear relations) 
2, Significance of the relationship: models were considered significant if p<0.05; borderl ine significance is a lso shown (0.1 0>p>0.05); NS, p>0.1 0 
3

, Calcu lated maximum/summit of the quadratic function, f(x) 
4, Equation of the l inear function applied to a l l  data beyond the calculated maximum of the quadratic relation 
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Figure 3. Relations between maternal RBC-DHA (A,C) and infant (B,D) RBC-DHA vs. RBC-AA at delivery (A,B) 

and at 3 mo PP (C,D). Dotted lines indicate the relation RBC-DHA vs. RBC-AA for each group. The solid lines are 

the quadratic functions for the combined groups with the 95% Cl in gray. 

indicates that the mother is in negative DHA balance during lactation and a ratio > 1 indicates that 
the mother is in positive postnatal DHA balance. By extrapolation, it was found that a maternal RBC
DHA equilibrium from delivery to 3 mo PP was reached when the maternal RBC-DHA amounted 
to 8.1 g% at delivery (Figure 4A). This maternal RBC-DHA equilibrium corresponded with an infant 
RBC-DHA of 7.1 g% (calculated from Figure 2A) to 7.2 g% (Figure 4B) at delivery and 8.0 g% at 3 mo 
PP (calculated from Figure 2C). Using the 7.2 g% from Figure 4B in Figure 2A, we calculated that 
maternal postnatal RBC-DHA equilibrium would occur when the mother reaches an RBC-DHA of 8.3 
g% at delivery, which is close to the 8.1 g% from Figure 4A. 

Taken together, maternal equilibrium was reached at a maternal RBC-DHA of 8 g% at delivery, 
which corresponded with a maternal RBC-DHA of 8 g% at 3 mo PP, an infant RBC-DHA 7 g% at 
delivery that increased to an RBC-DHA of 8 g% at 3 mo PP. 
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Figure 4. Maternal RBC-DHA at delivery (A) and infant RBC-DHA at delivery (B) compared with the ratio of 

maternal RBC-DHA at 3 mo PP/maternal RBC-DHA at delivery. Data are means ± SEM, n=6 and 9 for Maasai 

mothers; n=8 and 8 for Maasai infants at delivery and mo PP, respectively, n=27 and 38 for Pare mothers, 

29 and 38 for Pare infants at delivery and 3 mo PP, respectively, n=34 and 60 for Sengerema mothers, 36 

and 61 for Sengerema infants at delivery and 3 mo PP, respectively. A ratio of maternal RBC-DHA at 3 mo 

postpartum/maternal RBC-DHA at delivery <1 indicates that the mother is in negative DHA balance during 

lactation; a ratio > 1 indicates that the mother is in positive postnatal DHA balance. 

DISCUSSION 

In this study of 3 populations of mother-infant pairs with different maternal consumption of 
freshwater fish (Fig 1 A), we found that 1) biomagnification occurs up to 8 go/o DHA in maternal 
RBC, 2) maternal RBC-DHA equilibrium is reached at 8 go/o, 3) this maternal RBC- DHA equilibrium 
corresponds with an infant RBC-DHA of 7 go/o at delivery that increases to 8 go/o during 3 mo of 
exclusive lactation, 4) unlike RBC-DHA, maternal and infant RBC-AA are independently regulated in 
these populations, and 5) bell-shaped RBC-DHA vs. RSC-AA-relations might support uniform iRBC
AA. 

Docosahexaenoic acid (DHA) 

Although maternal RBC-DHA decreased during breastfeeding in all groups, the decline was more 
pronounced in Maasai and Pare, who have lower fish intakes. The postpartum change in infant RBC
DHA was dependent on the maternal RBC-DHA status and showed a decrease (Maasai), no-change 
(Pare) or increase (Sengerema) (Figure 1) with increasing fish intake. Using data from the same study 
population we recently calculated that infants would need an RBC-DHA of 6 go/o at delivery to reach 
RBC-DHA equilibrium during lactation.36 The present findings indicate when the mother reaches 
DHA equilibrium during lactation. The peculiar mother-infant sharing of DHA during pregnancy and 
lactation is presented in simplified form in Figure 5. Postnatal infant DHA equilibrium occurs at an 
infant RBC-DHA of about 6 go/o at delivery (Figure SA), which corresponds with a maternal RBC-DHA 
of about 6 go/o at delivery and 6 go/o at early pregnancy.36 Postnatal infant DHA equilibrium coincides 
with a mature milk DHA level of about 0.4 go/o (Kuipers, unpublished). Under these circumstances 
the mother loses DHA during lactation to reach The combination of infant DHA-equilibrium and 
maternal DHA losses during lactation can be considered as postnatal DHA-biomagnification. a 
maternal RBC-DHA of about 5 go/o after 3 mo. This can be calculated by entering an infant RBC-DHA 
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of 6 g% into Figure 3C or Figure 4B and a maternal RBC-DHA of 6 g% into Figure 4A. Postnatal 
maternal DHA equilibrium is reached when maternal RBC-DHA is about 8 g% at delivery (Figure 

3A, Figure Sb), which corresponds with 8 g% at early pregnancy36 and a mature milk content of 
about 1 g% DHA (Kuipers, unpublished). Under these circumstances, infant RBC-DHA is about 7 g% 
at delivery (Figure 3B), which we named 'bioattenuation?6 This intrauterine bioattenuation occurs 
despite the rapid postnatal infant RBC-DHA increase to adult levels of 8 g% during 3 mo lactation 
(Figure 2(), and might illustrate the apparent importance of limiting DHA transplacental transport 
at high fish intakes, which is followed by a postnatal mother-to-child DHA surge via the milk. 

While there is consensus on recommending an average DHA intake of at least 200 mg/d 
during pregnancy and lactation80 the optimal DHA status for the mother and her infant is currently 
unknown. Intake of fish and fish oils during pregnancy result in slightly longer gestation, marginally 
higher birth weight and a reduced risk of preterm delivery.80 However, RCTs with DHA during 
pregnancy targeting infant neurodevelopment are less clear. The largest RCT so far with cod liver oil 
(1200 mg DHA/d) on top of a baseline diet containing 200-300 mg DHA/d86·88 showed no differences 
in cognitive development at 6 and 9 mo, a promising higher IQ at 4 y of age, but not at 7 y. These 
outcomes were in line with the negative outcomes for associations between umbilical plasma PL- and 
RBC-DHA and infant cognitive development at 4 and 7 y.89•90 Supplementation with fish oil or DHA 
in pregnancy, however, might benefit infant visual maturation and acuity22•91 •92 and newborn sleep 
pattern maturity.93 Thus, the inconsistent results of maternal DHA supplementation studies contrast 
with positive associations between neonatal brain DHA and cognitive and behavioral performance 
noted in combined human and animal studies.69 Discrepancies might relate to e.g. short-term 
supplementation of relatively low doses of DHA, differences in frequencies of polymorphisms in the 
desaturase-enzymes and lack of dose-adjustment to differences in individual baseline maternal and 
infant DHA status. 

A Infant RBC-DHA equilibrium at 6 g% DHA 8 Maternal RBC-DHA equilibrium at 8 g% DHA 

RBC RBC 
mother mother 3 
delivery mo PP 

RBC RBC 
infant infant 3 

delivery mo PP 

B B 

Milk 3 RBC RBC 
mo PP mother mother 3 

delivery mo PP 

RBC RBC 
infant infant 3 

delivery mo PP 

1 0 

Milk 3 
mo PP 

Figure 5. Synoptic overview of the infant (A) and maternal (B) RBC-DHA equilibrium during 3 mo lactation. 

(A) Infant RBC-DHA equilibrium occurs at 6 go/o DHA and coincides with depletion of maternal DHA from 6 

9% DHA at delivery to 5 9% DHA at 3 mo PP; a maternal RBC-DHA of 6 go/o at 3 mo PP coincided with 0.4 go/o 

DHA in milk. (B) Maternal RBC-DHA equilibrium occurs at 8 9% DHA, which coincides with an increase in 

infant RBC-DHA from 7 9% DHA at delivery to 8 9% at 3 mo PP; a maternal RBC-DHA of 8 9% coincided with 

1 .0 go/o DHA in milk. 
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Epidemiological studies have linked fish consumption, EPA+DHA intakes, and EPA+DHA status, 
to a reduction in affective disorders, cognitive impairment, Alzheimers disease and postpartum 
depression.74 An RBC-(EPA+DHA) �8 go/o, as found in healthy Japanese, seems an appropriate target 
to minimize major depressive disorders and bipolar depression,62 but the relation between (n-3) LCP 
and postpartum depression has not been substantiated by RCTs.82•83 With regard to cardiovascular 
disease, an RBC-DHA >8 go/o (omega-3 index > 10 go/o) was associated with the lowest risk for acute 
coronary syndrome and sudden cardiac death.60•61 •94 (n-3) LCP intakes >450 mg/d were shown 
beneficial for the lowering of heart rate, blood pressure and triglycerides and to reach maximum 
antithrombotic effects.59 During 2.5 millions y of evolution our genome has become adapted to 
a diet high in both (n-3) and (n-6) LCP.7•75 The presumed high LCP intakes by our ancestors, likely 
resulted in development of maternal stores of sufficient magnitude to prevent depletion during 
lactation and to sustain DHA transfer to the developing infant. The high DHA in milk and RBC that 
were observed in populations with high fish consumption are consistent with the high intakes of 
AA, EPA and DHA from our Paleolithic diets.7•75 

It has been suggested that the RSC-membrane might reach saturation at levels between 8-10 
go/o DHA.64•65 Supplementation of lactating women with doses up to 1.3 g DHA/d dose-dependently 
increased maternal RBC-DHA to 7.9 go/o, milk DHA to 1.13 go/o and infant RBC to 9.1 go/o DHA. While 
milk DHA continued to increase, no further increase in infant RBC-DHA from about 0.8 go/o DHA in 
milk was seen, corresponding to a maternal-infant RBC-DHA of 8-1 0 go/o.64•65 However, we have little 
data (Figure 2A and 2C) to show the relation between infant and maternal RBC-DHA beyond 8 go/o 
DHA. 

Arachidonic acid (AA) 

Delivering and lactating women with low, intermediate and high fish intakes proved to have different 
RBC-AA status at both delivery and after 3 mo (Figure 1 B), although RBC-AA increased in all maternal 
groups after delivery. In contrast, RBC-AA was remarkably similar for all infant groups at delivery and 
after 3 mo and decreased consistently after delivery (Figure 1 B). Biomagnification of AA across the 
placenta is clearly shown in Figure 2B. However, the higher infant RBC-AA, compared to maternal 
RBC-AA, vanished within 3 mo of lactation (Figure 2D). The concomitant increase in maternal RBC
AA might derive from discontinued utilization of AA by the placenta,95 discontinued transport to the 
fetus, or both. The postpartum decrease in infant RBC-AA might be consistent with the postpartum 
changes in the infant's RBC-PL species.40 Mechanistically, it might result from the discontinued AA 
transport across the placenta and from the change of hormonal milieu that accompanies delivery, 
which is likely to influence FA enzymatic activities. It was e.g. shown that the infants' LCP-synthetic 
activity decreases drastically after delivery.41 Even high milk AA contents, such as in Pare (0.80 go/o, 
Kuipers unpublished), were unable to prevent a decrease in infant RBC-AA. This raises the question 
whether milk AA is at all intended to sustain infant AA status after delivery. The remarkable between
group similarity of infant RBC-AA levels at delivery and to a lesser extent at 3 mo PP rather suggests 
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a well controlled infant AA status during the intrauterine period that gradually assumes adult levels 
after delivery. This suggestion is in line with Hsieh et al.,96 who recently showed that central nervous 
system (CNS) AA levels in baboon neonates are tightly controlled at the level of incorporation or 
utilization, that CNS AA levels were unaffected by dietary AA and that AA decreased in all CNS 
structures with age. 

Docosahexaenoic acid (DHA) vs. arachidonic acid (AA) 

We recently suggested a synergistic relation between DHA and AA at low DHA status and an 
antagonistic relationship between DHA and AA at high DHA status.54•97 Such a relationship was 
previously proposed by Horrobin et al.70 Our data on the antagonistic relation between DHA and AA 
were a.o. based on their contents in RBC. These suggested that RBC-DHA increasingly suppresses 
RBC-AA from an RBC-DHA level of about 6 g%.54•97 Interestingly, in the present study we also found 
synergism between DHA and AA below an RBC-DHA of about 6 g% and antagonism beyond 6 g% 
(Figure 3). This suggests that in Maasai and Pare infants (born to mothers with low fish intakes), 
biomagnification of DHA across the placenta indirectly caused a synergistic increase of RBC-AA by 
virtue of higher transplacental DHA transport, while in the Sengerema infants (born to mothers 
with high fish intakes), bioattenuation of DHA across the placenta indirectly caused a diminished 
antagonistic decrease of RBC-AA. In other words, both biomagnification and bioattenuation during 
pregnancy may aim at a certain fetal AA status. The subsequent postnatal DHA surge via the milk 
may be regarded as a form of postnatal biomagnification. This DHA surge was apparently unable to 
prevent a postnatal RBC-DHA drop in Maasai infants, caused a non-significant RBC-DHA decrease in 
Pare, and an increase in Sengerema infants. Analogous to the intrauterine period, the resulting low 
DHA status in Maasai infants might have synergistically lowered their RBC-AA, while the high DHA 
status of the Sengerema infants might have lowered their RBC-AA in an antagonistic manner. The 
presumed synergy and antagonism may in this manner have contributed to the observed low inter
individual variation of RBC-AA at 3 mo PP. It is possible that their existence illustrates the important 
role of AA for the developing infant during pregnancy, and the increasing postnatal importance of 
DHA in the suppression of AA. 

It might be considered a limitation that we interpreted the differences between the subgroups 
at delivery and 3 mo in terms of longitudinal changes. This assumption might, however, be justified 
by the known and checked lifetime stable dietary intakes in these populations, while in essence no 
different results have been noted with literature-data deriving from genuine prospective studies. 
Our interpretations rest on the reliability of RBC-LCP status as a proxy for whole body LCP status. The 
RBC-FA composition is, however, widely considered as a reliable reflection of whole body status,68 

particularly in populations with stable lifetime dietary habits. Maternal to infant FA transport may be 
influenced by placental size, however we observed no between-group differences for placental size 
or architecture while assisting deliveries. Finally, we interpreted static values in terms of fluxes. Any 
of these interpretations may consequently be biased and should be confirmed by data from tracer 
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or other dynamic studies. 
We conclude that the postnatal DHA surge via the milk represents a genuine form of 

postnatal biomagnification that occurs up to a maternal RBC-DHA status of 8 go/o. This contrasts 
with biomagnification via the placenta, which occurs up to a maternal RBC-DHA status of 6 go/o. 
This discrepancy might, together with the postnatal increase in maternal RBC-AA and concurrent 
decrease in infant RBC-AA, indicate a switch of the importance of AA during gestation to DHA 
during lactation. Unlimited DHA transfer at high maternal DHA status might be undesirable because 
of its antagonistic effect on AA, while the postpartum DHA surge via the milk might aim at the 
suppression of AA by DHA. An RBC-DHA of 8 go/o in adults and the rapid postpartum increase of 
infant RBC-DHA to 8 go/o might support infant neurological development and prevent adult diseases 
linked to low fish intakes. Low DHA status might be associated with diseases in the peripartum 
period, but this needs confirmation from RCTs targeting 8 go/o RBC-DHA. 
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Chapter 3 

ABSTRACT 

Introduction. The relation between docosahexaenoic (DHA) and eicosapentaenoic (EPA) vs. 

arachidonic acid (AA) seems characterized by both synergism and antagonism. 

Materials and Methods. Investigate the relation between EPA+DHA and AA in populations with 

a wide range of EPA+DHA status and across the life cycle. EPA+DHA and AA were determined in 

erythrocytes (RBC; n=l 979), umbilical arteries (UA; n=789) and umbilical veins (UV; n=785). 

Results. In all compartments, notably RBC, the relation between EPA+DHA and AA appeared 

bell-shaped. Populations with low RBC-EPA+DHA (<2g%) exhibited positive relationships; those 

with high RBC-EPA+DHA (>8g%) negative relationships. Antagonism in UA and UV could not be 

demonstrated. 

Conclusion. Both synergism and antagonism might aim at a balance between w6 and w3 long

chain polyunsaturated fatty acid (LCP) to maintain homeostasis. Synergism might be a feature of 

low LCPw3 status. AA becomes suppressed by antagonism from an RBC-EPA+DHA >8g%. 
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The relation between the omega-3 index and arachidonic acid is bell shaped: 

INTRODUCTION 

The long-chain polyunsaturated fatty acid (LCP) docosahexaenoic acid (DHA), eicosapentaenoic acid 
(EPA) and arachidonic acid (AA) are important for human development and health . They function 
as structural components of membrane phospholipids (PL), modulators of gene expression, and 
precursors of eicosanoids (AA, EPA), resolvins (AA, EPA, DHA) and (neuro) protectins (DHA).1 Most 
Western countries are characterized by low intakes of especially EPA and DHA from fish, which 
contrasts with the evolution of our ancestors in a land-water ecosystem with abundantly available 
LCPw3 and LCPw6 (especially AA).2-

5 Low LCPw3 status has been suggested to be disadvantageous 
in infant neurodevelopment6

'
7 and is associated with cardiovascular and psychiatric diseases at 

adult age.8The resulting disbalance between pro-inflammatory AA-derived mediators, and the anti
inflammatory mediators from AA, EPA and DHA 1 •9•1 0  may be an important factor in the development 
of a state of chronic systemic low grade inflammation, which is increasingly acknowledged to be 
associated with many typically Western diseases.1 1  In view of the opposing roles of w6 and w3 fatty 
acids (FA) in inflammation, several authors9

'
12 suggested that an increased dietary intake of w3 FA is 

desirable to reduce disease susceptibility, secondary to the lowering of the AA-status. 
From the majority of intervention studies that aimed at increasing linoleic acid (LA), AA and DHA 

intakes, it might be concluded that the relationship between w3 and w6 FA is mainly characterized 
by antagonism. However, both synergistic (positive slope) and antagonistic (negative slope) 
relationships between w3 and w6 FA have been reported in observational and w3 FA intervention 
studies13-21 We hypothesized that synergism between LCPw3 and LCPw6 occurs at low LCPw3 status, 
whereas antagonism occurs at high LCPw3 status. 

Testing the suggested bell-shaped relationship between LCPw3 and LCPw6 in a cross sectional 
study design requires data from populations with a wide range of notably LCPw3 status. For this 
we composed erythrocyte (RBC) and umbilical vessel FA datasets from the various studies that we 
performed during the past years in many countries. The subjects were of different ages, had typically 
Western diets (van Goor, unpublished) or traditional East-African lifestyles22

'
23 and were either well

or malnourished.24 The dataset also contained information from supplementation studies.25 In this 
dataset we investigated the relationship between the omega-3 index (i.e. the sum of EPA and DHA) 
as a marker of LCPw3 status26

'
27 and the AA contents in RBC, and in umbilical veins (UV) and arteries 

(UA). The RBC-FA composition is a reliable reflection of dietary FA intakes28 and umbilical vessel FA 
are known to be responsive to the maternal LCPw3 status.29

•
30 

SUBJECTS AND METHODS 

Subjects 

We included subjects from Tanzania,n,23 The Netherlands,25
'
31

'
31

-
33 Pakistan,18 lsrael24 and Cura<;ao.30 

The subjects were infants at various ages, pregnant women, mothers at delivery, mothers at 3 
months postpartum, and apparently healthy males and females. The participants consumed either 
a mixed diet, fish diet, or a diet that consisted of mainly milk and meat (Maasai). Some of them were 
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Chapter 3 

supplemented with lCP.25'30 The dataset consisted of 1 ,979 RBC samples, 785 UV and 789 UA. 

The ages of the subjects, their geographical location, their study numbers and a very summari ly 

description of the diets and supplements are shown in Tables 1 -3. 

Sample collection and analyses 

EDTA-anticoagulated venous blood was col lected from infants and adu lts. EDTA-anticoagulated 

cord blood was col lected at del ivery. The sam ples were stored at 4°C in the dark and processed 

with in  2 h after col lection. RBC were isolated by centrifugation and washed three times with 0.9% 

NaCl. After washing, 200 µI of the washed RBC suspension was transferred to a teflon-sea lable 

Sovirel tube containing 2 ml of methanol-6 mol/l HCI (5:1  v/v), 1 mg butylated hydroxytoluene 

(antioxidant) and 50 µg 1 7:0. 

U mbi l ica l cords were col lected immediately after del ivery. A sample of about 3 cm of the 

umbi l ical cord, located at the proximal site to the placenta, was taken and stored in sal ine at 4 °C unti l 

further processing. One umbi l ica l  artery and the vein were dissected from the su rrounding tissue. 

Approxim ately 1 cm of tissue was col lected and stored in a teflon-sea lable Sovirel tube containing 2 

ml of methanol-6 mol/l HCI (5:1  v/v) 1 mg butylated hydroxytoluene (antioxidant) and 50 µg 1 7:0. 

All sam ples were transported to University Medical Center Groningen (The Netherlands) for fatty 

acid a na lysis by capi l l a ry gas chromatography/flame ionization detection accord ing to previously 

described procedures.34 Fatty acid compositions and their ratios were expressed in g% and gig, 

respectively. 

Data analysis and statistics 

Statistica l ana lyses were performed with PASW version 1 8.0 (SPSS Inc, Chicago, ll) .  We subdivided the 

RBC EPA+DHA data in parts of 1 g% to construct a bar d iagra m. Group d ifferences were studied with 

the aid of the Kruskal-Wa l l is test (non-parametric) since the FA data were not norma l ly distributed. 

Between-group differences were tested with the Mann Whitney U-test at p<0.05. We constructed 

scatter plots and determined the best fitting function. The coefficient of determination (R2) was 

used to estimate the extent to which a given variable was explained by another. Corrections were 

made for type-1  errors (i.e. Bonferron i  correction). 

RESULTS 

Figure 1 A  shows the bell-shaped relationsh ip  between the omega-3 index and AA in RBC, 

suggesting  a synergistic relationship at low omega-3 status, no relation at i ntermediate status and 

an  antagon istic relation at a h igh omega-3 index. Excluding data of supplementation studies d id 

not affect the bel l-shape of the curve (data not shown). The synergistic part occurred at an omega-3 

index below 2 g% and the antagon istic part occurred beyond 8 g%. Statistical ana lysis confirmed 

lower RBC-AA at both low and high RBC-EPA+DHA contents, since the RBC-AA of subjects with an 

omega-3 i ndex of 2-8 g% was significantly different from the RBC-AA of subjects with an  omega-3 

index below 2 g% and subjects with an omega-3 index above 8 g% (both p<0.001 ) .  
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Table 1 :  Subject characteristics, number and, erythrocyte (RBC)-LA RBC-AA and RBC-EPA+DHA content 

Geographical RBC-LA RBC-AA RBC- Population 
Characteristic Mean Age location RBC (n) (9%) (9%) EPA+DHA(g%) Diet Suppl. Reference 

infant 0 days Tanzania 29 3.28 1 6.1  5.20 mixed none 36 

infant 0 days Tanzania 8 3.1 8 1 6.4 4.24 milk/meat none 36 

infant 0 days Tanzania 36 3.40 1 6.2 6.80 fish none 36 

infant 0 days Tanzania 27 2.45 1 6.1  8.64 high fish none in preparation 

LBW infant, breastfed 1 0  days The Netherlands 36 7.70 1 3.8 4.09 mixed none 1 1 7 

LBW infant, breastfed 20 days The Netherlands 42 9.1 8 1 2.7 3.76 mixed none 1 1 7 
;! 

LBW infant, breastfed 42 days The Netherlands 1 8  1 0.3 1 2.0 3.24 mixed 1 1 7 (l) none � 
LBW infant 1 0  days The Netherlands 81 6.58 1 3.6 4.1 4  mixed none 1 1 7 ::!'. 

0 

LBW infant 20 days The Netherlands 8 1  7.52 1 3.6 4.39 mixed 1 1 7 
:::i 

none er 
(l) 

LBW infant 42 days The Netherlands 81 8.77 1 3.8 4.46 mixed none 1 1 7  

LBW infant 1 month The Netherlands 39 8.08 1 1 .4 4.41 mixed LCP 1 1 1 7 :::i 
s-

LBW intant 1 month The Netherlands 39 8.03 1 2.0 4.91 mixed LCP 2 1 1 7 (l) 
0 

infant, excl. breastfed 3 months Tanzania 38 9.36 1 4.7 4.94 mixed none 37 
Q 

infant, excl. breastfed 3 months Tanzania 8 9.00 1 5.0 3.79 milk/meat none 37 lAJ 
s· 

infant, excl. breastfed 3 months Tanzania 61 1 0.3 1 4.8 7.37 fish none 37 � 
infant, breastfed 3 months The Netherlands 57 8.1 4 1 4.6 5.1 5 mixed none 20 Q 

infants, breastfed 3 months Israel 3 1  8.5 1 1 3.8 4.61 mixed none 1 1 2 Q 

high fish infant, excl. breastfed 5 months Tanzania 48 6.70 1 4.0 9.04 none in preparation 

infant, breastfed 8 months Pakistan 1 9  8.40 1 4.7 3.29 mixed none 1 1 2  ;:;· 
infant malnourished, breastfed 1 5  months Pakistan 48 8.54 1 3.8 2.89 mixed none 1 1 2  Q 

infant, malnourished 21 months Pakistan 40 7.78 1 3.1  2.29 mixed none 1 1 2 .:;;· 
er 

infant 48 months Pakistan 6 1 0.8 1 4.3 mixed 2.82 none 1 1 2 ::::: 

infant, breastfed 3.5 years The Netherlands 33 1 0.3 1 4.3 3.27 mixed none 1 1 2 Q 

00 ll) 
w � 

■ 



00 
througout pregnancy � 25 years Tanzania 94 1 0.3 9 1 3.0 5.00 mixed none 36 

througout pregnancy 24 years Tanzania 35 9.23 1 5.0 3.88 milk/meat none 36 

througout pregnancy 25 years Tanzania 1 1 0 8.72 1 2.0 7.74 fish 36 none 

pregnant, 1 6  weeks 33 years The Netherlands 1 66 8.04 1 1 .5 3.62 mixed none unpublished 

pregnant, 36 weeks 32 years The Netherlands 41 8.1 3 1 0.9 6.07 mixed MUM 1 20 

pregnant, 36 weeks 33 years The Netherlands 37 8.34 1 1 .9 5.75 mixed MUM 2 20 

pregnant, 36 weeks 33 years The Netherlands 33 8.5 1 1 1 .3 4.81 mixed MUM 3 20 

pregnant, 36 weeks 32 years Curacao 70 1 0.0 1 3.0 4.69 mixed none unpubl ished 

mother at delivery 24 years Tanzania 27 9.96 1 1 .8 4.77 mixed none 36 

mother at delivery 25 years Tanzania 6 8. 1 9  1 4.1  3.79 milk/meat none 36 

mother at delivery 24 years Tanzania 34 9.30 1 2.6 7.50 fish none 36 

mother at delivery 26 years Tanzania 28 6.69 1 0.9 9.93 high fish none i n  preparation 

mother at 3 months 
postpartum 23 years Tanzania 38 1 1 .0 1 4.1  4.05 mixed none 37 

mother at 3 months 
postpartum 23 years Tanzania 9 1 0.1  1 6.9 2.78 milk/meat none 37 

mother at 3 months 
postpartum 23 years Tanzania 60 1 0.7 1 3.8 7. 1 4  fish none 37 

mother at 5 months 
postpartum 28 years Tanzania 46 6.57 1 2.4 8.83 high fish none i n  preparation 

male and non pregnant female 36 years Tanzania 1 28 1 0. 1  1 4.8 3.33 mi lk/meat none unpublished 

male and non pregnant female 35 years Tanzania 1 5  1 0.7 1 5.8 3.42 mixed none unpublished 

male and non pregnant female 37 years The Netherlands 69 1 0.4 1 3.9 4.25 mixed none 1 1 8 

non-pregnant female 31 years Tanzania 30 7.90 1 2.8 6.65 fish none unpublished 

Values are mean, suppl. = supplementation, fish intakes/wk: milk/meat = 0, mixed = 1 -3, fish 3-7, high fish > 7 



Table 1 b: Subject characteristics, number and, umbilical vein (UV) and artery (UA)-LA, -AA and -EPA+DHA content 

Geo-
Characteristic Mean graphical UV UV-LA UV-AA UV-EPA UA UA-LA UA-AA UA-EPA Population Suppl. Ref 

age location (n) (go/o) (go/o) +DHA (n) (go/o) (g%) +DHA (g%) diet 
(yr) (go/o) 

Delivery 26 Tanzania 27 2.36 1 4.7 3.04 27 1 .78 1 2.1 3.27 vegetarian none unpublished 

Delivery 24 Tanzania 60 3.40 1 4.3 3.47 60 2.25 1 2.8 3.93 mixed none unpublished 

Delivery 25 Tanzania 9 2.3 1  1 4.9 3.25 9 1 .56 1 2.1 3.46 milk/meat none unpublished 

Delivery 24 Tanzania 1 1 8 3.1 3 1 3.9 4.66 1 1 8 2.1 1 1 1 .7 5.3 1 fish none unpublished 

Delivery 29 Curacao 24 2.7 1 1 6.8 5.80 24 1 .79 1 3.1 5.99 mixed Frisomum 1 1 5 ;! 
11) '"' 

Delivery 29 Curacao 1 4  2.93 1 6.3 5.36 1 4  mixed Fish oil-1 2.08 1 2.8 5.44 1 1 5  11) 
C) 

Delivery 3 1  Curacao 1 9  2.89 1 6.4 5.47 1 9  1 .91  1 3.5 5.78 mixed Fish oil-3 1 1 5 a· 
::i 

Delivery 3 1  Curacao 56 2.71 1 6.5 4.63 56 1 .72 1 3.3 5.02 mixed unpublished 
0-

none 11) 

i 
Delivery 32 Curacao 57 2.71 1 6.5 4.77 57 1 .85 1 3.8 5.00 mixed none unpublished 11) 

11) 
::i 

Delivery 32 The Netherlands 35 2.87 1 6.3 4.97 35 1 .97 1 2.2 5.05 mixed MUM l 20 s:-
11) 

Delivery 33 The Netherlands 37 2.61 1 6.6 4.87 37 1 .68 1 2.3 4.88 mixed MUM 2 20 
0 

3 
11) 

Delivery 33 The Netherlands 33 2.81 1 6.3 4.57 33 1 .97 1 2.7 4.61 mixed MUM 3 20 IQ 
Q � 

Delivery 30 The Netherlands 296 2.59 1 6.6 4.37 296 1 .66 1 2.9 4.59 mixed none 1 1 9 :5· 
Values are mean, suppl. = supplementation, fish intakes/wk: milk/meat = 0, mixed = 1 -3, fish 3-7, h igh fish > 7 

Q 
::i 
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g: 
::i 
;::;· 
Q 

ii;• 
0-
11) :::::: "' 
:::i-
-§ 

00 I � u, 



Chapter 3 

Table 3: Supplement characteristics 

Supplement fatty acid dose/day 

MUM 1 LA 535 mg 

2x p lacebo 

MUM 2 

p lacebo + 

DHA 

MUM 3 

DHA+AA 

Frisomum 

Fish oi l-1 

Fish oi l-3 

LCP 1 

LCP 2 

86 

ALA 

AA 

LA 

ALA 

AA 

EPA 

DHA 

LA 

ALA 

AA 

EPA 

DHA 

LCPw3 

EPA 

DHA 

LCPw3 

EPA 

DHA 

LCPw3 

EPA 

DHA 

GLA 

LCPw3 

GLA 

LCPw3 

60 mg 

0.6 mg 

274 mg 

32 mg 

1 5 mg 

36 mg 

2 1 8 mg 

46 mg 

7 mg 

220 mg 

36 mg 

2 1 8 mg 

528 mg 

293 mg 

1 85 mg 

336 mg 

1 77 mg 

1 23 mg 

1 008 mg 

531 mg 

369 mg 

0.3 1 mo!% 

0.38 mol % 

0.32 molo/o 

0.80 mo!% 

In Figure 1 B we applied the above mentioned cut-off 

levels. We observed a positive relationship with RBC-AA at 

an omega-3 index below 2 go/o (y = 7.16x + 0.39; R2=0.59, 

p<0.001), no relationship at intermediate omega-3 status 

(R2<0.001, p=0.78), and a negative relationship at an 

omega-3 index above 8 go/o (y = -0.48x + 17.17; R2=0.07, 

p<0.001). 

It was considered likely that the curve is composed 

of many curves, that e.g. each reflect the influence of 

age or altered physiology (e.g. pregnancy) and may in 

their own right correspond with different EPA+DHA vs. 

AA relationships. We therefore subsequently analysed 

the relation between the omega-3 index and RBC-AA 

in subgroups with sufficient numbers and a sufficiently 

wide EPA+DHA range. The bell-shaped relation between 

the omega-3 index and AA was also detectable in RBC 

deriving from Palestinian, Dutch and Tanzanian infants 

at 3-5 months postpartum (Figure 2A; y = 8.47 + 1.92x 

+ 0.14x2; R2=0.22, p<0.001 ). We also found a bell-shaped 

relation in RBC from Dutch, Cura�aon and Tanzanian, 

women at delivery (Figure 2B; y = 11 .40 + 0.41 x - 0.04x2; 

R2=0.11, p<0.001 ), though at a seemingly lower AA status. 

Pakistani infants, who were either well- or malnourished 

and breastfed or formula fed, and all exhibited a very 

low w3 status, showed a synergistic relation between the 

omega-3 index and AA in RBC (Figure 2C). 

We finally investigated the relationships between the 

EPA+DHA and AA contents in umbilical veins (Figure 3A) 

and arteries (Figure 3B) of Dutch, Cura�aon and Tanzanian 

infants. 

Visual inspection revealed apparent synergism at low 

EPA+DHA contents in UV, which was confirmed by 

significantly higher AA in UV with EPA+DHA contents 

ranging from 5.0-8.0 go/o as compared to UV with EPA+DHA 

contents below 5.0 g% (p<0.001 ). A trend to antagonism 

could not be demonstrated. Also in UA, we observed a 

bell-shaped curve, which was confirmed by significantly 

higher AA in UV with EPA+DHA ranging from 6.0-9.0 go/o as 



The relation between the omega-3 index and arachidonic acid is bell shaped: 

Figure 1 A  
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Figure 1A: Diagram representing the relationship between the omega-3 index and AA contents in 

erythrocytes (RBC). Different filling patterns indicate significantly different (p<0.001 )  RBC-AA contents. Fatty 

acid data are in g/1 00 g (go/o). Bars show mean +/- SEM, figures indicate numbers in subgroups. Subjects were 

recruited in Tanzania, The Netherlands, Pakistan, Israel and Curac;:ao. The subjects were infants at various ages, 

pregnant women, mothers at delivery, mothers at 3 months postpartum, and apparently healthy males and 

females, supplemented and non-supplemented subjects. 

compared to UV with EPA+DHA below 6.0 go/o (p<0.001 ). The trend to a descent at higher EPA+DHA 
status proved statistically insignificant. 

DISCUSSION 

In a unique dataset from subjects with a wide range of dietary LCP intakes and status, we 
investigated the relationships between the omega-3 index as a marker of LCPw3 status and the 
AA status in RBC, UV and UA. In all instances, the relationships between the omega-3 index and 
AA seemed bell-shaped, suggesting that we are dealing with a general phenomenon. Synergistic 
and antagonistic relationships between w3 and w6 FA have previously been reported.12-

21
•
35

-
30 The 

strength of this study is the collection of samples using a single procedure, and the employment 
of a single gas chromatographic method for FA profiling.34 A limitation might be the relatively poor 
information on the dietary compositions and intakes of the investigated subjects. However, RBC-AA 
and EPA+DHA are generally regarded as reliable parameters of their status28 that are e.g. responsive 
to augmentation of their dietary intakes in controlled intervention studies.37

'
38 
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Figure 1 B 
d � v= 1.16x + o.39 

R2=0.59 p<0.001 
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y= -0.01x + 13.47 

R2<0.001 p=0.78 

! y= -0.48x + 17.17 
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RBC-EPA+DHA (9%) 

Figure 1 B: Scatter plot representing the relationship between EPA+DHA and AA contents in erythrocytes 
(RBC). Cut-off levels are at RBC-EPA+DHA <2 go/o for a synergistic relation and at RBC-EPA+DHA >8 go/o for an 
antagonistic relationship between RBC-EPA+DHA and RBC-AA. Fatty acid data are in g/1 00 g (go/o). Note the 
non-linearity of the x-axis. 

Mechanistic background of the bell-shape 

In this study we concentrated on the univariate relationships between the EPA+DHA and AA status. 

Both the EPA+DHA and AA status might be influenced by synthesis from the parent precursors 

alpha-linolenic acid (ALA) and LA, dietary AA, EPA and DHA intakes and the intake of other FA by 

competition.37
-
41 However, when compared with dietary EPA and DHA, supplementation of ALA 

hardly augments EPA and especially DHA status to a physiologically appreciable extent, even in 

women.39 At high LA intakes, AA synthesis from LA increases,40 but this remains unnoticed in RBC. 

On the contrary, dietary LA intake correlates inversely with AA and also with EPA and DHA, in RBC

PL.41 Conversely, high AA intakes reduce LA in RBC.37 The LA vs. AA relation seems therefore likely 

to be dominated by competition for incorporation, since at a daily intake of 15 g LA, AA synthesis 

falls reciprocally from 677 to 326 mg/d when AA intakes are increased from 21 O mg to 1.7 g/d.38'40 

Analogously, an intake of 6.5 g DHA/d reduces the synthesis of LCPw3 from ALA and also of the 

LCPw6 synthesized from LA,42 illustrating that the net effect of increased DHA or AA intakes are the 

reduced syntheses of both LCPw3 and LCPw6 from their respective precursors by negative feedback. 

The presently described bell-shaped relationship between AA and DHA may result from many 

factors, including their synthesis from precursors, feed-back inhibition by LCP, and competition for 

incorporation, both between AA and DHA and with other FA, notably LA. However, at RBC-EPA+DHA 

> 8 g%, RBC-AA was not correlated with RBC-LA (Pearson correlation coefficient -0.052, p=0.66), 

which is likely to be explained by the presence of subjects with both high and low LA status (fish 

Tanzania and high fish Tanzania respectively; Table 1 ). Thus, the complex LA vs. AA relationship is 

unlikely to have influenced the antagonistic part of the curve (Figures 1 A and B). 

The observed bell-shaped curves for RBC were likely to be the result of many bell-shaped EPA+DHA 
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The relation between the omega-3 index and arachidonic acid is bell shaped: 

vs. AA curves, which may each be determined by specific aspects of the life cycle and notably by 
their corresponding EFA and LCP status. We22 have previously shown that in different age groups, 
the bell-shaped relation plateaus at different AA levels. For example newborns showed a higher AA
plateau compared to their mothers and 3 months old infants. The higher RBC-AA in newborns may 
at least in part be caused by their lower LA status as compared with adults, which changes rapidly 
with the postnatal LA surge from the feeding of breast milk or infant formula.43 We feel that we are 
nevertheless dealing with a general mechanism. In line with this notion we also found seemingly 
bell shaped relationships between DHA+EPA and AA in UV and UA. Clear antagonism as observed 
from an omega-3 index >8 g% in RBC was, however not observed, which is consistent with the 
saturation of fetal DHA with increasing maternal DHA intake and status. We reported previously that 
from a maternal RBC-DHA of 6 g% at birth the corresponding newborn RBC DHA is lower than that 
of its mother, which we named bioattenuation, as opposed to the biomagnification at a maternal 
RBC-DHA below 6 g%.23 We suggested that this bioattentuation prevented competition of DHA 
with AA and thereby illustrates the importance of AA to the infant during pregnancy, while the 
postnatal DHA surge via the milk illustrates the importance of postnatal DHA status. Taken together 
this suggests that synergy is the standard prior to birth and that antagonism becomes important 
after birth. 

EPA+DHA vs. AA synergism 
Synergism between LCPw3 and LCPw6 was found in three ALA and LCPw3 supplemented patients 
with w3 FA deficiency by Bjerve et al.19 Payet et al.21 showed accretion of both DHA and AA in RBC 
of elderly patients after consumption of DHA-enriched eggs. Synergism was also reported in a fish 
oil-supplemented malnourished infant18 who, apart from an increase of RBC-DHA from 0.41 to 2.50 
mol%, showed a remarkable simultaneous increase of RBC-AA from 4.04 to 13.83 molo/o. Positive 
relations between LCPw3 and LCPw6 were observed by Desci et al.15 in malnourished and HIV-

Figure 2 
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Figure 2: Scatter plot representing the relationship between EPA+DHA and AA contents in erythrocytes 
(RBC) of (A) 3-5 months old infants, (B) women at delivery and (C) Pakistani infants. Fatty acid data are in 
g/1 00 g (9%). TZ = Tanzania, NL = The Netherlands, ANT = Cura�ao. 
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infected infants and by Innis et al.,17 who in non-supplemented young children reported a positive 

relation between DHA and 22:5w6, which is the chain elongation/desaturation product of AA. Taken 

together, synergism seems to occur mainly in subjects with a discrepancy between LCPw3 need and 

supply. 

Some of the first studies that might have shown the synergism between w3 and w6 FA reported 

that symptoms of w6 deficiency in rats that had previously been consuming a fat-depleted diet, 

could be restored with 20 mg LA/d and with 10 mg LA + 1 O mg ALA/d,35 but also when only 0.5 en% 

LA (in stead of the usual 2.0 en% to prevent deficiency symptoms) was provided in the presence of 

0.5 en% ALA.44 Horrobin et al.20 reported that at low intakes of EPA/fish oil, RBC membrane contents 

of AA rise, whereas RBC-AA decreases at high EPA/fish oil intakes. The authors20 suggested that 

optimum health may require raising both w3 and w6 FA at low status and it is therefore likely that 

synergism/antagonism actually aims at a certain balance between w3 and w6 FA. The importance of 

a certain balance also emerged from the U-shaped relation between the infant RBC-DHA/AA ratio 

and the percentage of infants with mildly abnormal general movements.45 

Tight regulation of the w3/w6 balance might have been indicated by the study of Kim et al.,46 

who showed that 15 weeks of dietary w6 FA deprivation in rats caused downregulation of AA 

metabolism and upregulation of DHA metabolism in brain. Conversely, Rao et al.47 showed that a 

low DHA status decreases DHA in rat frontal cortex and the expression of iPLA2, while increasing 

cPLA2, sPLA2 and COX-2 expression. This combination causes DHA conservation and higher AA 

metabolism to eicosanoids, seemingly in an attempt to preserve w3/w6 balance. 
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Figure 3: Bar diagram representing the relationship between EPA+DHA and AA contents of A: umbil ical veins 
(UV) and B:  umbilical arteries (UA). Different fil l ing patterns indicate significantly different (p<0.001 )  UV/UA
AA contents. Fatty acid data a re in g/1 00 g (go/o). Bars show means +/- SEM, figures ind icate numbers in 
subgroups. Subjects were recruited in Tanzania, The Netherlands, and Curac;ao. 
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The relation between the omega-3 index and arachidonic acid is bell shaped: 

EPA+DHA vs. AA antagonism 

Many studies related a higher w3/w6 ratio to a decreased incidence of cardiovascular disease, 
autoimmune disease and psychiatric disease. The common denominator in these 'Western diseases' 
is a state of low grade inflammation.48 The diet in most Western countries is characterized by low 
fish intake and a disturbed w3/w6 balance.48 Higher intake of DHA and EPA is likely to result in 
incorporation of these FA into (inflammatory) cell membrane phospholipids, at the expense of AA. 
AA gives rise to eicosanoid mediators that have established roles in inflammation.1 By both direct 
action and by their competition with AA, LCPw3 are known to exert an anti-inflammatory function, 
while LCPw6 are predominantly known for their pro-inflammatory function.12 More recently, it was 
shown that the roles of LCPw3 and LCPw6 in inflammatory processes are more complex.12 Some 
actions of AA-derived eicosanoids are anti-inflammatory while EPA derived eicosanoids may have 
the same pro-inflammatory potencies as AA derived eicosanoids. This may indicate that the complex 
inflammatory processes need a tight regulation that is sustained by an optimal w3/w6 balance. 
In line with the above, the main goal of the many fish oil supplementation studies is to promote 
health by improving LCPw3 status, decrease AA status and eventually to improve the w3/w6 balance. 
In other words, most of them aimed at the antagonistic or competitive relationship between LCPw3 
and AA. A study with patients with coronary artery disease14 showed an increase in DHA and 
concurrent decrease in AA in plasma phospholipid (PL) after supplementation of 6 or 12 g w3 FA/d 
for 6 months. These results were confirmed in serum lipids of healthy volunteers by Delany et al. in 
a 42 days supplementation study with 2 or 8 g LCPw3/d. EPA supplementation (1.35, 2.70 or 4.05 g/d 
for 12 weeks) of healthy young and older men by Rees et al.13 also resulted in opposite changes in AA 
and EPA/DHA status in plasma phospholipids. 

Optimal EPA+DHA vs. AA balance 

The occurrence of a bell-shaped relation between LCPw3 and LCPw6 may reflect an attempt to adjust 
the AA status to the LCPw3 status. At very low LCPw3 status, AA seems suppressed to maintain the 
delicate balance between LCPw3 and LCPw6, whereas at very high DHA status, a second stage of AA 
suppression occurs. In view of many Western diseases, an omega-3 index at the antagonistic side of 
the curve, i.e. above 8 go/o seems desirable. In healthy Japanese,49 it was shown that an RBC-DHA of 
>7 go/o (i.e. RBC-EPA+DHA �8 go/o), was associated with the lowest risk of depressive disorders and 
bipolar depression. Protection from cardiovascular disease occurred from an omega-3 index of 8 
go/o.50•51 In line with this, Kuipers et al.22 calculated that RBC-DHA contents above 8 go/o were sufficient 
to support a stable high maternal DHA status and an increasing infant DHA status during lactation. 

There is substantial evidence that our genome evolved during millions of years of evolutionary 
adaptations in an East-African water-land ecosystem.2-s Homo sapiens might have left Africa via the 
shorelines52 and lived in close vicinity of (fresh) water as a hunter-gatherer until at least 10,000 years 
ago.53 The reconstruction of several possible hunter-gatherer diets in the water-land ecosystem 
revealed that daily intakes of DHA, EPA and AA are likely to have reached gram amounts.54 These 
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intakes are much higher than the recommended 450 mg DHA/d that produced beneficially effects 
on cardiovascular disease in randomized controlled trials55 and are certainly higher than the current 
daily intakes of about 200 mg AA and 275 mg DHA (for men) from a typically (French) Western 
diet.56 The high intakes of EPA+DHA by our ancient ancestors, are in line with an outcome of the 
omega-3 index in the highest range,26'51

'
57

'
58 and thereby supports a stable maternal DHA status 

during pregnancy and lactation and a rapidly increasing postpartum infant DHA status that reaches 
adult levels within 3 months.22 

CONCLUSION 

In conclusion, both synergism and antagonism between EPA+DHA and AA were observed in humans. 
Both may aim at a certain LCPw3/LCPw6 balance to maintain homeostasis. Synergism seems to be a 
feature of low LCPw3 status that in practice relates mostly to the fetus and LCPw3 deficiency states. 
However, from an evolutionary point of view and in line with the highest protection from psychiatric 
and cardiovascular disease, an antagonistic relation between EPA+DHA and AA is likely to be the 
physiological standard for adults. There is good evidence that the lowest risk of typically Western 
diseases of the heart and the brain occur from RBC- EPA+DHA contents above 8 g%.22A9-51 
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Chapter 4  

ABSTRACT 

Background. Little is known about the interrelationships between maternal and infant erythrocyte 

(RBC) docosahexaenoic acid (DHA), milk-DHA and maternal adipose tissue (AT)-DHA. 

Methods. We studied these relations in 4 tribes in Tanzania (Maasai, Pare, Sengerema, Ukerewe), 

differing in their lifetime intakes of fish. Samples were taken at delivery, and after 3 days and 3 

months exclusive breastfeeding. 

Results and Conclusions. We found that intrauterine 'biomagnification' is a sign of low maternal 

DHA status, that genuine 'biomagnification' occurs during lactation, that lactating mothers with 

low DHA status can not augment their infant's DHA status and that lactating mothers loose DHA 

independent of their DHA status. A maternal RBC-DHA of 8 go/o corresponds with a mature milk

DHA of 1.0 go/o and with subcutaneous and abdominal (omentum) AT-DHA contents of about 0.39 

and 0.52 go/o, respectively. Consequently, 1 go/o DHA might be a target for Western human milk 

and infant formula that comes along with milk arachidonic-, eicosapentaenoic- and linoleic acid 

contents of 0.55, 0.22 and 9.32 go/o, respectively. With increasing DHA status, RBC-DHA reaches a 

plateau of about 9 go/o, while RBC-DHA plateaus more readily than milk and adipose tissue DHA. 

Compared with the average Tanzania-Ukerewe woman, the average USA women has 4 times lower 

AT-DHA content (0.1 vs. 0.4 go/o) and 5 times lower mature milk-DHA output (60 vs. 301 mg/day), 

which contrasts with her estimated 'only' 1.8-2.6 times lower mobilizable AT-DHA (19 vs. 35-50 g) 

and points at a state of 'DHA starvation in the midst of plenty'. 
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INTRODUCTION 

The long chain polyunsaturated fatty acids (LCP) docosahexaenoic (DHA), eicosapentaenoic (EPA) 
and arachidonic (AA) acids are structural components of membrane phospholipids and precursors 
of the biologically highly active eicosanoids, neuroprotectins, ma resins and resolvins1 •2• LCP derive 
from endogenous synthesis from the essential fatty acids linoleic (AA) and alpha-linolenic (EPA, 
DHA) acids, or from the diet, in which AA is abundant in meat, eggs, poultry and (lean) fish, and EPA 
and DHA are abundant in (fatty) fish, eggs and meat. High DHA contents are found in the retina, 
cerebral cortex and sperm, while AA is more evenly distributed among the various organs3 • LCP in 
membrane phospholipids modulate fluidity, flexibility and lipid raft formation and both the free 
LCP and their biologically active metabolites interact with membrane and nuclear receptors leading 
to cell signalling and gene expression4• Through these and other mechanisms LCP have many 
functions. For instance, DHA in brain is involved in the modulation of neurotransmitter release, gene 
expression, activities of membrane enzymes, ion channels and receptors, learning and memory, 
immunity and inflammation, blood-brain barrier and apoptosis5, while in the cardiovascular 
system they are anti-arrhythmic, anti-thrombotic, anti-atherosclerotic, anti-inflammatory, improve 
endothelial function, lower blood pressure and lower triglycerides6• Low LCPw3 status may notably 
be involved in abnormal neurodevelopment, cardiovascular disease and psychiatric disease and 
many trials with either purified fish oil or purified EPA have been conducted for improvement of 
neurodevelopment and the primary and secondary prevention of cardiovascular disease and 
(neuro)psychiatric disease, including e.g. depression7 and Alzheimer's disease8• 

Little is known about the interrelationships between maternal and infant erythrocyte (RBC) 
docosahexaenoic acid (DHA), milk-DHA and maternal adipose tissue (AT)-DHA. The fetus is for 
a great part dependent on transplacental passage of LCP, notably DHA, because of the limited 
synthesis capacity in relation to the high needs for growth and development. Transplacental 
passage may cause maternal LCPw3 depletion, which is notably related to postpartum depression, 
while insufficient fetal LCPw3 accretion is e.g. related to ADHD9 and diseases at later age10• At 
delivery, infants may have higher LCP in plasma lipid fractions and RBC than their mothers, which 
has been coined 'biomagnification'1 1 •1 2• LCP in RBC are generally accepted as reliable markers of 
the intermediate term LCP status1 3• The optimal RBC-(EPA+DHA) content, coined the "omega-3 
index': for the prevention of cardiovascular disease 14, and of major depressive disorders and bipolar 
depression7•1 5 has been estimated at about 8 g%. We have recently calculated that a maternal RBC
DHA content of about 8 g% at delivery is likely to prevent (serious) DHA depletion in lactating 
women16• 

The essential fatty acids and LCP in milk derive either from the diet or synthesis of LCP, but mostly 
from the maternal adipose tissue compartment, which may supply 70% of linoleic acid and 90% of 
AA 1 2• The LCP contents in adipose tissue (AT) are small, typically 0.27 g% AA, <0.05 g% EPA and 0.10 
g% DHA in Western adults 17, and these are distributed among the membrane phospholipids and the 
mobilizable triglycerides. However, dependent on age, gender and race/ethnicity, the percentage 
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body fat of the USA adults is typically 28.1 % for men and 40% for women1 8, of which 2-5% is essential 
fat in men and 10-13% in women 19• This renders the remaining 'potentially mobilizable storage fat: 
among the principle sites where LCP are located. Despite high brain DHA contents, most DHA is 
located in adipose tissue. We have e.g. recently estimated that the distribution of whole body DHA 
in a 40 weeks, 3.5 kg term infant is: 50% in adipose tissue, 23% in brain, 21 % in skeletal muscle and 
6.5% in liver, while the percentages DHA of total fatty acids in these organs are (in g/100 g fatty 
acids): 7.76 (brain), 4.08 go/o (liver), 3.51 (skeletal muscle) and 0.3 (adipose tissue)20• 

In the present study we explored the interrelations between: 1) the RBC-DHA contents of 
mothers and infants at delivery and 3 months postpartum, 2) the milk-DHA at 3 days and 3 months 
postpartum, and 3) the maternal subcutaneous and abdominal (omentum) AT-DHA contents at 
delivery. The samples derived from 4 tribes in Tanzania who differ in their lifetime intakes of fish: 
Maasai (no fish), Pare (2-3 times fish/week), Sengerema (4-5 times fish/week), and Ukerewe (> 7 times 
fish/week). We were particularly interested in: 1) the magnitudes of the intrauterine and postpartum 
biomagnifications of DHA as a function of the DHA status, 2) the mature milk-DHA content that is 
reached at a maternal RBC-DHA of 8 go/o, 3) the adipose tissue DHA content at which the RBC-DHA 
content reaches a plateau, and 4) a comparison of the whole body adipose tissue DHA contents and 
milk-DHA outputs of the average Tanzania-Ukerewe woman and the average USA woman. 

MATERIALS AND METHODS 

Subjects, diet and cultural circumstances 

We selected 4 Tanzanian ethnic tribes with different intakes of local freshwater fish, i.e. the Maasai 
(no or low fish intake, 0 times/week), subjects from the Pare Mountains (intermediate fish intake, 2-3 
times/week), subjects from Sengerema (high fish intake, 4-5 times/week) and subject from Ukerewe 
(very high fish intake, >7 times /week). The selected Maasai were Nilotic pastoralists who live in 
'bomas' (villages) in the Maasai Steppe nearby Ruvu. Their diet consists mainly of curdled milk and 
meat. It has recently become replenished with some ugali (corn porridge). Consumption of fish is 
uncommon, since it is considered inedible. Secondly, the Pare were included, with participants of 
the Bantu tribes Pare and Sambaa, coming from the Pare Mountains nearby Same. Their diet was 
mainly composed of vegetables, beans and fruits with ample ugali, rice and chapati (cornwheat 
pancakes), and some meat and fish. The third Bantu tribe was composed of women and infants from 
Sengerema (southern shore of Lake Victoria) and the fourth Bantu population was composed of 
women and infants from Ukerewe; an island in Lake Victoria. Apart from the abundant consumption 
of fish, the latter two tribes also consume ugali, muhogo (cassava root), beans and plantain (baked 
banana). Importantly, one of the locally most abundant fish species (a sardine; scientific name 
Rastrineobo/a argentea) is eaten as butter to bread, but it is not considered as a fish by this people, 
but as a vegetable. 

The ethnicity/tribe of each of the study groups was considered to be homogeneous. Most 
women were of low socio-economical background. Their incomes were derived from pastoralism 
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(Maasai), agriculture (Pare) or fisheries (Sengerema/Ukerewe). The studied populations had neither 

possibilities to, nor interest in, changing their cultural habits, including their diets. Local hospital 

staff members and interviews with the participants confirmed that neither pregnancy nor lactation 

is associated with any change in dietary habits, or the prohibition of certain foods (F. Peters, R.S. 
Kuipers, F.A.J. Muskiet, unpublished data). Their diets were therefore likely to be representative for the 

lifelong dietary habits of each of the ethnical groups. Use of tobacco and alcohol are almost non

existent in these populations, especially among women. 

Women and infants were included if they were apparently healthy and well nourished; and 

if they had delivered an apparently healthy term child (37-42 weeks, by estimate) the same day 

(delivery group) or 10-20 weeks prior to their visit to the local hospital or dispensary (3 months 

postpartum group). Anthropometric data and a questionnaire on fish intake were obtained from 

the medical records or by interviews in Kiswahili. Apart from the measurement of fundal heights, 

reliable data on gestational age were not always available, since some women had no recollection 

of their last menstrual period. Devices for echo imaging were either not available or not operational. 

Consequently, gestational ages were estimated from the sum of the available evidence. All women 

gave their informed consent. The study was approved by the National Institute for Medical Research 

in Dar-es-Salaam (NIMR/HQIR.8aNol. IX/145, dated June 16, 2003 and NIMR/HQ/R.8aNol. IX/800, 

dated April 8, 2009) and was in agreement with the Helsinki declaration of 1975 as revised in 2000. 

Samples and analyses 

We collected about 4 ml EDTA-anticoagulated venous blood of the mothers and about 4 ml EDTA

cord blood at delivery (BO Vacutainer, Plymouth, UK). At 3 months postpartum, about 4 ml EDTA

anticoagulated venous blood of the mothers was collected. About 250 µL EDTA-anticoagulated 

blood (250 µL pediatric MiniCollect K3EDTA-tubes; Greiner Bio-one, Kremsmunster, Austria) was 

taken by heel prick from the 3 months old infants. The samples were stored at 4°C in the dark and 

processed within 2 h after collection. RBC were isolated by centrifugation and washed three times 

with 0.9% NaCl. After washing, 200 µL of the 50% hematocrite RBC suspension (mothers) or the 

entire RBC suspension (infants) was transferred to a teflon-sealable Sovirel tube. We collected 5 

ml of breast milk shortly after delivery (usually 3 days postpartum) and at 3 months postpartum. 

Following gentle mixing, 100 µL of milk was transferred to a teflon-sealable Sovirel tube. From some 

of the women we were able to collect about 1 cm3 subcutaneous (abdominal wall) and abdominal 

(omentum) adipose tissue (AT) during emergency Caesarean section. These were performed for 

various reasons, including fetal distress and obstructed labour. The reasons for performing Caesarean 

section had not influenced the general health of these mothers and their infants and were not 

considered to have affected the DHA status or the distribution of DHA across the fetomaternal unit. 

The AT samples were transferred to teflon-sealable Sovirel tubes. 

All Sovireltubescontained 2 mlof methanol-6mol/L HCI (5:1 v/v), 1 mg butylated hydroxytoluene 

(antioxidant) and 50 µg 17:0. They were stored and transported at ambient temperature to the 
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University Medical Center Groningen (UMCG) (The Netherlands) for fatty acid analysis. All samples 

were processed and analyzed within 9 months after collection. The partly dissolved AT samples 

were 'pottered' (Potter apparatus) and the resulting suspension was supplemented to 10 ml 

with chloroform-methanol (2:1 ). From this solution, 100 µl was transferred into a Sovirel tube, 

followed by the addition of 500 µl chloroform and 2 ml methanol-HCI (5:1 v/v). All samples were 

transmethylated by heating at 90 °C for 4 h. Subsequent analysis of fatty acid methyl esters was 

performed by capillary gas chromatography/flame ionization detection essentially according to 

previously described procedures21 • The milk sample long-chain fatty acids were quantified on the 

basis of the added 17:0. Medium chain fatty acids (6:0 up to 14:0) were quantified with use of 5:0 -

15:0 as internal quantification standards22• Fatty acid compositions were expressed in g per 100 g 

fatty acids (go/o). 

Estimations of the whole body adipose tissue DHA contents and the milk DHA outputs 

We estimated the total amount of DHA in the mobilizable adipose tissue compartment and 

the milk-DHA outputs of an average Tanzanian-Ukerewe woman with an RBC-DHA of 8 go/o and 

compared the outcomes with those of an average USA woman, who typically has an RBC-DHA of 

3.71 go/o. For the Tanzania-Ukerewe woman we used the AT-DHA and the mature milk-DHA contents 

that coincided with an RBC-DHA of 8 go/o. Her percentage body fat was calculated according to 

Deurenberg et al.23 using the formula: body fat percentage=1.20*BMI + 0.23*age - 10,8*gender - 5.4, 

where BMI is body mass index and female gender=0. Her percentage body fat was also estimated by 

the formula of Gallagher et al.24: body fat percentage=76 -1097.8/BMI + 0.053*age (for females). The 

outcomes of the Deurenberg and Gallagher formula were averaged. We also used the percentage 

body fat as genuinely measured in 196 women living in the per-urban neighborhood of in Dakar 

(Senegal, West-Africa), who had a mean age of 29.5 years, a mean BMI of 22.5 kg/m2 and mean body 

fat percentage of 34.2%, as determined by air-displacement plethysmography25• The percentage 

essential body fat for women was estimated at 11.5% of body weight (mean of 10-13%19) .  These data 

together with a mean percentage fat in wet adipose tissue of adults26 allowed us to estimate the 

percentage and amount of mobilizable storage fat, the amount and percentage of mobilizable wet 

adipose tissue, and the amount of DHA in mobilizable wet adipose tissue. For the calculation of the 

colostrum and mature milk DHA outputs we used the colostrum and mature milk volumes at day 3 

and at 3 months, respectively, as reported by Neville et al.27, while the colostrum and mature milk fat 

contents derived from Jensen et al.28•29• 

For the average USA woman we used the data on mean body weight, length and BMI from 

the NHANES 2003-2006 for the age group 20-39 years30• The percentage body fat derived from the 

NHANES 1999-200418, while the RBC-DHA content was from the 'Nurses Health Study'31 • The women 

in the latter study were on the average 60 years old, but this was not considered a confounder 

because of the major influence of diet in the RBC-DHA content, although fish intake may increase 

with age. The DHA content of adipose tissue was from Leaf et al.32. The USA mature milk DHA content 
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was from Brenna et al.33, while the colostrum DHA content was estimated from other countries that 
exhibited similar mature milk DHA contents as the USA34• 

Statistics 

Statistical analyses were performed with SPSS version 18.0 (SPSS Inc, Chicago, IL). Between-group 
differences were studied with the Kruskal-Wallis test, followed by analyses with the Mann Whitney 
U-test (non-parametric) at p<0.05. Analyses of mother-infant pairs were made with the Wilcoxon 
two related sample tests. Corrections were made for type-1 errors (Bonferroni correction). Equations 
were derived from curve estimation. We used the coefficient of determination (R2) to estimate the 
extent to which a given variable was explained by another, p<0.05 was considered significant. 

RESULTS 

Study groups 

We included 90 mother-infant couples at delivery (6 Maasai, 23 Pare, 34 Sengerema and 27 Ukerewe) 
and 125 other mother-infant couples after about three months of exclusive breastfeeding (8 Maasai, 
36 Pare, 61 Sengerema and 20 from Ukerewe). Their characteristics are shown in Table 1. There were 
no between-tribe differences in anthropometrics for the mothers and infants at delivery, except for 
a higher BMI in the Pare women as compared to the other women at delivery. The Ukerewe mothers 
studied at 3 months postpartum were older compared to the corresponding Pare and Sengerema 
mothers and they were also taller than the Pare mothers. The BMI of the Maasai women was lower 
when compared to the Sengerema mothers. The Ukerewe mothers who were included at 3 months 
postpartum had delivered more children as compared to the Pare and Sengerema mothers. Fish 
consumption occurred in the order Ukerewe>Sengerema>Pare>Maasai, both at delivery and at 3 
months postpartum. 

RBC-DHA, milk-DHA and AT-DHA in mother-infant pairs 

Table 2 shows the medians (ranges) of the DHA contents in RBC, milk and AT of the 4 different tribes 
at delivery/3 days postpartum and at 3 months postpartum. Tables with complete FA compositions 
are provided as supplementary tables S 1-53. We have previously shown that the RBC-DHA contents 
increases with increasing fish intakes1 6• At delivery, Sengerema (p<0.05) and Ukerewe (p<0.001)  

mothers exhibited higher RBC-DHA contents as compared to their infants, whereas the maternal 
RBC-DHA contents of the Maasai and Pare were insignificantly lower than the RBC-DHA of their 
infants ('intrauterine biomagnification'). At 3 months postpartum, all infants had significantly higher 
RBC-DHA contents compared to their mothers, indicating post-partum biomagnification. In the 
infant groups, Maasai had lower RBC-DHA at 3 months postpartum compared to their counterparts 
at delivery (p<0.05). The Pare and Ukerewe infants at delivery did not show significant differences 
with their counterparts at 3 months postpartum, whereas Sengerema infants had a higher RBC-DHA 
at 3 months postpartum as compared to Sengerema infants at delivery (p<0.05). In all populations, 
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Table 1 :  Characteristics of mother-infant couples of 4 Tanzanian tribes studied at delivery or 3 months 
postpartum 

Maasai Pare Sengerema Ukerewe 

Delivery/3 days 
postpartum 

Maternal age 23 ± 5 (6) 24 ± 7 (23) 24 ± 7 (34) 26 ± 7 (27) 
(years) 

Postpartum weight (kg) 53.0 ± 5.7 (6) 57.7 ±6.8 (1 8) 54.4 ± 1 0.2 (3 1 )  54.6 ± 6.0 (27) 

Height (m) 1 .59 ± 0.06 (6) 1 .54 ± 0.04 (21 )  1 .56 ± 0.06 (3 1 )  1 .57 ± 0.03 (27) 

BMI (kg/m2
) 21 .0 ± 2.3 (6)b 24.2 ± 2.0 (1 8)• 22.4 ± 3.3 (3 1 )b 22.2 ± 2.0 (27)b 

Gravida (n) 3 ± 1  (6) 2 ± 2 (23) 3 ± 3 (34) 4 ±  3 (27) 

Para (n) 2 ±  1 (6) 1 ± 1 (23) 2 ± 3 (34) 2 ± 3 (27) 

Gestational  age at birth 40.0 ± 0 ( 1 )  39.9 ± 1 . 1 (7) 38.9 ± 1 .8 (28) 38.3 ± 2.7 (2 1 )  
(weeks) 

Fish intake (times/ 0 ± 0 (6)d 3 ±  2 (1 4)C 5 ± 2 (30)b 7 ± 0 (27)" 
week) 

I nfant birth weight (g) 3067 ± 467 (6) 3 1 88 ± 529 (2 1 )  2947 ± 751 (34) 2904 ± 751 (27) 

Gender (% male) 33 (6) 50 (22) 58 (36) 46 (26) 

3 months postpartum 

Maternal age (years) 24 ± 5 (8)•·b 24 ± 4 (36)b 24 ± 6 (61 )b 28 ± 9 (20)" 

Postpartum weight (kg) 52.1 ± 3 (8) 52.9 ±1 1 .2 (36) 54.6 ± 1 0.0 (61 )  56.8 ± 7.6 (20) 
Height (m) 1 .58 ± 0.05 (8)•,b 1 .55 ± 0.07 (36)b 1 .56 ± 0.06 (61 )•,b 1 .57 ± 0.07 (20)• 

BMI (kg/m2
) 1 8.7 ± 4. 1 (8)b 21 .9 ± 4. 1 (36)•,b 22.1 ± 3.0 (61 )• 22.9 ± 2.2 (20)•,b 

Para (n) 3 ± 1 (9)•,b 2 ± 1 (36)b 3 ± 2 (6 1 )b 4 ±  3 (20)• 

Fish intake (times/ 0 ± 1 (8)d 3 ± 2 (36)C 4 ± 2 (6 1 )b 7 ± 0 (20)• 
week) 

I nfant age (weeks) 1 5  ± 4  (8) 1 4  ± 3 (36)b 1 3  ± 2 (61 )b 1 2.5 ± 3.8 (20) 

Gender (% male) 75 (8) 44 (36) 55 (61 ) 35 (20) 

Data are mean ± SD (n). BMI, body mass index. Different superscripts indicate significantly different means at 
p < 0.05. 

the maternal RBC-DHA content at 3 months postpartum was lower as compared to delivery, 
indicating maternal postpartum DHA depletion, irrespective of the DHA status at delivery. 

In Sengerema, the mature milk-DHA content at 3 months postpartum (0.68 go/o) was lower 
as compared to the colostrum-DHA content (0.81 go/o) (p=0.047). The mature milk-DHA content 
of women in Ukerewe (0.96 go/o) at 3 months postpartum was higher as compared to DHA in the 
mature milk of women in Sengerema (p=0.001 ). Subcutaneous and abdominal AT-DHA contents 
appeared dependent on fish intake and increased in the order Sengerema>Pare>Maasai, although 
only the differences between the Pare and the Sengerema mothers reached significance (p<0.001 ), 
probably because low Maasai numbers. 
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Table 2: Docosahexaenoic acid contents in erythrocytes, mi lk and adipose tissue of 4 different Tanzanian tribes studied at delivery/3 days postpartum or 3 months postpartum. 

Tribe Maternal RBC-DHA (g%) 

Delivery/3 days postpartum 

Maasai 

Pare 

Sengerema 

Ukerewe 

3 months 
postpartum 

Maasai 

Pare 

Sengerema 

Ukerewe 

3.41 (2.71 - 4.43) (6)d 

4.63 (2.76 - 6.83) (27)' 

7.21 (4.24 - 9.28) (34)•,d 

8.90 (5.68 - 1 1 .1 0) (27)b,d 

2.1 7 (1 .95 - 3.32) (9)b,d 

3.52 (1 .94 - 5.1 1 )  (38)•·' 

6.46 (4.54 - 8.62) (60)b,d 

7.38 (5.1 7 - 9.1 7) (20)•,d 

Infant RBC-DHA (g%) 

4.09 (2.89 - 5.46) (8)• 

4.99 (2.44 - 6.88) (29) 

6.44 (4.66 - 9.1 0) (36)•·• 

8.02 (6.06 - 1 0.98) (27)b 

3.52 (2.08 - 4.47) (8)b,e 

4.68 (2.3 1 - 6.68) (38)• 

6.90 (5.1 0 - 8.62) (60)b,e 

8.06 (6. 1 8  - 9.92) (20)" 

Milk-DHA (g%) 

0.81 (0.32 - 1 .43) (30)r 

0.68 (0.27 - 1 .54) (47)1·9 

0.96 (0.38 - 1 .22) (20)9 

Subcutaneous AT-DHA (g%) Abdominal AT-DHA (g%) 

0.05 (0.03 - 0.06) (2) 

0. 1 0  (0.03 - 0.1 9) (1 2)h 

0.1 7  (0.03 - 0.60) (37)h 

0.08 (0.03 - 0.1 3) (2) 

0.1 1 (0.03 - 0.25) (1 5)h 

0.1 8  (0.05 - 0.82) (37)h 

Data are median (range) (n) in g/1 00 g (g%). RBC, red blood cell; DHA, docosahexaenoic acid; AT, adipose tissue. 
Statistics: maternal vs. infant RBC-DHA at delivery and 3 months postpartum, a=p<0.05, b=p<0.001 ;  maternal RBC-DHA at delivery vs. 3 months postpartum, 
c=p<0.05, d=p<0.001 ; infant RBC-DHA at delivery vs. 3 months postpartum, e=p<0.05; milk-DHA Sengerema del ivery vs 3 months postpartum, f=p<0.05; 
milk-DHA Sengerema vs Ukerewe at 3 months postpartum, g=p<0.05; AT subcutaneous vs abdominal, h:;;;;p<0.001 .  
Data of infant and maternal RBC-DHA a t  delivery and 3 months postpartum, according to Kuipers et al.t15J 
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RBC-DHA, milk-DHA and AT-DHA interrelated 

Figure 1 shows the positive relationship of maternal RBC-DHA at delivery with colostrum milk-DHA 

at 3 days postpartum for women with high fish intakes (Sengerema, n=30; R2=0.510 p<0.001; panel 

A), together with the relation of maternal RBC-DHA with mature milk-DHA at 3 months postpartum 

[Sengerema (n=47) and Ukerewe (n=20); R2=0.360, p<0.001; panel B]. A maternal RBC-DHA of 8 go/o 

corresponded with 1 go/o DHA in both colostrum (panel A) and mature milks (panel B). Figure 2 

shows the positive, non-linear relationships of the subcutaneous (R2=0.436; p<0.001; panel A) and 

abdominal (R2=0.432; p<0.001; panel B) AT-DHA contents with the maternal RBC-DHA contents at 

delivery. We estimated that a maternal RBC-DHA content of 8 go/o coincided with subcutaneous and 

abdominal AT-DHA contents of 0.39 go/o and 0.52 go/o, respectively. 

Figure 3 shows the positive, non-linear relations of the subcutaneous (R2=0.193; p=0.015; panel 

A) and abdominal (R2=0.255; p<0.004; panel B) AT-DHA contents at delivery with the colostrum milk

DHA contents at 3 days postpartum. A milk DHA-content of 1 go/o corresponded with subcutaneous 
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Figure 1 .  Relations between maternal RBC-DHA at del ivery and colostrum mi lk-DHA (panel A), and between 

maternal RBC-DHA at 3 months postpartum and milk-DHA at 3 months postpartum (panel B). 

Data are for Sengerema (□; high fish intake; n=30 at del ivery and n=47 at 3 months postpartum) and Ukerewe 

(•; very high fish intake; n=20 at 3 months postpartum). RBC-DHA; DHA in erythrocytes. 

1 06 



Interrelations between maternal DHA in erythrocytes, milk and adipose tissue 

1 0  
9 

� 8 
.2: 

7 "C 
iii 6 
� 5 
<( 4 
(.J 
0:: 2 

.s ra 0 :i: 

1 0  

A :  Subcutaneous adipose gssue 

li:JD aJ 
1J o□ 
.0 

♦1;1. , .. 

□ □ Cl 

o □ D 
□ 

L Sengerema 
• Pare 
t. Maasai 

0.0 0.2 0.4 0.6 
ScAT-DHA (g¾) at delivery 

B: Abdominal adipose tissue 

y = 1 .54In(x) + 9.45 
R2 = 0.436, p<0.001 

0.8 1 .0 

□ 
9 □ □ Cl 

� 8 .J.-------E:!Et--0..-=--=---=---fl:: ...... --..;:---c:□ 
.2: 

� 7 
iii 6 
� 
� 5 
<( ::c 0 

4 
3 

m 
0:: 2 u Sengerema 
iii 
E .s ra 

• Pare 

0 /j, Maasai 

0.0 0.2 0.4 0.6 
AbdAT-DHA (9%) at delivery 

y = 1 .38In(x) + 8.89 
R2 = 0.432, p<0.001 

0.8 1 .0 

Figure 2. Relations between DHA in subcutaneous adipose tissue (panel A) and abdominal adipose tissue (panel 
B) and maternal RBC-DHA at delivery. 
Data are for Sengerema (□; high fish intake; n=37), Pare ( ♦ ;  intermediate fish intake; n=1 7) and Maasai (Li; 

low/no fish intake; n=2). RBC-DHA; DHA in erythrocytes; ScAT-DHA and AbdAT-DHA; DHA in subcutaneous and 
abdominal adipose tissue, respectively. 

and abdominal AT-DHA contents of 0.35 go/o and 0.40 go/o, respectively. Figure 4 shows the positive 
relationship between the subcutaneous and abdominal AT-DHA contents (R2 =0.690; p<0.001 ). 
The abdominal AT-DHA contents proved on the average 29±50.8% (-50.0 - 133.3) higher than the 
subcutaneous AT-DHA contents (p<0.001 ). 

Estimated milk DHA output and whole body adipose tissue DHA content 

The percentage body fat of the average Tanzania-Ukerewe woman amounted to 27.2 when 
calculated according to Deurenberg et al.23 and 27.9% when calculated according to Gallagher et 
al.24, which averaged to 27.5% (Table 3). The percentage body fat of the 196 women living in the pre
urban neighborhood of Dakar was 34.2%25• Because of the difference with the above calculations 
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Figure 3. Relation between and DHA in subcutaneous adipose tissue (panel A) and abdominal adipose tissue 

(panel B) at delivery and colostrum milk-DHA. 

Data are for Sengerema (□; high fish intake; n=37). ScAT-DHA and AbdAT-DHA; DHA in subcutaneous and 

abdominal adipose tissue, respectively. 

*, data point for an average American women (0.2 go/o; (33)) and her subcutaneous AT-DHA content (0.1 go/o; (32)); 

+, data point for the milk-DHA and corresponding AT-DHA of French women at day 5 of lactation (milk-DHA 0.53 

go/o; AT-DHA 0.09 go/o), as reported by Martin et al75• 
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Figure 4. Relationship between subcutaneous and abdominal adipose tissue DHA contents. 

Data are for Sengerema (□; high fi sh intake; n=37), Pare ( ♦ ; intermediate fish intake; n=l 7) and Maasai (Ll; low/ 

no fish intake; n=2) -·-, y=x. 

we employed both figures (Table 3) to arrive at the indicated amount of mobilizable storage fat (8.7 

and 12.4 kg), percentage mobilizable wet adipose tissue (20.4 and 29.0%) and amount of DHA in 

mobilizable wet adipose tissue (35 and 50 g). The DHA contents in whole body fat were 60 and 75 

g, when differences in the DHA contents between triglycerides and phospholipids were neglected 
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(data not given in table 3). The milk-DHA outputs of the average Tanzania-Ukerewe woman were 

estimated at 80 mg/day at day 3 and at 301 mg/day at 3 months postpartum. 

The anthropometric data for the average 20-39 years USA woman in the 2003-2006 NHANES30 

were: body weight 73 kg, length 163.2 cm and BMI 27.3 kg/m2, while the percentage body fat of 

Table 3. Estimated milk DHA output and whole body adipose tissue DHA content for the average Tanzania-
Ukerewe woman, as compared with an average USA woman 

Dimension Tanzania-Ukerewe Average USA 

reference reference 

Age years 26 Tablel 20-39 

Body weight kg 54.6 Tablel 73 30 

Body length cm 1 57 Tablel 1 63.2 30 

BMI kg/m2 22.2 Tablel 27.3 30 

Erythrocyte-DHA content go/o 8.0 Figure 1 3.71 3 1  

Percentage body fat o/o 27.5/34.2 23,24,25 37.8 1 8  

Percentage essential body fat o/o 1 1 .5 1 9  1 1 .5 1 9  

I Percentage storage fat % 1 6.0/22.7 26.3 
(mobil izable) 

Storage fat (mobilizable) kg 8.7/1 2.4 1 9.2 

Percentage fat in adult wet o/o 78.4 26 78.4 26 
adipose tissue 

Mobilizable wet adipose tissue kg 1 1 . 1 /1 5 .8 24.5 

Percentage mobilizable wet o/o 20.4/29.0 33.5 
adipose tissue 

Percentage DHA in adipose g/1 00 g FA 0.40 Figure 3 0. 1 0  32 
tissue fat 

DHA in mobilizable wet adipose g 35/50 1 9  
tissue 

Colostrum volume day 3 mUday 393 27 393 27 

Colostrum fat concentration g/L 20.4 28 20.4 28 
day 3 

Colostrum-DHA content day 3 g/1 00 g FA 1 .0 Figure 1 0.4 34 

Colostrum mi lk-DHA output mg/day 80 32 

Mature mi lk volume 3 months ml 772 27 772 27 

Mature mi lk fat content 3 g/L 39.0 29 39.0 29 
months 

Mature mi lk-DHA content 3 g/1 00 g FA 1 .0 Figure 1 0.2 33 
months 

Mature mi lk-DHA output mg/day 301 60 

DHA, docosahexaenoic acid; BMI, body mass index; FA, fatty acid. 
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the 1999-2004 NHANES was 37.8%1 8• With these data we calculated 19.2 kg mobilizable storage fat, 

33.5% mobilizable wet adipose tissue and 19 g DHA in mobilizable wet adipose tissue. The DHA 

content in whole body fat was 28 g, when differences in the DHA contents between triglycerides 

and phospholipids were neglected (data not given in table 3). The milk-DHA output of the average 

USA woman was estimated at 32 mg/day at day 3 and at 60 mg/day at 3 months postpartum. 

DISCUSSION 

We investigated the DHA contents in RBC, milk and adipose tissue of mother-infant pairs of several 

Tanzanian tribes who have lifetime stable dietary habits that reportedly do not change during 

pregnancy and lactation. We were interested in the interrelationships of the DHA contents in 

these compartments and notably what milk-DHA and AT-DHA contents are reached at an RBC

DHA of 8 go/o, which confers the lowest risk of cardiovascular disease and mental illness in Western 

populations14•1 5• We also compared the estimated mobilizable AT-DHA pool size and the milk-DHA 

outputs of the average Tanzania-Ukerewe woman and compared the outcomes with those of the 

average USA woman. 

Biomagnification 

The present RBC-DHA data of mothers and their children in various Tanzanian tribes confirms our 

previous observation 16 that the genuine 'biomagnification' of DHA occurs after birth (Table 2). At 

delivery only infants with low DHA status (Maasai, Pare) tended to have higher RBC-DHA than their 

mothers, whereas infants with high DHA status (Sengerema, Ukerewe) exhibited lower RBC-DHA 

than their mothers. However, this situation had changed after 3 months of exclusive breastfeeding, 

when all infants exhibited higher RBC-DHA than their mothers, while in this period all mothers 

decreased their RBC-DHA. Interestingly, the mothers with low DHA status (Maasai) were unable to 

prevent a decline of their infants' RBC-DHA from delivery to 3 months, while those with intermediate 

DHA status (Pare) maintained their infants' RBC-DHA and those with high DHA status maintained 

(Ukerewe) or increased (Sengerema) their infants' RBC-DHA. These observations are consistent 

with: intrauterine 'biomagnification' as a sign of low (possibly insufficient) maternal DHA status, 

the inability to increase postnatal infant RBC-DHA status if the mother has low DHA status, the 

importance of DHA notably after delivery 16•35-37, and a deterioration of the maternal DHA status 

during lactation that is independent of the DHA status. Consistent with the notion that the major 

part of at least linoleic acid (70%) and AA (90%) in milk derives from adipose tissue stores1 2, we 

found that mothers who were unable to increase their infants' DHA during lactation had the lowest 

adipose tissue DHA contents (Maasai), while those who were able to maintain infant RBC-DHA 

(Ukerekwe), or even increase it (Sengerema), had the highest AT-DHA contents (Table 2). 

A drop in infant RBC-DHA after delivery may obviously be prevented by maternal DHA 

supplementation, since oral supplementation leads to a rapid dose-dependent response of the 

milk-DHA38• This strategy may, however, be distinct from the lifetime high DHA consumption, 
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Interrelations between maternal DHA in erythrocytes, milk and adipose tissue 

such as practiced by e.g. the Tanzania-Ukerewe mothers. The difference becomes reflected in the 
steepness of the DHA-dose vs. milk-DHA response curves in which the curve for the lifetime intake 
is steeper than the one derived from a 12-weeks DHA supplementation study39• The feta-maternal 
has an enormous DHA distribution volume and equilibration of a DHA supplement among the 
maternal organs, and possibly to a lesser extent the infant organs, may cause considerable time. 
The adipose tissue compartment exhibits the 'last-in first-out' phenomenon40, while there is also 
selective mobilization of the individual fatty acids from adipose tissue, possibly because the (more 
polar) polyunsaturated fatty acids in triglycerides have a tendency to accumulate at the surface of 
the adipose tissue triglyceride droplet41 • This implies that notably the infant (via the milk) and the 
easily accessible organs of the mother would benefit first, but also that adipose tissue locations with 
low turnover (e.g. essential fat) and the maternal brain would benefit last. It has been estimated that 
the DHA half life in the adult human brain approximates 2.5 years42, which suggests that more than 
a decade of supplementation is needed to reach a new equilibrium in the maternal brain43• 

Milk-DHA of 1 go/o might be optimal for (Western) infants. 

We found that a maternal RBC-DHA of 8 g% corresponds with a (mature) milk-DHA content of about 
1 .0 g% (Figure 1 A and B) and subcutaneous and abdominal AT-DHA contents of about 0.39 and 
0.52 g%, respectively (Figure 2 A and B). Also a colostrum milk-DHA content of 1 g% corresponded 
with subcutaneous and abdominal AT-DHA contents in the same order of magnitude (0.35 and 
0.40 g%, respectively; Figure 3A and B) . These interrelationships seem valid, since they derive 
from populations who are at equilibrium because of their lifetime stable dietary conditions. They 
remain however no more than mean estimates, since the relationships were subject to considerable 
inter-individual scatter. It has been show that an omega-3 index [that is RBC-(EPA+DHA)] of 8% in 
Western populations is associated with the lowest cardiovascular risk1 4  and lowest risk of psychiatric 
disease1 5• The RBC-DHA content constitutes the major part of this index. One may consequently 
argue that 1 g% DHA in human milk is the optimum for Western infants, that comes together with 
maternal AT-DHA contents of about 0.40 g% DHA. With this combination and continuing maternal 
dietary habits also the infant reaches an RBC-DHA of 8 g% after 3 months lactation (Table 2), but 
probably much sooner. 

Previous recommendations have been made for adults, pregnant and lactating women, and 
infants separately, without consideration that these life stages and physiological conditions are 
intimately connected. The current recommendation for formula fed infants is at least 0.2% DHA 
to achieve benefits on functional endpoints, but no more than 0.5 g% DHA because systematic 
evaluation above this level was not published44• This recommendation is not in line with (e.g.) 
with the advisory of 200 mg DHA per day for lactating women and also ignores the observation 
that intakes up to 1 g DHA by lactating women have been studied without significant adverse 
effects39• Higher than the presently encountered milk-DHA contents of Western women and the 
above mentioned infant formula advisory are in agreement with our derivation from the land-water 
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ecosystem45-48 and are encountered in many populations with high intakes of fish, obviously without 

any adverse effects. For instance, milk-DHA levels comparably high as those in Tanzania-Ukerewe 

have been reported in colostrum from Japanese mothers (1.1 g%)49 while Arctic Canadian (1.4 g%)50 

and Kerewe women from a previous study (1.8 g%)5 1  exhibited even higher mature milk-DHA levels. 

That traditionally living Maasai with much lower RBC-DHA status than 8 g% (Table 2) and a 

milk-DHA content of only 0.20 g%51 have nevertheless low incidence of atherosclerotic disease is 

testimony of a much more complicated risk profile than might emerge from the study of a single 

nutrient for the prevention of cardiovascular risk. For instance52, the traditionally living Maasai have 

healthier diets in general and therefore probably a less disturbed intestinal flora53, a high level of 

physical activity, sufficient sleep and no Western-lifestyle associated stress, while smoking and 

obesity (Table 2) are rare. Their low DHA intake comes along with a low intake of linoleic acid from 

refined vegetable oils16• A high intake of linoleic acid adversely affects our EPA and DHA status54, 

while a meta-analysis of randomized controlled trials showed that replacement of saturated fatty 

acids for linoleic acid caused borderline insignificant higher cardiovascular risk55 • Consequently, 

milk-DHA should preferably be in balance with other milk fatty acids, notably EPA, AA and linoleic 

acid, and we therefore suggest taking the milk fatty acids of the Ukerewe women as a combination 

that reads: 0.96 g% DHA, 0.55 g% AA, 0.22 g% EPA and 9.32 g% linoleic acid (supplementary Table 3). 

DHA contents of RBC, milk, subcutaneous AT and abdominal AT interrelated 

Maternal RBC-DHA (Figure 2) and milk-DHA (Figure 3) exhibited non-linear relationships with 

subcutaneous and abdominal AT-DHA, suggesting that some degree of DHA saturation takes place 

in RBC and milk at high AT-DHA. When compared with each other it seems that maternal RBC-DHA 

saturates at lower DHA status than milk-DHA (Figure 1 ), which may be in line with a more important 

functional role of DHA in RBC membranes, e.g. to maintain fluidity, flexibility, membrane-bound 

protein function and others. Gibson et al.56 showed that with increasing maternal DHA intakes the 

milk-DHA content continues to increase, but that from about 0.8 g% DHA in milk, corresponding 

with an infant RBC-DHA content of ~9 g% (with a maximum of 12 g%), no appreciable change 

occurred in the infant RBC-DHA content. Similar apparent saturation of the adult RBC-DHA content 

was suggested in our study, where, with increasing AT-DHA in Maasai, Pare and Sengerema, maternal 

RBC-DHA seemed to reach a plateau of about 9 g% (Figure 2), while even higher individual maternal 

RBC-DHA (up to 11.10 g%) and infant RBC-DHA (up to 10.98 g%) were reached in Ukerewe (Table 

2). An individual maximum of RBC-DHA at about 11-12 g% is also in agreement with our previous 

study, where the maximum was 11.2 g%57• It is plausible that RBC-DHA levels-off with increasing 

DHA status, while this may be the case for AT-DHA to a much lesser extent. A consequence might 

be that the RBC-DHA content in the high range may become a less reliable proxy for estimating 

whole body, notably adipose tissue, DHA contents. It should however be noted that each of the 

encountered relations were subject to considerable scatter with few subjects with very high AT

DHA, while a more active turnover of adipose tissue and de novo fatty acid synthesis in pregnancy 
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Interrelations between maternal DHA in erythrocytes, milk and adipose tissue 

may preclude extrapolation to the non-pregnant conditions. 
Also the on average about 17% higher DHA in abdominal (omental) AT, compared with 

subcutaneous AT resulted from considerable scatter (Figure 4), with a tendency of higher omental 
AT-DHA notably at high DHA status. Visceral AT, in contrast to subcutaneous AT, drains directly 
through the portal circulation to the liver, and is metabolically more active with e.g. higher 
lipogenic and lipolytic activities, and higher capacity for the generation of free fatty acids and 
glucose uptake58•59• The remarkably small differences between the DHA contents of omental and 
subcutaneous AT might suggest that the presently studied women with lifetime stable diets are 
at high degree of DHA equilibrium, with little influence of dilution by de novo synthesized fatty 
acids in the more metabolically active omental AT. However, also no appreciable differences in DHA 
contents between omental and subcutaneous AT were previously observed in overweight and 
obese Spanish patients60•61 , but in contrast to subcutaneous AT-DHA, there was an inverse relation 
of omental AT-DHA with waist-hip ratio and visceral abdominal area60, suggesting that subjects with 
low central adiposity have higher omental AT-DHA, but not subcutaneous AT-DHA. 
The mature milk-DHA content of the average USA woman33 and her subcutaneous AT-DH A content32, 

and also the milk-DH A and AT-DHA contents for French women at day 5 of lactation as reported by 
Martin et al.1 7, fitted reasonably well into the present relations between the milk-DHA and AT-DHA 
contents (Figure 3), although each of these data points from the literature were at the lower end 
of the curve (Table 2). Leaf et al.32 supplemented 15 men and women, some of them patients with 
dyslipidemia disorders, with a minimum of 10 g fish oil containing 1.8 g EPA and 1.0 g DHA/day for 
22 months (12-27 months) to achieve a subcutaneous AT-DHA content of 0.7 go/o. This figure is in 
the high range of the data in Table 2, and may provide some insight into the consumed amounts of 
EPA+DHA by the average Tanzanian-Ukerewe woman who has an estimated subcutaneous AT-DHA 
of half that amount (0.37 go/o). There might in this context not be a difference between the LCPw3 
bioavailability from fish oil supplements and fish, since the consumption of 485 mg EPA+DHA/ 
day from fish or fish oil during 16 weeks were equally effective in increasing EPA+DHA in RBC 
and plasma phospholipids62• However, the comparison might in reality be much more complex, 
e.g. by differences between the Tanzanian women and Western women in distribution volumes, 
body fat percentages, consumption of other fatty acids (e.g. linoleic acid) and the intake of (low GI) 
carbohydrates, which may stimulate de novo fatty acid synthesis. 

Estimated milk DHA output and whole body adipose tissue DHA content 

We estimated that, when compared with the average USA woman, the average woman in Tanzania
Ukerewe has an about 2.2 times higher RBC-DHA, a 1.8-2.6 times higher amount of DHA in 
mobilizable adipose tissue (in g), and about 2.5 and 5.0 times higher DHA outputs via colostrum 
and mature milk, respectively (Table 3). These figures coincide with an about 1.5-2.2 times higher 
mobilizable wet adipose tissue compartment (in kg) in the average USA woman, which dilutes her 
AT-DHA content 4 times, compared with the average Tanzania-Ukerewe woman. The comparisons 
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of the amounts of AT-DHA and adipose tissue might be somewhat confounded by racial differences, 

because, at a given BMI, the black population has lower fat mass63
, although this does not seem to 

become confirmed by the data from Nigeria25• Nevertheless, the 4 times higher dilution of DHA in 

the mobilizable adipose tissue of the average USA woman might be an important cause of her 5 

times lower mature milk-DHA output, and contrasts with her 'only' 1.8-2.6 times lower total DHA in 

mobilizable adipose tissue. A certain selectiveness for the mobilization of DHA from adipose tissue 

has previously been suggested41 •64•65, but is apparently of insufficient magnitude to compensate to 

a sizeable extent, if any. 

Because of the seemingly more important influence of dilution, and not the total amount of 

DHA in mobilizable adipose tissue, this situation might be considered as a state of'DHA starvation in 

the midst of plenty: because sizeable stores are present but poorly available for transfer to the milk. 

Theoretically, the amount of mobilizable DHA in AT of the average Western woman could support 

lactation at a level of 1 g% milk DHA for 63 days. Insufficient mobilization, e.g. caused by insufficient 

postpartum loss of the AT that is gained during pregnancy66, retained during lactation67, or already 

present prior to conception, might also play a role in Western women. We recently observed 

that pregnant Tanzanian women have higher 25(0H)D than non-pregnant women and mothers 

immediately after delivery20• No such 25(0H)D increases have been reported for Western women, 

who typically do not change their 25(0H)D during pregnancy or even experience a decrease68
• More 

intense mobilization of vitamin D, but also DHA, from adipose tissue during pregnancy ofTanzanian 

women is therefore conceivable. Also vitamin D becomes stored in adipose tissue, vitamin D in serum 

and adipose tissue are correlated69 and fasting causes vitamin D mobilization in rats70
• Circulating 

25-hydroxyvitamin D [(25(0H)D] relates inversely with body fat percentage71 and overweight and 

obese persons have lower 25(0H)D. Obese subjects also exhibit lower 25(0H)D responses upon 

vitamin D supplements and whole body UV-light exposure72•73• The high degree of adipose tissue 

turnover during pregnancy, where we deal with 'facilitated anabolism and accelerated starvation'74, 

might in Western women not be continued during lactation because of insufficient weight loss or 

the consistent postprandial condition, which both apply for many mothers in Western countries. 

Limitations 

It should be noted that, because of local constraints, the data at delivery/3 days postpartum and 

at 3 months postpartum were derived from different groups. We interpreted the DHA differences 

between these groups in terms of longitudinal changes, as based on between-group statistical 

differences. This reasoning seems justified because of the stable dietary habits of each of these 

tribes. The basal data in Table 3 derive from various publications, and the outcomes of the estimates 

may therefore be subject to sizeable deviations. It may also not be correct to use whole body 

adipose tissue percentages of non-pregnant woman for estimates in pregnant and lactating 

counterparts. We made a distinction between 'essential' and 'non-essential (mobilizable)' AT in 

women, which is not supported by hard scientific evidence. Without this distinction the DHA pool 
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sizes become obviously bigger (see Results section), but does not change the conclusion that the 
Tanzania-Ukerewe women has higher DHA content and less diluted DHA in many, if not all, body 
compartments including those that can potentially become mobilized. Also the low AT-DHA levels 
deserve to be mentioned, since low levels are subject to high analytical errors that may add up to 
sizeable uncertainty when they become multiplied by the large amount of body fat. We also made 
no distinction between the DHA located in the (mobilizable) triglycerides in adipose tissue and the 
DHA that is located in the phospholipids of its membranes. 

Conclusions 

We conclude that intrauterine 'biomagnification' is a sign of low maternal DHA status, that the 
genuine 'biomagnification' occurs during lactation, that exclusively breastfeeding mothers with 
low DHA status are unable to augment their infants' DHA status and that exclusively breastfeeding 
mothers loose DHA independent of their DHA status. Maternal DHA supplementation may rapidly 
correct the maternal and infant DHA status in easily accessible compartments, but it is improbable 
that all organs of the mother (e.g. adipose tissue with low turnover and brain) and the infant will 
benefit at similar rates. We also found that a maternal RBC-DHA of 8 g% corresponds with a (mature) 
milk-DHA content of about 1.0 g% and subcutaneous and abdominal AT-DHA contents of about 
0.39 and 0.52 g%, respectively. Consequently, a mature milk-DHA of 1 g% might be a target for 
Western human milk and infant formula, since an RBC-DHA of about 8 g% confers the lowest risk of 
cardiovascular and psychiatric diseases in adults living in Western countries. Concomitant milk AA, 
EPA and linoleic acid contents were 0.55, 0.22 and 9.32 g%, respectively. Interrelationships between 
DHA in RBC, milk and adipose tissue suggest that with increasing DHA status, RBC-DHA plateaus at 
about 9 g%, with an upper maximum of about 12 g%, while RBC-DHA plateaus more readily than 
milk- and AT-DHA. When compared with the average Tanzania-Ukerewe woman, the average USA 
women has 4 times higher dilution of her AT-DHA (0.1 vs. 0.4 g%) and 5 times lower mature milk
DHA output (60 vs. 301 mg/day), which contrasts with her 'only' 1.8-2.6 times lower total DHA in 
adipose tissue (19 vs. 35-50 g). This DHA dilution in conjunction with the insufficient weight loss 
and the consistent postprandial state that is typical for many Western women might contribute to a 
state of 'DHA starvation in the midst of plentt 
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.... Supplementary table 1 :  Fatty acid composition of maternal and infant erythorcyte in Ukerewe at delivery or at three months postpartum . 9 

Maternal RBC (27) Delivery Infant RBC (27) Delivery Maternal RBC (20) 3 months PP Infant RBC (20) 3 months PP 

FA 

14:0 0.36a (0.23 - 0.48) 0.37 (0.28 - 0.49) 0.35· (0.25-0.45) 0.97 (0.68-2.70) 

16:0 25.45• (23.08 - 27.55) 24.66 (23.24 - 25.5) 23.87· (21 .47-25.85) 22.76 (21 .39-24.80) 

18:0 1 4.63· ( 1 2.99 - 1 5.39) 1 6.59 ( 1 5.56 - 1 7.68) 1 5.64· ( 1 3.75-1 7.05) 1 6.71 ( 1 5.86-1 7.74) 

20:0 0.45· (0.36 - 0.56) 0.68 (0.47 - 0.85) 0.46" (0.39-0.65) 0.7 1 (0.61 -0.88) 

22:0 2.05• ( 1 .50 - 2.35) 1 .7 1  ( 1 .48 - 2.08) 2.1 0• ( 1 .78-2.60) 1 .98 ( 1 .73-2.22) 

24:0 5.82 (4.54 - 6.99) 6.52 (5.74 - 7.45) 6.02 (4.88-7.38) 5.73 (4.1 0-6.76) 

SAFA 48.43 (46.79 - 49.80) 50.41 (48.22 - 52.38) 48.54· (46.90-49.37) 48.76 (47.57-5 1 . 1 1 )  

LSAFA 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 

18:3w3 0.1 3• (0.07 - 0.20) 0.05 (0.01 - 0.1 0) 0.1 5• (0.09-0.20) 0. 1 0  (0.02-0.20) 

20:5w3 0.97· (0.24 - 1 .79) 0.46 (0.08 - 0.95) 1 .46· (0.68-1 .73) 1 .28 (0.64-1 .70) 

22:5w3 2.27· ( 1 .27 - 3.38) 0.83 (0.47 - 1 .45) 2.36· ( 1 .97-2.88) 1 .62 (1 .24-2.1 9) 

22:6w3 8.90· (5.71 - 1 1 .1 7) 8.02 (6.06 - 1 0.98) 7.38· (5.1 7-9.1 7) 8.06 (6.1 8-9.92) 

LCPw3 1 2.08 (7.21 - 1 5.76) 9.48 (6.60 - 1 3.25) 1 0.99 (8.63-1 3 .63) 1 1 .03 (8.97-1 3.5 1 )  

w3 1 2.26 (7.29 - 1 5.95) 9.55 (6.61 - 1 3.34) 1 1 .1 5  (8.8 1 -1 3.77) 1 1 . 1 3 (9.1 3-1 3.6 1 )  

18:2w6 6.5 1 (3.78 - 1 1 .1 6) 2.30 ( 1 .22 - 4.36) 7.07 (4.49-1 0.82) 6.27 (4.47-9.41 )  

18:3w6 0.24· (0. 1 4  - 0.41 ) 0.00 (0.00-0.00) o.oo• (0.00-0.00) 0.29 (0. 1 6-0.48) 

20:2w6 0.23· (0.1 1 - 0.40) 0.1 5 (0.09 - 0.25) 0.24· (0.1 2-0.35) 0.00 (0.00-0.00) 

20:3w6 o.oo• (0.00-0.00) 2.06 ( 1 .37 - 2.40) 1 .48· ( 1 .28-1 .73) 1 .65 (1 .37-2.07) 

20:4w6 1 0.77· (9.1 4 - 1 2.55) 1 5.96 ( 1 3.72 - 1 9.07) 1 2.1 6" ( 1 0.67-14.05) 1 3.88 ( 1 2.55-1 5.39) 

22:4w6 2.02 ( 1 .41 - 2.8 1 )  2.54 ( 1 .54 - 3.97) 1 .96 ( 1 .32-2.63) 1 .89 ( 1 .34-2.60) 

22:5w6 0.68 (0.49 - 1 .05) 1 .00 (0.70 - 1 .91 ) 0.72 (0.59-0.95) 0.72 (0.57-0.97) 

LCPw6 1 4.98· ( 1 3.08 - 1 7.79) 2 1 .56 ( 1 9.1 2 - 24.9) 1 6.20· ( 1 4.78-1 9.03) 1 8.32 ( 1 6.42-20.29) 

w6 21 .s8· ( 1 7.54 - 26.8) 24.1 1 (21 .38 - 27.87) 23.S0• ( 1 9.45-27.80) 25.56 (21 .37-27.71 )  
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16:1w7 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 
18:1w7 1 .42· (0.98 - 2.1 6) 1 .98 ( 1 .45 - 2.47) 1 .29 (1 .03-1 .95) 

20:1w7 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 

w7 1 .42· (0.98 - 2.1 6) 1 .98 (1 .45 - 2.47) 1 .28 (1 .03-1 .95) 

18:1w9 1 0.98· (9.88 - 1 2.87) 8.46 (7.04 - 9.7 1 )  1 0.59· (9.49-1 5.09) 

20:1w9 0.1 3 (0.09 - 0.20) 0.1 0  (0.07 - 0.1 6) 0. 1 2  (0.07-0.20) 
20:3w9 0.1 3 (0.09 - 0.27) 1 . 1 1  (0.34 - 2.28) 0.20 (0. 1 1 -0.7 1 )  
22:1w9 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 
22:3w9 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 

24:1w9 4.73• (3.59 - 5.98) 4.1 0  (3.28 - 5.1 3) 4.24 (3.06-4.99) 

w9 1 6.03· (1 4.06 - 1 9.23) 1 3.70 ( 1 0.88 - 1 6.84) 1 5.22• (1 3 .57-1 9.52) 

MUFA 1 7.30· (1 5 .25 - 20.53) 1 4.48 ( 1 1 .99 - 1 6.96) 1 6.28· (1 4.67-1 9.93) 
PUFA 34.35· (3 1 .88 - 36.2 1 )  35.05 (32.97 - 37.07) 34.91 ·  (3 1 .07-38.27) 

PP, postpartum; RBC, red blood cells; a, significantly different between maternal and infant RBC fatty acid < 0.05 . 

• 

0.00 (0.00-0.00) 
1 .40 (1 .09-1 .84) 
0.00 (0.00-0.00) 
1 .40 (1 .09-1 .84) 

9.38 (7.97-1 1 .55) 
0.1 3 (0.09-0.22) 
0.23 (0. 1 1 -0.79) 
0.00 (0.00-0.00) 
0.00 (0.00-0.00) 

3.83 (2.46-4.92) 

1 3.52 (1 1 .37-1 6.87) 

1 4.77 (1 2.59-1 7.67) 
36.28 (34.35-38.64) 

s-

g· "' 
0" 

Q 

a 
t:, 

s· 

:to a 
� � � 
3 
� 
Q ::s 
Q. 
Q 

"' 
II) 

�-



.... Supplementary table 2: Fatty acid composition of maternal subcutaneous and adipose tissue in Maasai, Pare and Sengerema at delivery . 

Maasai Subcutaneous Maasai Abdominal Pare Subcutaneous Pare Abdominal Sengerema Subcutaneous Sengerema Abdominal 
(2) (2) (1 7) ( 17) (37) (37) 

.i,. 

FA 

14:0 3.63 (3.28-3.98) 4. 1 7  (3.56-4.78) 2.30· ( 1 .67-3.36) 2.77 ( 1 .92-3.34) 2.53· ( 1 .63-3.67) 2.95 ( 1 .89-4.32) 

16:0 26.87 (25.5-28.24) 26.34 (23.61 -29.07) 27.77 (22.48-39.36) 28.02 (22.07- 29.74 (25.68-32.70) 29.54 (24.51 -34.05) 36.97) 

18:0 3.57 (3.54-3.60) 5.20 (4.55-5.84) 4.1 4· (3.27-6.75) 5.22 (4.44-7.58) s.1 0• ( 1 .73-9.39) 6.44 (2.69-9.44) 

20:0 0.1 8 (0.1 5-0.20) 0.28 (0.2 1 -0.34) 0.1 8· (0.1 1 -0.30) 0.26 (0. 1 6-0.40) 0.20• (0.08-0.49) 0.29 (0. 1 3-0.65) 

22:0 0.04 (0.03-0.04) 0.06 (0.05-0.07) 0.04· (0.02-0.08) 0.07 (0.03-0. 1 2) 0.06· (0.02-0.30) 0.09 (0.04-0.48) 

24:0 0.04 (0.03-0.04) 0.05 (0.04-0.06) 0.03· (0.02-0.05) 0.05 (0.03-0.08) 0.04· (0.0 1 -0.1 3)  0.Q7 (0.03-0.1 9) 

SAFA 34.32 (33.3 1 -35.34) 36. 1 0 (34.70-3 7.49) 35.83· (28.99-45.1 7) 37.66 (28.83- 38.1 7· (30.66-44. 1 4) 39.64 (33.09-44.93) 47.65) 

18:3w3 0.55 (0.53-0.57) 0.58 (0.50-0.66) o.s8· (0.30-0.92) 0.48 (0.33-0.95) 0.48· (0.33-1 .09) 0.44 (0.28-0.73) 

20:3w3 O.o2 (0.02-0.02) 0.02 (0.02-0.02) 0.02• (0.01 -0.05) 0.02 (0.01 -0.05) 0.03· (0.01 -0. 1 1 )  0.03 (0.01 -0.08) 

20:5w3 0.02 (0.01 -0.02) 0.02 (0.01 -0.02) 0.02• (0.01 -0.06) 0.02 (0.01 -0.04) 0.03· (0.01 -0. 1 2) 0.03 (0.0 1 -0.1 5) 

22:5w3 0.04 (0.03-0.04) 0.05 (0.04-0.05) 0.08 (0.03-0. 1 7) 0.08 (0.02-0.1 4) 0. 1 2  (0.02-0.40) 0.1 0 (0.04-0.45) 

22:6w3 0.05 (0.03-0.06) 0.08 (0.03-0.1 3) 0. 1 0• (0.03-0.1 9) 0.1 1 (0.03-0.25) 0.1 7· (0.03-0.60) 0.1 8 (0.05-0.82) 

w3 0.67 (0.62-0.71 )  0.74 (0.59-0.89) 0.80• (0.43-1 .30) 0.75 (0.40-1 . 1 7) 0.84 (0.47-1 .82) 0.79 (0.40-2.2 1 )  

18:2w6 1 0.27 (5.76-1 4.78) 9.93 (5.37-1 4.48) 1 6.66· ( 1 1 .06-21 .35) 1 4. 1 4  (9. 1 4- 1 4.42 (6.60-24.1 3) 1 3.38 (5.58-24.8) 2 1 .1 2) 

18:3w6 0.05 (0.04-0.06) 0.04 (0.02-0.05) 0.08• (0.04-0. 1 4) 0.07 (0.02-0.1 4) 0.06· (0.02-0.1 0) 0.05 (0.03-0. 1 2) 

20:2w6 0.1 2  (0.09-0. 1 5) 0.1 2 (0.1 0-0. 1 4) 0.23 (0. 1 5-0.33) 0.21 (0. 1 2-0.31 )  0.20 (0.1 0-0.44) 0. 1 9  (0.07-0.35) 

20:3w6 0.09 (0.06-0.1 2) 0.01 (0.08-0. 1 1 )  0.1 7· (0.09-0.23) 0.1 3 (0.06-0. 1 9) 0. 1 3· (0.04-0.23) 0.1 1 (0.05-0.24) 

20:4w6 0.2 1 (0.21 -0.2 1 )  0.24 (0.1 9-0.28) 0.30 (0. 1 9-0.53) 0.3 1 (0.1 2-0.68) 0.32 (0.1 0-0.58) 0.32 (0.1 4-1 . 1 8) 

22:4w6 0.05 (0.04-0.05) a.as (0.04-0.06) 0.08 (0.04-0. 1 5) 0. 1 0  (0.02-0.22) 0.09· ( 0.02-0.1 S) 0.09 (0.03-0.27) 

22:5w6 0.01 (0.01 -0.0 1 )  0.02 (0.01 -0.03) 0.03 (0.01 -0.Q7) 0.04 (0.01 -0.1 0) 0.04 (0.01 -0.09) 0.05 (0.0 1 -0.1 1 )  



w6 1 0.79 (6.21 -1 5.37) 1 0.49 (5.82-1 5.1 6) 1 7.42· ( 1 1 .75-22.08) 1 5. 1 9 
(9.87-

1 4.76 (7.31 -25.08) 1 3.98 (6.3-25.68) 
22.1 8) 

16:1w7 7.90 (6.28-9.43) 7.39 (6.52-8.25) 4.56 (3.07-7.95) 4.66 (2.56-7.33) 6.54· (3.06-1 2.54) 5.56 (2.66-1 0.82) 

18:1w7 2.52 ( 1 .98-3.06) 2.23 ( 1 .96-2.50) 1 8.55 ( 1 .44-2.5 1 )  1 .84 ( 1 .20-2.41 ) 2.23· ( 1 .42-4. 1 3) 2.02 ( 1 .33-3.70) 

20:1w7 0.04 (0.03-0.04) 0.04 (0.03-0.05) 0.03· (0.02-0.04) 0.03 (0.02-0.05) 0.04" (0.02-0.07) 0.04 (0.02-0.1 0) 

w7 1 0.41 (8.29-1 2.53) 96.55 (8.5 1 -1 0.80) 6.42 (4.54-1 0.49) 6.43 (3.79-9.55) 8.9 1 "  (4.5 1 - 1 6.72) 7.72 (4.02-1 4.5 1 )  

18:1w9 43.22 (39.75-46.68) 42.39 (37.47-47.3 1 )  39.1 5· (34.06-44.96) 37.02 
(33.9 1 -

36.99· (30.44-44.39) 36.1 5 (28.8-45.68) 
43.58) 

20:1w9 0.43 (0.38-0.48) 0.45 (0.3 1 -0.58) 0.45 (0.30-0.86) 0.49 (0.35-0.62) 0.47• (0.25-0.65) 0.56 (0.25-0.79) 
S' 
� � 

20:3w9 0.1 1 (0.09-0. 1 3) 0.1 0  (0.08-0.1 1 ) 0.08 (0.04-0. 1 7) 0.07 (0.03-0.20) 0.1 0• (0.04-0.49) 0.08 (0.04-0.25) II) 
Q 

22:1w9 0.02 (0.02-0.02) 0.03 (0.02-0.04) 0.02• (0.01 -0.03) 0.03 (0.02-0.04) 0.02• (0.01 -0.04) 0.03 (0.02-0.05) g. 
22:3w9 0.01 (0.00-0.01 )  0.01 (0.00-0.01 )  0.01 (0.00-0.01 )  0.01 (0.00-0.01 )  0.00 (0.00-0.08) 0.01 (0.00-0.02) 

24:1w9 0.04 (0.02-0.05) 0.06 (0.04-0.07) 0.02• (0.01 -0.03) 0.04 (0.02-0.07) 0.02• (0.01 -0.1 0) 0.04 (0.02-0.30) 
II) 

(34.63- :::i 
w9 43.81 (40.29-47.33) 43.02 (37.96-48.08) 39.9 1 ·  (34.80-45.55) 37.68 37.68 (30.95-44.96) 36.91 (29.24-46.40) 3 

44.1 9) Q 
;;;-

(39.92- 3 
MUFA 54.1 1 (48.45-59.77) 52.58 (46.36-58.8) 46.38· (41 .02-51 .86) 45.46 47.27· (35.72-56. 1 8) 44.88 (33.76-55.92) a. 

49.85) 0 

( 1 0.55- � 
PUFA 1 1 .57 (6.93-1 6.21 )  1 1 .33 (6.5-1 6. 1 5) 1 8.5 1 "  ( 1 2.48-23.40) 1 6.26 

23.04) 
1 5.77 (8.84-25.9 1 )  1 4.67 (7.26-26.50) 5· 

Data are median (range) in g/1 00g (g%), a, significantly different between subcutaneous and abdominal adipose tissue fatty acid p<0.05. I i 0 

3 
Q 

Q. 
Q 

0 

a-
\0 I � 

• 



Iv Supplementary table 3: Fatty acid composition of breast-milk fatty acids in Sengerema and Ukerewe at 3 days postpartum or 3 months postpartum. 
j 9 0 

Sengerema Milk 3 days PP (30) Sengerema Milk 3 months PP (47) Ukerewe Milk 3 months PP (20) I � 
FA median (min-max) median (min - max) median (min - max) 

6:0 0.1 1 •  (0.07-0.25) 0. 1 9  (0. 1 3 - 0.48) 0. 1 9  (0. 1 3-0.39) 

8:0 0.06· (0.03-0.23) 0.43 (0.27 - 0.74) 0.42 (0.3-0.60) 

10:0 0.40· (0. 1 7-1 .45) 2.52 ( 1 .54 - 4.43) 2.3 1 ( 1 .69-3. 1 1 )  

12:0 2.1 9· ( 1 .01 -7.02) 1 1 .5 1  (5.59 - 22.78) 1 2. 1 7 (9. 1 4-1 6.82) 

14:0 4.1 9· (2.74-1 1 .20) 1 2.5 1 (6.91 - 26.88) 1 6.38b ( 1 0.24-35.35) 

16:0 27.34· (23. 1 9-33.44) 20.77 ( 1 5 . 1 8 - 26.48) 25.27b (22.1 8-29. 1 8) 

18:0 5.63· (3.43-7.58) 3.94 ( 1 .53 - 1 6.44) 4.43b ( 1 .92-9.06) 

20:0 0.2 1 "  (0. 1 1 -0.42) 0.1 5 (0.05 - 0.33) 0. 1 6  (0.06-0.23) 

22:0 0. 1 6· (0. 1 0-0.47) 0.1 1 (0.05 - 0.23) 0.09b (0.05-0.1 5) 

24:0 0.30· (0. 1 8-0.69) 0.1 5 (0.05 - 0.25) 0 . 1 3b (0.07-0.1 7) 

SAFA 4 1 . 1 0· (35.5-5 1 .67) 53.52 (43.46 - 7 1 .9 1 )  62.43b (54.71 -84.47) 

MCplus 14:0 7.07· (4.5 1 - 1 9.67) 25.30 ( 1 6.93 - 43.63) 3 1 .89b (22.65-55. 1 6) 

18:3w3 0.44• (0.27-0.82) 0.59 (0.35 - 1 .40) 0.44b (0.25-0.98) 

20:5w3 0.06· (0.01 -0.24) 0.1 1 (0.03 - 0.68) 0.22b (0.09-0.48) 

22:Sw3 0.37· (0. 1 9-0.98) 0.21 (0. 1 0  - 0.62) 0.33b (0.20-0.5 1 )  

22:6w3 0.8 1 ·  (0.32-1 .43) 0.68 (0.27 - 1 .54) 0.96b (0.38-1 .22) 

LCPw3 1 .3 1  (0.52-2.45) 1 .01  (0.40 - 2.57) 1 .57b (0.68-2.1 0) 

w3 1 .77• (0.79-3. 1 3) 1 .66 (0.75 - 3.47) 1 .97b ( 1 . 1 1 -2.63) 

1B:2w6 1 3.59· (8.72-22.47) 1 6.43 (9.97 - 3 1 .85) 9.32b (2.74-1 3.1 5) 

18:3w6 0.03· (0.01 -0.08) 0.09 (0.04 - 0.1 9) 0.07b (0.0 1 -0. 1 3) 

20:2w6 0.93· (0.43-2.1 0) 0.37 (0.25 - 0.68) 0.26b (0.09-0.41 )  

20:3w6 0.6 1 ·  (0.35-1 .03) 0.45 (0.2 1 - 0.8 1 )  0.39b (0.21 -0.63) 



20:4w6 1 .1 0• (0.78-1 .94) 0.59 (0.35 - 0.90) 0.55 (0.35-0.78) 

22:4w6 0.45· (0. 1 8-0.89) 0. 1 2  (0.08 - 0.22) 0.1 1 (0.06-0.1 4) 

22:Sw6 0.1 3• (0.07-0.30) 0.09 (0.04 - 0.1 9) 0.1 l b (0.05-0. 1 4) 

LCPw6 3.39• (2.00-5.03) 1 .64 (1 .28 - 2.57) 1 .44b (0.86-1 .73) 

w6 1 7.30 (1 1 .39-25.98) 1 8.34 (1 1 .7 1  - 33.32) 1 0.88b (3.63-1 4.97) 

16:1w7 3.75· (1 .74-7.69) 1 .93 (0.68 - 4.07) 2.45b (1 .25-4.5 1 )  

18:1w7 3.06· (1 .98-5.37) 1 .31  (0.79 - 2.3 1 )  1 .70b (0.62-2.41 ) 

20:1w7 0.1 1 •  (0.04-0.24) 0.03 (0.02 - 0.07) 0.05b (0.03-0.09) 

w7 7.20" (4.41 -1 2.2 1 ) 3.1 8 (1 .5 1 - 6.21 )  4. 1 9b (1 .90-7.01 )  

18:1w9 32.00· (20.89-35.28) 2 1 .83 (9.83 - 30.38) 20.01 (7.03-25.38) 

20:1w9 0.67· (0.35-1 .1 0) 0.23 (0. 1 2 - 0.41 ) 0.23 (0.07-0.32) 

20:3w9 0.03· (0.01 -0.06) 0.05 (0.02 - 0.09) 0. l 0b (0.03-0.30) 

22:1w9 0.1 4" (0.08-0.29) 0.05 (0.02 - 0.07) 0.00b (0.00-0.00) 

22:3w9 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 

24:1w9 0.35" (0.24-0.70) 0.09 (0.05 - 0.1 8) 0.09 (0.05-0.1 1 )  

w9 33.05• (21 .69-36.43) 22.26 (1 0.1 1 - 30.96) 20.40 (7.20-25.91 ) 

MUFA 40.61 "  (29.29-46.50) 26.21 (1 3.01 - 33.96) 24.74 (9.1 6-30.65) 

PUFA 1 9.37 (1 2.91 -27.46) 20.58 (1 3.63 - 34.1 0) 1 3.23b (5.47-1 6.76) 

Data are median (range) in g/1 00g (g%). PP, postpartum; a, significantly different between Sengerema milk at 3 days PP and Sengerema milk at 3 months PP; b, 
significantly different between Sengerema and Ukerewe milk at 3 months PP. 
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Chapter 5 

ABSTRACT 

Objectives. Docosahexaenoic (DHA) and arachidonic (AA) acids are important for 

neurodevelopment. We investigated the relation between erythrocyte (RBC) DHA and AA contents 

and neurological development, by assessment of General Movements (GMs), in populations with 

substantial differences in fish intakes. 

Methods. We included 3 months old breastfed infants of 3 Tanzanian tribes; Maasai (low fish 

n=5); Pare (intermediate fish n=32); Sengerema (high fish n=60) and a Dutch population (low

intermediate fish n=l 5). GMs were assessed by motor optimality score (MOS) and the number of 

observed movement patterns (OMP; a MOS sub score). RBC-DHA and AA contents were determined 

by capillary gas chromatography. 

Results. We found no between-population differences in MOS. OMP of Sengerema infants (high 

fish) was higher than OMP of Dutch infants (low-intermediate fish). MOS related to age. OMP related 

positively to infant age (p<0.001) and RBC-DHA (p=0.015), and was unrelated to ethnicity and RBC

AA. 

Discussion. The positive relation between RBC-DHA and the number of observed movement 

patterns of 3 months old infants might reflect the connection of DHA with motor development. 
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INTRODUCTION 

The 'brain growth spurt' takes places during the last trimester of pregnancy up to 2 years 
postpartum 1 •2• In contrast to most animals, the main part of brain development in humans occurs 
after delivery1 . Long chain polyunsaturated fatty acids (LCP), notably docosahexaenoic (DHA) and 
arachidonic (AA) acids are highly concentrated in the retina (DHA) and brain (DHA and AA). By virtue 
of many functions, they play important roles in neurodevelopment3A. The LCP are e.g. involved in 
cell signaling pathways. AA is a precursor of eicosanoids and lipoxins, while eicosapentaenoic acid 
(EPA) and DHA are precursors of eicosanoids (EPA), resolvins (EPA and DHA) and (neuro)protectins 
(DHA). The main dietary source of DHA is fish, while meat, poultry and eggs are rich sources of AA. 
East African fresh water fish contain high proportions of both DHA and AA as compared to European 
salt water fish5• Although several studies showed positive relationships between DHA status and 
infant neurodevelopment 6, the outcomes of randomized controlled trials, aiming at improvement 
of neurodevelopment by supplementation of pregnant women or their infants with fish oil, DHA 
or DHA+AA, remain inconclusive at best6-8· The disappointing outcomes of intervention studies 
may be due to too low LCP doses, short intervention periods, low background LCP status, lack of 
stratification to LCP status, or disturbing effects of LCP supplementation in organs sensitive to DHA 
vs. AA competition. 

The condition of the nervous system of the young infant is reflected by the quality of 
spontaneous motility, especially the quality of General Movements (GMs)9• This method to assess 
infant neurodevelopment is based on visual 'Gestalt Perception' of spontaneous GMs in infants until 
the age of 5 months. GMs involve the whole body in variable sequences of arm, leg, neck and trunk 
movements. The qualitative aspect and some quantitative aspects of the early motor repertoire 
in preterm infants are associated with neurological outcome at school age 1 0•1 1 • GM quality proved 
sensitive to infant age1 2 and differences in LCP status1 3•1 4· 

Evidence for the beneficial effects of DHA consumption on neurodevelopment may derive from 
the comparison of neurodevelopmental parameters in populations with large differences in lifelong 
fish intakes15•1 6• Several studies showed that variation in fine and gross motor development may not 
only result from nutritional differences, but also from ethnical differences1 7• African black infants 
might reach neurodevelopmental milestones earlier compared to infants in more 'Westernized' 
cultures1 8•1 9• However, whether ethnical differences in neurodevelopment are present at very young 
age is currently unknown. We investigated whether the GM quality, defined by the motor optimality 
score (MOS) and its sub scores are related to differences in DHA status and ethnicity. Therefore, we 
included breastfed infants deriving from four populations, three living in Tanzania and one in The 
Netherlands. Fish consumption in these populations ranged from low (0-1 time/week) to high (5 
times/week). 
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SUBJECTS AND METHODS 

Participants and dietary habits 

Tanzanian (TZ) infants were exclusively breastfed babies from tribes with different diets, distinguished 
by different intakes of local freshwater fish, i.e. Maasai (no/low fish intake; O times/week), subjects 
from the Pare Mountains (intermediate fish intake, 2-3 times/week) and subjects from Sengerema 
(high fish intake, 4-5 times/week). The Maasai are Nilotic pastoralists who live in 'bomas' (villages) in 
the Maasai Steppe nearby Ruvu. Their diet consists mainly of curdled milk and meat. It has recently 
become replenished with some ugali (corn porridge). Consumption of fish is uncommon, since it is 
considered inedible. The Pare group was composed of infants of the Bantu tribes Pare and Sam baa 
from the Pare Mountains. Their diet is mainly composed of vegetables, beans and fruits with ample 
ugali, rice and chapati (cornwheat pancakes), and some meat and fish. The third population was 
composed of infants from the Bantu tribes in Sengerema (southern shore of lake Victoria). Apart 
from the abundant consumption of fish, they also consume ugali, muhogo (cassava root), plantain 
(baked banana), vegetables and fruits. Most women were of low socio-economical background. 
Their incomes were derived from pastoralism (Maasai}, agriculture (Pare) or fisheries (Sengerema). 
The studied populations neither had possibilities nor interest in changing their cultural habits, 
including their diets. 

Use of tobacco and alcohol are almost non-existent in these populations, especially among 
women. Following the mothers' informed consent, apparently healthy and well nourished infants 
were included in the study. Anthropometric data were obtained from the medical records. At 
inclusion, a questionnaire on fish intake was completed by interviews in Kiswahili. The study was 
approved by the National Institute for Medical Research in Dar-es-Salaam (NIMR/HQIR.8aNol. lX/145, 
dated June 16, 2003 and NIMR/HQ/R.8aNol. IX/800, dated April 8, 2009) and was in agreement with 
the Helsinki declaration of 1975 as revised in 2000. 

The Dutch (NL) infants were exclusively breastfed babies born to placebo receiving mothers, 
who participated in a randomized double blind placebo-controlled trial to study the effects of 
supplementation of DHA and DHA+AA during pregnancy and lactation 1 3• In short, healthy women 
were enrolled after about 17 weeks gestation and received a vitamin and mineral supplement 
containing the Dutch recommended dietary allowance for pregnant women. In addition, the 
women in the placebo group received soy bean oil containing 268 mg linoleic and 30 mg alpha
linolenic acids/day. Data on fish intake were collected using food frequency questionnaires and 
data on anthropometrics were collected using standardized interviews with the mothers. The 
research protocol was approved by the Central Committee on Research Involving Human Subjects 
(CCMO, Den Haag, The Netherlands; protocol number P03.1071 C). All women gave written informed 
consent. The trial is registered under ISRCTN58176213. 

Neurological examination 

GM quality was assessed at 10-20 weeks (TZ) or 11-14 weeks postpartum (NL) using the Assessment 
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of Motor repertoire according to Einspieler and Bos, the GM Trust 20001 1• GMs are movements 
involving all parts of the body, characterized by variation and complexity. Video recordings of 
approximately 10 minutes were made during periods of active wakefulness in the local hospitals 
(TZ) or in the University Medical Center of Groningen (NL) with the partly dressed infants in supine 
position. This assessment includes 5 components, i.e. 1) the quality of fidgety movements (FMs). FMs 
emerge around 6 weeks to 24 weeks postpartum and consist of movement with small amplitude, 
moderate speed, and variable acceleration of neck, trunk and limbs in all directions; 2) the repertoire 
of co-existent other movements; 3) the presence and normality of movement patterns; 4) the 
presence and normality of postural patterns; and 5) the quality of the concurrent motor repertoire. 
The sum of these components constitutes the 'motor optimality score' (MOS) with a minimum of 
5 up to a maximum of 28 points1 1 . The repertoire of co-existent other movements (component 2) 
derived from remarks in 'observed movement patterns' (OMP). Five to six of these OMP results in a 
'reduced' repertoire of co-existent other movements, less than five in 'absent' and more than six in 
'age-adequate' repertoire of co-existent other movements 1 1 • An infant may show up to 26 OMP. All 
recordings were analyzed by two of us (MFL and AFB). 

Samples and analyses 
After GM recording, about 250 µL EDTA-anticoagulated blood (250 µL pediatric MiniCollect �EDTA
tubes; Greiner Bio-one, Kremsmunster, Austria) was taken by heel prick from the infants. The samples 
were stored at 4°C in the dark and processed within 2 h after collection. Erythrocytes (RBC) were 
isolated by centrifugation and washed three times with 0.9% NaCl. After washing, the entire RBC 
suspension was transferred to a teflon-sealable Sovirel tube containing 2 ml of methanol-6 mol/L 
HCI (5:1 v/v), 1 mg butylated hydroxytoluene (BHT; antioxidant) and 50 µg 17:0 (internal standard). 
The TZ samples were transported to The Netherlands. All samples were analyzed within 9 months 
after collection in the University Medical Center Groningen (The Netherlands). Analyses of fatty 
acid methyl esters were performed by capillary gas chromatography/flame ionization detection 
according to previously described procedures20• RBC fatty acid compositions were expressed in go/o. 

Statistics 
Statistical analyses were performed with PSAW version 18.0 (SPSS Inc, Chicago, IL). Group differences 
were investigated by ANOVA and Student t-test or, for non-parametric data, with the aid of the 
Kruskal-Wallis test and the Mann-Whitney-U test at p<0.05. Bonferroni correction was applied to 
correct for the multiple between-group comparisons. We used Chi-square to investigate between
group gender differences. Linear regression models with several variables were constructed, which 
enabled us to elucidate the relationship between LCP status, ethnicity and the OMP value while 
including potential confounders, such as infant age. We used the backward regression model to find 
the influencing determinants. 
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RESULTS 

We included 97 infants living in Tanzania. The entire study population was composed of 5 Maasai, 

32 Pare, 60 Sengerema and 15 Dutch infants. Table 1 shows the characteristics of the Tanzanian and 

Dutch mothers and their infants. The Dutch mothers were older, heavier and taller compared to those 

of the three Tanzanian tribes. Fish consumption occurred in the order Sengerema>Pare>Maasai. 

The Dutch women had lower fish intake than the Sengerema and Pare women. The differences in 

maternal fish intake became reflected in the infant DHA status. Their RBC-DHA contents decreased 

in the order Sengerema>Pare/Dutch>Maasai. The infant groups exhibited no differences in RBC-AA 

contents. The Dutch infants were younger than the Maasai and Pare infants and the Sengerema 

infants were younger than the Maasai. Comparisons of age revealed no significant differences 

between Dutch and Sengerema, Maasai and Pare, and between Sengerema and Pare. 

Table 1 :  Characteristics of mothers and infants at 3 months postpartum 

TzMaasai Tz Pare Tz Sengerema Dutch 

Mothers (n) 5 32 60 1 5  

Maternal age, years 21  ± 4 (5)b 24 ± 4 (32)b 24 ± 6 (59)b 33 ± 4 (1 5)• 

Maternal weight, kg 50.4 ± 3.6 (5)b 52.7 ± 1 1 .0 (32)b 55.0 ± 9.8 (58)b 66. 1 ± 9.7 (1 5)" 

Maternal height, m 1 .56 ± 0.06 (5)b 1 .55 ± 0.Q7 (32)b 1 .56 ± 0.06 (58)b 1 .73 ± 0.05 ( 1 5)• 

BMI, kg/m2 20.6 ± 0.2 (5) 2 1 .8 ± 4.0 (32) 22.4 ± 3.1 (58) 22.1 ± 3.2 ( 1 5) 

Fish intake, times/week 0 ± 0 (5)' 2 ± 1 (32)b 4 ±  2 (60)• 1 ± 1 ( 1 8)' 

infants (n) 5 32  60 1 5  

Infant age, weeks 1 7  ± 3 (5)• 1 5  ± 3 (32)a,c 1 3  ± 2 (60)b,c 1 2  ± 1 (1 5)b 

Gender, % male 80 (5) 44 (32) 55 (60) 50 ( 1 5) 

RBC-22:6w3 (go/o) 3.3 ± 0.8 (5)' 4.7 ± 1 .0 (32)b 6.9 ± 0.7 (60)• 4.5 ± 0.8 (1 5)b 

RBC-20:4w6 (go/o) 1 4.7 ± 2.5 (5) 1 4.4 ± 1 .9 (32) 1 4.8 ± 1 .2 (60) 1 4.7 ± 1 .5 ( 1 5)  

Values are depicted as mean ± SD (n). Means in row with superscript with an different letter differ, p<0.05. BMI, 
body mass index; RBC, red blood cell;Tz, Tanzanian tribes 

GM quality 

Figure 1 a shows that the MOS as a measure of GM quality did not differ between the four study 

groups. In addition, components 1, 3, 4 and 5 of the assessment did not differ between the 

populations (data not shown). Figure 1 b shows the number of OMP (component 2) in the 4 groups. 

The seemingly higher OMP score of Sengerema infants as compared to Pare infants was insignificant 

(p=0.059). The Sengerema infants showed higher OMP than the Dutch infants (p=0.004). There 

was no difference in the OMP score between Pare and Dutch infants (p=0.15). There were also 

no differences in the OMP between the Maasai infants and the infants of all populations, but the 

number of Maasai infants was small. 

The contributions of infant age, ethnicity and the RBC-DHA and RBC-AA contents to the MOS 

and OMP score were investigated by linear regression analysis, using backward elimination. Infant 
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Figure 1 .  Boxplots of motor optimal ity score (a) and the number of observed movement patterns (b) for infants 

l iving in Tanzan ia {Maasai, Pare, Sengerema) and The Netherlands. 0= outliers; * =  p<0.05. 

age (p=0.001) was the only significant factor that contributed to the MOS score (Table 2) . This model 
explained 11 o/o of the variation in MOS scores. Infant age and infant RBC-DHA remained in the model 
of OMP score, but ethnicity and RBC-AA were eliminated (Table 2) . There were positive relationships 
between OMP score and infant age (p<0.001 ), OMP score and infant RBC-DHA (p=0.015), but OMP 
score was not related to infant RBC-AA (p=0.946) nor to ethnicity (p=0.836). In this model, infant 
age and infant RBC-DHA content explained 16% of the variation in the OMP scores. Infant age alone 
explained 11% of the OMP score. 

Table 2: Multiple l inear regression model explaining MOS and OMP 

MOS Variable Coefficient B 95% (1  p R2 

Model Infant age 0.247 0.1 06 - 0.389 0.001 0.1 1 

OMP 

Model I nfant age 0.271 0. 1 36 - 0.406 <0.001 0.1 6 

iRBC-DHA 0.304 0.061 - 0.547 0.0, 5 

MOS, motor optimality score; OMP, observerd movement patterns; Cl, confidence interval; iRBC-DHA, infant red 
b lood cel l  docosahexaenoic acid; R2, determination coefficient. 

DISCUSSION 
We investigated GM quality in 3 months old exclusively breastfed infants from populations 
that differed in geographical location and ethnicity but, most importantly, in fish intakes. The 
maternal diets were characterized by fish intakes ranging from low (Maasai), low-intermediate 
(Dutch), intermediate (Pare) and high (Sengerema). This order of fish intake became confirmed 
by the between-group differences in infant RBC-DHA contents in the order Sengerema>Pare/ 
Dutch>Maasai. The study groups did not differ in RBC-AA contents. The MOS, as measured by the 
'Assessment of motor repertoire' of the GM Trust 20001 1 , revealed no between-group differences, 
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but we did find differences in the number of OMP, which is a MOS sub score. The OMP was higher 

in Sengerema infants (high fish) as compared with Dutch infants (low-intermediate fish), but was 

insignificant (p=0.059) compared with the Pare (intermediate fish). No differences were found 

between Sengerema and Maasai infants (low fish), but the study number of the latter group was 

low. MOS score showed an association with infant age. OMP proved positively related to both infant 

age and infant RBC-DHA, but ethnicity and RBC-AA did not contribute to GM quality in a linear 

regression analysis. 

We found that DHA status related positively to the OMP score. A higher OMP outcome 

indicates a larger variety in movement repertoire. The number of OMP increases with age, which 

may imply that a higher OMP score indicates a more advanced neurodevelopmental status and 

may discriminate between sufficient and optimal motor development. As yet, the variety of the 

movement repertoire, as indicated by the number of OMP, has not been employed as a predictor 

to the neurological outcome at later age. However, monotony of the motor repertoire, in which 

case the number of OMP is often also decreased, is associated with development of complex minor 

neurological dysfunction at later age in preterm infants1 0•1 1 • 

There is little information on the GM quality of infants born to mothers with different steady 

state LCP intakes. Although we found a positive association between OMP score and infant RBC

DHA in the current study, DHA supplementation during pregnancy and lactation was associated 

with increased occurrence of mildly abnormal GMs (assessed by a different method;21 ) in an earlier 

study 13. The effect of DHA supplementation on GM quality in this study might be explained by the 

influence of a short time LCPw3 intervention on the LCPw3/LCPw6 balance in brain areas that are 

sensitive to LCPw3 vs. LCPw6 competition. Taken together these data suggest that the DHA vs. AA 

balance in competition sensitive organs might influence neurological development. This notion is 

supported by the observation that a lower neonatal AA status was related to a mildly abnormal 

neurological outcome in 3 months old infants1 4•22 and the uniformly high infant RBC-AA at birth 1 5 

and at 3 months postpartum 16• The observation of intrauterine 'biomagnification' of DHA at low 

maternal DHA status and 'bioattenuation' of DHA at high maternal DHA status1 5 suggests that 

intrauterine competition of preformed DHA with AA becomes somehow prevented, while the 

subsequent DHA surge via the milk1 6 indicates that DHA status becomes even more important after 

birth23• Concertedly, these processes might aim at a certain intrauterine fetal AA vs. DHA balance 1 5, 

that after birth shifts to a different set point characterized by relatively higher DHA. 

The observation that OMP, but not MOS, relates to DHA status, may indicate that DHA status is 

notably related to motor development. The brain motor cortex is involved in the programming and 

performance of movements and is located in the rearmost part of the pre-centralis of the cortex24. 

The baboon central nervous system (CNS) DHA map24 exhibits the highest DHA contents in the 

pre-central is of the cortex. The pre-central is has shown to be sensitive to DHA intake, since the pre

central cortex of baboon neonates fed formula with DHA (0.3-1 .2 g%), had higher DHA contents as 

compared to control (0.0 g%)25• Also, the postnatal infant brain was found to be sensitive to DHA 
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intake from breast milk 26•27• In addition, in a study performed simultaneously with the present, we 

found that the brains of Sengerema infants who were stillborn or died prior to feeding contained 

higher DHA contents (8.4 go/o) and DHAIAA ratio (1.0 gig) at term28, when compared to literature 

data of Western counterparts (7.8 go/o; 0.85 gig) 29• It is therefore conceivable that the presently 

observed difference in OMP score (as indicator of motor function) between Dutch and Sengerema 

infants is explained by differences in the DHA contents of the brain, and notably in the motor cortex. 

Several animal studies have shown that w3-deficiency results in visual, cognitive, and behavioral 

deficits30, which is likely to derive from the lower brain DHA contents. For example, the variation 

in brain DHA content in rats was associated with sex-specific alterations in locomotor activity31 , 

while low rat brain DHA content was related to attention deficit hyperactivity disorder (ADHD)

like behavior32• Rhesus monkey neonates fed a DHA and AA-rich (DHA and AA both 1.0 go/o) 

formula exhibited stronger orienting and motor skills than neonates fed the standard formula33• 

In addition, associations between maternal or infant DHA status or seafood consumption and 

neurodevelopment of the offspring were shown in human studies34-36• Meanwhile, the influence 

of LCP supplementation of pregnant and lactating mothers on the neurodevelopmental outcome 

of their offspring37 and supplementation of infant formulas with LCP in preterm38-4° and term 

infants6·7.4° is at most subtle. Our results add to the growing body of literature indicating that DHA 

status is related to motor function, despite the so far negative results of many pre-and postnatal 

supplementation studies in humans6A1 -44, While placebo controlled RCTs may be appropriate for 

drug studies, a similar approach becomes increasingly criticized for application in nutrition research, 

because of the difficulty i) to address the many functions of a single nutrient, ii) to study the many 

possible interactions with other nutrients, and iii) to research dose-response relationships with hard 

clinical endpoints within reasonable time limits45• It is possible that other nutrients, such as those 

involved in 1 C metabolism46•48 or iodine (pelagic fish 52.3 µgll 00 g49; fresh water Tanzania fish 10.1 

µgll 00 g50, the latter notably relevant in infant development, might be limiting factors, and that 

the genuine lesson is that we should learn to re-appreciate that our diet is a mixture of biological 

systems that each contains a functional nutrient balance, while this level of complexity actually 

applies to the study of lifestyle in general. 

The strength of this study is the relatively broad range in infant RBC-DHA contents, resulting 

from lifelong steady-state maternal dietary DHA intakes at least in the African infants, as compared 

with the usually short term intervention studies that may not always be expected to cause a DHA 

steady state. Secondly, GM qualities were assessed through agreement of two investigators, of 

which at least one of the assessors was blind to the group assignment, although we could obviously 

not be blinded for the differences in skin color of the African and Dutch infants. The RBC-fatty 

acid composition was measured by a single method. A limitation might be that the groups have 

different sample sizes, notably the Maasai group being small. This small sample size resulted from 

the difficulty to investigate the Maasai in their bomas, where videotaping was mostly impossible. 

We could only videotape in local hospitals, which the Maasai visited rarely. Secondly, the African and 
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Dutch infants differed in age. Therefore we included age in our regression model. Many confounders 

may have attributed to the GM quality; e.g. differences in social economic status between Dutch 

and Tanzanian infants, which clearly cannot be covered by any "Western view" questionnaire. We 

therefore choose not to take any other confounders into account. The R2 of the model indicates that 

many other factors influenced the GM quality of the infants. Thus, the current associations can not be 

taken as proof for causality, because obviously many other factors might be involved. A fish is more 

complex than fish oil, or DHA, but the firm mechanistic relation between DHA and motor function in 

animal studies adds to the contention that we are dealing with an aspect of neurodevelopment that 

can be modulated by dietary means. Our suggestions should therefore be tested in larger groups of 

infants with more uniform ages. 

We conclude that the MOS and OMP score are positively related to infant age. We also conclude 

that infant DHA status is positively associated with infant neurological development under steady 

state LCP intakes. Importantly, the infants had different DHA status, but similar RBC-AA contents. 

Our finding adds to the relation between DHA status and motor neurodevelopment, but more 

studies are needed to show that this relation is indeed causal in humans. 
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Chapter 6. 1 

ABSTRACT 

Cutaneous synthesis by UVB exposure is our principal source of vitamin D. Our current clothing 

habits and reduced time spent outdoors put us at risk of the many insufficiency diseases that are 

related to vitamin D's calcemic and non-calcemic functions. Populations with traditional lifestyles 

with lifelong, year round exposure to tropical sunlight might provide us with information on 

the optimal vitamin D status from an evolutionary perspective. We measured the sum of serum 

25-hydroxyvitamin D2 and D3 [25(OH)D] concentrations of 35 pastoral Maasai (34±10 years, 43% 

male) and 25 Hadzabe hunter-gatherers (35±12 years, 84% male) living in Tanzania. They have 

skin type VI, have a moderate degree of clothing, spend the major part of the day outdoors, but 

avoid direct exposure to sunlight when possible. Their 25(OH)D concentrations were measured 

by LC-MSMS. The mean (range) serum 25(OH)D concentrations of the Maasai and Hadzabe were 

119 (58-167) and 109 (71-171) nmol/L, respectively. These concentrations were not related to age, 

gender or body mass index. People with traditional lifestyles, living in the cradle of mankind, have 

a mean circulating 25(OH)D concentration of 115 nmol/L. Whether this concentration is optimal 

under the conditions of the current western lifestyle is uncertain and should as a possible target be 

investigated with concomitant appreciation of other important factors in calcium homeostasis that 

we have changed since the agricultural revolution. 
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INTRODUCTION 

Evolutionary medicine teaches us that our genes have been selected in an environment in which 
we successfully exploited hunting and gathering strategies for survival and procreationY Since 
the agricultural (about 1 0,000 years ago) and industrial ( 1 00-200 years ago) revolutions we have, 
however, drastically changed our conditions of existence and continue to do so with still increasing 
pace. These changes cause a conflict with our slowly adapting genome that basically still resides 
in the Paleolithic era.3 Examples of such changes can be found in our current dietary composition, 
reduced physical activity, abnormal microbial flora, lack of sleep and environmental pollution.4 

T hese changes are intimately related and result in a state of disbalanced homeostasis that is likely to 
be at the basis of the pandemic of diseases of affluence.3 

Other prominent changes include our current clothing habits and reduced time spent outdoors. 
The ensuing lack of exposure to direct sunlight negatively affects our vitamin D status and thereby 
adds to the current state of disbalanced homeostasis. Cutaneous synthesis by UVB exposure is our 
principal source of vitamin D, which in reality is a prohormone with both rapid and slow effects 
that also comprise the expression of about 3% of our genes.5 Vitamin D's importance became for 
instance apparent from the loss of skin pigmentation in populations who left Africa to settle at 
higher latitudes from some 1 00,000 years ago.6 Skin depigmentation is likely to be an adaptation 
that enables vitamin D synthesis at low UVB exposure.7 

The current low vitamin D status of populations living in affluent countries is implicated in the 
many diseases that are related to the calcemic and non-calcemic functions of vitamin D, including 
rickets, osteomalacia, osteoporosis, coronary heart disease (hypertension), cancer (colorectal cancer, 
cancer of the breasts and prostate), infectious diseases (tuberculosis, influenza, HIV) and autoimmune 
diseases (type 1 diabetes, multiple sclerosis, rheumatoid arthritis).8 The optimal vitamin D status 
to prevent or treat all of these diseases is intensively debated.9 An important clue may come from 
the study of populations with traditional lifestyles who live under similar conditions of existence 
as those that shaped our genome to what it currently is. In the present study, we measured the 
vitamin D status of two traditionally living East African tribes. The members are year round exposed 
to the natural abundance of tropical sunlight. The sum of their serum 25-hydroxyvitamin D2 and 
D3 [25(0H)D] concentrations might provide us with information on a favorable vitamin D status for 
overall health from a Darwinian perspective.9 

SUBJECTS AND METHODS 

Subjects and cultural circumstances 

We studied two traditional tribes with hunter-gatherer like lifestyles; the Maasai and Hadzabe. Both 
tribes live 2-4° south of the equator in Tanzania. Both have skin types VI and neither of them use 
sunscreens. Traditionally living tribes are difficult to access and the members are often reluctant 
to participate, while proper sample conservation requires a swift operation. Several Maasai bomas 
and two Hadzabe bands (see below) were randomly selected. Subjects were recruited in their home 

1 43 

I 



Chapter 6. 1 

'vi l lages'. Once the tribe members agreed to participate in our study, a l l  present adu lts who met the 

inclusion criteria were i ncluded. Inclusion criteria were apparently healthy adu lts (> 1 6  years) who 

were non-pregnant and non-lactating. We a imed at a minimum of 30 participants per tribe and 

succeeded in the inclusion of 35 Maasai and 25  Hadzabe. We bel ieve that the selected members 

were representative for their tribes. 

The N i lotic Maasai l ive in the Maasai Steppe where they used to be pastoral ists, but their l ifestyle 

is currently better characterized as settled or semi-nomadic. The current Maasai popu lation in  

Tanza n ia is  estimated to comprise about 50.000 individua ls.1 0 The selected subjects l ive near  Ruvu 

(Lat;Lon -4. 1  °; 37.5°; mid Tanzania) and Lol iondo (Lat;Lon -2. 1 °; 35.5°; North Tanzan ia). They l ive in 

'bomas; which consist of several small mud houses belonging to one fami ly, encircled by thorn 

bushes to protect cattle and to keep out wild an imals. Daily Maasai l ife is typica l ly situated outside of 

the boma. Adolescent males take care of the cattle, wh i le the young (semi-)adult warriors typica l ly 

hang a round in the area looking after their fami l ies and protecting their cattle. Elder males ensure 

pol itica l decisions and congregate outside in sma l l  groups. Young and adult fema les m i l k  the cattle, 

col lect firewood and prepare food. Due to their  da i ly activities Maasai spend most of their days 

in the sun, wearing clothes which cover main ly their upper body and upper legs. It is important 

to notice that whenever possible, they avoid d i rect exposure to the sun and prefer a shady place 

especia l ly during midday. Their diet consists of curd led mi lk and meat, which has recently become 

replenished with uga l i  (corn porridge).11  

The Hadzabe are traditional hunter-gatherers. The current tribe is composed of about one 

thousand ind ividuals. The present study was conducted among the 300-400 who sti l l  l ive as hunter

gatherer.1 2 They l ive in smal l  bands of 1 0-30 people in the arid bush lands around lake Eyasi (Lat;Lon 

-3.7°;35 .0° North Tanzania). They a re nomadic and bui ld their shelters from local wood, leaves and 

grass. They move camp from t ime to time to find  better foraging areas. Hadzabe have no personal  

belongings. Their shelters are only used for shelter during the ra in or n ight. Their diet is composed 

of fruits, tubers, honey, meat and an occasiona l  fish from the a lka l ine  lake. Fruits and tubers a re 

gathered by the fema les and chi ldren. Men gather honey and fruits and hunt smal l  a nimals in the 

wet season and bigger game in  the dry season.  Their clothes cover mainly their upper body and 

u pper legs, or just the upper legs (in ma les). Hadzabe spend most of their days in the sun. S imi lar  

to the Maasai, they avoid di rect exposure to the fierce sun whenever possible, and most of their 

activities a re planned in the early morn ing and late afternoon, whi le spending the m iddle part of 

the day sleeping, eating or ta lking in a cooler p lace under a tree or rock.13 

Anthropometric data were col lected by measurements or questionnaires i n  Kiswahi l i  by MFL and 

RSK. Al l  subjects gave the i r  verbal informed consent, which was witnessed and formal ly recorded. 

The study was approved by the National I nstitute for Medical Research in Dar-es-Sa laam (N IMR/ 

HQ/R.BaNol. lX/1 45, dated June 1 6, 2003 and N IMR/HQ/R.BaNol. lX/800, dated April 8, 2009, and 

the extension of ethica l clearance NIMR/HQ/R.BcNol. 1 1/05) and was i n  agreement with the Hels inki 

declaration  of 1 975 as revised in 2000. 
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Samples and analyses 

About 4 ml of venous blood was collected (BD Vacutainer, Plymouth, UK) by venapuncture. The 

samples were allowed to coagulate for 30 min at ambient temperature in the dark, and subsequently 

stored at 4°C in the dark. Within 2 h after collection, the serum was isolated by centrifugation and 

stored at -20 °C on the spot. All samples were transported on ice to the University Medical Center 

Groningen (The Netherlands). Serum 25-hydroxyvitamin D2 and D3 [together referred to as 25(OH) 

D)] were determined by isotope dilution-online solid phase extraction liquid chromatography

tandem mass spectrometry (ID-XLC-MS/MS). The outcome was summed to obtain 2S(OH)D. Briefly, 

serum was pre-treated by the use of a protein disrupting buffer to dissociate the binding of 2S(OH) 

D to the vitamin D binding protein. Hexadeuterated 25(OH)D3 served as an internal standard. 

The calibration graph was prepared from dialyzed human plasma that was spiked with 0-280 

nmol/L 2S(OH)D2 and D3• On-line extraction was performed as previously described.14 The mass 

spectrometric conditions were essentially as described by Maunsell et al.1 5The method specifications 

were: level of quantification (LOQ) 4.0 nmol/L; intra-assay CV <7.2% and inter-assay CV <14.1 % for 

three concentrations between 20 and 150 nmol/L; recovery 93-98%; linearity r2 =0.9972. Accuracy 

was secured by the use of reference material from the National Institute of Standards & Technology 

(Gaithersburg, MD). 

Statistics 

Statistical analyses were performed with SPSS version 18.0 (SPSS Inc, Chicago, IL). Between-group 

differences were studied with the unpaired Student t-test at p<0.05. Between group differences in 

gender were determined with the Chi-square test. The relations of 2S(OH)D with age, weight and 

body mass index (BMI) were investigated by Spearman correlation analysis. We used commonly 

used cut-off values of 50 and 80 nmol/L 2S (OH)D 1 6•20 and the values of 100, 120 and 150 nmol/L 

2S(OH)D to construct frequency distribution graphs. 

RESULTS 

The anthropometric characteristics and serum 25(OH)D concentrations of the included Maasai and 

Hadzabe are shown in the Table. The Maasai group was composed of fewer males than the Hadzabe 

group. The Maasai were taller compared to the Hadzabe. The groups exhibited no differences in 

serum 25(OH)D. The mean serum 2S(OH)D concentrations of the Maasai were 119 nmol/L [2S(OH) 

D3 : 116.4 ± 24.7 nmol/L (mean ± SD); 2S(OH)D2: not detectable (nd) (nd - 17.3) nmol/L [median 

(range)], percentage nd: 60%] and for the Hadzabe 109 nmol/L [2S(OH)D3, 104.6 ± 28.8 nmol/L 

(mean ± SD); 25(OH)D2: nd (nd - 16.6) nmol/L [median (range)], percentage nd: 40%]. Their 2S(OH)D 

concentration was not related to age, gender, weight and BMI (data not shown). The overall 25(OH) 

D mean was 115 nmol/L with a range of 58-171 nmol/L. 

The Figure shows the serum 25(OH)D frequency distributions for the Maasai and Hadzabe. For 

the whole group, the percentage subjects with 2S(OH)D concentrations of 50-80, 80-100, 100-120, 
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120-150 and 150-175 nmol/L amounted to: 13.3, 15.0, 28.3, 33.3, 10.0, respectively. The percentages 

of subjects with serum 25(OH)D below 50, 80 and 100 nmol/L were 0, 13.3 and 28.3, respectively. 

TABLE: Anthropometrical characteristics and 2S(OH)D1 of Maasai and Hadzabe 
Maasai (n=35) Hadzabe (n=25) 

Mean SD Range Mean SD Range 

Age, years 34 1 0  1 7-65 35 1 2  1 6-57 

Gender, % ma/e2 43b 84· 

Weight, kg 59 1 1 .5 36.0-1 00.0 58 6.7 41 .0-72.0 

Height, m 1 .67· 0.08 1 .49-1 .85 1 .62b 0.08 1 .45-1 .74 

BMI, kg/m2 20.9 3.7 1 5.4-33.5 22.2 2.2 1 7. 1 -26.8 

25(OH)D (nmol/1) 1 1 9.0 26.0 58-1 67 1 09.0 28 7 1 - 1 7 1  

25(OH)D
2 

(%)2 nd nd - 1 1 .2 5.1 nd - 23.4 

1 25(OH)D, 25-hydroxyvitamin D, defi ned as 25(OH)D
2
+25(OH)D

3
; 2, percentage male; 3, median percentage 

25(OH)D
2 

of 25(OH)D. Different superscripts indicate significant differences at p<0.05. BMI, body mass index; 
nd, not detectable. 

40.0 
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Figure: Serum 25-hydroxyvitamin D frequency d istributions for the Maasai and Hadzabe. Numbers in  bars refer 
to absolute subject numbers. 
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DISCUSSION 

We investigated the vitamin D status of two traditionally living populations in East-Africa with 
lifelong exposure to abundant tropical sunlight. The mean 25(OH)D values of these populations, 
i.e. the Maasai and Hadzabe, were 119 and 109 nmol/L, respectively. None had values below 50 
nmol/L. The highest values were 167 and 171 nmol/L, respectively, which are well below the 
estimated toxicity concentrations of 250 nmol/L and >600 nmol/L.21-23 The presently encountered 
status is comparable with the 25(OH)D concentrations above 100 nmol/L as measured in Caucasian 
lifeguards who had been working for at least 4 weeks at an open air swimming pool in St. Louis 
during May and June and Hawaiians receiving more than 3 h of sun exposure per day for more than 
five days per week during at least 3 months.24•25 

The 'optimal' vitamin D status for overall health is controversial.9 Currently, the recommended 
25(OH)D concentrations by Health Authorities and other experts are diverse. Based on randomized 
controlled trials (RCTs) aiming at bone health, the Dutch Health Council recommends 25(OH) 
D concentrations above 30 nmol/L for women below 50 years and men below 70 years, and 50 
nmol/L for those above these ages.1 6  The 14th vitamin D workshop consensus concluded that an 
absolute minimum 25(OH)D concentration of 50 nmol/L is necessary in all individuals to support all 
classic functions of vitamin D in bone and mineral health.1 7 Likewise, the US Institute of Medicine 
recently advised a serum concentration above 50 nmol/L for bone health as main endpoint.1 8 Hollis 
et al. argue that the optimal concentration of vitamin D is the status from which a lactating woman 
will secrete sufficient vitamin D into her breast milk to support an adequate status of her infant. 
This maternal sufficiency status was set at a minimum of 80 nmol/L.19  Similarly, Heaney reported 
a healthy 25(OH)D concentration of 80 nmol/L.20 Authors of a recent review suggest that serum 
25(OH)D concentrations of 75-110 nmol/L provide optimal benefits for the prevention of falls and 
fractures, cardiovascular health and colorectal cancer. They also showed that in 25 RCTs mean 
serum calcium concentrations were not related to 25(OH)D at concentrations below 643 nmol/L.26 

The present study indicates a mean concentration of 115 nmol/L, as based on traditionally living 
populations with sun exposure habits that might be comparable to our African ancestors prior to 
the Out-of-Africa Diaspora. 

Whether the suggested 115 nmol/L 25(OH)D concentrations should constitute the present 
target for prevention and treatment of the diseases related to vitamin D insufficiency is uncertain. 
There is concern that a higher 25(OH)D concentration may moderately increase serum calcium 
with long term renal stone formation and soft tissue calcification, while calcium supplements with 
and without vitamin D have recently been implicated in cardiovascular disease.27•28 All of these 
potentially adverse effects might not argue against a higher vitamin D status, but rather derive from 
to other disbalances that we have introduced since the agricultural revolution, such as our currently 
low magnesium status, low vitamin K status and the present high carbohydrate and low vegetable 
and fruit intakes.29•30 Vitamin K, notably vitamin K2, plays an important role in vascular calcium 
homeostasis since vitamin K-activated matrix Gia-protein (MGP) has emerged as a potent inhibitor 
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of arterial calcifications.31  A high intake of acid-forming carbohydrates together with a low intake 

of base-forming fruits and vegetables causes a state of diet-induced low grade metabolic acidosis, 

with increased utilization of base stores which leads to calciuria with net losses of body calcium.32 

A serum 115 nmol/L 25(0H)D concentration in the current western society might therefore only be 

appropriate in the context of a concerted correction of the many other life style factors that we have 

changed in our evolutionary established calcium homeostasis. 

We conclude that people with traditional lifestyles, living in the cradle of mankind, have 

mean circulating 25(0H)D concentrations of about 115 nmol/L. Whether this concentration is 

optimal under the conditions of the current western lifestyle is uncertain, but it may serve as a 

target for further research. Such investigations should preferably be conducted with concomitant 

appreciation of the many other important factors in calcium homeostasis that we have changed 

since the industrial revolution. 
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ABSTRACT 

Purpose. Sufficient vitamin D status may be defined as the evolutionary established circulating 

25-hydroxyvitamin D [25(OH)D] matching our Paleolithic genome. 

Methods. We studied serum 25(OH)D [defined as 25(OH)D2 + 25(OH)D3] and its determinants in 

5 East-African ethnical groups across the lifecycle: Maasai (MA) and Hadzabe (HA) with traditional 

life styles and low fish intakes, and people from Same (SA; intermediate fish), Sengerema (SE; high 

fish) and Ukerewe (UK; high fish). Samples derived from non-pregnant adults (MA, HA, SE), pregnant 

women (MA, SA, SE), mother-infant couples at delivery (UK), infants at delivery and their lactating 

mothers at 3 days (MA, SA, SE), and lactating mothers at 3 months postpartum (SA, SE). Erythrocyte 

docosahexaenoic acid (RBC-DHA) was determined as a proxy of fish intake. 

Results. The mean±SD 25(OH)D of non-pregnant adults and cord serum were 106.8±28.4 and 

79.9±26.4 nmol/L, respectively. Pregnancy, delivery, ethnicity (which we used as a proxy for sunlight 

exposure), RBC-DHA and age were determinants of 25(OH)D. 25(OH)D increased slightly with age. 

RBC-DHA was positively related to 25(OH)D, notably 25(OH)D2• Pregnant MA (147.7 vs. 118.3) and 

SE (141.9 vs. 89.0) had higher 25(OH)D than non-pregnant counterparts (MA, SE). Infant 25(OH)D at 

delivery in UK was about 65% of maternal 25(OH)D. 

Conclusions. Our ancient 25(OH)D amounted to about 115 nmol/L and sunlight exposure, rather 

than fish intake, was the principal determinant. The fetoplacental-unit was exposed to high 25(OH) 

D, possibly by maternal vitamin D mobilization from adipose tissue, reduced insulin sensitivity, 

trapping by vitamin D binding protein, diminished deactivation, or some combination. 
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INTRODUCTION 

Homo sapiens is widely considered to originate from East-Africa where our genes have probably 
been selected in a land-water ecosystem1•3 that is both characterized by abundant tropical sunlight 
and a diet that is rich in brain selective nutrients4•6, including vitamin D7• To us, vitamin D is a 
prohormone that is synthesized in our skin by UV-B exposure and to a lesser extent derives from 
foods that notably originate from the water ecosystem, such as (fatty) salt water and freshwater 
fish8•9• 

Since the Out-of-Africa Diaspora, starting some 100,000 years ago1 0, we have changed the 
latitude at which we live. The concomitant lower exposure to UV-B is likely to have favored skin 
depigmentation1 1 •12 as an adaptation to the risk of vitamin D deficiency13, while other mechanisms, 
such as mobilization of vitamin D from adipose tissue14•1 5, might have enabled us to preserve an 
adequate status during winters characterized by negligible UV-B exposure and limited food sources. 
With the advent of the agricultural revolution (some 10,000 years ago) and notably the industrial 
revolution (100-200 years ago) we started to jeopardize our evolutionary established optimal 
vitamin D status that at first became clearly noted by the epidemic of rickets in the 19th century 
caused by UV-B absorbing air pollution and sunlight avoidance, but also traces back to our changing 
clothing habits, diminishing fish intake [16], a lifestyle behind glass, fear for skin cancer, sunscreen 
usage, increasing body weight without periods of prolonged fasting, a high vitamin A status 1 7, and 
probably many others. 

The current situation is that many populations with typically Western lifestyles have marginal, 
and often deficient, vitamin D status18•19 and that we increasingly recognize that this dinosaur 
molecule also has many non-classical functions next to the better known functions in systemic 
calcium homeostasis, bone metabolism and neuromuscular functioning20• Some diseases and 
conditions, such as rickets, osteomalacia, osteoporosis and muscle weakness 1 5, but also influenza21, 

have proven relations with vitamin D shortage, but most of them are as yet 'associated: including 
coronary heart disease (hypertension, heart failure), type 2 diabetes, cancer (colorectal, breasts and 
prostate), neuropsychiatric diseases (depression, Alzheimer and Parkinson's disease, schizophrenia), 
obstetric conditions (cesarian section, preeclampsia), infectious diseases (tuberculosis, H IV) and 
autoimmune diseases (type 1 diabetes, multiple sclerosis, rheumatoid arthritis) 1 5•1 8• What vitamin D 
status reduces each of these risks at best experiences an upward trend 1 5, but is heavily debated in 
view of the reigning paradigm of'evidence based medicine122•23 which in nutrition is named'evidence 
based nutrition' and by many is confused with the outcome of randomized controlled trials (RCT) 
and preferably their meta analyses24. RCTs with single nutrients and hard endpoints are inherently 
difficult to perform and have many poorly appreciated limitations25• 

Because of the lack of useful information from RCTs, current establishments of dietary reference 
intakes are dominated by the 'precautionary principle'26, implying that they are notably inspired 
by arguments pointing at vitamin D's toxicity such as experienced after the second World War in 
children 1 5 and nowadays largely attributed to the Williams syndrome and CYP24A 1 mutations27• 
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Others concerns include hypercalcemia/hypercalcuria [18], kidney stone formation28•29, vascular 

calcification30•31 , retarded growth1 5 and the higher mortality rate associated with a vitamin D status 

ranging from about 75-120 nmol/L 1 5•32, while a higher risk of skin cancer, melanoma included33, 

argues against augmentation of the vitamin D status by sunlight exposure. Taken together, the 

rapidly expending information from non-RCT based studies pointing at the benefits of a vitamin 

D status beyond the currently recognized >50 nmol/L 25-hydroxyvitamin D [25(OH)D] 1 5•34 is largely 

ignored for the establishment of vitamin D's dietary reference intakes35•36• 

Evolutionary medicine acknowledges that our genome is adapted to a certain environment, 

which implies that traditionally living people might provide us with valuable information on our 

evolutionary established vitamin D status. Based on studies of the hunting-gathering Hadzabe and 

the pastoral Maasai, we have previously estimated this status at 115 nmol/L 25(OH)D [37]. To further 

explore the determinants of our ancient vitamin D status, notably during the perinatal period, we 

went 'back to East-Africa: We chose five populations in Tanzania, i.e. the Hadzabe and Maasai people, 

and individuals from Same, Sengerema and Ukerewe. The Hadzabe and Maasai have traditional 

lifestyles, while the latter two have high intakes of local freshwater fish. Each of these populations 

have skin type VI. We studied the influence of pregnancy and lactation, ethnicity, age, gender, body 

mass index (BMI), and fish intake on vitamin D status. 

SUBJECTS AND METHODS 

Subjects and cultural circumstances 

All studied subjects live 2-4° south of the equator in Tanzania, have skin types VI and neither of them 

use sunscreens. We included 5 different ethnic groups, i.e. the Hadzabe, Maasai and people from 

Sengerema, Same and Ukerewe. 

The Hadzabe are traditional hunter-gatherers who live in small bands of 10-30 people in the arid 

bush lands around lake Eyasi. They are nomadic and build their shelters from local wood, leaves and 

grass. Hadzabe have no personal belongings. Their shelters are only used for protection during the 

rain or night. Their diet is composed of fruits, tubers, honey, meat and an occasional fish from the 

alkaline lake. Their clothes cover mainly their upper body and upper legs, or just the upper legs (in 

males). They avoid direct exposure to the fierce sun whenever possible, and most of their activities 

are planned in the early morning and late afternoon, while spending the middle part of the day 

sleeping, eating or talking in a cooler place under a tree or rock38• 

The Nilotic Maasai live in the Maasai Steppe where they used to be pastoralists, but their lifestyle 

is currently better characterized as settled or semi-nomadic. The selected subjects live near Ruvu and 

Loliondo. They live in 'bomas: which consist of several small mud houses belonging to one family, 

encircled by thorn bushes to protect cattle and keep out wild animals. Due to their daily activities 

Maasai spend most of their days in the sun, wearing clothes which cover mainly their upper body 

and upper legs. Also the Maasai avoid direct sun exposure whenever possible and prefer a shady 

place especially during midday. Their diet consists of curdled milk and meat, which has recently 
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become replenished with ugal i  (corn porridge)39• 

The subjects from Sengerema, Same and Ukerewe are Bantu people. Most of them were of 

low socio-economical background. Sengerema is located on the shores of Lake Victoria, the Same 

people l ive close to the Pare Mountains and Ukerewe is an  is land i n  Lake Victoria. Their i ncomes 

derive from fisheries (Sengerema and U kerewe) or agricu lture (Same).  S imi lar  to the other ethnic 

g roups, they avoid d i rect sun l ight exposure as much as possible a lthough most of the work is done 

outdoors and l i kewise their socia l  l ives happen outside. Their clothes cover basica l ly the whole 

body apart from their lower arms and faces. Their d iets a re mainly composed of vegetables, beans 

a nd fruits with ample ugal i, r ice and chapati (cornwheat pancakes). The people i n  Sengerema and 

U kerewe have high fresh water fish i ntakes, whi le the Same people eat some meat and fish. 

Anthropometric data were col lected by measurements or questionnaires in Kiswahi l i  by two of 

us (MFL and RSK). Al l  subjects gave their i nformed consent. The study was approved by the National 

I nstitute for Medica l Research in  Dar-es-Salaam (NIMR/HQ/R.8aNol. lX/1 45, dated June 1 6, 2003 

a nd NIMR/HQ/R.8aNol.lX/800, dated Apri l 8, 2009, and the extension of eth ical clearance N IMR/ 

HQ/R.8cNol. l l/05) and was in agreement with the Hels inki declaration of 1 975 as revised in 2000. 

Serum 2S(OH)D 

About 4 ml of venous blood or cord blood was col lected (BD Vacuta iner, P lymouth, U K) by 

venipuncture in coagulation tubes. The samples were a l lowed to coagulate for 30 min at a mbient 

temperature in  the dark, stored at 4°C in  the dark and processed within  2 h after col lection, on the 

s pot. The serum was isolated by centrifugation and stored at -20 °C. All samples were transported 

on ice to the University Medical Center Groningen (The Netherla nds). Serum 25(OH)D
2 

and 25(OH) 

D
3 

[together referred to as 25(OH)D)] were determined by isotope d i lution-onl ine sol id phase 

extraction l iqu id chromatography-tandem mass spectrometry (ID-XLC-MS/MS). Briefly, serum was 

pre-treated by the use of a protein d isrupting buffer to dissociate the binding of 25(OH)D to the 

vitamin D binding protein.  Hexadeuterated 25(OH)D3 
served as an  internal  standard. The cal ibration 

g raph was prepared from dia lyzed human plasma that was spiked with 0-280 nmol/L 25(OH)D2 

a nd 25(OH)D
3

• On-l ine extraction was performed as previously described40• The mass spectrometric 

conditions were essentia l ly as described by Maunsell et a l .41 .  The method specifications were: 

level of quantification (LOQ) 4.0 nmol/L; intra-assay CV <7.2% and i nter-assay CV < 1 4. 1  % for three 

concentrations between 20 and 1 50 nmol/L; recovery 93-98%; l inearity r2 =0.9972. Accuracy was 

secured by the use of reference materia l  from the National Institute of Standards & Tech nology 

(Gaithersburg, MD). 

Erythrocyte docosahexaenoic acid (DHA) 

We used red blood cel l  (RBC) docosahexaenoic acid (DHA) as a proxy of fish intake42• For RBC-DHA 

ana lysis we col lected about 4 ml EDTA-anticoagulated venous blood of the adults, and 4 ml EDTA

cord blood at del ivery (BDVacuta iner, Plymouth, UK). The samples were stored at 4°C i n  the dark and 
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processed within 2 h after collection. RBC were isolated by centrifugation and washed three times 

with 0.9% NaCl. After washing, 200 µL of the RBC suspension was transferred to a teflon-sealable 

Sovirel tube containing 2 ml of methanol/6 mol/L HCI (5:1 v/v), 1 mg butylated hydroxytoluene 

(antioxidant) and 50 µg 17:0. All samples were transported at ambient temperature to the University 

Medical Center Groningen (The Netherlands) for fatty acid analysis. Analyses of fatty acid methyl 

esters were performed by capillary gas chromatography/flame ionization detection according to 

previously described procedure [43]. RBC-DHA contents were expressed in g/100 g fatty acids (go/o). 

Data evaluation and Statistics 

Vitamin D status was reported as 25(OH)D [defined as 25(OH)D3 + 25(OH)D2], 25(OH)D3 (mean ± 

SD) and 25(OH)D
2 

[median, range, percentage of 25(OH)D]. Commonly used cut-off values of 2544
, 

5015A5 and 80 nmol/L 25(OH)D5 were applied to calculate the percentage subjects with vitamin D 

deficiency (<25 nmol/L), vitamin D insufficiency (25-50 nmol/L), hypovitaminosis D (50-80 nmol/L), 

vitamin D sufficiency (80-250 nmol/L) and risk of toxicity (>250 nmol/L). 

Statistical analyses were performed with SPSS version 18.0 (SPSS Inc, Chicago, IL). Multivariate 

analyses were carried out by multiple linear regression which allowed us to study the relationships 

between 25(OH)D and pregnancy, ethnicity, RBC-DHA, age, gender and BMI. We used the forced 

enter model. Between-group differences were studied with a one-way ANOVA with a post-hoc 

Student-T test at p<0.05. All were corrected for type-1 errors. Scatter plots and equations were made 

by the aid of curve estimation. 25(OH)D2 and 25(OH)D3 values below 5 nmol/L were qualified as not 

detectable. 

RESULTS 

Study group 

We included 367 adults and 82 infants. The study group was composed of 88 non-pregnant males 

and females: 25 Hadzabe (21 male, 4 female), 35 Maasai (15 male, 20 female) and 28 subjects from 

Sengerema (all female). Secondly, we included 139 pregnant women: 30 Maasai, 79 from Sengerema 

and 30 from Same. A third group was composed of 25 mother-infant couples at delivery (all from 

Ukerewe). The fourth group was composed of 57 mother-infant couples of which we obtained cord 

blood at delivery and maternal blood at 3 days postpartum: 6 Maasai, 28 from Sengerema and 23 

from Same. Finally, we included 58 mothers at 3 months postpartum: 28 from Same and 30 from 

Sengerema. All infants were born at term. The anthropometric data, 25(OH)D (nmol/L) and RBC-DHA 

contents (in g/100 g fatty acids; go/o) are presented in Table 1. 

In all groups 25(OH)D was remarkably high: non-pregnant adults 106.8±28.4, pregnant women 

138.5±35.0, mothers at delivery 135.9±31.8, cord blood 79.0±26.4, mothers at 3 days postpartum 

91.5±26.8 and mothers at 3 months postpartum 90.8±23.7 nmol/L. None of the subjects had 25(OH) 

D below 25 nmol/1. Of the entire non-pregnant non-lactating group 1 % and 13% had 25(OH)D levels 

<50 and <80 nmol/L, respectively. Also the percentages pregnant women with 25(OH)D <50 nmol/L 
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Table 1: Anthropometrics, serum 25(OH)D' and red blood cell docosahexaenoic acid of the studied 
populations 

Group Origin Age Weight Lenght BMI GA 2S(OH)D 25(0H)D, 2S(OH)D
2 

2S(OH)D
2 

DHA Collection date 

(years) (kg) (m) (kg/m2J (weeks) (nmol/L) (nmol/L) (%) (%)' (%)' (g%) 

mean ± range mean ± median (range)(n) median (range)(n) 
SD (n) SD (n) 

Non-pregnant 

Male Hadzabe 33 ± 1 2  60.0 ± 6.7 1 .62 ± 0.08 22.2 ± 2.2 1 06.3 ± 29.2 70.9 - 1 71 .1 102.4 ± 30.2 5.1 (nd - 1 6.6) 4.7 (nd - 23.4) 0 24 2.8 ± 0.5 April 2009 and Aug 201 O 
(21 )  (21 )  (21) (21 )  (21 )  (21 )  (21 ) (21) (7) 

Female Hadzabe 38 ± 9  55.0 ± 5.6 1 .60 ± 0.04 2 1 .8 ± 2.6 1 23.8 ± 1 04.1 - 143.0 1 1 6.5 ± 17.9 7.6 (6.1 - 8.0) 5.5 (5.4 - 7.7) 0 0 3.8 ± 0.5 April 2009 
(4) (4) (4) (4) 1 8.0 (4) (4) (4) (4) (4) 

Male Maasai 35 ± 6  64.0 ± 1 1 .5 1 .74 ± 0.04 20.3 ± 3.8 1 20.9 ± 24.0 67.3 - 1 58.0 1 1 6.3 ± 23.7 5.9 (nd • 9.9) 5.0 (nd - 9.4) 0 7 2.4 ± 0.5 Dec 2008 and June 2009 
( 1 5) (1 5) (1 5) ( 1 5) ( 15) ( 15) ( 15) ( 15) ( 13) 

Female Maasai 33 ± 1 2  54.8 ± 10.1 1 .63 ± 0.06 20.7 ± 3.6 1 1 8.3 ± 27.4 57.5 · 167.4 1 16.5 ± 26.0 nd (nd - 1 7.3) nd (nd - 1 1 .2) 0 1 0  2.6 ± 0.6 Dec 2008 s (20) (20) (20) (20) (20) (20) (20) (20) ( 19) 
Q 

Female Sengerema 30 ± 7  57.1 ± 9.3 1 .60 ± 0.06 22.3 ± 3.4 89.0 ± 22.8 3 1 .1 - 1 30.9 73.0 ± 20.6 16.4 ( nd - 3 1 . 1 )  1 7  . 3  (nd - 55.2) 4 39 6.0 ± 1 .4 July 2010  3 
(28) (28) (28) (28) (28) (28) (28) (28) (28) 5· 

All 33 ± 10 58.0 ± 9.6 1 .63 ± 0.08 2 1 .7 ± 3.3 1 06.8 ± 28.4 3 1 .1 - 1 7 1 .1 99.2 ± 30.8 6.1 (nd - 31 . 1 )  5.4 (nd - 55.2) 1 22 4.0 ± 1 .9 0 "' 
(88) (88) (88) (88) (88) (88) (88) (88) (71 )  Q 

All traditional' 34 ± 1 1  58.4 ± 9.7 1 .65 ± 0.08 2 1 .5 ± 3.2 1 1 5.1 ± 27.0 57.5 - 1 7 1 .1 1 1 1 .5 ± 26.9 nd (nd - 1 7.3) nd (nd - 23.4) 0 1 3  2.7 ± 0.7 
(60) (60) (60) (60) (60) (60) (60) (60) (43) :;· 

Pregnant 

Pregnant Maasai 26 ± 8  55.1 ± 1 .9 1 .59 ± 0.07 20.8 ± 1 .9 28 ± 8  147.7 ± 35.0 65.4 - 21 8.1 142.5 ± 33.5 2.6 (nd - 21 .0) 1 .3 (nd - 1 2.7) 0 3 3.7 ± 0.5 December 2009 5· 
(29) ( 15) (27) ( 15) (28)4 (30) (30) (30) (30) (30) 5· 

Pregnant Sengerema 26 ± 6  59.4 ± 8.3 1 .59 ± 0.Q7 23.6 ± 2.7 24 ± 7  141 .9 ± 35.2 76.3 • 262.4 1 29.7 ± 32.7 1 0.5 (nd - 67.0) 7.2 (nd - 33.1 ) 0 1 7.2 ± 0.9 February 2009 � 
(79) (77) (78) (76) (78)4 (78) (79) (79) (79) (79) � 

Pregnant Same 26 ± 5  58.1 ± 8.7 1 .58 ± 0.07 23.2 ± 3.3 29 ± 9  1 20.7 ± 28.5 45.6 · 1 68.1 1 20.5 ± 28.5 nd (nd - 6. 1 )  nd (nd - 4.8) 3 3 5.1 ± 1 .0 Oct/Nov 2008 
(30) (27) (30) (27) (30)• (30) (30) (30) (30) (29) "' � 

All 26 ± 6  58.6 ± 8.1 1 .58 ± 0.07 23.2 ± 2.9 26 ± 8  1 38.5 ± 35.0 45.6 - 262.4 1 30.5 ± 32.7 8.1 (nd - 67.0J nd (nd - 33.1) 1 2 6.0 ± 1 .7 � 
(1 38) (1 1 9) (1 35) (1 36)4 (1 38) (1 39) (1 39) (1 39) (1 39) 

g. � 
Delivery "' 

5· 
Mother Ukerewe 26 ± 7  54.6 ± 6.0 1 .57 ± 0.04 22.3 ± 1 .9 1 35.9 ± 3 1 .8 87.2 - 195.7 1 1 5.8 ± 24.9 18.0 (nd - 58.3) 1 5.7 (nd - 30.9) 0 0 8.9 ± 1 .2 July 201 0  8' 

(25) (25) (25) (25) (25) (25) (25) (25) (25) 

.... � u, 
8 "' 



Table 1 (contunued) 9 
<50 <80 RBC- ii:' 

Group Origin Age Weight Lenght BMI GA 25(OH)D 25(OH)D
3 

25(OH)D2 25(OH)D2 nmol/L nmol/L DHA Collection date ., 
0\ 

(years) (kg) (m) (kg/m2) (weeks) (nmo//L) (nmo//L) (%) (%)' (%)' (g%) t,J 

mean ± range mean ± median (range)(n) median (range)(n) 
SD (n) SD (n) 

Infant Sengerema 0 (28) 3.0 ± 0.6 80.3 ± 26.0 44.9 - 144.2 63.1 ± 24.8 14.5 (nd - 46.1 )  20.2 (nd - 5 1 .4) 7 61 6.6 ± 0.9 February 2009 
(28) (28) (28) (28) (28) (27) 

Infant Same 0 (23) 3.2 ± 0.5 68.6 ± 20.2 29.3 - 1 1 4.0 68.6 ± 20.2 nd (nd - nd) nd (nd - nd) 1 7  74 4.9 ± 1 . 1 Oct/Nov 2008 
(20) (23) (23) (23) (23) (22) 

All 0 (82) 3.1 ± 0.5 79.0 ± 26.4 26.8 - 1 76.0 68.4 ± 23.7 7.S (nd - 46.1 )  9.9 (nd - 51 .4) 9 56 6.4 ± 1 .7 
(78) (82) (82) (82) (82) (80) 

3 days PP 

Mother Maasai 23 ± 5 (5) 52.4 ± 6.3 (S) 1 .59 ± 0.07 20.9 ± 2.6 80.1 ± 27.5 38.8 - 1 1 3.2 80.1 ± 27.5 nd (nd - nd)(6) nd (nd - nd)(6) 1 7  so 3.6 ± 0.7 Oct/Nov 2008 

(5) (5) (6) (6) (6) 

Mother Sengerema 25 ± 7  54.8 ± 1 0.7 1 .56 ± 0.06 22.4 ± 3.4 91 .0 ± 22.9 50.7 - 1 3 1 .1 72.3 ± 23.4 1 7.2 (nd - 49.4)(28) 20.4 (nd - 47.2)(28) 0 39 7.1 ± 1 .1 March 2009 

(28) (25) (25) (25) (28) (28) (28) 

Mother Same 24 ± 7  57.7 ± 7.0 1 .54 ± 0.04 24.2 ± 2.0 97.6 ± 29.3 35.8 - 1 69.6 97.6 ± 29.3 nd (nd - nd)(23) nd (nd - nd)(23) 4 26 4.5 ± 1 .0 Oct/Nov 2008 

(22) (1 7) (20) ( 17) (23) (23) (23) 

All 25 ± 7  55.6 ± 9.1 1 .55 ± 0.06 22.9 ± 3.1 91 .5 ± 26.8 33.0 - 169.6 82.3 ± 28.8 nd (nd - 49.4)(57) nd (nd - 47.2)(57) 4 30 5.7 ± 1 .8 

(55) (47) (SO) (47) (57) (57) (57) 

3 monthsPP 

Mother Sengerema 24 ± 6  54.7 ± 9.8 1 .56 ± 0.06 22.3 ± 3.0 99.3 ± 20.9 4 1 .8 - 1 38.7 86.9 ± 1 7.5 1 2.7 (nd - 30.3)(30) 1 2.8 (nd - 22.3)(30) 3 20 6.5 ± 0.7 February 2009 

(30) (30) (30) (30) (30) (30) (30) 

Mother Same 25 ± 4  53.0 ± 1 2.4 1 .55 ± 0.06 22.1 ± 4.6 81 .8 ± 23.5 48.1 - 160.3 80.5 ± 23.3 nd (nd - 1 0.8)(28) nd (nd - 22.4)(28) 1 1  so 3.5 ± 0.8 Oct/Nov 2008 

(23) (23) (23) (23) (28) (28) (28) 

All 24 ± 5  54.0 ± 1 1 .0 1 .56 ± 0.06 22.2 ± 3.7 90.8 ± 23.7 48.1 - 1 60.3 83.8 ± 20.6 5.5 (nd - 30.3)(58) 5.7 (nd - 22.4)(58) 7 37 6.5 ± 0.7 

(53) (53) (53) (53) (58) (58) (58) 

Data are in mean ± SD (n) or median (range). ', 2S(OH)D, 25-hydroxyvitamin D, defined as 2S(OH)D2 
+ 25(OH)D3

; ', percentage of subjects within the investigated population with 2S(OH)D <50 or <80 nmol/L; 1, joint data of the 

Hadzabe and Maasai; •, mean gestational age of the total group. BMI, body mass index; GA, gestational age; RBC-DHA, red blood cell docosahexaenoic acid; PP, postpartum. 
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(1 %) and <80 nmol/L (2%) were low, although during lactation higher percentages were found (7% 
<50 nmol/L and 37 % <80 nmol/L). At birth, 9% of the infants showed 25(OH)D <50 nmol/L and 
56% <80 nmol/L. We found that 25(OH)D2 was significantly lower as compared to the 25(OH)D3 in 
all groups (all comparisons p<0.01 ). 

Indicators of serum 25{0H)D 

Multivariate linear regression analysis, in which only adults were included, revealed that pregnancy 
(p<0.001 ), delivery (p=0.002), ethnicity (p=0.001 and p=0.004 for Maasai and Hadzabe respectively), 
RBC-DHA (p=0.003), and age (p=0.014) related positively to the 25(OH)D concentration (Table 2). No 
relations between 25(OH)D and gender or BMI were found. Multivariate linear regression models 
with backward regression revealed similar results. 

We also investigated the determinants of 25(OH)D2 and 25(OH)D3 separately. RBC-DHA (p<0.001) 
and ethnicity (Same p<0.001 and Maasai p=0.017) were determinants of 25(OH)D2 (Table 2) whereas 
pregnancy (p<0.001 ), delivery (p<0.002), ethnicity (p<0.001 and p=0.001 for Maasai and Hadzabe, 
respectively), RBC-DHA (p=0.034) and age (p=0.040) were determinants of 25(OH)D3 (Table 2). We 
investigated the most relevant determinants of 25(OH)D separately in non-pregnant adults. 

Table 2. Determinants of vitamin D status 

25(OH)D 25(OH)D
2 

25(OH)D
3 

Determinant B 95 % CI p B 95 % CI p B 95 % CI p 
Pregnant1 40.4 (28.80 to 52.02) .000 -2.8 (-6.08 to 0.5 1 )  .097 43.4 (32.22 to 54.56) .000 

Maasai3 28.3 (1 1 .26 to 45.37) .001 -5.9 (-1 0.75 to 1 .07) .01 7 34.1 ( 1 7.73 to 50.54) .000 

Delivery1
•
2 28.9 (1 1 .09 to 46.72) .002 1 . 1  (-3.94 to 6.1 8) .663 27.4 ( 1 0.3 to 44.56) .002 

RBC-DHA (go/o) 5.2 ( 1 .77 to 8.61 ) .003 1 .7 (0.7 to 2.65) .001 3.6 (0.27 to 6.85) .034 

Hadzabe3 34.6 ( 1 0.94 to 58.30) .004 -4.8 (-1 1 .49 to 1 .96) . 1 64 39.4 ( 1 6.57 to 62.1 4) .001 

Age (years) 0.6 (0. 1 3  to 1 08) .014  0.1 (-0.04 to 0.23) . 1 57 0.5 (0.02 to 0.94) .040 

Male gender -1 0.7 (-27.46 to 6.1 3) .2 1 2  -1 .3 (-6.03 to 3.5 1 )  .604 -9.6 (-25.75 to 6.55) .243 
BMI (kg/m2) -0.7 (-1 .75 to 0.4 1 )  .222 -0.2 (-0.47 to 0.1 4) .288 -0.5 (-1 .56 to 0.5 1 )  .3 1 7  
3 months 4.6 (-8.48 to 1 7.69) .489 -0.7 (-4.4 to 3.03) .71 8  5.1 (-7.48 to 1 7.69) .425 
postpartum 1 

3 days postpartum 1 2.3 (-1 1 .71  to 1 6.28) .748 1 .5 (-2.49 to 5.46) .463 0.6 (-1 2.84 to 14.09) .927 
Same3 -1 .1 (-1 3.1 2 to 1 0.89) .855 -9.9 (-1 3.31 to -6.5) .000 8.7 (-2.9 to 20.2) . 141 

25(OH)D, 25-hydroxyvitamin D, defined as 25(OH)D2 + 25(OH)D3 
Cl confidence interval, BMI body mass index 
1 Non-pregnant as reference; 2 Only applicable to Ukerewe; 3 Sengerema as reference 

Age and ethnicity 

Multivariate linear regression analysis, using all adult samples, showed a positive relation with age. 
Figure 1 shows the relation between age and 25(OH)D in the non-pregnant adults. The regression 
line was: 25(OH)D (in nmol/L) = 0.9*age (in years) + 73.3; R2=0.08, p<0.001. It should be noted 
that the 25(OH)D range was wide and the number of subjects in the higher age group was small. 
Removal of the single subject at age 65 conserved the positive relationship [25(OH)D (in nmol/L} = 
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Figure 1. Age-dependency of 25-hydroxyvitamin D in non-pregnant adults in Tanzania. 

25(0H)D, 25-hydroxyvitamin D; "', Maasai; +, Hadzabe; ■, Sengerema; 0, Same; *, Ukerewe. 

0.8*age (in years) + 75.8; R2=0.062, p<0.001 ]. Age and 25(OH)D3 proved positively related, but this 

was not the case for age vs. 25(OH)D2 (Table 2). 

In the multivariate models, Maasai and Hadzabe origin related positively to 25(OH)D and 25(OH) 

D3• Maasai and Hadzabe (males and females taken together) had higher 25(OH)D than Sengerema 

women (p values <0.001 and 0.016, respectively) (Table 1 ). 25(OH)D3 of the Maasai and Hadzabe was 

also higher as compared to Sengerema (both p<0.001 ), while 25(OH)D2 was higher in Sengerema 

than in Maasai and Hadzabe (both p<0.001 ). 

Fish consumption 

Serum levels of 25(OH)D, 25(OH)D2 and 25(OH)D3 related positively to the RBC-DHA content (Tables 

1 and 2). The relation of 25(OH)D2 with RBC-DHA in non-pregnant adults is shown in Figure 2 [25(OH) 

D2 (in nmol/l) = 3.2*RBC-DHA (in go/o) - 7.1; R2=0.394, p<0.001]. This relation was notably on account 

of Sengerema (high fish intake from Lake Victoria), but was not found in Same (intermediate fish 

intake, different location) and the Maasai and Hadzabe. Also 25(OH)D3 correlated positively with 

RBC-DHA in non-pregnant adults (Table 2, p=0.034). 

Pregnancy, delivery and lactation 

In the multivariate models, pregnancy proved positively related to both 25(OH)D and 25(OH)D3• The 

25(OH)D concentrations of Sengerema, Same, and Maasai women during pregnancy are graphically 

depicted in Figures 3A-C, respectively. Data of the three trimesters were compared with those of 
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Figure 2. Relation of serum 25-hydroxyvitamin D2 with red blood cell docosahexaenoic acid in non-pregnant 
adults in Tanzania. 
25(0H)D2, 25-hydroxyvitamin D2; RBC-DHA, red blood cell docosahexaenoic acid (a proxy for fish intake in 
g/1 00 g fatty acids; go/o). Data were pooled for populations with no or low fish intakes (•; Hadzabe, Maasai), 
intermediate fish intake (□; Same) and those with high fish intakes (□; Sengerema). 

non-pregnant women and counterparts at 3 days postpartum. Data from the women at 3 days 
postpartum were compared with those of women at 3 months postpartum. In the largest group 
of Sengerema women (Figure 3A), 25(OH)D of women in the 2nd and 3rd trimesters were higher 
compared with counterparts who were non-pregnant or at 3 days postpartum (both p<0.001 ). 
H igher 25(OH)D in the 2nd and 3rd trimester compared to 3 days postpartum was confirmed in the 
smaller data sets from Same (only 3rd trimester) and the Maasai (Figure 3B, p=0.009; and Figure 3C, 
p=0.004 and p<0.001, respectively). Pregnant (3rd trimester) Maasai exhibited higher 25(OH)D than 
non-pregnant Maasai (p=0.015). Neither of the pregnant groups exhibited relationships of 25(OH) 
D with gestational age. We found that 25(OH)D and 25(OH)D3 did not differ between 3 days and 3 
months postpartum. 

Mother-infant 25(0H)D relations 

For the samples collected in Ukerewe at delivery, we found a linear relation between maternal 
and infant 25(OH)D concentrations (not depicted; graph forced through zero; maternal 25(OH)D = 
0.65*infant 25(OH)D; R2=0.125, p=0.022). There was also a relation between the maternal 25(OH)D at 
3 days postpartum and infant 25(OH)D at delivery for the joint data of Maasai, Sengerema and Same 
mother-infant pairs [maternal 25(OH)D = 0.78*infant 25(OH)D; R2=0.330, p<0.001 ]. 
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Figure 3. Serum 25-hydroxyvitamin D of non-pregnant females, pregnant females in their 1 't, 2nd and 3rd trimester, 
and lactating mothers at 3 days and 3 months postpartum in Sengerema (A), Same (B) and the Maasai (C). 
25(OH)D, 25-hydroxyvitamin D; NP, non-pregnant; 3 d PP, 3 days postpartum; 3 mo PP, 3 months postpartum. **, 
significance at p<0.001 ,  *, significance at p<0.05. 

DISCUSSION 

We investigated determinants of vitamin D status across the lifecycle in various East-African 

populations. Among the most remarkable findings were: i) the high mean 25(OH)D levels of the 

entire study population (in nmol/L: non-pregnant adults 106.8, pregnant 138.5, mothers at delivery 

135.9, cord blood 79.0, mothers at 3 days postpartum 91.5 and mothers at 3 months postpartum 

90.8; Table 1 ), ii) the higher mean 25(OH)D concentrations in pregnant women in the 2nd and 3th 

trimesters compared to non-pregnant counterparts (138.5 vs. 106.8 nmol/L; Table 1 ), and iii) the 

rapid postpartum fall of 25(OH) at <3 days after delivery in all 3 groups (Table 1 ;  Figures 3A-C). The 

mean 25(OH)D concentration of all non-pregnant adults in this study was similar to the vitamin D 

status of Brazilian children living close to the equator [106 and 1 08 nmol/L in summer (September

March) and winter (April-August), respectively;48] . We encountered no cases with 25(OH)D <25 

nmol/L (Table 1 ), which is the widely used cut-off for vitamin D deficiency44• In contrast, vitamin D 

deficiency is prevalent in many Western countries among elderly but also in younger age groups49• 

The highest value was 262 nmol/L in a pregnant woman in Sengerema. This value is just above the 

conservative 250 nmol/L cut-off for toxicity«. 
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Fish consumption 

Fish consumption constitutes a major source of dietary vitamin D in many countries18•50•5 1 • We have 
no information on the vitamin D contents of the fish eaten by the study populations, but estimated 
the amounts that should be consumed to reach the current vitamin D status. Hollis et al.52 observed 
that a daily 4,000 IU supplement during the last two trimesters of pregnancy increased the 25(OH) 
D levels from 58.2 to 111.0 nmol/L, which implies an increment of 0.53 nmol/L per µg supplemental 
vitamin D. Using this figure and the currently encountered mean of 138.5 nmol/L 25(OH)D during 
pregnancy in Tanzania, one may estimate that these women would have to consume 3.4 kg/day 
of pelagic fish (mean of 7.72 µg vitamin D/100 g;9), if their vitamin D status derived solely from the 
principal dietary source that is available to humans. With the more often used increment of 0.7 
nmol/L 25(OH)D per µg supplemental vitamin D for non pregnant subjects47, the presently studied 
non pregnant subjects with a mean 25(OH)D of 106.6 nmol/L would have to consume 2.0 kg fish/ 
day. 

To further investigate the contribution of vitamin D in fish, we used the RBC-DHA content 
as a proxy of fish intake because aquatic food is the principal determinant of our DHA status. In 
agreement with this notion, RBC-DHA was higher in the sequence Ukerewe, Sengerema (high fish 
intake) > Same (intermediate fish intake) > Maasai, Hadzabe (no or little fish intake)53•54 (Table 1 ). We 
found relations of 25(OH)D2 with RBC-DHA (Figure 2) and of 25(OH)D3 with RBC-DHA (Table 2). A 
relation between n-3PUFA in RBC and 25(OH)D was previously reported in South Korea55• The high 
vitamin D status in Tanzania and the limited contribution of 25(OH)D that might be expected from 
the consumption of fresh water fish9 or milk render it likely that cutaneous vitamin D3 synthesis 
overshadows its dietary intake. Since plankton and zooplankton may contain both ergosterol 
(provitamin D2) and 7-dehydroxycholesterol (provitamin D), it is conceivable that in these 
populations some 25(OH)D2 and 25(OH)D3 derive from fish. However, the Same people exhibited 
the lowest 25(OH)D2 levels, although they have intermediate fish intake with clearly higher median 
RBC-DHA than the Maasai and Hadzabe who have no or little fish intake (Table 1 ). It is therefore 
possible that other vitamin D2 sources contributed to the high 25(OH)D2 levels in the people from 
Sengerema and Ukerewe, such as fungi, yeasts or algae56•57, and that these sources notably enter the 
human food chain in the Lake Victoria environment. 

Ethnicity and age 

The Maasai and Hadzabe in the non-pregnant group had higher 25(OH)D compared with Sengerema 
(Table 1 ). The underlying association of vitamin D status with ethnicity (Table 2) is most probably 
caused by different cultural and behavioral habits, notably exposure time to the abundant sunlight 
and clothing habits, as also suggested by their distinct 25(OH)D vs. RBC-DHA relations (Table 1). 
The observed between-group differences are unlikely to be explained by season, since there is little 
variation in seasonal sunshine around the equator (see also limitations). The Maasai and Hadzabe 
are pastoralist and hunter-gatherers, respectively, who, because of their daily activities, spend the 
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major part of the day outdoors while they also wear less clothes compared to the Bantu populations 

in Sengerema, Same and Ukerewe37• 

Pregnancy 

Pregnant women in Sengerema and pregnant Maasai had higher 25(OH)D concentrations compared 

to non-pregnant counterparts (Figure 3A and C, respectively). This observation contrast with data 

from other studies reporting unaltered or even lower 25(OH)D levels during pregnancy58·61 • One 

longitudinal study with pregnant women taking a 10 µg vitamin D/day prenatal supplement for 

�9 months showed higher 25(OH)D in the third trimester (about 118 nmol/L) as compared to non

pregnant controls (80 nmol/L)62• On the other hand a study with Saudi women showed a 25(OH) 

D decrease during pregnancy from 54±10 nmol/L in the first trimester to 33±8 nmol/L by the third 

trimester and 35±11 nmol/L at term63• It is well known that during pregnancy the circulating vitamin 

D binding protein (DBP) level increases as a response to the increasing estrogen concentrations62.64. 

In the light of the circulating volume expansion in pregnancy and the higher serum vitamin D 

binding capacity, the presently encountered higher 25(OH)D concentration represents a genuinely 

increased circulating 25(OH)D pool size, that occurs in the context of continuing 25(OH)D losses 

via transplacental passage and with no indications of altered dietary habits, sunlight exposure or 

confounding influence of season. Reduced conversion to l ,25(OH)p is unlikely since l ,25(OH)p 

levels double early in pregnancy to remain at these levels until delivery, which has been attributed 

to an increased production rate1 5•59• 

In search of an explanation for the higher circulating 25(OH)D, we consider it likely that the 

25(OH)D surplus originates from enhanced vitamin D mobilization from adipose tissue stores. 

Moderate weight loss without changing vitamin D intake or sun exposure is indeed associated with 

higher 25(OH)D levels1 5• 14• In pregnancy, enhanced adipose tissue mobilization is caused by the 

reduced insulin sensitivity65•89• Any mobilized vitamin D from adipose tissue might become trapped 

in the circulation by DBP, of which the concentration increases during pregnancy. In this context, 

the above mentioned 25(OH)D increase to 118 nmol/L in the third trimester by Cross et al.62 might 

find its origin in improved vitamin D stores due to the supplement, while the decreasing 25(OH)D 

levels from 54 to 35 nmol/L in the pregnant Saudi women63 is likely to have occurred in the context 

of seriously depleting maternal vitamin D stores. 

Finally, it is also possible that we are dealing with increasing 25(OH)D and l ,25(OH)p half lives. 

Both of these become deactivated by 24-hydroxylation27, which is catalyzed by 24-hydroxylase 

(CYP24A 1 ). It has been shown that the placental CYP24A 1 gene is downregulated by promoter 

methylation, suggesting epigenetic regulation mechanisms to maximize the availabilities of 25(OH) 

D and 1,25(OH)p at the fetomaternal interface66• Whatever the underlying mechanism, it seems 

that pregnancies in Tanzania occur at higher exposure to 25(OH)D when compared to most Western 

countries with as yet poorly known effects on the mother, development of the fetal brain67•68 and 

immune system69, childhood respiratory tract infections70 and bone health at elderly age71 • 
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Postnatal maternal 25(OH)D decrease 

We found that the maternal 25(OH)D levels decreased sharply after delivery. This observation is in 
line with previous studies showing a rapid 25(OH)D decline after delivery59•72• Explanatory factors 
might be the rapid return to the pre-pregnancy circulating volume and discontinued 25(OH)D 
losses by transplacental passage, but these would rather cause a 25(OH)D increase. T he 25(OH) 
D decline might relate to the rapidly dropping estrogen levels and a concomitant drop of the 
DBP concentrations72 resulting in a return to the pre-pregnancy serum-adipose tissue vitamin D 
equilibrium. The half life of DBP is indeed very short (2.5-3 days)64. However, at any time only 1-2% of 
the DBP sterol-binding sites are occupied64, which implies that the vitamin D and 25(OH)D binding 
capacities are huge, and that the observed 19-46% 25(OH)D decline in the various populations 
seems unlikely to be explained by a decreasing 25(OH)D binding capacity. The very rapid postnatal 
maternal 25(OH)D decline does not comply with a 25(OH)D half life of 2-3 weeks73 either, suggesting 
that other mechanisms might also be operational. It is also possible that the decline might in part 
relate to the well known rapid postnatal restoration of maternal insulin sensitivity, which abolishes 
the continuous adipose tissue lipolysis of the third trimester65, with a concomitant decline of vitamin 
D mobilization and subsequent 25(OH)D synthesis. Other likely options are losses of both vitamin 
D and 25(OH)D via breastfeeding 74, while a rapid postnatal abolition of the epigenetic silencing of 
CYP24A 1 with concomitant augmentation of 25(OH)D deactivation should also be considered. 

Limitations 

This study has many limitations. First, we had no objective measurements that could, beyond doubt, 
exclude the influence of many other personal and environmental factors determining circulating 
25(OH)D75• Although we documented the inclusion dates, we did not perform statistical analysis 
with season as a variable. The short and long rainy periods might be more important to vitamin D 
synthesis capacity: these are variable, last for minutes or hours rather than days, and are interspersed 
with sunny days and periods. We also had no information on the actual amounts of vitamin D in the 
diet, fish included. Second, the 25(OH)D data during pregnancy did not derive from the monitoring 
of pregnant women, although we interpreted them in terms of a longitudinal study. Because of 
logistic reasons, the local execution of a longitudinal study is difficult, but will probably provide 
more detailed insight because of its higher parametric power. 

CONCLUSIONS 

Our data suggest that the ancient vitamin D status was much higher than presently encountered 
in Western countries and that abundant sunlight was the principal source. Our ancient vitamin 
D status might have been higher during pregnancy and have normalized rapidly after delivery, 
suggesting that the feta-maternal unit was exposed to an even higher vitamin D status than 
encountered in non-pregnant conditions. The current about 150 nmol/L 25(OH)D is likely to be a 
target for Western populations, but needs to be investigated in more detail for its long term safety 
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because of the many other lifestyle changes that have occurred since the agricultural and notably 
industrial revolutions37•76• 
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Chapter 7 

SUMMARY 

This thesis reports on studies in the Nutritional Science, that have been conducted from an 

evolutionary prospective. In chapter 1 we illuminate the basic principles of Evolutionary Medicine, 

that predicts that many, if not all, diseases of civilization are caused by a mismatch between our 

rapidly changing environment and our ancient genome. We are currently dealing with a conflict 
between our man-made environment and our genome, which for the greatest part still resides in the 

Paleolithic era (2.5 million years-10,000 years ago). There is good evidence that a great part of our 

evolution occurred in locations where the land meets with water. Our diet is an important part of 

our environment and insight into the nutritional status of traditionally living populations might 

consequently provide us with important information that could be of use in both Public Health and 

Health Care. 

In this thesis we focused on two nutrients of which the status is likely to have become 

jeopardized by our current Western lifestyle. These are the essential fatty acids, notably the long

chain polyunsaturated fatty acids (LCP), and vitamin D, which are both abundantly available in the 

land-water ecosystem. The optimal LCP and vitamin D status is still subject of debate. In order to 

find populations that were minimally influenced by the agricultural and industrial revolutions we 

returned to the cradle of mankind. That is: we went 'back-to-Africa: 

Long chain polyunsaturated fatty acids (LCP) 

Docosahexaenoic acid (DHA; 22:6w3), eicosapentaenoic acid (EPA; 20:5w3) and arachidonic acid 

(AA; 20:4w6) are constituents of membrane phospholipids and precursors of various classes of 

potent regulatory molecules such as prostaglandins, thromboxanes and leukotrienes (collectively 

named eicosanoids), and of resolvins, neuroprotectins and ma resins. The maternal LCP status prior 

to conception and during pregnancy and lactation, and also infant nutrition during early life, are 

important for pregnancy outcome, and for child growth and neurodevelopment. Low LCPw3 status, 

notably of EPA and DHA, is e.g. involved in obesity, cancer, coronary artery disease, hypertension, 

diabetes mellitus, schizophrenia, depression, Alzheimer's disease and various auto-immune 

diseases. 

Nutritional habits of the investigated populations 
We studied traditional rural African populations with different levels of fish consumption. The 

selected populations live in Tanzania and have low (Maasai}, intermediate (Pare), or high (Sengerema) 

intakes of freshwater fish. All three populations are characterized by the consumption of diets that 

are constrained in their varieties by the availability of the food products that can be procured in their 

immediate environments. 

The Maasai live in the Maasai Steppe that stretches from the Kenyan border into the far south 

ofTanzania. The Maasai is a population of Nilotic pastoralist. Their life is centered on their cattle and 

their diet is composed of curdled milk and meat. It has recently become replenished with some ugali 
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(corn porridge). Consumption of fish is uncommon in this population, since it is considered inedible 
due to religious believes. The second population was composed of the agricultural people from the 
Bantu tribe Sambaa and Pare, deriving from the Pare Mountains. Their diet is mainly composed of 
vegetables, beans and fruits with ample ugali, rice and chapatti (cornwheat pancakes), and some 
meat and fish. Fish is obtained from the nearby lakes of which the closest is at some 30 kilometers 
distance. Their fish consumption is estimated at 2-3 times/week. The third ethnic group is a Bantu 
population from Sengerema (south shore of lake Victoria), who derive their incomes from fisheries. 
Apart from the abundant consumption of fresh water fish (4-5 times/week), they consume ugali, 
muhogo (cassava root) and plantain (baked banana). Part of the data derives from Ukerewe, which 
is an island in lake Victoria. The inhabitants of Ukerewe consume fish more than 7 times/week. Next 
to the abundant consumption of fish, they also consume ugali, muhogo (cassave root), beans and 
plantain (baked banana). Interestingly, one of the locally most abundant fish species (a sardine; 
scientific name Rastrineobola argentea) is eaten as butter to bread. It is not considered as a fish by 
these people, but as a vegetable. 

DHA and AA in the perinatal period and across the life cycle 
The low LCPw3 status in Western countries becomes reflected by the declining maternal DHA status 
during pregnancy and lactation and by 'biomagnification� The latter is the higher infant DHA status, 
as compared to maternal DHA status, that is encountered in many Western mother-infant pairs at 
delivery. 

In chapter 2a we investigated the maternal and infant erythrocyte (RBC) DHA and RBC-AA 
contents during pregnancy, at delivery and during the first three months of exclusive lactation in 
Maasai, Pare and Sengerema. We were notably interested to see whether 'biomagnification' also 
occurs at lifelong high fish intake and whether a high fish intake prevents a postpartum decline of 
infant and maternal DHA status. We collected blood, isolated the RBC and analyzed the RBC fatty 
acid (FA) composition by capillary gas chromatography. The study population was composed of 14 
women during the first trimester, 103 women during the second trimester and 88 women during 
the third trimester. We also analyzed RBC from 63 mother-infant pairs at delivery and 103 other 
mother-infant pairs after 3 months of exclusive lactation. 

At delivery, infants showed higher RBC-AA compared to their mothers. This biomagnification 
of RBC-AA proved independent of the maternal AA status. The underlying mechanism may aim at 
a uniform infant AA status during pregnancy and emphasizes the importance of a certain intra
uterine AA status. After delivery, maternal RBC-AA increased consistently during three months of 
exclusive breastfeeding, and was accompanied by a drop in infant AA status. All of these changes 
might reflect the transition of the infant's AA status to adult proportions and the return of the 
maternal AA status to that of the pre-pregnancy state. 

The DHA status of mother and infant were intimately related and strongly dependent on the 
DHA intake from fish. The maternal DHA status seems unaltered during pregnancy. Analogous to 
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observations in Western countries we found that intra-uterine biomagnification of RBC-DHA does 
occur, but only up to a maternal RBC-DHA of about 6 go/o. Beyond this turning point, infant RBC-DHA 
was mostly /ower than maternal RBC-DHA suggesting bioattentuation rather than biomagnification. 

We therefore suggest that biomagnificantion is probably a sign of insufficient LCPw3 status in the 
feta-maternal unit, that results in maternal depletion and the behavior of the fetus as a parasite. The 
currently found 'bioattentuation' may on the other hand aim at the inhibition of transplacental DHA 
passage, possibly to prevent undesired competition of abundant DHA with AA. The prevention of 
DHA competition with AA in the fetal period may be important since fetal AA is, among many other 
functions, implicated in growth. 

We found that a maternal RBC-DHA of about 6 go/o predicts maternal-fetal equilibrium at 
delivery. However, during the first three months of exclusive lactation, maternal RBC-DHA decreased 
consistently in all mothers, suggesting an even higher infant RBC-DHA need during lactation, as 
compared to pregnancy. Compared with delivery, the infant RBC-DHA at three months postpartum 
was lower in Maasai infants, equal in the Pare infants and higher in Sengerema infants. Obviously, 
there is a postnatal DHA surge via the milk, that occurs at the expense of the mother, independent of 
her LCPw3 status. Despite this surge, the lactating Maasai mothers (no fish) were unable to increase 
the DHA status of their infants, while the lactating Sengerema mothers (high fish) increased their 
infant RBC-DHA levels to those encountered in the Sengerema adults. Consequently the lactating 
Maasai women might have become seriously DHA depleted, which in Western mothers is associated 
with risk of postpartum depression. A rapid accretion of the infant DHA status after birth might 
especially be of importance for the infant's brain growth and development. Brain regions with 
high DHA contents are intimately related to motor function. This would be consistent with the 
notion that motor functioning is of less importance in the intrauterine period as compared with 
extrauterine life. 

A postnatal infant RBC-DHA equilibrium, defined by similar infant RBC-DHA at delivery and at 
three months postpartum, appears to occur at an infant RBC-DHA of about 6 go/o and coincides 
with a maternal RBC-DHA of 6 go/o at delivery. This infant equilibrium, however, was associated with 
maternal DHA losses during lactation. 

Chapter 2b describes the courses of RBC-DHA and RBC-AA during the first three months of lactation. 
The data in chapter 2a indicated that maternal DHA losses during lactation were most pronounced 
in Maasai women, and the lowest in Sengerema women. Similarly, the absolute changes of the 
maternal and infant DHA status that occurred from delivery to 3 months of lactation decreased 
in the order Maasai>Pare>Sengerema. In Sengerema, bioattenuation seemed to occur at delivery, 
but after birth there was biomagnification. These observations prompted us to investigate whether 
a postpartum turning point between biomagnification and bioattenuation exists. Secondly, we 
investigated whether a maternal equilibrium may occur, i.e. we searched for the 'steady state level: 
from which the maternal RBC-DHA discontinues to decline during lactation, and calculated the 
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corresponding infant RBC-DHA content. In addition we investigated the relation between RBC-DHA 

and RBC-AA. We explored the same dataset as the one compiled for chapter 2a. 

We found that at three months postpartum the maternal RBC-DHA was lower than the 

corresponding infant RBC-DHA up to a maternal RBC-DHA content of 7.9 g%. In other words, 

postpartum biomagnification occurred up to a maternal RBC-DHA content of about 8 g%. Maternal 

RBC-DHA equilibrium, defined as 'stable' maternal RBC-DHA between delivery and three months 

postpartum, occurred at about 8 g%. This maternal RBC-DHA of 8 g% corresponded with an infant 

RBC-DHA of about 7 g% at delivery that increased to 8 g% at three months postpartum. The latter 

indicates that the initial bioattenuation of DHA during pregnancy in women with high fish intakes, 

is followed by a postnatal DHA surge via the milk. Again, the shift of the turning point between 

biomagnification and bioattenuation from 6 g% during pregnancy to 8 g% during lactation, 

suggests that DHA becomes increasingly important to the infant directly after birth. 

The maternal RBC-AA contents of the pregnant and lactating women with low, intermediate and 

high fish intakes were distinct, while RBC-AA increased after delivery in all women. This might be the 

result of discontinued utilization of AA by the placenta, discontinued transport across the placenta, 

or both. No differences were shown between the infant RBC-AA contents of the 3 populations, 

neither at delivery nor at three months postpartum. This indicates that infant RBC-AA contents are 

independently regulated from maternal RBC-AA contents in these populations. Relations between 

RBC-DHA and RBC-AA proved bell-shaped, which seems to aim at uniform neonatal AA status. 

Taken together, our results indicate a switch in the importance of AA in the prenatal period to 

DHA in the postnatal period. Unlimited transplacental DHA transfer at high maternal DHA status 

might be undesirable because of its antagonistic effect on infant AA, while the postpartum DHA 

surge via the milk might, amongst other factors, aim at the suppression of infant AA by DHA. A RBC

DHA of 8 g% was already known to convey the lowest risk of cardiovascular and mental disease at 

adult age, but might also be optimal for infant neurodevelopment and the prevention of maternal 

postpartum depression. 

The observation of both synergistic (positive slope) and antagonistic (negative slope) 

relationships between w3FA and w6FA that have been reported in observational and w3FA 

intervention studies are in line with the observation of a bell-shaped relationship between DHA 

and AA. We investigated whether this bell-shaped relation persists across the life cycle. For this, 

we constructed a database of all samples collected by our group in the past 25 years, deriving 

from populations with a wide range of dietary AA and EPA+DHA intakes and status (Chapter 3). 

The subjects were of different ages, from different worldwide locations and were either well- or 

malnourished. The dataset also contained information from a fish oil intervention study that we 

performed in the past. The final dataset was composed of the fatty acid compositions of 1,979 RBC, 

789 umbilical arteries (UA) and 785 umbilical veins (UV). These compositions were determined by a 

single capillary gas chromatography method. 

In all compartments, but notably in RBC, the relation between EPA+DHA and AA appeared bell-
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shaped. Populations with low RBC-EPA+DHA (<2 go/o) exhibited positive (synergistic) relationships 

while those with high RBC-EPA+DHA (>8 go/o) showed negative (antagonistic) relationships. The 

UA and UV data showed synergism, but antagonism could not be demonstrated. The absence of 

antagonism in the latter compartments might have been predicted from our earlier observation that 

intrauterine bioattenuation results in limited accumulation of DHA in the fetus at high maternal DHA 

status. The absence of antagonism in UA and UV therefore supports the contention that intrauterine 

bioattenuation aims at the prevention of the competition of maternally derived DHA with fetal AA. 

The bell shaped relation between LCPw3 and LCPw6 in RBC after birth may be the outcome of many 

factors including competition for synthesis from precursors, competition by feedback inhibition and 

competition between LCPw3 and LCPw6 for incorporation into phospholipids. Maintenance of a 

relation between LCPw3 and LCPw6 might among many other factors be of importance to preserve 

a balance between the pro-inflammatory and anti-inflammatory metabolites of AA, EPA and DHA. 

Synergism seems to be a feature of low LCPw3 status that in our dataset was observed in infants living 

in countries with very low LCPw3 intakes (Pakistan). A seemingly optimal LCPw3 status is reached 

at an RBC-DHA+EPA level of 8 go/o, whereafter the relationship becomes antagonistic suggesting 

that high DHA+EPA intakes are necessary to keep AA levels in check. Epidemiological studies have 

linked high fish consumption, high EPA+DHA intakes and high EPA+DHA status, to reduced risks of 

cardiovascular disease, affective disorders, cognitive impairment, Alzheimers disease, postpartum 

depression and neurodevelopment. Thus, the antagonistic suppression of AA at high RBC-EPA+DHA 

may be the physiological standard for human beings, at least for those living in Western countries. 

Little is known about the interrelationships between maternal and infant RBC-DHA, milk-DHA 

and maternal adipose tissue (AT) DHA. The fetus is for a great part dependent on transplacental 

passage of LCP, notably DHA, because of the limited LCP synthesis capacity when compared with 

its high LCP needs for growth and development. Transplacental passage may cause maternal 

LCPw3 depletion, which is notably related to postpartum depression, while insufficient fetal LCPw3 

accretion is e.g. related to attention deficit hyperactivity disorder (ADHD). In Chapter 4 we studied 

the RBC-DHA, milk-DHA and AT-DHA in the before mentioned populations who differ widely in their 

lifetime intakes of fish. The four study populations were composed of 90 mother-infant couples at 

delivery (6 Maasai, 23 Pare, 34 Sengerema and 27 Ukerewe) and 125 other mother-infant couples 

after about three months of exclusive breastfeeding (8 Maasai, 36 Pare, 61 Sengerema and 20 

from Ukerewe). We explored the milk-DHA at 3 days and 3 months postpartum and the maternal 

subcutaneous and abdominal (omentum) AT-DHA contents at delivery. We were interested in the 

magnitudes of the intrauterine and postpartum biomagnifications of DHA as a function of the DHA 

status, the mature milk-DHA content that is reached at a maternal RBC-DHA of 8 go/o and the AT-DHA 

content at which the RBC-DHA content reaches a plateau, if any. Finally, we compared estimates of 

the whole body AT-DHA contents and milk-DHA outputs of an average Tanzania-Ukerewe woman 

with corresponding estimates made for an average USA woman. 

We confirmed that intrauterine DHA 'biomagnification' is a sign of low maternal DHA status, 
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secondly, that the genu ine 'biomagnification' occu rs during lactation, third ly, that exc lusively 

breastfeeding mothers with low DHA status a re unable to augment their i nfants' DHA status and 

that exclus ively breastfeeding mothers loose DHA independent of their DHA status. We also found 

that a maternal RBC-DHA of 8 go/o corresponds with a (mature) mi lk-DHA content of about 1 .0 go/o 

and subcutaneous and abdominal  AT-DHA contents of about 0.39 and 0.52 go/o, respectively. We 

a rgue that a mature mi lk-DHA of 1 go/o might consequently be a target for Western human mi lk  

a nd infant formu la, s ince an RBC-DHA of about 8 go/o confers the lowest r i sk  of cardiovascular and 

psychiatric diseases in  adults l iv ing in  Western countries. The proposed 1 go/o DHA target comes 

a long with mi lk-AA, EPA and l inoleic acid (LA) contents of 0.55, 0.22 and 9.32 go/o, respectively. We 

a lso found that with increasing DHA status, RBC-DHA reaches a plateau at about 9 go/o, whi le  RBC

DHA plateaus more readi ly than mi lk-DHA and AT-DHA. We ca lculated that, compared with the 

average Tanzania-Ukerewe woman, the average USA women has 4 times lower AT-DHA content (0. 1 

vs. 0.4 go/o) and 5 times lower mature mi lk-DHA output (60 vs. 301  mg/day), which contrasts with 

her estimated 'only' 1 .8-2.6 times lower mobil izable AT-DHA ( 1 9 vs. 35-50 g). We have coin ed this 

observation in  the average Western woman 'DHA starvation in  the midst of plenty: By this is meant 

that there is plenty of DHA in  her AT, but that the avai labi l ity of this DHA for mobi l ization to the mi lk  

i s  l imited, because of the high degree of DHA 'di l ution'within the ocean of other fatty ac ids  i n  her  AT. 

Since DHA and AA are important bui lding blocks of the growing i nfant bra in, it is conceivable 

that the differences i n  maternal and infant LCP status are associated with differences in 

neurodevelopment. I n  chapter 5 we investigated the qual ity of'Genera l  Movements' (GMs) of infants 

born to mothers with various steady state LCP i ntakes. The condition of the nervous system of the 

young i nfant may be reflected by the qual ity of spontaneous moti l ity, especia l ly the qual ity of GMs. 

This method to assess infant neurodevelopment is based on visual 'Gestalt Perception' of GMs, 

which occur unti l the age of 5 months. GMs involve the whole body in variable sequences of arm, 

l eg, neck and trunk  movements. The qual itative aspect and some quantitative aspects of the early 

motor repertoire i n  preterm infants a re associated with neurological outcome at school age. 

For our study we included three months old breastfed infants deriving from three African 

popu lations: Maasai (n=6), Pare (n=32}, and Sengerema (n=60), together with 1 5  Dutch infants. 

The Dutch i nfants were exclusively breastfed i nfants and born to placebo receiving mothers, 

who participated in a randomized double-bl ind placebo-control led tria l  to study the effects 

of supplementation of DHA and DHA+AA during pregnancy and lactation. Fish consum ption in  

these popu lations ranged from low (0-1 time/week) to h igh (5  times/week). GMs were assessed by 

the 'motor optimal ity score' (MOS) and five sub scores of the MOS. One of these is the 'nu m ber of 

observed movement patterns' (OMP).  RBC-DHA and AA contents were determined by capi l la ry gas 

chromatography. Apart from between-population differences in MOS, we i nvestigated whether the 

MOS and the five sub scores were associated with RBC-DHA, RBC-AA, ethn icity and i nfant age. 

Between-popu lation differences were not found in  the MOS, although this score proved related to 
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infant age. The OMP scores of Sengerema infants (high fish) were higher than OMP scores of Dutch 
infants (low-intermediate fish). Among the subscores, OMP related positively to infant age (p<0.001) 
and RBC-DHA (p=0.015), but was unrelated to ethnicity and RBC-AA. We concluded that the MOS and 
OMP scores are positively related to infant age. Based on the relation with OMP we also concluded 
that infant DHA status is positively associated with neurological development under steady state 
LCP intakes. Importantly, the infants had different DHA status, but similar RBC-AA contents. Our 
findings add to the relation between DHA status and motor neurodevelopment, but more studies 
are needed to show that this relation is indeed causal in humans. 

Vitamin D 
In two studies performed parallel to the above, we aimed to approximate the serum vitamin D levels 
of our early ancestors. Since our genus, Homo, evolved in East-Africa, we measured serum vitamin 
D status in traditional, non-Westernized people who still inhabit the cradle of human kind. Homo 

sapiens is considered to originate from an East-African water-land ecosystem, that is characterized 
by abundant tropical sunlight and a diet rich in vitamin D. Cutaneous synthesis by UVB exposure is 
our principal source of vitamin D. Our vitamin D also derives from foods that are abundant in the 
water-ecosystem such as saltwater and freshwater fish, although to a lesser extent. The agricultural 
and industrial revolutions, changing clothing habits, reduced time spent outdoors and dietary 
changes have altogether put Western subjects at risk of the many diseases that are related to the 
calcemic and non-calcemic functions of vitamin D, including rickets, osteomalacia, osteoporosis, 
coronary hearth disease, cancer, infectious diseases and some autoimmune diseases. Many studies 
reported associations of low maternal and early postnatal vitamin D status with adverse pregnancy 
outcomes (e.g. preeclampsia, gestational diabetes, bacterial vaginosis, bone health, Caesarian 
delivery), and with suboptimal health of the offspring at birth (e.g. intrauterine growth restriction) 
at infancy (lower mental and psycho motor scores) and at later life (e.g. bone development, recurrent 
wheeze, respiratory tract infections, mild language impairment, schizophrenia, multiple sclerosis, 
diabetes type 1 ). The optimal vitamin D concentration to prevent the above mentioned diseases is 
currently unknown. An important clue might come from the study of populations, e.g. Maasai and 
Hadzabe, with traditional lifestyles who live under similar conditions of existence as those during 
the Paleolithic, when our genome was shaped to what it currently still is. 

Daily life and sun exposure of the investigated populations 

The Nilotic Maasai live in the Maasai Steppe where they used to be pastoralists, but their lifestyle is 
currently better characterized as settled or semi-nomadic. The current Maasai population in Tanzania 
is estimated to comprise about 50,000 individuals. The selected subjects live near Ruvu (latitude 
-4· 1, longitude 37·5, mid-Tanzania) and Loliondo (latitude -2· 1, longitude 35·5, North Tanzania). They 
live in 'bomas: which consist of several small mud houses belonging to one family, encircled by horn 
bushes to protect cattle and to keep out wild animals. The daily life of Maasai usually takes place 
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outside the boma. Adolescent males take care of the cattle, while the young (semi) adult warriors 
typically hang around in the area looking after their families and protecting their cattle. Elderly 
males take political decisions and congregate outside in small groups. Young and adult females 
milk the cattle, collect firewood and prepare food. Due to their daily activities, Maasai spend most 
of their days in the sun, wearing clothes that cover mainly their upper body and upper legs. It is 
important to note that, whenever possible, they avoid direct exposure to the sun and prefer a shady 
place, especially during midday. The Maasai do not eat fish. Their diet consists of curdled milk and 
meat, which has recently become replenished with ugali (maize porridge). 

Hadzabe are traditional hunter-gatherers. The current tribe is composed of about 1,000 
individuals. The present study was conducted among the 300-400 individuals who still live as 
hunter-gatherers. They live in small bands of ten to thirty people in arid bush lands around Lake 
Eyasi (latitude -3•7, longitude 35·0, North Tanzania). They are nomadic and build their shelters from 
local wood, leaves and grass. They move their camp from time to time to find better foraging areas. 
Hadzabe have no personal belongings. Their shelters are only used during the rain or night. Their 
diet is composed of fruits, tubers, honey, meat and an occasional fish from the alkaline lake. Fruits 
and tubers are gathered by females and children. Men gather honey and fruits, and hunt small 
animals in the wet season and bigger game in the dry season. Their clothes cover mainly their upper 
body and upper legs, or just the upper legs (in males). Hadzabe spend most of their days in the sun. 
Similar to the Maasai tribe, they avoid direct exposure to the fierce sun whenever possible, and most 
of their activities are planned in the early morning and late afternoon, while spending the middle 
part of the day sleeping, eating or talking in a cooler place under a tree or rock. 

Apart from the Maasai en Hadzabe, we included subjects from the 3 earlier mentioned Bantu 
populations; individuals of the Pare, Sengerema and Ukerewe. Similar to the other ethnic groups, 
they avoid direct sunlight exposure as much as possible although most of the work is done outdoors 
and likewise their social lives happen outside. Their clothes cover basically the whole body apart 
from their lower arms and faces. Their diets are mainly composed of vegetables, beans and fruits 
with ample ugali, rice and chapati (cornwheat pancakes). The people in Sengerema and Ukerewe 
have high fresh water fish intakes, while the Pare people eat some meat and fish. 

Vitamin D status of traditionally living African populations 

In chapter 6a we present the serum 25(OH)D concentrations (sum of serum 25-hydroxyvitamin D2 

and D) of 35 pastoral Maasai and 25 Hadzabe hunter-gatherers. Their serum 25(OH)D concentrations 
were measured by liquid chromatography-mass spectrometry (LC-MS/MS). Serum 25(OH)D 
concentrations of the investigated Maasai and Hadzabe were 119 (range 58-167) and 109 (range 
71-171) n mol/L, respectively. These concentrations were not related to age, gender or body mass 
index. None of the individuals of these populations had values below 50 nmol/L. The highest values 
were 167 and 171 nmol/L, respectively, which are well below the estimated toxicity concentrations 
of 250 and 600 nmol/L. We concluded that people with traditional lifestyles, living in the cradle of 
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mankind, have a mean circulating 25(OH)D concentration of 115 nmol/L. 
Whether the suggested 25(OH)D concentration of 115 nmol/I should constitute the present 

target for the prevention and treatment of diseases related to vitamin D insufficiency is uncertain. 
There is concern that a higher 25(OH)D concentration may moderately increase serum calcium 
(Ca), leading to long-term renal stone formation and soft-tissue calcification, while Ca supplements 
with and without vitamin D have recently been implicated in cardiovascular disease. All of these 
potentially adverse effects might not argue against a higher vitamin D status, but might rather point 
at other imbalances that we have introduced since the agricultural revolution, such as our current 
low magnesium (Mg) status (Mg is a natural Ca antagonist), low vitamin K status (notably K2; needed 
for prevention of Ca deposition in soft tissue) and the present high carbohydrate and low vegetable 
and fruit intakes. A high intake of acid-forming carbohydrates together with a low intake of base
forming fruits and vegetables causes a state of diet-induced low-grade metabolic acidosis, with 
increased utilization of base stores that leads to calciuria with net losses of body Ca. A serum 25(OH) 
D concentration of 115 nmol/L in the current Western society might therefore only be appropriate 
in the context of a concerted correction of many other lifestyle factors that we have changed in our 
evolutionarily established Ca homeostasis. 

To further explore the determinants of our ancient vitamin D status, we studied the influence of 
pregnancy and lactation, ethnicity, age, gender, body mass index (BMI}, and fish intake on vitamin 
D status in Chapter 6b. We included non-pregnant adults, pregnant women, mother-infant couples 
at delivery, infants at delivery and their lactating mothers at three days after delivery, and lactating 
mothers at three months postpartum. Apart from the Maasai en Hadzabe, we included individuals 
of the Pare, Sengerema and Ukerewe populations. Also for this study we determined serum 25(OH) 
D by LC-MS/MS. RBC-DHA was determined by capillary gas chromatography and served as a proxy 
of fish intake. 

We observed high mean 25(OH)D levels of the entire study population, in nmol/L: non
pregnant adults 106.8, pregnant 138.5, mothers at delivery 135.9, cord blood 79.0, mothers at 3 
days postpartum 91.5 and mothers at 3 months postpartum 90.8. Mean 25(OH)D concentrations 
were higher in pregnant women as compared to their non-pregnant counterparts. During the entire 
pregnancy period their already high serum 25(OH)D seems to increase by about 25% in the Maasai 
and about 60% in Sengerema, while these levels seem to fall rapidly within three days after delivery. 
Pregnancy, delivery, ethnicity (which we used as a proxy for sunlight exposure), and to a lesser 
extent RBC-DHA and age, were among the determinants of 25(OH)D. 

We concluded that our ancient 25(OH)D amounted to about 115 nmol/L and that sunlight 
exposure, rather than fish intake, was the principal determinant. The fetoplacental-unit of our 
ancestors was probably exposed to even higher 25(OH)D. We propose that these high vitamin D 
levels are secondary to the catabolic state of pregnancy, when nutrients that are typically stored 
in adipose tissue, such as vitamin D, are released into the circulation for their passage across the 
placenta or functions important to pregnancy per se. Other possible explanatory mechanisms, 
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such as increased concentrations of vitamin D binding protein and reduced catabolism of vitamin 
D during pregnancy might be of lesser importance. Our findings may underscore the importance 
of vitamin D during pregnancy for the developing infant and point at the possible adverse effects 
of the high fat mass of Western women, where dilution of vitamin D, next to less adipose tissue 
mobilization, may compromise the availability of vitamin D for the infant within the peripartum 
period. 

Conclusions from this thesis that challenge current dietary recommendations 

Many of the findings in this thesis contrast with current recommendations of respectable Nutritional 
Boards, for which we here chose comparison with the LCP recommendations of the World 
Association of Perinatal Medicine, and Early Nutrition Academy, and the Child Health Foundation 1 , 
and the vitamin D recommendations of the influential USA Institute of Medicine (IOM)2. 

Long chain polyunsaturated fatty acids (LCP) and linoleic acid (LA) 

The current recommendations for LCP in infant formula are at least 0.2 g% DHA to achieve benefits 
on functional endpoints, but no more than 0.5 g% DHA because 'systematic evaluation above 
this level was not published: The infant formula AA content should be at least that of added DHA, 
while EPA should not exceed levels of DHA1 . The lowest recommendation of LA in infant formula 
amounts to 8 g % by the Life Science Research Office (LSRO), while the same organization advised 
not to exceed 35 g%. The Food and Agriculture Organization of the United Nations (FAO)/European 
Society for Paediatric Gastroenterology, Hepatology And Nutrition (ESPGHAN) advised �11 g% LA, 
while the Commission Directive 1991 (CD91) recommended �19 g%3 • 

Our approach is based on the observation that an RBC-DHA content of about 8 g% is associated 
with the lowest risk for cardiovascular disease and mental illness in adults living in Western 
countries4•5• Lactating women in Tanzania-Ukerewe, who have life time high intakes of fish, harbor 
an RBC-DHA content of 8 g% and have the following mature milk contents: 1.0 g% DHA, 0.55 g% 
AA, 0.22 g% EPA and 9.32 g% LA (Luxwolda, submitted). These sizeable differences with current 
recommendations deserves to be further investigated in studies that contribute to a risk-benefit 
evaluation of a milk and formula DHA of 1 g% and an AA content of 0.5 g%. These DHA and AA 
levels may come together with an LA at the lowest recommended level of 8 g%, or down to the 
levels encountered by us in Chole (mean 4.2 g%; 2.6-7.5) and Kerewe (5.2 g%; 2.4-11.7)6• The lower 
LA may be accompanied by concomitantly higher oleic acid and medium chain fatty acid (MCFA) 
contents. Oleic acid is important for brain growth and myelination, while MCFA constitute a rapidly 
absorbable energy source with many antimicrobial aspects. 

Vitamin D 

The current recommendation for the vitamin D status by the US Institute of Medicine (IOM) is at least 
50 nmol/L 25-hydroxyvitamin D [25(OH)D], at which levels 'practically all persons are sufficient: This 
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status is based on RCTs showing beneficia l  effects on muscu loskeleta l health. The IOM a lso contends 

that serum 25(OH)D above 75 nmol/L are not consistently associated with increased benefit: while 

'there may be reason for concern at serum 25(OH)D levels above 1 25 nmol/� In  add ition, there is 

at present no d ifference in the vitamin D recommended dietary a l lowance (RDA) for non-pregnant 

women and those who are pregnant or lactating. Accord ing to the IOM they a l l  need 1 5  µg/day2. 

In the current study we found that the mean (range) serum 25(OH)D concentrations of Maasai 

and Hadzabe were 1 1 9 (58-1 67) and 1 09 (71 - 1 7 1 ) n mol/L, respectively7. I n  another study i n  Tanzania, 

the mean 25(OH)D of all non-pregnant adu lts and cord serum were 1 06.8 (3 1 . 1 - 1 7 1 . 1 ) and 79.9 

(26.8-1 76.0) nmol/L, respectively. The mean (range) 25(OH)D levels of pregnant and non pregnant 

Maasai were 1 47.7 (65.4 - 2 1 8.1 ) and 1 1 8.3 (57.5- 1 67.4) nmol/L and in Sengerema 1 41 .9 (76.3-262.4) 

and 89.0 nmol/L (3 1 . 1 - 1 30.9), respectively, which impl ies that in pregnancy the vitamin  D status is 

about 25% higher in the Maasai and about 60% higher in Sengerema8• 

In view of the association of low vitamin D status with many diseases of civil ization and 

su boptimal  health (infant bra in  development inc luded), a lso here, the sizeable d ifferences with 

current recommendations beg for further investigations by stud ies that contribute to a risk-benefit 

eva luation of a h igher vitamin D status than the 50 n mol/L of the IOM. Additional factors that should 

be studied in such an  eva luation are the calcium, magnesiu m, sodium, potassium and water intakes, 

the vitamin K (notably vitamin K2) status, renal stone formation and the intakes of carbohydrates, 

fruits and vegetables; the latter in relation with diet-induced low grade metabolic acidosis. 

EPILOGUE 

Our Western l ifestyle has drastica l ly changed during the past 1 0,000 years due to the changes that 

were involved in  the agricu ltura l and industrial revolutions. We are currently dea l ing with a conflict 

between our man-made environment and our genome that for the vast majority sti l l  resides in the 

Pa leolithic era (2.5 m i l l ion years-1 0,000 years ago). Evolutionary Medicine predicts that many, if not 

a l l, diseases of civi l ization are caused by a mismatch between the rapidly changing environment 

and our ancient genome. These changes had many consequences for the qua l ity of our diet. For 

example, as compared to our ancient diet, our current diet is characterized by h igher intakes of 

carbohydrates (especia l ly those with h igh g lycemic load), lower protein  intake, an  abnormal fatty 

acid composition (especia l ly a grossly disturbed w3/w6 fatty acid ratio), lower fiber content, lower 

micronutrient content and compromised acid/base and sod ium/potassium balances. Other l ifestyle 

factors have changed as wel l  include our  currently reduced physical activity, reduced sun l ight 

exposure, chronic stress, lack of sleep and environmenta l pol lution. 

Present dietary recommendations by respectable Nutritional Boards are based on research 

conducted in Western populations. The resu lts in this thesis h igh l ight the subjectivity of these 

recommendations for LCP and vitamin  D: many people with more traditional l ifestyles in this 

world have an LCP and vitamin D status that is at odds with these recommendations, while these 

popu lations do not suffer from the typical Western diseases of affluence. However, rather than 
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proposing that their status should be the basis of dietary reference intakes (DRls; that is EARs, RDAs, 
Als, LOAELs, NOAELs and Uls), we suggest that the results in this thesis might be of value to future 
studies in which the intakes of LCP and vitamin D, but also of other nutrients such as vitamin B1 2, 
iodine and selenium are investigated as a whole. These nutrients, belonging to the 'brain selective 
nutrients: come together in a package that is abundant in the land-water eco-system. For instance, 
in France, seafood provides 25% of the vitamin D RDA, 56% of the vitamin B 12  RDA, 28% of iodine 
RDA, 23% of selenium RDA and 203% of French DHA RDA. 

A holistic approach is important, since the neglect to consider our food as a whole in favor of 
studies with single nutrients has most probably retarded the progress in the Nutritional Sciences. For 
instance, meta analyses of randomized controlled trials have so far not indicated neurodevelopment 
benefits from the augmentation of the infants' DHA status by DHA-fortified infant formulas or 
augmentation of the maternal DHA status. We propose that this failure does not (only) result from 
too low intakes, too short intervention trials or from other explanations that have been mentioned 
in the literature. The failure might rather derive from the tendency to study nutrients in isolation. In 
other words: from the failure to appreciate that our food is not some assembly of nutrients that each 
act on their own, but is rather composed of biological materials such as vegetables, fruits, meat and 
fish, in which all nutrients are interrelated to form a creature, either a plant of animal, that was alive 
before it became consumed. A single nutrient has many, occasionally unrelated, effects, and not a 
single nutrient acts on its own. Each of them is part of a network, it is systems biology that we deal 
with. The effects of nutrients are mostly subtle and cause disease in the long run when the functions 
become compromised by suboptimal status by which is meant the nutrient composition and not 
the concentration or content of single nutrients such as LCP or vitamin D. 

Advances in our knowledge on the functioning of receptors, that act as intermediates between 
our environment and our genome, underline this view. For instance: fish oil fatty acids and their 
metabolites interact, amongst many others, with peroxisome proliferator receptors (PPARs). The 
resulting gene expression or repression also requires appropriate amounts of vitamin A (9-cis 
retinoic acid) that on its turn should bind to the retinoic receptor (RXR) so that a ligated PPAR-RXR 
heterodimer can be formed. Meanwhile, DHA also binds to the RXR to activate RXR-dependent 
transcription, while many, if not all, of these receptors are promiscuous, which implies that they 
may function by the binding of many, seemingly unrelated, nutrients. Other examples are the both 
synergistic and antagonistic interactions between DHA and AA, as encountered in the present 
thesis: we deal with hormesis, not the classical saturation dose-responses that we have learned in 
school. Similarly, the vitamin D receptor (VDR) does not only require sufficient 1,25(OH)2D, but also 
vitamin A (9-cis retinoic acid) for gene expression, since also vitamin D dependent transcription 
requires dimerization of the ligated VDR with the ligated RXR. There is also cross-talk between 
the VDR and PPARs. In addition, both LCP and vitamin D are recognized by membrane receptors 
(e.g. GPR120 and VDR) to cause rapid (non-genomic) effects. Meanwhile, a high vitamin A status 
interferes with the vitamin D status or the functioning of vitamin D, while vitamin D and vitamin K 
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act synergistically in calcium homeostasis. It is clear that a healthy diet is supposed to contain some 

balance and deserves to become investigated as such. 

Everything is true under the circumstances of the study design and its limitations, but it might 

be the design that bears irrelevance to the question whether that particular nutrient is involved 

in health and disease. Randomized controlled trials with single nutrients, by many confused with 

Evidence Based Nutrition, have in this sense not contributed to the holistic view that is crucial in 

the Nutritional Sciences and which once was the cornerstone of the Medical Sciences as well. The 

currently reigning reductionist paradigm, that is appropriate for drugs with nevertheless many 

(also poorly appreciated) limitations, basically ignores the complexity of nature and should be 

exchanged for a Systems Biology approach. Systems biology in the Nutritional Science translates to 

the investigation of whole foods, whether we understand the underlying mechanisms, or not, and 

whether we have knowledge of the nutrients that have caused the observed effect, or not. 

We conclude that the possible health effects of any nutrient should be studied in the context of a 

larger picture. We are not even close to the understanding of nature on a molecular basis and might 

act accordingly. Evolutionary Medicine entails this larger picture and provides us with a practical 

basis in which the many gaps in our knowledge are not filled as yet. If we claim to have understood 

the lessons of Darwin we might as well appreciate that there was first an environment and then 

came an adapted genome. Return to the Paleolithic diet according to the culture of the 21st century 

provides us with a solid concept for the prevention of typically Western diseases, while this return 

actually applies for our lifestyle as a whole. Whether the results from randomized controlled trials, 

their meta analyses or other fashionable paradigms have confirmed the outcomes of Evolution or 

not. 
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Samenvatting 

Dit proefschrift beschrijft studies in de Voedingswetenschappen, uitgevoerd vanuit een evolutionair 

perspectief. In Hoofdstuk 1 komen de basisprincipes van Evolutionaire Geneeskunde aan bod. 

Evolutionaire Geneeskunde leert ons dat veel, zo niet alle, ziektes in onze Westerse samenleving 

worden veroorzaakt door een mismatch tussen onze snel veranderende omgeving en ons oeroude 

genoom, welke slechts kleine veranderingen heeft ondergaan sinds het Paleolithicum of wel de 

oude steentijd (2,5 miljoen - 10.000 jaar geleden). Er is goed bewijs dat het grootste deel van onze 

evolutie plaatsvond op de plaats waar land en water samenkomen. Onze voeding is een belangrijk 

onderdeel van onze omgeving en inzicht in de voedingsstatus van traditioneel levende populaties 

kan ons dan ook informatie verschaffen die mogelijk nuttig kan zijn in de volksgezondheid en 

gezondheidszorg. 

In dit proefschrift richten we ons op twee nutrienten van welke de status mogelijk in gevaar is 

gebracht door onze huidige Westerse leefstijl. Dit betreft de essentiele vetzuren, met name de lange 

keten meervoudig onverzadigde vetzuren (LCP) en vita mine D. Deze nutrienten waren overvloedig 

aanwezig in het land-water ecosysteem. De optimale LCP en vitamine D status is onderwerp van 

discussie. Om populaties te onderzoeken die slechts minimaal be·1nvloed zijn door de agri-culturele 

en industriele revoluties, keerden we terug naar de bakermat van onze evolutie; we keerden terug 

naar Afrika. 

Lange keten meervoudig onverzadigde vetzuren (LCP) 

Docosahexaeenzuur (DHA; 22:6w3), eicosapenaeenzuur (EPA; 20:Sw3) en arachidonzuur (AA; 

20:4w6) zijn bouwstenen van membraanfosfolipiden en voorlopers van verscheidene klassen 

krachtige regulerende moleculen, zoals prostaglandines, thromboxanen en leukotrienen (samen 

genoemd eicosanoiden) en resolvines, neuroprotectinen en maresinen. De LCP status van de 

moeder voorafgaand aan de conceptie, tijdens zwangerschap en lactatie, en de LCP hoeveelheden 

in de kindervoeding gedurende de jonge jaren, zijn van belang voor het zwangerschapsresultaat, 

en voor de groei en neurologische ontwikkeling van het kind. Lage LCP status, met name van EPA 

en DHA, is gerelateerd aan obesitas, kanker, hart- en vaatziekten, hypertensie, diabetes mellitus, 

schizofrenie, depressie, de ziekte van Alzheimer en verscheidene auto-immuunziektes. 

Voedingsgewoonten van de onderzochte popu/aties 

We onderzochten traditionele Afrikaanse plattelandsbevolkingen die verschillende hoeveelheden 

vis consumeren. De geselecteerde populaties leven in Tanzania en consumeren lage (Maasai), 

gemiddelde (Pare) of grote (Sengerema) hoeveelheden zoetwatervis. De samenstelling van de 

voeding van deze populaties wordt bepaald door de beschikbaarheid van producten in hun directe 

omgeving. 

De Maasai leven in de Maasai steppe, die zich uitstrekt van de Keniaanse grens tot ver in het 

zuiden van Tanzania. De Maasai zijn herders, die oorspronkelijk afkomstig zijn uit de vallei van de 
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Nijl. Hun !even centreert zich rond het vee en de voeding die zij gebruiken bestaat uit gestremde 

melk en vlees. Recent is deze voeding aangevuld met ugali (ma·1spap). De Maasai eten geen vis 

aangezien vis, vanuit hun geloof, wordt gezien als slangachtige en daarom als oneetbaar. De 

tweede populatie bestaat uit landbouwers van de Bantu stam Sambaa en Pare, afkomstig van de 

Pare bergen. Hun voeding bestaat uit groente, bonen en fruit, grote hoeveelheden ugali, rijst en 

chapatti (pannenkoeken van maYsmeel) en wat vlees en vis. De vis is afkomstig uit de nabijgelegen 

meren, waarvan het dichtstbijzijnde op ongeveer 30 kilometer afstand ligt. De visconsumptie 

wordt geschat op 2-3 keer per week. De derde etnische groep bestaat uit een visserspopulatie van 

Bantu stammen uit de buurt van Sengerema, langs de zuidkust van het Victoriameer. Behalve grate 

hoeveelheden zoetwatervis (4-5 keer per week) eten ze ook ugali, muhogo (cassave) en plantain 

(gebakken banaan). Een deel van de onderzochte mensen is afkomstig uit Ukerewe, een eiland in 

hetVictoriameer. De inwoners van Ukerewe eten meer dan 7 keer per week vis, naast ugali, muhogo, 

bonen en plantain. Opvallend is dat een van de lokaal meest voorkomende vissoorten (sardine; 

Rastrineobo/a argentea) wordt gegeten als boter op brood. Het wordt door de lokale mensen niet 

beschouwd als vis maar als groente. 

DHA en AA in de periode random de zwangerschap en gedurende het verdere /even 
De lage LCPw3 status in Westerse landen wordt weerspiegeld in de afnemende DHA status met 

toenemende zwangerschap en lactatie en in 'biomagnificatie� Laatstgenoemde is de term die 

gebruikt wordt voor de hogere neonatale DHA status ten opzichte van de maternale DHA status, 

zoals die in vele Westerse moeder-kind paren bij de bevalling wordt aangetroffen. 

In Hoofdstuk 2a onderzochten we de rode bloedcel (RBC) DHA en AA gehaltes van moeder en 

kind gedurende de zwangerschap, bij de bevalling en gedurende de eerste 3 maanden van 

exclusieve borstvoeding in de Maasai, Pare en Sengerema. Onze voornaamste onderzoeksvragen 

waren of 'biomagnificatie' ook optreedt in populaties, die grate hoeveelheden vis consumeren, 

en of de consumptie van grate hoeveelheden vis de postnatale daling van de DHA status van 

moeder en kind kan voork6men. We verzamelden bloed, isoleerden de RBC en analyseerden de 

vetzuursamenstelling van de RBC met behulp van capillaire gaschromatografie. De studiepopulatie 

bestond uit 14 vrouwen in het eerste trimester, 103 vrouwen in het tweede trimester en 88 in het 

derde trimester van de zwangerschap. We analyseerden ook de RBC van 63 moeder-kind paren 

tijdens de bevalling en 103 andere moeder-kind paren na 3 maanden van exclusieve borstvoeding. 

Bij de bevallingwaren de RBC-AA gehaltes van de kinderen hoger dan die van hun moeders. Deze 

biomagnificatie van AA bleek onafhankelijk van de AA status van de moeder. Het onderliggende 

mechanisme heeft mogelijk ten doel een uniforme AA status van het kind tijdens de zwangerschap 

te bereiken, en benadrukt daarmee het belang van een bepaalde intra-uteriene AA status. Na de 

bevalling neemt de AA status van de moeder toe tijdens de eerste 3 maanden van lactatie, hetgeen 

samengaat met een daling van de AA status van het kind. Deze veranderingen reflecteren mogelijk 
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de overgang van een neonatale AA status naar een volwassen AA status en het herstellen van de 
maternale AA status naar de status van voor de zwangerschap. 

De DHA status van moeder en kind waren sterk aan elkaar gerelateerd en tevens afhankelijk 
van de hoeveelheid geconsumeerde vis. De DHA status van de moeder lijkt ongewijzigd te blijven 
tijdens de zwangerschap. Analoog aan observaties in Westerse landen zagen we dat intra-uteriene 
biomagnificatie van DHA inderdaad optreedt, maar slechts tot een maternaal RBC-DHA gehalte van 
ongeveer 6 g%. Na dit omslagpunt was de DHA status van het kind veelal lager dan die van de 
moeder, hetgeen bioattenuatie, in plaats van biomagnificatie, suggereert. Derhalve suggereren we 
dat biomagnificatie mogelijk een teken is van een insufficiente LCPw3 status in de foetomaternale 
eenheid, hetgeen resulteert in maternale depletie waarbij het kind zich parasitair gedraagt. De 
gevonden 'bioattentuatie' heeft anderzijds mogelijk een verminderde DHA passage door de 
placenta ten doel, waarschijnlijk om ongewenste competitie tussen overvloedig DHA en AA te 
voorkomen. Preventie van een competitie tussen DHA en AA in de foetale periode kan belangrijk 
zijn aangezien foetaal AA, naast vele andere functies, betrokken is bij de groei. 

In onze studie vonden we dat een maternaal RBC-DHA van 6 g% een evenwicht tussen moeder 
en foetus voorspelt. Echter, de maternale RBC-DHA daalt consistent in alle moeders tijdens de eerst 
3 maanden van de lactatie, hetgeen een grotere behoefte van het kind suggereert gedurende de 
lactatie in vergelijking met de zwangerschap. Het RBC-DHA gehalte van het kind was op 3 maanden 
postnataal lager in Maasai, gelijk in Pare en hoger in de kinderen uit Sengerema, vergeleken met 
de geboorte. Blijkbaar is er na de geboorte een golf van DHA via de melk, die ten koste gaat van 
de moeder, onafhankelijk van haar LCPw3 status. Ondanks deze golf waren de lacterende Maasai 
moeders (lage vis inname) niet in staat de DHA status van hun kind te doen toenemen, terwijl 
lacterende Sengerema moeders (hoge vis inname) het RBC-DHA gehalte van hun kinderen lieten 
toenemen tot op het niveau dat gevonden wordt in Sengerema volwassenen. De consequentie 
is waarschijnlijk dat de Maasai vrouwen mogelijk ernstig DHA gedepleteerd raken, hetgeen in 
Westerse moeders geassocieerd is met een verhoogd risico op postnatale depressie. Een snelle 
toename van de DHA status van het kind na de bevalling zou vooral van belang kunnen zijn voor de 
groei en ontwikkeling van de hersenen. Regio's in het brein met een hoog DHA gehalte zijn nauw 
betrokken bij motorische functies. Dit komt overeen met de gedachte dat motorisch functioneren 
intra-uterien minder belangrijk is dan extra-uterien. 

Een postnatale RBC-DHA balans in het kind, gedefinieerd als een gelijk RBC-DHA gehalte bij de 
partus en na 3 maanden exclusieve lactatie, treedt op bij een RBC-DHA gehalte van het kind van 
ongeveer 6 g%, welke samengaat met een maternaal RBC-DHA gehalte van 6 9% bij de bevalling. 
Deze balans in het kind is echter geassocieerd met maternale DHA depletie tijdens de lactatie. 

Hoofdstuk 2b beschrijft het verloop van de RBC-DHA en RBC-AA gehaltes in de eerste 3 maanden van 
de lactatie. De data in Hoofdstuk 2a laten zien dat de verliezen in maternaal DHA tijdens de lactatie 
het meest uitgesproken waren in de Maasai en het kleinst in de Sengerema moeders. Vergelijkbaar 
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daarmee namen de absolute veranderingen in RBC-DHA van de moeder en het kind van bevalling 
tot 3 maanden postpartum af in de volgorde Maasai>Pare>Sengerema. In Sengerema leek sprake 
van 'bioattenuatie' bij de bevalling, terwijl postpartum 'biomagnificatie' optrad. Deze observaties 
brachten ons ertoe te onderzoeken of er een eventueel omslagpunt tussen 'biomagnificatie' en 
'bioattentuatie' bestaat. Ten tweede onderzochten we of een maternaal equilibrium zou bestaan, 
ofwel, we zochten een stabiel niveau vanaf waar het maternale DHA niet meer daalt tijdens de 
lactatie en we berekenden de corresponderende RBC-DHA van het kind. Ook onderzochten we de 
relatie tussen RBC-DHA en RBC-AA. We gebruikten dezelfde data als die in Hoofdstuk 2a. 

We vonden dat tot een maternaal RBC-DHA gehalte van 7,9 g%, het maternaal RBC-DHA op 
3 maanden postpartum lager was dan het corresponderende RBC-DHA van het kind. Met andere 
woorden, postpartum biomagnificatie trad op tot een maternaal RBC-DHA van ongeveer 8 g%. 
Maternaal equilibrium, gedefinieerd als een stabiel maternaal RBC-DHA tussen de bevalling en 
3 maanden postpartum, werd gevonden bij ongeveer 8 g%. Dit maternale RBC-DHA van 8 g% 
correspondeert met een RBC-DHA van het kind van 7 g% bij de bevalling welke toeneemt tot 8 g% 
in de eerste 3 maanden van de lactatie. Dit laatste indiceert dat de aanvankelijke 'bioattentuatie'van 
DHA tijdens de zwangerschap, die v66rkomt bij vrouwen met hoge visinname, gevolgd wordt door 
een postnatale DHA golf via de melk. De verschuiving van het omslagpunt tussen 'biomagnificatie' 
en 'bioattenuatie' van 6 g% tijdens de zwangerschap naar 8 g% tijdens de lactatie, suggereert 
opnieuw dat na de bevalling DHA in toenemende mate belangrijk wordt voor het kind. 

Het maternaal RBC-AA van zwangere en lacterende vrouwen met lage, gemiddelde en hoge 
visconsumptie is verschillend, terwijl het RBC-AA na de bevalling toeneemt in alle vrouwen. Dit is 
mogelijk het resultaat van de discontinuering van AA gebruik door, of transport over, de placenta, of 
door beide. Er werden geen verschillen gezien tussen de kind RBC-AA gehaltes van de 3 populaties, 
noch bij de bevalling, noch op 3 maanden postpartum. Dit suggereert dat RBC-AA van het kind 
onafhankelijk van het maternale RBC-AA wordt gereguleerd in deze populaties. De relatie tussen 
RBC-DHA en RBC-AA bleek klokvormig, met een uniforme neonatale AA status als waarschijnlijk 
doel. 

Samengevat geven onze resultaten een omslag aan van het belang van AA in de prenatale 
periode naar DHA in de postnatale periode. Ongelimiteerd DHA transport over de placenta bij een 
hoge maternale DHA status zou wel eens ongewenst kunnen zijn door het antagonistische effect op 
de AA status van het kind, terwijl de postpartum DHA golf via de melk, naast andere factoren, zou 
kunnen zorgen voor de suppressie van AA door DHA in het kind. We wisten al dat een RBC-DHA van 
8 g% geassocieerd is met het laagste risico op cardiovasculaire en mentale ziekten op volwassen 
leeftijd, maar het zou ook wel eens optimaal kunnen zijn voor de neurologische ontwikkeling van 
het kind, en de preventie van maternale postnatale depressie. 

De observatie dat zowel synergistische (positieve helling) als antagonistische (negatieve helling) 
relaties tussen w3FA en w6FA zijn gerapporteerd in observationele en w3 interventie studies, komt 
overeen met de door ons gevonden klokvormige relatie tussen DHA en AA. We onderzochten of 

1 91 



Samenvatting in het Nederlands 

deze klokvormige relatie gedurende het hele leven voortduurt. Hiertoe construeerden we een 
dataset met alle gegevens die onze groep in de afgelopen 25 jaar heeft verzameld, afkomstig 
van populaties met een grate spreiding in de AA en DHA+EPA consumptie en status (Hoofdstuk 
3). De leeftijden van de deelnemers varieerden van jong tot oud, ze kwamen van verschillende 
wereldwijde locaties en waren goed gevoed of ondervoed. In de dataset werden ook data 
opgenomen van eerder uitgevoerde visolie interventie studies. De uiteindelijke dataset bestond 
uit de vetzuursamenstellingen van 1.979 RBC, 789 navelstreng arterien (UA) en 785 navelstreng 
venen (UV). De vetzuursamenstellingen waren geanalyseerd met een enkele gaschromatografische 
methode. 

In alle compartimenten, maar voornamelijk in RBC, bleek de relatie tussen EPA+DHA en AA 
klokvormig. Populaties met een lage RBC-EPA+DHA (<2 go/o) lieten een positieve (synergistische) 
relatie zien, terwijl populaties met hoge RBC-DHA gehaltes (>8 go/o) een negatieve (antagonistische) 
relatie lieten zien. In de UA en UV werd synergisme gevonden, maar antagonisme werd niet 
waargenomen. De afwezigheid van antagonisme in de laatst genoemde compartimenten 
kon warden verwacht op grand van onze eerdere observatie dat intra-uteriene 'bioattenuatie' 
resulteert in gelimiteerde accumulatie van DHA in het kind bij een hoge maternale DHA status. 
De afwezigheid van antagonisme in UA en UV ondersteunt daarom de gedachte dat intra-uteriene 
'bioattenuatie' doelt op de preventie van de competitie tussen DHA afkomstig van de moeder en 
foetaal AA. De klokvormige relatie tussen LCPw3 en LCPw6 na de geboorte zou het resultaat kunnen 
zijn van vele factoren, waaronder competitie tussen de precursors voor synthese, competitie door 
feedback inhibitie en competitie tussen LCPw3 en LCPw6 voor de incorporatie in fosfolipiden. Het 
onderhouden van een relatie tussen LCPw3 en LCPw6 kan, samen met vele andere factoren, belangrijk 
zijn om een balans te behouden tussen de pro-inflammatoire en anti-inflammatoire metabolieten 
van AA, EPA en DHA. Synergisme lijkt een eigenschap te zijn die een rol speelt bij lage LCPw3 status, 
en die in onze dataset voornamelijk werd waargenomen bij kinderen in landen met zeer lage LCPw3 
inname (Pakistan). Een ogenschijnlijk optimale LCPw3 status wordt bereikt bij een RBC-DHA+EPA 
gehalte van 8 go/o, waarna de relatie antagonistisch wordt, hetgeen suggereert dat hoge DHA+EPA 
innamen noodzakelijk zijn om de AA niveaus onder controle te houden. In epidemiologische 
studies zijn hoge vis consumptie, hoge EPA+DHA innamen en hoge EPA+DHA status geassocieerd 
met een verlaagd risico op cardiovasculaire ziekten, affectieve ziekten, cognitieve beperkingen, de 
ziekte van Alzheimer, postpartum depressie en neurologische ontwikkeling. De antagonistische 
onderdrukking van AA bij hoge RBC-EPA+DHA status zou dan ook de fysiologische standaard 
kunnen zijn voor de mens, in ieder geval voor diegenen die in Westerse landen leven. 

Slechts weinig is bekend over de interrelaties tussen de RBC-DHA van moeder en kind, de melk
DHA en het maternale vetweefsel (AT) DHA. De foetus is voor een groat deel afhankelijk van de 
transplacentaire passage van LCP, voornamelijk DHA, als gevolg van de gelimiteerde LCP synthese 
capaciteit ten opzichte van de hoge LCP behoefte voor groei en ontwikkeling. Transplacentaire 
passage kan uitputting van de maternale LCPw3 voorraden veroorzaken, wat is gerelateerd aan 
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postnatale depressie, terwijl insufficiente toename van foetaal LCPw3 o.a. is gerelateerd aan de 
aandachtstekort-hyperactiviteitstoornis (ADHD). In Hoofdstuk 4 bestudeerden we de RBC-DHA, 
melk-DHA en AT-DHA gehaltes in de eerder genoemde studie populaties die sterk verschillen in hun 
levenslange visconsumptie. De vier populaties waren samengesteld uit 90 moeder-kind koppels bij 
de bevalling (6 Maasai, 23 Pare, 34 Sengerema en 27 Ukerewe) en 125 andere moeder-kind koppels 
na ongeveer 3 maanden van exclusieve borstvoeding (8 Maasai, 36 Pare, 61 Sengerema en 20 
Ukerewe). We onderzochten de melk-DHA op 3 dagen en 3 maanden postpartum en de maternale 
subcutane en abdominale (omentum) AT-DHA gehaltes bij de bevalling. We waren ge'interesseerd 
in de omvang van de intra-uteriene en postpartum 'biomagnificaties' van DHA als een functie van 
de DHA status, het mature melk-DHA gehalte dat wordt bereikt bij een maternale RBC-DHA van 
8 go/o en het AT-DHA gehalte waarbij het RBC-DHA gehalte een plateau bereikt, als dit al bestond. 
Tenslotte vergeleken we de geschatte totale AT-DHA gehaltes en de melk-DHA outputs van een 
gemiddelde Tanzania-Ukerewe vrouw met die van een gemiddelde USA vrouw. 

We bevestigden dat intra-uteriene'biomagnificatie'van DHA een teken is van een lage maternale 
DHA status, ten tweede, dat de werkelijke 'biomagnificatie' optreedt tijdens de lactatie en ten derde 
dat exclusief borstvoedende moeders met lage DHA status niet in staat zijn de DHA status van 
hun kinderen te verhogen en dat exclusief borstvoedende moeders DHA verliezen onafhankelijk 
van hun DHA status. Ook vonden we dat een maternaal RBC-DHA van 8 go/o correspondeert met 
een (mature) melk-DHA gehalte van ongeveer 1,0 go/o en een subcutaan en abdominaal AT-DHA 
gehalte van respectievelijk 0,39 en 0,52 go/o. We beargumenteren dat een mature melk-DHA van 1 
go/o dus een doel zou kunnen zijn voor moedermelk en zuigelingenvoeding in de Westerse wereld, 
aangezien een RBC-DHA gehalte van ongeveer 8 go/o geassocieerd is met het laagste risico op hart
en vaatziekten en psychiatrische ziekten in volwassen in de Westerse wereld. Het voorgestelde 
doel van 1 go/o DHA in melk gaat samen met AA, EPA en linolzuur (LA) gehaltes van respectievelijk 
0,55, 0,22 en 9,32 go/o. We vonden eveneens dat bij een toenemende DHA status, RBC-DHA een 
plateau bereikt bij ongeveer 9 go/o terwijl RBC-DHA eerder een plateau bereikt dan melk-DHA en 
AT-DHA. We berekenden dat, in vergelijking met de gemiddelde Tanzania-Ukerewe vrouw, de 
gemiddelde USA vrouw een 4 keer lagere AT-DHA gehalte heeft (0, 1 vs. 0,4 go/o) en een 5 keer lag ere 
mature melk output (60 vs. 301 mg/dag), wat contrasteert met haar slechts 1,8-2,6 keer lagere 
mobiliseerbare AT-DHA (19 vs. 35-50 g). We noemden deze observatie in de gemiddelde Westerse 
vrouw "DHA verhongering ondanks overvloed': Hiermee wordt bedoeld dat er voldoende DHA in 
haar AT aanwezig is, maar dat de beschikbaarheid van DHA voor mobilisatie naar de melk beperkt 
is vanwege de hoge graad van verdunning van DHA in de oceaan van andere vetzuren in haar AT. 

Aangezien DHA en AA belangrijke bouwstenen zijn voor de groeiende hersenen van kinderen, 
is het voorstelbaar dat verschillen in LCP status van moeder en kind geassocieerd zijn met 
verschillen in de neurologische ontwikkeling. In Hoofdstuk 5 onderzochten we de kwaliteit van 
'General Movements' (GMs) van kinderen van moeders met verschillende stabiele LCP innamen. 
De conditie van het zenuwstelsel van een jong kind wordt gereflecteerd in de kwaliteit van 
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spontane bewegingen, in het bijzonder de kwal iteit van GMs. Deze methode om de neurologische 

ontwikkel ing van een kind te beoordelen is gebaseerd op de visuele 'Gesta lt Perception' van GMs, 

die aanwezig zijn tot de leeftijd van 5 maanden. GMs treden op in het gehele l ichaam in variabele 

volgorde van beweging van een arm, been, nek en het torso. Het kwalitatieve aspect en enkele 

kwantitatieve aspecten van het vroege motorrepertoire in  premature kinderen zijn geassocieerd 

met neurologische uitkomsten op de basisschool leeftijd. 

In onze studie werden drie maanden oude borstgevoede kinderen ge'includeerd die afkomstig 

waren uit drie Afrikaanse popu laties: Maasai (n=6), Pare (n=32) en Sengerema (n=60), samen met 

1 5  Nederlandse kinderen. De Nederlandse kinderen waren exclusief borstgevoede kinderen die 

behoorden tot de placebo groep van een gerandomiseerde, dubbel b l inde, placebo-gecontroleerde 

studie waarin het effect van DHA en DHA+AA supplementen tijdens zwangerschap en lactatie werd 

onderzocht. De visconsumptie van deze populaties varieerde van laag (0-1 keer/week) tot hoog (5 

keer/week). GM kwa l iteit werd vastgesteld met behu lp van de 'motor optimal iteit score' (MOS) en 

vijf subscores van de MOS. Een van de subscores is 'het aanta l geobserveerde bewegingspatronen' 

(OMP). De RBC-DHA en AA gehaltes werden bepaald met behu lp  van capi l la i re gaschromatografie. 

Naast versch i l len in MOS tussen de popu laties, onderzochten we of de MOS en haar subscores 

geassocieerd waren met RBC-DHA, RBC-AA, etniciteit en kinderleeftijd. 

Er werden geen verschi l len gevonden in de MOS score tussen de populaties, wel was de MOS 

gerelateerd aan de leeftijd van het kind. De OMP scores van de kinderen uit Sengerema (hoge 

visinname) waren hoger dan de OMP scores van de Nederlandse kinderen ( laag-gemiddelde 

visinname). Van de subscores, was OMP positief gerelateerd aan de leeftijd van het kind (p<0,001 )  

en RBC-DHA (p=0,01 5), maar n iet aan etn iciteit en RBC-AA. We concludeerden dat d e  MOS en OMP 

een positieve relatie vertoonden met de leeftijd van het kind. Gebaseerd op de relatie met OMP 

concludeerden we ook dat de DHA status van het kind positief geassocieerd is met de neurologische 

ontwikkel ing onder stabiele LCP inname. Van belang is dat de kinderen u it de verschi l lende 

populaties verschi l lende DHA status, maar gelijke RBC-AA status hadden. Onze bevindingen 

ondersteunen de relatie tussen DHA status en motorische ontwikkel ing, maar meer studies zijn 

nodig om aan te tonen dat deze relatie causaal in mensen inderdaad causaal is. 

Vitamine D 
Twee studies, d ie para l lel aan de eerder beschreven studies werden u itgevoerd, hadden als doel 

om de serum vitamine D gehaltes van onze vroege voorouders in te schatten. Aangezien onze 

soort, Homo, evol ueerde in Oost-Afrika, onderzochten we de serum vitamine D concentraties van 

traditioneel levende, n iet-Westerse mensen die nog steeds leven in de bakermat van de menselijke 

soort. Homo sapiens is naar a l le waarschijn l ijkheid afkomstig uit het Oost-Afrikaa nse land-water 

ecosysteem, dat gekarakteriseerd wordt door overvloedig tropisch zon l icht en een voeding die 

rijk is aan vitamine D. Synthese i n  de huid onder invloed van UVB stra l ing is onze voornaamste 

bran van vitamine D. Daarnaast is vita mine D ook afkomstig van voedsel dat overvloedig aanwezig 
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is in het water ecosysteem zoals zoetwater- en zoutwatervis, alhoewel in mindere mate. De agri
culturele en industriele revoluties, de veranderde kledinggewoonten, de verminderde tijd die we 
buiten doorbrengen en veranderde voedingsgewoonten dragen tezamen bij aan het risico op de 
vele ziekten die gerelateerd zijn aan de calcemische en niet-calcemische functies van vitamine D, 
waaronder rachitis, osteomalacie, osteoporose, corona ire hartziekten, kanker, infectieuze ziekten en 
enkele auto-immuun aandoeningen. Vele studies tonen associaties aan tussen een lage maternale 
en vroege postnatale vitamine D status en ongunstige zwangerschapsuitkomsten (b.v. pre
eclampsie, zwangerschapsdiabetes, bacteriele vaginose, botgezondheid en keizersnede), en met 
suboptimale gezondheid van het nageslacht bij de geboorte (b.v. intra-uteriene groeivertraging), 
op de kinderleeftijd (lagere mentale en psychomotore scores) en in het latere leven (b.v. 
botontwikkeling, terugkerende piepende ademhaling, luchtweginfecties, milde taalachterstand, 
schizofrenie, multipele sclerose en type 1 diabetes). De optimale vitamine D concentratie om de 
bovenstaande aandoeningen te voorkomen is vooralsnog onbekend. Een belangrijke aanwijzing 
zou kunnen komen uit onderzoek in populaties, zoals de Maasai en Hadzabe, met een traditionele 
leefstijl en die leven onder vergelijkbare omstandigheden als onze voorouders in het Paleolithisch 
tijdperk, toen ons genoom werd gevormd is tot wat het nu is. 

Het dagelijks /even en de b/ootstelling aan zonlicht van de onderzochte popu/aties 
De van de Nijl afkomstige Maasai, leven in de Maasai Steppe. Hoewel ze voorheen leefden als 
herders, is hun leefstijl tegenwoordig beter te karakteriseren als gesetteld of als seminomadisch. 
Geschat wordt dat de huidige populatie Maasai in Tanzania uit ongeveer 50.000 individuen bestaat. 
De geselecteerde deelnemers leven nabij Ruvu (breedtegraad -4, 1 ° en lengtegraad 37,5°, Midden 
Tanzania,) en Loliondo (Noord Tanzania, breedtegraad -2, 1 °, lengtegraad 35,5°, Noord Tanzania). 
Ze leven in "boma's': die bestaan uit diverse kleine huisjes opgetrokken uit klei die toebehoren aan 
een familie, omgeven door stekelbosjes om het vee te beschermen en om wilde beesten buiten te 
houden. Het dagelijks leven van de Maasai speelt zich doorgaans buiten de boma af. Adolescente 
mannen zorgen voor het vee, terwijl de jonge (semi) volwassen krijgers in de omgeving rondhangen 
om voor hun families te zorgen en hun vee te beschermen. Oudere mannen nemen politieke 
beslissingen en komen in kleine groepen samen. Jonge en volwassen vrouwen melken het vee, 
verzamelen brandhout en bereiden het eten. Door deze dagelijkse activiteiten brengen de Maasai 
het grootste deel van hun dag door in de zon, en dragen kleding die voornamelijk hun bovenlijf en 
bovenbenen bedekt. Het is belangrijk om te vermelden dat de Maasai als het maar even mogelijk 
is de directe zon vermijden en de voorkeur geven aan een schaduwrijke plek, met name in het 
midden van dag. Maasai eten geen vis. Hun voeding bestaat uit gestremde melk en vlees en is 
recent aangevuld met ugali (ma'ispap). 

Hadzabe zijn traditionele jager-verzamelaars. De huidige stam bestaat uit ongeveer 1.000 
individuen. De onderliggende studie werd uitgevoerd onder de 300-400 individuen, die nog 
steeds als jager-verzamelaars leven. Ze leven in kleine groepen van tien tot dertig individuen in de 
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drage bosachtige omgeving rand het Eyasimeer (breedtegraad -3,7° en lengtegraad 35,0°, Noord 

Tanzania) .  Ze zijn nomaden en bouwen hun onderkomen van lokaa l  hout, bladeren en gras. Ze 

verplaatsen hun kamp van tijd tot tijd om betere foerageergebieden te vinden. De Hadza hebben 

geen persoonl ijke bezittingen. Ze gebruiken hun onderkomens a l leen bij regen of gedurende de 

nacht. H u n  voeding bestaat uit fruit, (wortel)knol len, honing, vlees en bij gelegenheid uit een vis 

u it het n ab ijgelegen a l kal ische meer. Fruit en (wortel )knol len warden verzameld door de vrauwen 

en de kinderen.  De mannen verzamelen honing en fruit, en jagen op klein wild in het regenseizoen 

en op groter wild tijdens het d rage seizoen. Hun  kleding bedekt voornamel ijk  hun bovenl ichaam 

en boven benen of a l leen de bovenbenen (bij mannen).  De Hadza brengen het graotste gedeelte 

van hun  tijd door in de zon. Net als de Maasai vermijden ze als het maar even mogelijk  is d i recte 

blootste l l ing aan het fel le zon l icht, en zijn hun  activiteiten gepland in de vraege morgen of in de 

late namiddag, terwijl ze i n  het midden van de dag s lapen, eten of praten op een koelere plaats 

onder een boom of rots. 

Naast de Maasai en Hadzabe, includeerden we praefpersonen u it de 3 eerder genoemden 

Bantu popu laties; individuen uit de Pare, Sengerema en Ukerewe. Net als de andere ethische 

graepen vermijden ze zoveel mogelijk directe blootstel l ing aan zon l icht, hoewel het meeste werk 

buiten wordt gedaan en evenzo het sociale leven zich buiten afspeelt. In principe bedekt hun 

kleding het gehele l ichaam, met u itzondering van hun  onderarmen en gezichten. Hun  voeding 

bestaat voornamelijk uit g raente, bonen en fruit met ruime hoeveel heden ugal i, rijst en chapati 

(pannekoeken van ma"ismeel). De mensen in Sengerema en Ukerewe eten grate hoeveelheden 

zoetwatervis, terwijl de Pare een geringe hoeveelheid vlees en vis eten.  

Vita mine D status van traditioneel levende Afrikaanse populaties 
I n  Hoofdstuk6a presenteren we de serum 25(OH)D concentraties (som van serum 25-hydraxyvitamine 

D
2 

en D
3

) van 35 Maasai  die a ls  herders leven en 25 jagende en verzamelende Hadzabe. Hun 

serum 25(OH)D concentraties werden gemeten met behulp van vloeistofchramatografie

massaspectrametrie (LC-MS/MS). Serum 25(OH) D  concentraties van de onderzochte Maasai en 

Hadzabe waren respectievelijk 1 1 9  (bereik 58-1 67) en 1 09 (bereik 7 1 - 1 7 1 ) nmol/L. Deze concentraties 

waren niet gerelateerd aan leeftijd, geslacht of quetelet i ndex. Geen van de ind ividuen in  deze 

populaties had waarden onder de 50 nmol/L. De hoogste waarden waren respectievelijk 1 67 en 

1 7 1 nmol/L, hetgeen ver onder de geschatte toxische concentraties is van 250 and 600 nmol/L. We 

concludeerden dat mensen met een traditionele levensstijl, die in de bakermat van de mensheid 

leven, een gemiddeld circulerend 25(OH)D concentratie hebben van 1 1 5  nmol/L. 

Of de gesuggereerde 25(OH)D concentratie van 1 1 5 nmol/L momenteel de streefwaarde zou 

moeten zijn voor de preventie en behandel ing van ziekten die gerelateerd zijn aan vitamine D 

insufficientie is onzeker. Er is zorg dat een hoge 25(OH)D concentratie een geringe stijging van 

het serum calcium (Ca) kan veroorzaken, hetgeen op de lange term ijn  kan leidend tot de vorming 

van nierstenen en calcificaties van weke delen, terwijl Ca supplementen met en zonder vitamine 
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D recent geassocieerd zijn met hart- en vaatziekten. Al deze potentiele negatieve effecten zouden 
niet noodzakelijkerwijs een pleidooi moeten zijn tegen een hoge vitamine D status, maar zouden 
eerder kunnen wijzen op andere imbalansen die we hebben aangebracht sinds de agri-culturele 
revolutie, zoals onze huidige lage magnesium (Mg) status (Mg is een natuurlijke Ca-antagonist), 
lage vita mine K status (met name K2, dat nodig is ter voorkoming van Ca depositie in weke delen) en 
de huidige hoge koolhydraat en lage groente en fruit inname. Een hoge in name van zuurvormende 
koolhydraten, samen met een lage inname van base-vormend groente en fruit, veroorzaakt een 
staat van voeding-ge'i'nduceerde lage-graad meta bole acidose, hetgeen leidt tot een toegenomen 
gebruik van basische voorraden met calciurie en een netto verlies van lichaams Ca. Een serum 
25(OH)D concentratie van 115 nmol/L in de huidige Westerse wereld kan daarom a Ileen toepasselijk 
zijn in de context van een gezamenlijke correctie van vele andere leefstijlfactoren die we hebben 
veranderd in onze evolutionair-bepaalde Ca homeostase. 

Om de determinanten van onze vroegere vita mine D status verder te exploreren, bestudeerden 
we in Hoofdstuk 6b de invloed van zwangerschap en lactatie, etniciteit, leeftijd, geslacht, quetelet 
index en vis in name op de vita mine D status. We includeerden niet-zwangere volwassenen, zwangere 
vrouwen, moeder-kind paren bij de bevalling, kinderen bij de geboorte en hun lacterende moeders 
op drie dagen postpartum, en lacterende moeders op drie maanden postpartum. Naast de Maasai 
en Hadzabe, includeerden we proefpersonen van de Pare, Sengerema en Ukerewe populaties. Ook 
voor deze studie werd het serum 25(OH)D gemeten met behulp van LC-MS/MS. RBC-DHA werd 
bepaald met capillaire gaschromatografie en diende als surrogaat voor de visconsumptie. 

We vonden hoge gemiddelde 25(OH)D concentraties in de gehele studiepopulatie, in 
nmol/L: niet-zwangere volwassenen 106,8, zwangeren 138,5, moeders bij de bevalling 135,9, 
navelstrengbloed 79,0, moeders op 3 dagen postpartum 91,5 and moeders op 3 maanden 
postpartum 90,8. De gemiddelde 25(OH)D concentraties waren hoger in zwangere vrouwen in 
vergelijking met niet-zwangere vrouwen. Tijdens de gehele periode van zwangerschap leek de al 
hoge 25(OH)D concentratie te zijn gestegen met ongeveer 25% in de Maasai en met ongeveer 60% 
in de vrouwen in Sengerema, terwijl deze hoge concentraties weer snel leken te dalen binnen drie 
dagen na de bevalling. Zwangerschap, bevalling, etniciteit (welke we gebruikten als een surrogaat 
voor zonlichtblootstelling) en in mindere mate het RBC-DHA en leeftijd, waren onder andere de 
determinanten van 25(OH)D. 

We concludeerden dat onze vroegere 25(OH)D concentratie ongeveer 115 nmol/L bedroeg en 
dat blootstelling aan zonlicht, in tegenstelling tot vis inname, de belangrijkste determinant was. 
De foeto-placentaire eenheid van onze voorouders werd waarschijnlijk zelfs blootgesteld aan 
nog hogere 25(OH)D concentraties. We stellen de hypothese dat deze hoge vitamine D waarden 
secundair zijn aan de katabole situatie tijdens de zwangerschap, als nutrienten die typisch in het 
vetweefsel worden opgeslagen, zoals vitamine D, vrijkomen in de circulatie om over de placenta 
te kunnen worden getransporteerd, of beschikbaar komen voor functies die belangrijk zijn in 
de zwangerschap per se. Andere potentieel verklarende mechanismen, zoals de toegenomen 
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concentraties van het vita mine D bindende eiwit en het verminderde katabolisme van vita mine D in 

de zwangerschap, zijn waarschijnlijk van minder belang. Mogelijk onderstrepen onze bevindingen 

het belang van vitamine D tijdens de zwangerschap voor het zich-ontwikkelende kind en wijzen ze 

op de mogelijk negatieve effecten van een hoge vetmassa in Westerse vrouwen, waar verdunning 

van vitamine D, naast een verminderde vetweefsel mobilisatie, de beschikbaarheid van vitamine D 

voor het kind in gevaar zou kunnen brengen tijdens de perinatale periode . 

Conclusies uit dit proefschrift die de huidige voedingsaanbevelingen uitdagen 

Veel van de bevindingen in dit proefschrift contrasteren met de huidige aanbevelingen 

van respectabele Voedingsraden, waarvoor we hier kozen voor een vergelijking met de LCP 

aanbevelingen van de 'World Association of Perinatal Medicine' en 'Early Nutrition Academy' en the 

'Child Health Foundation' 1 ,  en voor de vitamine D aanbevelingen van het invloedrijke Amerikaanse 

' Institute of Medicine' (IOM)2. 

Lange keten meervoudig verzadigde vetzuren (LCP) en linolzuur (LA) 

De huidige aanbevelingen voor LCP in zuigelingenvoeding is tenminste 0,2 g% DHA om gunstigere 

functionele eindpunten te bereiken, maar niet meer dan 0,5 g% DHA omdat"systematische evaluatie 

hoger dan dit niveau niet is gepubliceerd'� Het AA gehalte in zuigelingenvoeding zou tenminste dat 

van de toegevoegde DHA moeten zijn, terwijl EPA de DHA gehaltes niet mag overstijgen 1 • De laagste 

aanbeveling voor LA in zuigelingenvoeding van de 'Life Science Research Office (LSRO), bedraagt 

8 g% terwijl dezelfde organisatie adviseert om 35 g% niet te overstijgen. De ' Food en Agriculture 

Organization of the United Nations' (FAO)/'European Society for Paediatric Gastroentrology, 

Hepatology And Nutrition' (ESPGHAN) adviseert � 11 g% LA, terwijl de 'Commission Directive 1991' 

(CD91) :5:19 g% aanbeveelt3• 

Onze benadering is gebaseerd op de observatie dat een RBC-DHA gehalte van 8 g% is 

geassocieerd met het laagste risico op hart- en vaatziekten en mentale stoornissen in volwassenen 

die in Westerse landen leven4•5• Lacterende vrouwen in Tanzania-Ukerewe, die hun gehele leven veel 

vis eten, hebben een RBC-DHA gehalte van 8 g% en hebben de volgende mature melk gehaltes: 

1,0 g % DHA, 0,55 g% AA, 0,22 g% EPA en 9,32 9% LA6. De omvangrijke verschillen met de huidige 

aanbevelingen verdienen het om verder te worden onderzocht in studies die bijdragen aan een 

kosten-baten evaluatie van melk en zuigelingen voeding met een DHA gehalte van 1 g% en een 

AA gehalte van 0,5 g%. Deze DHA en AA gehaltes zouden samen moeten gaan met een LA op 

het niveau van de laagste aanbeveling van 8 g%, of zelfs zo laag als de waarden die we vonden 

in Chole (gemiddelde 4,2 g%; 2,6-7,5) en Kerewe (5,2 g%; 2,4-11,7)7. De lagere LA kan samengaan 

met overeenkomstig hogere gehaltes van oliezuur en midden-keten-vetzuren (MCFA). Oliezuur is 

belangrijk voor de groei van de hersenen en de myelinisatie, terwijl MCFA een snel opneembare 

energie bron vormt met vele antimicrobiele aspecten. 
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Vitamine D 
De huidige aanbeveling voor de vita mine D status van het Amerikaanse 'Institute of Medicine' (IOM) 

is tenminste 50 nmol/L 25-hydroxyvitamine D [25(OH)D], op welk niveau "praktisch alle mensen 

sufficient zijn': Deze status is gebaseerd op RCTs die een positief effect van vitamine D op de 

musculoskeletale gezondheid lieten zien. Het IOM beweert ook dat een serum 25(OH)D boven de 

75 nmol/L niet consistent geassocieerd is met toegenomen voordeel, terwijl "er redenen zouden 

kunnen zijn voor bezorgdheid bij serum 25(OH)D gehaltes boven de 125 nmol/L': Bovendien zijn er 

momenteel geen verschillen in de vitamine D aanbevolen dagelijkse hoeveelheid (ADH) voor niet

zwangere vrouwen en diegenen die zwanger zijn of borstvoeding geven. Volgens het IOM hebben 

ze allemaal 15 µg vitamine D/dag nodig. 

In de huidige studie vonden we dat de gemiddelde (bereik) serum 25(OH)D concentraties 

van de Maasai en Hadzabe respectievelijk 119 (58-167) en 109 (71-171) nmol/L waren8• In een 

andere studie in Tanzania werd een gemiddelde 25(OH)D van alle niet-zwangere volwassenen en 

navelstrengserum gevonden van respectievelijk 106,8 (bereik 31, 1-171, 1) en 79,9 (bereik 26,8-176,0) 

nmol/L. De gemiddelde (bereik) 25(OH)D gehaltes van zwangere en niet-zwangere Maasai was 

147,7 (65,4-218, 1) en 118,3 (57,5-167,4) nmol/L, en in Sengerema werd respectievelijk 141,9 (76,3-

262,4) en 89,0 (31,1-130,9) nmol/L gevonden, hetgeen impliceert dat de vitamine D status tijdens 

de zwangerschap ongeveer 25% hog er is in de Maasai en ongeveer 60% hoger is in Sengerema9 • 

In het licht van de associatie tussen een lage vitamine D status en de vele welvaartsziekten 

en suboptimale gezondheid (inclusief de hersenontwikkeling van het kind), warden, ook hier, 

omvangrijke verschillen gevonden met de huidige aanbevelingen, die dringend vragen om nader 

onderzoek in de vorm van studies, die bijdragen aan een kosten-baten evaluatie van een vita mine D 

status die hoger is dan de 50 nmol/L van het IOM. Factoren die bij een dergelijke evaluatie eveneens 

onderzocht zouden moeten warden zijn de calcium, magnesium, natrium, kalium en water in names, 

het vita mine K (voornamelijk K2) status, niersteenvorming en de in names van koolhydraten, groente 

en fruit; laatstgenoemde in relatie met voeding-ge'induceerde lage-graad meta bole acidose. 

Epiloog 

Onze Westerse leefstijl is drastisch gewijzigd gedurende de afgelopen 10.000 jaar, als gevolg 

van veranderingen die ontstonden door de agri-culturele en industriele revoluties. We hebben 

momenteel te maken met een conflict tussen onze eigenhandig gemaakte omgeving en ons 

genoom dat nog voor het grootste deel verkeert in het Paleolithicum (2,5 miljoen-10.000 jaar 

geleden). Evolutionaire Geneeskunde voorspelt dat vele, zo niet alle, welvaartsziekten veroorzaakt 

warden door een conflict tussen onze snel veranderende omgeving en ons oeroude genoom. Deze 

veranderingen hadden vele consequenties voor de kwaliteit van onze voeding. Bijvoorbeeld, onze 

huidige voeding wordt, in vergelijking met onze oervoeding, gekarakteriseerd door een hogere 

koolhydraat inname (voornamelijk die met een hoge glycemische lading, een lagere eiwit inname, 

een abnormale vetzuursamenstelling (voornamelijk een sterk verstoorde w3/w6 vetzuur ratio), een 
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lager vezelgeha lte, een lager micronutrient gehalte en gecompromitteerde zuur/base en natrium/ 

kal i um balansen. Andere leefstij lfactoren die ook zijn veranderd zijn onze momenteel verminderde 

fysieke inspanning, verminderde blootstel l ing aan zonl icht, chronische stress, slaapgebrek en 

mi l ieuvervu i i i  ng. 

De huidige voedingsaanbevel ingen, opgesteld door respectabele Voedingsraden, zijn 

gebaseerd op onderzoek dat uitgevoerd is in Westerse bevolkingsgroepen. Het resultaten van dit 

proefschrift accentueren de subjectiviteit van deze aanbevel ingen voor LCP en vitamine D: vele 

mensen in  deze wereld met een meer trad itionele leefstijl hebben een LCP en vita mine D status die 

op gespannen voet staat met de aanbevel ingen, terwijl deze popu laties niet l ijden aan de typisch 

Westerse ziektes van overmaat. Eerder dan te beweren dat hun status de basis zou moeten zijn 

van voedingsnormen (DRl's; onder welke EARs, RDAs, Als, LOAELs, NOAELs en Uls), suggereren we 

dat de resultaten van dit proefschrift van waarde zouden kunnen zijn voor  toekomstige stud ies 

waar in de innamen van LCP en vita mine D, maar ook van andere nutrienten zeals vitamine B
1 2, 

jod ium en selenium warden onderzocht a ls  een geheel. Deze nutrienten, die behorende tot de 

"hersen-selectieve nutrienten': komen samen in een pakket dat overvloedig aanwezig is i n  het land

water ecosysteem. Bijvoorbeeld, in Fra nkrijk, levert de in  name van "voeding uit de zee" 25% van de 

vita mine D ADH, 56% van de vita mine B
1 2

ADH, 28% van de jodium ADH, 23% van de selenium ADH 

en 203% van de Franse DHA ADH. 

Een hol istische benadering is belangrijk, aangezien het negeren van ons voedsel a ls  een geheel, 

ten gunste van studies met slechts een n utrient, de progressie van de Voedingswetenschappen 

waarschijn l ijkheid heeft afgeremd. Bijvoorbeeld, meta-analyses van RCTs hebben tot n u  toe geen 

betere neurologische ontwikkel ing aangetoond van het verhogen van de DHA status van een kind 

via een zuigelingenvoeding die met DHA is verrijkt, of via de verhoging van de maternale DHA 

status. Wij stel len de hypothese dat dit fa len n iet (a I leen) het resu ltaat is van te lage innamen, te korte 

interventies of van and ere verklaringen die in de l iteratuur word en genoemd. Het fa len komt eerder 

voort uit de neiging om nutrienten afzonderl ijk te bestuderen. Met andere woorden: door het fa len 

om te apprecieren dat onze voeding niet een of andere combinatie is van nutrienten d ie e lk een 

aparte rol spelen, maar eerder bestaat uit biologische materialen zoa ls groente en fruit, vlees en vis, 

waa rin a l le nutrienten aan elkaar zijn gerelateerd om een schepsel te vormen, hetzij een p lant of een 

d ier, dat leefde voor het werd geconsumeerd. Een enkel nutrient heeft vele, soms ongerelateerde 

effecten en geen enkel nutrient werkt op zichzelf. Elk van hen is onderdeel van een netwerk; het is 

systeembiologie waar we mee te ma ken hebben. De effecten van de nutrienten zijn veela l subtiel en 

veroorzaken ziekte op de lange termijn  wanneer de functies warden gecompromitteerd door een 

suboptimale status, waarmee bedoeld wordt de nutrientsamenste l l i ng, en n iet de concentraties of 

het gehaltes van afzonderl ijke nutrienten zeals LCP en vitamine D. 

De toename van onze kennis over het functioneren van receptoren, die als intermediair  

werken tussen onze omgeving en ons genoom, onderbouwen deze visie. Bijvoorbeeld: visol ie 

veturen en hun metabolieten gaan, samen met vele anderen, een interactie aan met 'peroxisome 
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proliferator receptors' (PPARs). De daaruit voortkomende gen-expressie of repressie heeft eveneens 
voldoende vitamine A ('9-cis retinoic acid') nodig, dat op zijn beurt moet binden aan de 'retinoic 
receptor' (RXR) zodat er een PPAR-RXR hetero-dimeer kan worden gevormd dat van zijn liganden is 
voorzien. Ondertussen bindt DHA ook aan RXR om RXR-afhankelijke transcriptie te activeren, terwijl 
vele, zo niet alle, van deze receptoren promiscue zijn, wat impliceert dat ze kunnen functioneren 
door de binding van vele, ogenschijnlijk ongerelateerde, nutrienten. Andere voorbeelden zijn 
de antagonistische en synergistische interacties tussen DHA en AA, zeals die we vonden in dit 
proefschrift: we hebben te maken met hormese, niet met de klassieke verzadigings-dosis-respons 
curve die we op school leerden. Evenzo, heeft de vitamine D receptor (VDR) niet alleen voldoende 
1,25(OH)p nodig voor genexpressie, maar ook vitamine A ('9-cis retinoic acid'), aangezien ook 
vitamine D afhankelijke transcriptie een dimerisatie nodig heeft van de geligeerde VDR met de 
geligeerde RXR. Er is ook 'cross-talk' tussen de VDR en PPARs. Bovendien worden zowel LCP als 
vitamine D herkend door membraan receptoren (o.a. GPRl 20 en VDR) om snelle (niet-genomische) 
effecten te veroorzaken. Ondertussen interfereert een hoge vitamine A status met de vitamine D 
status of het functioneren van vita mine D, terwijl vitamine D en vita mine K synergistisch werken in 
de calcium homeostase. Het is duidelijk dat gezonde voeding een zekere balans dient te bevatten 
en het als zodanig ook verdient om onderzocht te worden. 

Alles is waar ender de omstandigheden van de studieopzet en zijn beperkingen, maar het 
zou de studieopzet kunnen zijn die irrelevantie in zich draagt om de vraag te beantwoorden of 
dat specifieke nutrient betrokken is in gezondheid en ziekte. Gerandomiseerde onderzoeken met 
afzonderlijke nutrienten, door velen verward met 'Evidence Based Nutrition: hebben in deze zin 
niet bijgedragen aan de holistische blik, die van cruciaal belang is in de Voedingswetenschappen 
en die tevens ooit gold als de hoeksteen van de Medische wetenschappen. Het huidige regerende 
reductionistische paradigma, dat geschikt is voor geneesmiddelen, met niettemin vele (eveneens 
weinig geapprecieerde) beperkingen, negeert in principe de complexiteit van de natuur en zou 
vervangen moeten worden door een benadering via de systeembiologie. Systeembiologie in 
de Voedingswetenschappen vertaalt zich naar onderzoek van voeding als geheel, of we nu de 
onderliggende mechanismen begrijpen, of niet, en of we nu kennis hebben van de nutrienten die 
het geobserveerde effect hebben veroorzaakt, of niet. 

We concluderen dat de mogelijke gezondheidseffecten van een nutrient in een bredere context 
bestudeerd zouden moeten worden. We zijn nog ver weg van het begrijpen van de natuur op 
moleculair niveau en het is gepast om ons als zodanig te gedragen. Evolutionaire Geneeskunde 
omvat deze bredere context en voorziet ons van een praktische basis, waarin de vele hiaten 
in onze kennis nog niet zijn opgevuld. Als we beweren dat we de lessen van Darwin hebben 
begrepen, kunnen we ook apprecieren dat er eerst een omgeving was en er daarna een aangepast 
genoom ontstond. Terugkeer naar de Paleolithische voeding volgens de cultuur van de 2pte eeuw 
voorziet ons van een solide concept voor de preventie van typisch Westerse ziekten, terwijl deze 
terugkeer eigenlijk geldt voor onze leefstijl in zijn totaliteit. Of de resultaten van gerandomiseerde 
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gecontroleerde interventiestudies, hun meta-analyses of andere momenteel in zwang zijnde 

paradigma's de uitkomsten van de Evolutie nu bevestigen of niet. 
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Dankwoord 

Al langere tijd was ik geYnteresseerd in het doen van onderzoek. Het was in Cura<;ao waar  deze 

onderzoeksinteresse werd gevoed. Er werd vetweefsel en b loed van zwangere Curacaose vrouwen 

verzameld om daar later de vitamine D concentraties in te bepalen. Een jaar later gingen we in 

Tanzania van start met onderzoek naar vetzuren en vitamine D. Het zogenaamde 'Afrika-project' 

werd een groot succes en binnen een jaar vloog ik even vanu it Tanzan ia terug naar Nederland met 

een enorme vriezer vol onderzoeksmateriaal .  Gelukkig kon ik er een promotieonderzoek van ma ken 

zodat a l le verzamelde data u itgewerkt konden warden. 

Beste Frits, 

Volgens mij heb je je hart vastgehouden toen wij onze terugtocht aanvaardden om van Tanzania 

naar Nederland te rijden door landen als Soedan en Libie. Deze landen hebben wij overigens a ls  

heel ontspannen en bijzondere reislanden ervaren.  Toen i k  eenmaal in  het UMCG begonnen was, 

leerde ik je kennen a ls  een warm, betrokken en bijzonder werklustige man. Je tomeloze inzet, 

onvermoeibare zoektocht naar n ieuws en de soms eindeloze d iscussies, vergezeld van oploskoffie 

of mangothee, heb ik altijd zeer gewaardeerd. Je hebt me geleerd overa l structuur  in aan te brengen 

en heb me leren schrijven op een hoger niveau. Dank voor de mooie leerzame tijd, ik  zal er nog vaak 

aan terugdenken! 

Beste Janneke, 

Je kritische noot, nuttige logistieke tips en het deleten van overbod ige passages, maar daarnaast 

ook je meer persoon l ijke interesse, maakt je onvergetelijk voor mijn promotie. Daarnaast laveerde 

je altijd moeiteloos tussen de soms wat botsende meningen van de groep door. Afspraken maken 

was soms lastig in  je voi le  agenda, maar als je eenmaal je agenda voor me had geblokt was er a l le  

tijd! Dan zocht je nog wat 'RBC-DHA status' om me kopjes koffie af te troggelen en was het reuze 

gezel l ig !  

De !eden van de beoordel ingscommissie Prof. d r. E .M.H.  Mathus-Vl iegen, Prof. dr .  A.F. Bos en Prof. dr. 

R.F. Witkamp, bedank ik graag voor het kritisch doornemen van mijn proefschrift. 

Mijn bijzondere dank gaat u it naar FrieslandCampina.  Geachte d r. Schaafsma, beste Anne, zonder 

jull ie sponsoring was dit onderzoek in  Afrika erg moei l ijk geweest! Dank  voor a l le support in  Afrika, 

maar ook voor de diverse analyses in Nederland! 

Als tweede wil  ik  het VSB-fonds bedanken voor de bijdrage aan het onderzoek! 

Beste Jan en Froukje, ju l l ie ervari ng en ju l l ie contacten hebben ons enorm geholpen om de 

stud iematerialen in Tanzania te verzamelen, hartelijke dank daarvoor! 

Beste Rudy, hartelijk  dank voor het meedenken en de heerl ijke tijd die we doorbrachten in je 

appartement in  Kaapstad!  

Beste Annemarie, 

Hoor ik  daar een nachtegaal  op de gang? Je maakte de koude en onpersoonl ijke gangen van het 

UMCG warm met je prachtige zangstem. Soms kwam je even boven buurten met een aardbei, een 

koekje, een verhaa ltje of een l ied. Graag kwam ik  ook beneden bij je  Ian gs. Maar naast alle gezel l ige 

d ingen waren ook je logistieke en organisatorische ta lenten onmisbaar! 
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Dan zou ik graag a l le  medewerkers van het laboratorium wi l len bedanken voor hun  h u l p. In het 

bijzonder: I ngrid, ik ben je dankbaar voor het meedenken en me wegwijs maken in het lab! We 

a na lyseerden van a lies in de GC, van insecten tot groenten, n iets was je te gek en a ltijd dacht je mee 

hoe de analyses zo goed mogelijk konden verlopen. 

Beste Herman en Marchien, hartel ijk dank voor a l  ju l l ie hu lp  de afgelopen jaren. Herman, het was 

een warm "welkom thu is" toen je me op stond te wachten op Schiphol. Je had een vriezer vol 

d roogijs bij je om 7 uur in de morgen! Dat zul len niet veel mensen je nadoen! 

Beste Gerry, computers zijn n iet m ijn beste vrienden. lk ben dan ook heel b l ij met mensen a ls jij die 

me  konden helpen en tips konden geven, a ls  het appa raat n iet deed wat i k  wilde. 

Beste Jan van der Molen, hartel ijk dank voor het ana lyseren van a l le vita mine D monsters. Het heeft 

heel wat voeten in  de aarde gehad maar is zeer waardevol geweest en heeft geleid tot twee mooie 

publ icaties! 

Beste Marcel Volmer, graag wil i k je bedanken voor de verhelderende en nuttige statische t ips! 

Beste Bego en Martijn,  l ief dat ju l l ie nog enkele maanden voor de visjes hebben gezorgd! Helaas zijn 

ze a l lemaal in de WC geeindigd . . . . lk heb genoten van ju l l ie  gezel l igheid en wens ju l l ie veel succes 

en plezier met het afmaken van ju l l ie promoties! 

M ijn  bijvakkers, Bart en Deti, wil ik  graag bedanken voor hun i nzet. Veel data hebben ju l l ie verzameld 

en  vele ana lyses zijn door ju l l ie gedaan. Het was voor mij ook erg leerzaam om ju I l ie te begeleiden! 

Lieve Club, 

Ben ik  eindel ij k zover dat ik weer mee kan drinken, en eten natuurl ijk, wordt er getrouwd en kinderen 

gekregen ?! Gelukkig kunnen mannen ook goed oppassen en geeft dat ons wat tijd voor elkaar! Dat 

we nog veel mogen borrelen! 

Lieve Dushi's, 

Onze mooie Curac;ao-tijd l igt helaas achter ons, gelukkig wordt er nog geregeld gejast, geskied en 

weekendjes weg gegaan. Gelu kkig kan ik  nu ook de spontaniteit van een doordeweekse avond 

soms meepakken! 

Lief Lela, 

Na onze gezamenl ijke avonturen a ls  ba lkony-girls en garl ic-gi rls in Austra l ie was jij onze g rootste 

fan tijdens de Afrika-reis. Je onderhield me, in een vacuum van vriendinnen, tijdens dat jaar met 

l ange e-mai ls, waarin a l le d ingen die ons na aan het hart lagen werden besproken. lk heb veel van je 

geleerd van 'niet in paniek raken' tot het op jouw manier zien van de wereld, d ie er dan ineens een 

stuk romantischer uitzag. lk zal je me a ltijd herinneren en je a ltijd missen. 

Lieve Jan en Marjan, 

Dank voor ju l l ie  onvermoeibare interesse en medeleven tijdens mijn promotie en ook daarbuiten. 

Altijd konden we op ju l l ie rekenen voor een etentje of het soms noodzakelijke dak boven ons hoofd! 

Het verwarmt me! 
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Lieve Coco en Mutske, 
Als ik aan Groningen en gezelligheid denk, dan denk ik aan jullie. Lunchen op het UMCG, hard I open 
van het Noorderplantsoen tot het Stadspark, bij elkaar eten en drankjes drinken in de stad. Jullie 
hebben veel kleur aan mijn !even in Groningen gegeven! lk ben dan ook heel blij dat jullie me 
ondersteunen in de laatste fase van mijn promotie! lnmiddels wonen we helaas ver van elkaar. Toch 
hoop ik dat we elkaar geregeld gaan opzoeken in het Hoge Noorden of elders! 

Lieve Rut, alles bounty? Toen we beiden nog in Ede woonden was het vaak lachen of huilen met 
niets er tussen in. Eenmaal uit huis, bleken we ook best op een normalere manier met elkaar om te 
kunnen gaan. Je bezocht me in Curac;ao toen ik daar co-schappen liep. Je mengde je moeiteloos 
tussen mijn huisgenoten en hield er een vrouw aan over, en dat binnen 4 dagen! Je was altijd wat 
sceptisch over onze reis en onze auto. Toch werkte je hard mee om ans krokante bakkie Afrika klaar 
te krijgen! Dank voor a lies, ik zal proberen een keer meteen een goede auto te kopen! 

Lieve Oma, 
De enige echte oma, dat is wellicht niet helemaal waar, maar zo voelt het wel. Al vroeg introduceerde 
u mij in a lies wat groeit en bloeit in deze wereld. U dacht aan me met elk tentamen van geneeskunde 
dat ik deed! Nu praten we over wat ik allemaal heb meegemaakt en wat de uitkomsten van het 
onderzoek zijn en u leert mij dingen van vroeger! lk ben erg blij met u! 

Lieve pap en mam, 
Wat ben ik een gelukkig mens met ouders zeals jullie die altijd voor me klaar staan, meedenken 
en ook kritische noten plaatsen. De motor van onze onverwoestbare Landcruiser bleek na 300 km 
rijden al klaar voor de schroot. Maar jullie waren de reden dat onze 'fantastische' Mbu Afrika toch 
nog heeh gehaald! Wellicht hebben jullie wat meer grijze haren gekregen door de bezorgdheid 
tijdens onze reis, maar jullie hebben vast ook genoten van de verhalen en het meereizen. Voorlopig 
ben ik weer even heel dicht bij huis! Gelukkig heb ik jullie ook kunnen inspireren koolhydraat armer 
te eten zodat we extra lang van elkaar kunnen genieten! 

En dan de allerbelangrijkste: lieve Rem, zonder jou was dit boekje er niet geweest! Tijdens onze 
reis bleken we een sterk team dat goed kan samenwerken. We hebben de meest spannende en 
avontuurlijke dingen meegemaakt maar hebben elkaar ook hard nodig gehad. lk ben je bijzonder 
dankbaar voor deze fantastische reis, de samenwerking, de steun en dat je er altijd voor me bent! 
Vele landen hebben we doorkruist maar er is nog veel meer te zien, laten we de grate garage 
gebruiken om nogmaals een voertuig te prepareren voor nieuw avontuur! Je bent mijn held! 
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Martine Luxwolda werd geboren op 22 mei 1981 te Ede alwaar zij opgroeide. Zij behaalde in 1999 
haar gymnasium diploma aan het Marnix College te Ede. Hierna reisde ze een jaar door Australie, 
Nieuw Zeeland en Azie. Vervolgens studeerde ze twee jaar bewegingswetenschappen aan de Rijks 
Universiteit Groningen (RUG), en behaalde haar propedeuse alvorens zij pas in 2002 werd ingeloot 
voor de gewenste studie geneeskunde (RUG). Na het met goed resultaat afronden van haar 
coschappen in het Deventer Ziekenhuis te Deventer en het Sint Elizabeth Ziekenhuis te Willemstad, 
Cura�ao, behaalde zij in 2008 haar doctoraal geneeskunde alsmede haar arts examen. Aansluitend 
startte zij met haar promotieonderzoek. 
De datacollectie voor het promotieonderzoek geschiedde in het Oost-Afrikaanse Tanzania alwaar 
zij een jaar met eigen rijdend laboratorium, samen met haar partner Remko Kuipers, samples 
van traditioneel levende Tanzanianen verzamelde. Het doel van de studie was een kritische 
beschouwing van huidige Westerse referentiewaarden voor onder andere vitamine D en lange 
keten meervoudig onverzadigde vetzuren (LCP) en het onderzoeken van biochemische effecten 
van verschillende steady state LCP innamen bij zwangere en lacterende vrouwen. Dit onderzoek 
werd begeleid door promoter prof. dr. Frits A.J. Muskiet, Universitair Medisch Centrum Groningen 
(UMCG) en copromotor dr. D.A. Janneke Dijck-Brouwer (UMCG). Voordat zij in 2012 startte met 
haar studie tandheelkunde aan de Radboud Universiteit te Nijmegen als voorbereiding op haar 
opleiding tot Mond- Kaak- en Aangezicht chirurg in het Universitair Medisch Centrum Utrecht, was 
zij ook nog werkzaam als arts-assistent op de Spoed Eisende Hulp. 
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