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Abstract

In an earlier review, we suggested the African savannah with its enormous herds of the ancestors of the African
buffalo whas the ‘driving force’ in human encephalization delivering the substances essential to early hominids for
their tremendous brain expansion from Homo erectus (average brain volume about 950 cm? for the African lineage)
towards modern Homo sapiens (¢ 1500 cm? brain). In this review, we argue that the meat and lard of early African
bovines (ancestors of the African Buffalo, Syncerus caffer) had the appropriate biochemical composition to deliver the
necessary polyunsaturated fatty acids (PUFAs) such as the omega 3 fatty acids EPA (Eicosapentaenoic acid; C20: 5, w-3)
and DHA (Docosahexaenoic acid; C22: 6, w-3), required for healthy brain growth. The most important fatty acid for the
African buffalo meadow-grasses (mainly Andropogon gavanus) of which the major important Essential Fatty acid (EFA)
is an inflammatory one, an w-6, Linoleic acid (C18: 2, w-6; LA). This will have affected the meat and lard composition
of Syncerus caffer as prey animal for early hunting hominids. Therefore, it is not remarkable that fatty acids in the w-6
series like Arachidonic acid (C20: 4, w-6) are more common in the tissues of the African buffalo than of the w-3 series.
Remarkable is that the most important w-3 fatty acid in this group was Docosapentaenoic acid (C22: 5, w3; DPA). Data
on meat of several African ruminants like the giraffe, gnu and several African antilopes support the general observation
that all ruminants of the African savannah contain substantial amounts (about 7-12%) of Docosahexaenoic acid (C22:
5, w3; DPA) but little (about 1-5%) Docosahexaenoic acid (C22: 6, w-3; DHA) and Osbond acid (C22: 5, w-6; OA) in liver
and muscle tissue. It was suggested that these observations reflect a low capacity for A4 desaturation in these species.
However, this A4 desaturation model has been replaced by another biochemical model whereby the biosynthesis of
DHA in vertebrates is achieved by two consecutive elongations from EPA to produce Tetracosapentaenoic acid (C24:
5, w-3; TPA) which then undergoes a A6 desaturation to form Tetracosahexaenoic acid (C24: 6, w-3; THA), the latter
being - oxidized to DHA in peroxisomes. This pathway is known as the ‘Sprecher’s shunt’ Future studies must prove
if a variety of biosynthetic pathways of PUFA conversions is present such as A3, A4, A5, A6, A8, A9, A 12, A15, A17
desaturase enzymatic activity in the ruminant Syncerus caffer using a microbiome in the paunch dependent on the
substrates consumed. Conjugated Linoleic acid (CLA) is naturally produced in the rumen in the African buffalo by bio-
hydrogenation, hence it is present in milk, dairy products, and meat. In this case, the predominant isomer is the cis-9,
trans-11, also known as rumenic acid. CLA and its metabolites are incorporated in neutral lipids as in adipose and
mammary tissues which are rich in triacylglycerols like in human brain. At the end of this review, we propose a two-year
research project to investigate the evolutionary important topic of the ‘overgrown human brain’. Palmitic acid (C16:0)
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has a dominant role at the sn-2 position of the glycerol molecule which explains its high absorption rate. By describing our

‘African Buffalo Savannah Hypothesis’ (ABS hypothesis) in this way to the proponents of the ‘Aquatic Phase Hypothesis’

(APH), we provide the required biochemical model for supportive action of the ‘Savannah Dry Land Hypothesis’ (SDL)

hypothesis by which the encephalization of the human brain can be explained as solely dependent on molecular building

materials from the African savannah.

Keywords: Homo sapiens; Human brain; Neocortex; Encephalization; Syncerus caffer; C57bl6; Encephalization;

Human brain evolution; Sprecher’s shunt; Out of Africa; Systems Biology; Lipidomics§1: Introduction

Introduction

The African savannah hypothesis plays a prominent
role in this review manuscript and in the formulation of our
initial hypothesis related to human brain encephalization.
In this respect, mitochondrial DNA studies proved
extremely important supporting the proposal by [1] that
a large and diverse human population has persisted in
eastern Africa and that eastern Africa may be the cradle of
humanity [2]. Genetic studies and fossil evidence indicate
that archaic humans evolved to anatomically modern
humans solely in Africa between 200,000 and 60,000
years ago [3]. In addition, they suggested that members
of one branch of Homo sapiens left Africa at some point
between 125,000 and 60,000 years ago, and that over time
these humans replaced other populations of the genus
Homo such as Neanderthals and Homo erectus [4]. The
huge African savannas of thousands of square kilometers
- also called ‘biomes’ - underwent another phase of change
during the Pleistocene and this change, including tall
grass, had its influence on the first humanoids. In this
regard, human adaptation began with the first significant
increase in skull volume of Homo erectus that exhibited life
strategies similar to Homo sapiens about 1.9 million years
ago. The prominent change was the increased relative brain
size that separated Homo erectus from Australopithecines
Figure (1) [5].

Figure 1: Skull expansion (“encephalization”) of early hominids towards
modern Homo sapiens during course of evolution.

We will only focus on the brain growth of Homo habilis
(2.4 million to 1.4 million years ago with a skull capacity
of around 600 cm?® [6] to the last 75,000 years when brain
growth was exponential from Homo erectus (on average
about 950 cm? for African descent, [7] to modern Homo
sapiens Figure 1,2 on average about 1260 cm® for men
and 1130 cm? for women, although there is considerable
individual variation [8].

Figure 2: Human evolution based on skull endocasts of fossil archaic
primates and early hominids.

We hypothesize triacylglycerols (TGs) were the trigger
for human encephalization which was the growth factor
for logarithmic skull expansion Homo habilis towards
Homo erectus over around 100,000 years and from Homo
erectus towards Homo sapiens during the last 70,000 years.

East Africa is a region of often harsh and unsTable
environments and resources are accordingly scarcer and
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harder to get. It is strange that the cradle for modern
humanity stood here but it might due to a variety of
evolutionary selection pressures in such a versatile
environment selecting these evolutionary traits by an
endless series of ‘breedings’ and ‘eatings’ out of which
some traits developed and became what we see today in
the modern archaic men of AD 2020 [9]. Species living in
this latter environment would be under greater selection
pressure to evolve and change if they needed to survive. The
ancestors of modern humans were able through extensive
use of tools and the use of gestures for communication
and perhaps communication through sound or even
primitive language, to exploit new skills improving their
hunting techniques in the savannabh, resulting in a steadily
increasing amount of meat which in turn resulted in an
increasing brain growth. So, an improved tool-use facility
would contribute to increasing the survival chances of the
species and resulting in obtaining more available meat
from hunted prey animals like Syncerus caffer as was
probably the case in the transition from Homo habilis to
Homo erectus [9].

In this regard, it should be noted that the food sources
produced by the African savannah are an extremely
important factor in our model of human brain growth
(encephalization). These food sources for the first
hominids consisted in particular of the ancestors of the
African buffalo (Syncerus caffer), the most important
ruminant herbivore at the African savannah with herds of
around 1,000 animals each of which an has a shoulder
height between 1.0 and 1.67 m, a head and body length of
between 2.1 and 3.0 m, a weight for an adult bull between
600 and 900 kg, and a life expectancy of between 18 and 29
years (reviewed: [10]. So, these herds of African buffalos,
trafficking across the African savannah, can be considered
as tremendous resources of “animal-meat” providing the
‘carrying capacity’ of the African savannah in terms of
protein, fat and lard production required by the developing
early hominids, mainly in respect to human brain growth.

In earlier studies in a High-Fat Diet obesity induced
C57bl6 mouse model fed on 24.0% bovine lard, we
observed accumulation of specific Triacylglycerols
(TGs) in liver (‘hepatic steatosis’) under conditions of
starvation [11] but also after exposure to a High-fat diet
based on bovine lard [12]. Our results depicted in Figure
3 support the hypothesis that large amounts of TGs were
the ‘prime movers’ in brain evolution for skull expansion

(encephalization) [13]. Therefore, we hypothesize that the

unique lipid composition of bovine lard (large amounts
of unsaturated TGs: C: 50-1; C:50-2; C:52-2; C:52-3; C54-
3; C:54-4 and C56-3) might play a role in mammalian
encephalization Figure 3, [14].

Figure 3: “Brain steatosis” based on LCMS-data of whole mouse brain
-“brain steatosis”- under two nutritional conditions.

The specific molecular structure of bovine lard (high
amounts of unsaturated C:50-1; C50-2; C:52-2; C:52-3;
C54-3; C:54-4 and C56-3 Triacylglycerols [12]. We found
a Pearson’s correlation coefficient of r?=0.421 for the high-
fat (HF) diet and the HF brain in comparison to control-
chow diet r’=-0.273 and control-brain.

To our awareness, brain expansion through nutritional
intervention has never before been observed in a mouse
model related to the accumulation of TGs due to a
fat-based diet on bovine lard. We have extended this
observation to the research field of paleo anthropology and
encephalization of early hominids and via this route we
came to the “Out of Africa” (O0OA) hypothesis. We are aware
that we are not specialists and that this area of research
is completely new to us. However, our observation
may be valuable; just like modern mitochondrial DNA
techniques  gave a major “leap forward” in the research
field of paleo-anthropology, this could also be the case
with the help of a Systems Biology, lipidomics-based
approach using LCMS techniques in mouse models or in
post mortem human brain, because our evolutionisliterally
to our mind engraved in us human brain. To make our
initial thought more structured, African buffalo meat has
- according to our hypothesis - a specific TG composition
making it easy to cross the blood-brain barrier (BBB)
subsequently triggering brain growth [15. We recalculated
earlier determined correlation coefficients published
by [12] for the food-brain correlation and found a tight
correlation with the HF- diet mouse brain composition
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with respect to these TGs for the HF-food diet. We found
a new Pearson’s correlation coefficient of r’=0.421 for
the high-fat (HF) diet and the HF brain in comparison to
control-chow diet r?= -0.273 and control-brain. Dietary
quality has played a prominent role in theories of human
evolution in general and the evolution of the human brain
in particular [16]. Ideas of brain evolution centring on
dietary quality until present were reviewed earlier [9]
and were not confined to humans and human evolution
[17,18] coined the “Extractive Foraging Hypothesis” to
explain the relationship in primates. They argued that a
relatively large brain correlates with omnivorous feeding in
primates, which requires relatively complicated strategies
for extracting high quality foodstuffs. The importance of
a high-quality diet and of eating meat in particular, has
been a common theme [19]. In an earlier publication, we
suggested that tremendous herds of the African Buffalo
(Syncerus caffer) (Figure 4) provided the meat and lard
for transformation of the brains of early hominids towards
that of modern men Homo sapiens at the African savannah

[9].

Figure 4: The ruminant the African Buffalo (Syncerus caffer), so important
in our evolutionary model of human brain encephalization due to the specific
biochemical composition of its meat and lard.

The biological activity of omega-3 fatty acids (w-3 FAs)
has already been extensively studied for several decades,
and its role in brain function and mental health is of
the utmost importance from a qualitative point of view
[20,21]. For its growth and development, the human brain
undeniably needs large amounts of the polyunsaturated
fatty acid (PUFA) “fishy oil” Eicosapentaenoic acid (C20:
5, omega-3; EPA), in addition to the other “fishy oil”
Docosahexaenoic acid (C22: 6, omega-3; DHA).

Because EPA and DHA can be obtained from fish and
mussels which re-extract these two PUFA compounds

from microalgae - in addition to the direct consumption
of seaweeds by hominids [22] - a hypothesis evolved that
humanity during its evolution and development of the
brain (encephalization) obtained the required EPA and
DHA via an aquatic sea phase. This is also called the Aquatic
Phase Hypothesis (APH) [23], which directly opposes that
of the research school of the (African) Savannah Dryland
Hypothesis (SDLH) [24]. The latter suggests that the
African savannah provided sufficient nutrients (such as the
above two PUFAs, EPA and DHA, in addition to the essential
micro-element iodine) for human brain growth of Homo
erectus in line with modern humans Homo sapiens over a
period of 200,000 years [9].

So, presently there are still in evolutionary sciences two
contradictory theories: the “Aquatic Phase Hypothesis”
(APH) [23,24] and the “Savannah Dry Land Hypothesis”
(SDLH) [25]. In “On the Origin of Species” [26] as well as
“In the Descent of Man” [27], Charles Darwin - himself a
supporter of the (African) SDLH - was unable to provide
the biochemical evolutionary model that could explain the
growth spurt of the human brain during these 200,000
years due to a lack of advanced biochemical analytical
laboratory equipment.

So, in summary, there exist presently two mainstream
hypotheses related to human brain encephalization. The
‘Savannah Dry Land Hypothesis’ (SDLH) assumes that
the African savannah would have supplied all nutritional
elements and other chemical compounds to explain
the uniqueness of the human brain with its overgrown
neocortex [25,28]. On the other side of this scientific
paradigm [29]. we have the x60-year-old ‘Aquatic Phase
Hypothesis’ (APH) or Hardy / Morgan hypothesis [30]
which states that our ancestors were evolutionarily
adapted to a water phase [24,31,32]. The followers of
the APH evolution model request the SDL supporters for
a biochemical explanatory model for large human brains
[32]. We will propose in this review such a biochemical
model of human brain encephalization based on literature
data and in a third review to be published following a
Systems Biology lipidomics approach at our final data. We
used material of sixteen brain donors (eight Control and
eight type 2 diabetes) of the “Netherlands Brain Bank”
for human brain (neocortex) and human blood plasma
and a supportive C57bl6 mouse group model (Control-.
High-fat diet and 24 h starvation group) for whole brain
homogenate and blood plasma. Thus, when explaining
the evolutionary trait “walking on two legs” - which
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presumably evolved as evolutionary trait induced by high
savannah grass [9]- in combination with improved tools for
hunting which resulted in more meat, this model explains
all the aforementioned anatomical and physiological
characteristics [29]. It is most obvious to follow a scenario
of evolutionary selection drivers - that logically explain
most physiological and anatomical features of modern
Homo sapiens - which are based on this savannah hunting
model. These are in chronological order: a). large brains
evolved because of complex social organization due to
hunting for the tremendous herds of the (ancestors) of
the African buffalo (Syncerus caffer) see Figure 5 [9]; b).
required higher intelligence; c). the subcutaneous fat layer
developed to serve as an energy reserve for the developing
brain; d). articulated speech evolved because there was
social pressure for extensive communication; e). the larynx
decreased because this was required by articulated speech
[9]; f). bipedalism [33] as evolutionary trait increased
velocity during hunt and made the use of tools and weapons
easier; g). and a naked body evolved to prevent overheating
during hunting [29,32], almost convulsively adhere firmly
to the APH hypothesis while they state: “There is little or
any evidence of these in the fossil record and much of what
has been claimed can be explained in other ways”.

Inorderto complete this overview, paleoanthropological
indications for archaic humans in an APH model may
be mentioned: a). they have been found in South Africa
[34]; b). for Neanderthals [35]; c). early human-like food
has included various land and aquatic animals since late
quaternary and at least intermittent since

1.9 Ma [36]; d). water and sea behavioral changes (e.g.,
boats, tools for fishing) have been observed probably since
the last interglacial [34]. In addition, paleoanthropological
indications of ‘marine habitats’ refers to the open ocean
and mention can be made of the occurrence of pelagic
fish in Melanesia at 43Ka [38] and the likely occupation of
islands such as Flores at the start of the Middle towards
Late Pleistocene [39].

In my opinion, however, after the Australepthicus
(Figure 1) about 4 to 5 million years ago [40], the evolution
from the first hominins & hominids to modern archaic man
took place on the African savannah. Personally, [ am of the
opinion that the APH hypothesis may apply only for the
period after the Toba volcano disaster about 75,000 years
ago [9,41], when modern people spread around the world
and occupied the different continents [9]. I will substantiate

thisby first presenting the biochemical model for the growth
spurt of our human brain based on the SDLH that the APH
supporters asked. We strongly believe that after the Toba
volcano eruption some 75,000 years ago, “the survivors”
traveled around the world, mostly along a coastline [34].
But the fact remains that the increase of the brain size of
modern man took place on the African savannah. So, the
first archaic human with its ‘1500cm?® skull volume had its
cradle on the African savannah which is firstly based on
fossil excavations [2], secondly on genomic DNA studies
[42], and thirdly on our ecological model in which the
ancestors of the African buffalo (Syncerus caffer) produced
those amounts of meat and lard with the right biochemical
composition (this review) on the African savannah which
the early hominids needed for proper brain development.
So, we will describe an SDL-hypothesis which explains
how the human brain could develop without the need of an
aquatic phase. In this review, we will provide a biochemical
model that supports the SDLH-following a System Biology
[43], lipidomics based approach [44,45].

In addition, presently, there is an important “unspoken”
dichotomous approach in evolutionary sciences in
which a lipid fraction plays a major role in human brain
encephalization: the omega-3 PUFAs (Eicosapentaenoic
acid: EPA & Docosahexaenoic acid: DHA) and other VLCFA
interconversions or the Triacylglycerol fraction (TGs).
Earlier, we described the observation in a C57bl6 High-Fat
diet induced obese mouse model fed on bovine lard with
large amounts of unsaturated TGs C50:1; C:50-2; C:52-2;
C:54-3; C:54-4 and C:56-3 which might have played a role
in mammalian encephalization [12]. Our observations
support this new insight suggesting these TGs can pass
the Blood Brain Barrier (BBB) and fuel the modern human
brain. Consequently, TGs accumulation or “brain steatosis”
is an important observation [12]. Earlier, [46] made a
similar observation that fatty acids as long as 36 carbon
atoms are present in significant amount in the brain of
vertebrates, including mammals and humans. In addition,
to our awareness only one nutritional intervention study
which is comparable to our rodent study was performed
with feline [47]. In this study, using deuterium labelled FA
tracers, domestic cats were given a diet with meat for six
months which also resulted in VLCFA accumulation in the
brain [47].

So, our C57bl6 mouse model, with its brief reproduction
period, is a new ‘tool’ which gives the evolutionary biologist
unprecedented and unlimited possibilities to test the
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various physiological, biochemical and genetic processes
of evolution in a mammal in the laboratory.

Figure 5: Figure 5: Overview from the air, tremendous herds of the African
Buffalo (Syncerus caffer) at the African savannah.

The Cape buffalo weighs anywhere from 400 to 800 kg
(880-1760 Ibs), whereas the African forest buffalos are
much lighter, weighing between 250 and 320 kg (550-705
lbs). [10,48]. In Kainji Lake National Park, Nigeria a total
Syncerus caffer biomass of 54.6 +10.9 kg km2 was recorded
[49].

So probably, during the course of human evolution,
these TGs were the trigger for human encephalization
and these molecules were probably the growth factor for
logarithmic skull expansion from Homo erectus towards
Homo sapiens during course of evolution, over a time-
period of around 200,000 years [50]; Figure 2). This can be
visualized with current data on the evolution of hominids,
starting with Australopithecus - a hominid from which
modern man are probably descended [51]. Australopiths
lived from 3.85-2.95 million years ago with an overall

skull capacity somewhere close to that of the existing
chimpanzee, i.e. about 300 - 500 cm? [51,52]. Given that
the modern human brain measures around 1,352 cm?® on
average, this represents a significant amount of developed
brain mass. It is estimated that Australopiths have a total
number of neurons of about 30-35 billion [6].

Moving along the human ancestral timeline
(‘Encephalization-TOL; Figure 1 & 2), the brain size
continues to increase steadily (see Hominidae) when
moving from primates into the Homo era. Homo habilis for
example -characterized by hand bones that suggested to
have an ability to manipulate objects and tools- who lived
2.4 million to 1.4 million years ago had a skull capacity
of around 600 cm?®. This Homo habilis is claimed to have
been the first Homo species -based on a large number of
characteristics- and to have had an estimated number of
40 billion neurons [6]. Brain size in Homo erectus averages
about 950 cm?, while in a series of Middle Pleistocene
crania from Africa and Europe, volume amounted to about
1230 cm?® [7]. Homo heidelbergensis living somewhat closer
to the present time (about 700,000 to 200,000 years ago)
had a skull capacity of about 1290 cm? and about 76 billion
neurons [6]. Homo neaderthalensis, which lived 400,000 to
40,000 years ago, had a skull capacity comparable to that
of modern humans at around 1500-1600 cm® on average,
with some specimens of Neanderthal with an even larger
skull capacity. It is estimated that Neanderthals possessed
around 85 billion neurons [6]. The increase in brain size
supplemented by Neanderthals, was possibly due to their
larger visual systems [53].

The adult human brain weighs on average about 1.2 -
1.4 kg, or about 2% of the total body weight [54], with a
volume of approximately 1260 cm? in men and 1130 cm? in
women, although there is considerable individual variation
[8]. For the sake of convenience, we refer to the modern
brain of modern Homo sapiens sapiens as the ‘~1500 cm?¥
brain, which presents a landmark in evolutionary history.

In this review, based on the SDLH, we will provide the
evolutionary biochemical model requested by the APH
supporters to explain the growth spurt of the human brain
on the African savannah.

Evolutionary Aquatic Phase Model versus Savannah
(“dry-land”) hypothesis.

Modern humans have evolved with a staple source of
preformed Docosahexaenoic acid (C22:6, w-3; DHA) in
the diet. To date, an important turning point in human
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evolution is believed to be the discovery of high-quality,
easily digestible nutrients from coastal seafood and
inland freshwater resources [21]. The consumption of
this seafood and food from aquatic resources for several
generations, by hominids first, may have coincided with the
rapid expansion of gray matter in the cerebral cortex which
characterizes the modern human brain. This is called the
“Aquatic Phase Theory” (APH), which is currently largely
disputed [29]. The DHA molecule has unique structural
properties that appear to provide optimal conditions for a
wide range of cell membrane functions. This has particular
implications for gray matter, which is a membrane-rich
tissue. The rudimentary source of DHA are marine algae
[21]. Therefore, it is concentrated in fish and marine oils.
Unlike the photosynthetic cells in algae and higher plants,
mammalian cells lack the specific enzymes required for the
de novo synthesis of a-Linolenic acid (C18:3, w-3; ALA), the
precursor for all omega-3 fatty acid syntheses.

The fossil and mitochondrial DNA evidence available
thus far supports an African origin for modern humans
[2,56]. Several of the earliest examples of anatomically
modern human remains come from the Middle Stone
Age (MSA) sites of South- Africa. Bone-tools probably
from human origin are reported from the MSA levels at
“Blombos” and at “Klasies River Mouth”, but similar bone-
tools in Europe and the Near-East do not appear until
later. Sediments bearing bone-harpoon-like points at the
“Katanda” sites date to circa 90 000 years ago, suggesting
that African MSA early humans not only worked with
bone-tools, but also exploited fish using these hunter-tools
[37]- So, in conjunction with the ‘Aquatic Phase Hypothesis’
(APH) “Shellfish-gathering” is from an archaeological
perspective an early indication of “modern human
behaviour”. Based on the Life-style patterns of early Homo
sapiens described earlier in this review — which for rational
reasoning or just opportunistic reasoning- this would have
included a sea-based nutritional life-style pattern in daily
existence for over an estimated period of 100,000 years.
A rather limited evolutionary “time-frame” of only 0.05%
in the assumed total existence time of Homo sapiens.

Proponents of the evolutionary ‘Aquatic Phase Model’
argue that the endogenous synthesis of Docosahexaenoic
acid (C22:6, w-3; DHA) from a-Linolenic acid (C18:3, w-3;
ALA), in humans is much lower and more limited than
previously assumed by competitive enzymatic systems.
Rate limiting steps in enzymatic conversions due to
‘retarded’ enzymatic reactions are the A6 desaturase

steps for both Essential Fatty acids (EFAs), Linoleic acid
(C18:2,w-6, LA) and a-Linolenic acid (C18:3, w-3; ALA)
and the A5 desaturase step from Dihomo-y- Linolenic acid
(C20:3, w-6; DGLA) towards Arachidonic acid (C20:4, w-6;
ARA) (Figure 6).

Figure 6: Biosynthesis of long-chain omega-6 and omega-3 polyunsatu-
rated fatty acids from dietary commodities following an elongase-desaturase
series in mammals.

Enzym activities can be calculated based on product-to-
precursor ratios of individually measured fatty acids. Rate
limiting steps in enzymatic conversions due to ‘retarded’
enzymatic reactions are the A6 desaturase steps (D6D) for
both Essential Fatty acids (EFAs), Linoleic acid (C18:2,w-6,
LA) and a-Linolenic acid (C18:3, w-3; ALA) and the A5
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desaturase step (D5D) from Dihomo-y- Linolenic acid
(C20:3, w-6; DGLA) towards Arachidonic acid (C20:4, w-6;
ARA) and finally the ‘Sprecher’s shunt’ (Figures 8 & 24)
-partly in the peroxisome- from Eicosapentaenoic acid
(C20:5, w-3; EPA) towards Docosahexaenoic acid (C22:6,
w-3; DHA).

Here, we will argue that our ecological ‘Out-of-Africa
Buffalo-Savannah’ hypothesis vigorously describing
the many enzymatic metabolic PUFA interconversions,
provides strong evidence that the meat and lard of the
herds of the African buffalo hunted by early man at
the mainly Pleistocene African savannah, had such a
specific biochemical composition enabling it to be the
probable evolutionary driver for encephalization of the
early hominids. In order to prove this hypothesis, we
will provide the reader of this review with a summary of
scientific literature covering all aspects related to nutrition,
physiology, biochemistry, and (bio) medicine of the human
brain of modern Homo sapiens. In addition, we will also
describe the physiology of the major prey animals notably
the large herbivores of the African savannah Syncerus
caffer as well as the interconversion of PUFAs and FAs in
the rumen (paunch) because our evolutionary model is

based on a blending of these research areas.

From a biomedical point of view, starting with the w-3
PUFA a-Linolenic acid (C18:3, w-3; ALA), w-3 fatty acids
are required for normal health, especially for the brain
whereas the ‘inflammatory’ w-6 Linolenic acid (C18:2, w-6;
LA) has important functions in cholesterol metabolism and
as specific skin lipid [57].

If we follow the A9 elongase pathway starting from
a-Linolenic acid (C18:3, w-3; ALA) towards Eicosatrienoic
acid (C20:3, w-3; ETrA), we find this compound to be
an eicosanoid precursor. The eicosanoids derived from
these fatty acids have a variety of effects on the body. For
example, they play a role in inflammation, fever promotion,
blood pressure regulation, and blood clotting. They also
influence the immune response and certain respiratory
and reproductive processes [58]. This is the mild anti-
inflammatory route evolving via the omega-3 pathway. The
strong anti-inflammatory route evolving via the omega-6
route proceeds as follows: Arachidonic acid (C20:4, w-6;
ARA) and Docosahexaenoic acid (C22:6, w-3; DHA) are
formed from Linoleic acid (C18:2, w-6; LA) and a-Linolenic
acid (C18:3, w-3; ALA), respectively, in the liver by a series
of alternating desaturation (addition of a double bond)

& @&
Cyclocxygenase Lipaxygenase Cyclooxygenasa Lipcaxygenase
PGI2 LTA4 FGI3 LTA4
TXA2 LTB4 TXA3 LTBS
TXB2 LTC4 TXB3 LTCE
PGD2 LTD4 PGD3 LTDS
PGE2 LTE4 PGE3 LTES
PGF2 5-HPETE PGF3 5-HEPE
5-HETE 5-PEPE
15-HPETE
15-HETE
12-HPETE
12-HETE
Resolvin E1

Figure 7: Eicosanoids originating from a mild anti-inflammatory route
starting at Eicosapentaenoic acid (C20:5, w-3) or evolving via a strong anti-
inflammatory route via Arachidonic acid (C20:4, w-6; ARA).

and elongation (addition of a 2-carbon unit) reactions.
Preformed Arachidonic acid (C20:4, w-6; ARA) and
Docosahexaenoic acid (C22:6, w-3; DHA) are present in
the diet in meat, fish, and eggs but not in fruits, vegeTables,
nuts, grains, or their products [57].

Dairy products are also exceedingly low in DHA and
Arachidonic acid and in their precursor’s Linoleic acid and
a-Linolenic acid so that these PUFAs need to come from
other dietary sources and some by way of endogenous
synthesis in the body itself [59]. This is important in case
of brain development in conjunction with adjacent blood
vessels. In addition, the EFAs which are assimilated into
phospholipids are particularly important in the overall
structure and function of both omega-6 and omega-3
fatty acids, as phospholipids maintain both the structural
integrity and the critical functioning of cellular membranes
throughout the body [60].

This pathway -replacing an earlier stipulated A4
desaturase - is called ‘Sprecher’s shunt’ [61-66].
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Figure 8: Enzymatic conversions of EFAs with emphasis on the conver-
sion from EPA (Eicosapentaenoic acid; C20:5, w-3; EPA) towards DHA
(Docosahexaenoic acid; C22:6, w-3; DHA) which partly takes place in the
peroxisome.

Figure 8 presents an overview of the many optional
LCPUFA and the
enzymatic pathways of very recently confirmed landmark’

interconversions corresponding
discoveries like the Sprecher’s shunt as well as enzymatic
pathways which still must be demonstrated. In the next
sections, we will discuss these issues from the viewpoint
of how the essential fatty acids (EFAs) Linoleic acid
(C18:2, w-6; LA) and a-Linolenic acid (C18:3, w-3; ALA)
are provided by Syncerus caffer at the African savannah,
providing direct supportive evidence for the “African
Buffalo Savannah Hypothesis” (ABS-hypothesis) [9].

DHA in large mammals at the savannah

Both Arachidonic acid (C20: 4, w-6; ARA) and
Docosapentaenoic acid (C22: 5, w-3; DPA) are extremely
important for the developing blood vessels and human
brainin early hominids. The precursor of Docosapentaenoic
acid (C22: 5, w-3; DPA), Eicosapentaenoic acid (C20:5,
w-3; EPA) was the most important w-3 metabolite in the
savannah mammals [20]. Despite its abundance, neither
EPA nor the corresponding Docosapentaenoic acid (C22: 5,
w-6; DPA) was used in the photoreceptor related processes
nor the synapse. Why do we emphasize the importance of
organism size and growth rate in our model? The reason is
that the biosynthesis of Arachidonic acid (C20: 4, 6-6; ARA)
and Docosahexaenoic acid (C22: 6, w-3; DHA) initially is
relatively slow due to the rate limiting A5 desaturase
activity for Arachidonic acid (C20: 4, 6-6; ARA) and A4
desaturase/ (Sprecher’s shunt) for Docosahexaenoic
acid (C22: 6, w-3; DHA). The assumed A4 desaturase/

(Sprecher’s shunt) enzymatic activities involved in the
conversion of Docosapentaenoic acid (C22:5, w-3; DPA)
into Docosahexaenoic acid (C22:6, w-3; DHA) may not
be able to keep up with the growth of animals. It is now
considered more likely that DHA is biosynthesized viaa C24
intermediate, Tetracosapentaenoic acid (C24: 5 n-3; TPA),
followed by B-oxidation in peroxisomes [61]. Rats and mice
desaturate and extend the chain of parent essential fatty
acids (EFAs) to produce larger amounts of Arachidonic acid
(C20: 4, w-6; ARA) and Docosahexaenoic acid (C22: 6, w-3;
DHA) than their predecessors [20]. With increasing size,
the impact of growth rate results in a progressive decrease
of Arachidonicacid (C20: 4, 6-6; ARA) and Docosahexaenoic
acid (C22: 6, w-3; DHA) while the precursors Linoleic acid
(C18: 2, w-6).; LA) and a-Linolenic acid (C18: 3, w-3; ALA)
become more dominant in liver lipids [67]. Instead of DHA,
its precursor Docosapentaenoic acid (C22: 5, w-6; DPA) is
now the major metabolite of a- Linolenic acid, such as e.g.
in Syncerus caffer [20]. So, the faster an animal grows, the
greater the limitation of the biosynthesis of Arachidonic
acid (C20: 4, w-6; ARA) and Docosahexaenoic acid (C22: 6,
w-3; DHA). The large African savannah mammals - such as
the ruminant African buffalo Syncerus caffer - all shared the
same fate: Docosahexaenoic acid (C22: 6, w-3; DHA) and
brain capacity decreased as body size growth accelerated
mainly because ‘desaturation’ and ‘elongation’ in these
large mammals came to an end with regard to enzymatic
conversions for the PUFA Docosapentaenoic acid (C22: 5,
w-3; DPA) so that little Docosahexaenoic acid (C22: 6, w-3;
DHA) is still synthesized [15]. What little Docosahexaenoic
acid (C22: 6, w-3; DHA) is synthesized is used in the brain
and in the photoreceptor. While Docosapentaenoic acid
(C22: 5, w-3; DPA) is abundantly present in meat (muscles;
see Table 1 next paragraph) of the large herbivorous
mammals of the African savannah [20], this precursor
of Docosahexaenoic acid (C22: 6, w-3; DHA) is not found
in the brain and photoreceptor of e.g. the African buffalo
(Syncerus caffer). So, in large mammals at the savannah
(e.g. Syncerus caffer), brain size was sacrificed, not brain
DHA-concentration [67]. In contrast, early hominids -also
inhabitants of the African Savannah- followed a different
evolutionary pathway and invested in large brains [9]
instead of body size as the other mammals at the savannah.
In this respect, it must be remarked that all large mammals
of the savannah were in principle prey animals for hunting
by early hominids like the ruminant Syncerus caffer, the
monogastric Zebra and the ruminant Giraffe [68]. Yet,
the largest amount of biomass at the African savannah at
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present -and probably also in the Pleistocene- is formed by
the tremendous herds of ancestors of the African buffalo
(Syncerus caffer) with an estimated biomass of around of
54.6 £10.9 kg km "2 recorded in Kainji Lake National Park,
Nigeria [49].

Grazing of the ruminant Buffalo Syncerus caffer at
the African savannah

Syncerus caffer grazes during the wet season but
increases its territorial area in the dry season where it is
also found in forest habitats [10,48,49,69]. It has access to
seed material, both from the grasses and from the larger
vegetation. [talso changes its feeding pattern depending on
the season: dry or wet. The problem with such ecological
issues related to the preferred food of Syncerus caffer is
that a variety of factors play a role: a) the African savannah
contains 10,000 species of grass; b). Syncerus caffer has
presently been studied in several regions like

e.g. the Kaainji Lake National Park Nigeria [49] and the
Satara in the Central Kruger, National Park, South Africa
[69]; ¢).depending onthe dry or wet season the herbivorous
menu of Syncerus caffer can change with respect to
selected grasses. By chance, it has been determined that
Andropogon gayanus is the most preferred grass species
of Syncerus caffer at the African savannah at Kainji Lake
National Park, Nigeria [10]. The preference for this grass
species is due to the fact that it contains high percentages
of crude protein and fat (7,60% and 5,11%, respectively)
when compared to other grass species utilized by the
Syncerus caffer population [10]. Next, the PUFA content
of this important African savannah grass Andropogon
gayanus determined by gas chromatography showed
that its TGs are mainly composed of P20, P2L, PO2, POL,
03, PL2, 02L, L20, and L3 with P=Palmitic acid (C16:0),
Oleic Acid (C18:1) and L=Linoleic acid (C18:2, w-6; LA)
[70]. So, two important conclusions can be drawn First,
all combinations of these fatty acids linked to the glycerol
backbone molecule can be found. Secondly, the major
important EFA is an inflammatory one, an w-6, Linoleic
acid (C18:2, w-6; LA). This will have its impact on the meat
and lard composition of Syncerus caffer, the prey animal for
early hunting hominids. In free-living ruminants, the major
components of muscle tissue appear to be phospholipids
and only small amounts of triacylglycerol. The researchers
suggested that it might be useful to revise the current
conception of ‘animal fat), The fat in the muscle of the free-
living animal seems to be predominantly structural in

nature [71]. The infiltration of TGs in the domestic muscle
obscures this characteristic. [72] major conclusion was that
the relatively low proportion of polyenoic acids in meat
from domestic animals might therefore be attribuTable to
infiltration of the muscle by adipose tissue [72].

In addition, another extensive study of the preferred
foraging grasses of Syncerus caffer performed at the
Satara in the Central Kruger, National Park, South Africa,
mentions the following grass species: Panicum maximum,
Panicum coloratum, Urochloa mosambicensis, Heteropogon
contortus, Cenchrus ciliaris; with major a preference
determined for the Panicum grass species [69]. Presently
LCMS or GCMS measurements of the PUFA content of
‘Panicum grass’ are lacking. So far, the in this §3 described
issues this are an ecological reflection of our biochemical
ABS-hypothesis in order to explain the encephalization
process of the human brain.

In Figure 5, an impression is given of running animals
of the African buffalo (Syncerus caffer) at the African
savannah. This is a tremendous amount of ‘biomass’
considering that a herd consists of around 1,000 animals,
each with a weight of approximately 800 kg. The estimated
biomass of these herds of the most abundant herbivore at
the African savannah determined in Kainji Lake National
Park, Nigeria, amounted to a total of 54.6 +10.9 kg km
[49].

It is remarkable that PUFAs of the w-6 series are more
common in the tissues of both African buffalo Syncerus
caffer (Table 2; see further) and domestic cow Bos taurus
(Table 1) than those of the w-3 series. Because the C18
Linoleic acid (C18:2, w-6; LA)) and C20 Arachidonic
acid (C20:4, w-6; ARA) PUFAs were mainly from the
w-6 series, one would expect that the C22 PUFAs (DPA
& DHA) would also have the same origin. This is not the
case because the most important fatty acid in this group
is Docosapentaenoic acid (C22: 5, w3; DPA). Only small
amounts of Tetracosahexaenoic acid (C22: 4, w-3; THA)
and Osbond acid (C22: 5, w-6; OA) were clearly present.
In addition, also only small amounts of Docosahexanenoic
acid (C22: 4, w-3; DHA) and Docosatetraenoic acid (C22:
4, w-6; DTA) could be detected which were considered
as characteristic products of the rumen microbiome
[73]. Note that these compounds are also found in the
gray- and white- matter of the neocortex of the human
brain [74]. No Stearidonic acid (C18: 4, w3; STA) was
detecTable indicating no activity of A6 desaturase, but
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Table 1: Concentrations of PUFAs determined by GCMS in the meat of African ruminants. Source modified: (20. Crawford et al 1969); 1. Giraffe = Giraffe
camelopardalis; 2. Taurotragus oryx = eland antelope; 3. Connochaetes taurinus = Brindled gnu; 4. Kobus defassa = large antelope; 5. Acephalus buselaphus =
Kongoni African antelope; 6. Damaliscus korrigum = Senegal hartebeest (African antelope); 7. Bos taurus = domestic cow. Expressed in: percentage composition

of extracted fatty acids.
1).

Giraffe 2). T.oryx 3). C.taurinus | 4). K.defassa
( c';i;‘;',eij_g;c:f'A) 27 23 18 21
( g:;"?fj";czzf) 2.4 4.0 3.2 4.0
'i'g;:;d';“:';g‘:;’ 0.9 0.2 0.1 0.1
dcsericstd | o1 oo - -
D"}g‘;’;{":’;?gg‘f;"'d 08 0.1 02 0.1
fggng’;?é?:::) 74 6.0 5.0 6.6
E":g;gf:ff:_’;i‘;:;"" 04 06 0.09 0.1
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Rt IR Y -
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D°&:°252"’:2?f‘_§?‘;;:)°'d 04 07 05 0.1
Total w-6 acids 36 29 23 28
Total w-3 acids 9 9 7 7

small amounts of Eicosatetraenoic acid (C20: 4, w3; ETA)
were detected and in addition, larger amounts of w-3
PUFA Eicosapentaenoic acid (C20: 5, w-3; EPA) which is
of major importance for the for the human brain and yet
again larger quantities of the precursor and buffer PUFA
Docosapentaenoic acid (C22: 5, w3 Acid; DPA) (see Figure
8 and further Figure 22; [75] linking in this pathway EPA
and the so important Docosahexaenoic acid (C22:6, w-3;
DHA). This pattern was consistent for the African savannah
ruminants mentioned in Table 1 including the African
buffalo (Table 2). The consistency of the polyenoic pattern
between the seven different ruminant species studied here
(Table 1) is remarkable.

Since the African buffalo is a real ruminant, it is unlikely
that it has access to PUFAs higher up in the metabolic
pathways than Linoleic acid (C18: 2, w-6; LA) and
a-Linolenic acid (C18: 3, w-3; ALA) in its food. The source
of PUFAs with a chain length of 20 carbons or more is most
likely due to the metabolism of animals. Of the EFA C18 fatty
acids, Linoleic acid (C18: 2, w-6; LA) is the most common in
muscle tissue. We suggest that the source of Linoleic acid

5). A.buselaphus

21

6.0

4.0

Trace

0.9

3.0

0.1

25
10

6).D.

korrigum

24

5.0

0.1

0.05

0.1

7.2

0.1

1.2

0.03

27

0.3

31

7).B.
taurus

7.6
21

0.5

0.6

0.1

Figure 9: PUFA interconversions from the two Essential Fatty Acids (EFAs
=~ Dietary PUFAs) towards Sprecher’s shunt together with encoding genes

indicated.
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(C18: 2, w-6; LA) is encapsulated seed material because it is
rich in oil and provides a surface phase which circumvents
the hydrogenating influence of the rumen. The African
buffalo Syncerus caffer grazes during the wet season, but
increases its surfing behavior during the dry season where
it is also found in forest habitats. It has access to seed
material from both the grass and the larger vegetation.
The most important fatty acid of grass meadow is the
a-Linolenic acid (C18: 3, w-3; ALA) while seed material is
usually a rich source of Linoleic acid (C18: 2, w-6; LA). It is
noteworthy that PUFAs of the w-6 series are more common
in the tissues of giraffe, gnu and several African antelopes
than those of the w- 3 series [20]; Table 1). In this regard,
it is worth mentioning that whereas Linoleic acid (C18: 2,
w-6; LA) is predominantly included in four double bond
extension products, itis a-Linolenicacid (C18: 3, w-3; ALA)
which is processed in products with five double bonds.
Such a consistent finding, regardless of the ruminant
species studied so far (Table 1), suggests that the PUFAs of
both ranges may be important for structural purposes. This
will have its impact on the biochemical composition of the
meat of these African ruminants including Syncerus caffer.
Now we are in a position to present an almost complete
biochemical model as requested by the proponents of
the “Aquatic Phase Hypothesis” (APH) research school to
prove the “Savannah Dry Land Hypothesis” SDLH. Yet, it
still requires a large trajectory from the biochemical meat
composition of African ruminant prey animals - mainly
the African buffalo Syncerus caffer- towards human brain
encephalization.

‘Sprecher’s shunt’ in detail with its encoding genes

The earlier mentioned A4 desaturation model for the
coversion of Docosapentaenoic acid (C22:5, w-3; DPA)
into Docosahexaenoic acid (C22:6, w-3; DHA) has been
replaced by another biochemical model with a role for the
peroxisomes. Since the studies of Sprecher and co-workers
in rats, it has been generally accepted that the biosynthesis
of DHA in vertebrates is achieved by two consecutive
elongations from EPA to produce Tetracosapentaenoic
acid (C24:5, w-3; TPA), which then undergoes a A6
desaturation to form Tetracosahexaenoic acid (C24:6, w-3;
THA), the latter being (3-oxidized to DHA in peroxisomes.
This pathway mentioned earlier in this review article is
known as the ‘Sprecher’s shunt’ (Figure 7; [61-66].

The pathway of which this ‘Sprecher’s shunt’ is part
begins with the desaturation of a- Linolenic acid (C18:3,
w-3; ALA) forming Stearidonic acid (C18:4, w-3; STA)
by A6 desaturase (encoded by FADS2-genes) which is
a rate limiting step. This step is followed by elongation
(ELOVL1-gene) to Eicosatetraenoic acid (20:4n-3;
ETA). Desaturation by A5 desaturase (FADS1-gene)
next produces Eicosapentaenoic acid (C20:5, w-3; EPA)
which is then elongated by elongase-2 (ELOVL2-gene),
first to Docosapentaenoc Acid (C22:5, w-3; DPA) and
then to Tetracosapentaenoic acid (C24:5, w-3, TPA).
Tetracosapentaenoic acid then undergoes a second A6
desaturation to produce Tetracosahexaenoic acid (C24:6,
w-3; THA). These initial steps occur in the endoplasmic
reticulum, the final stage of DHA synthesis, however
takes place in the peroxisome following translocation. In
the peroxisome, Tetracosahexaenoic acid (C24:6, w-3;
THA) is shortened to DHA (22:6, n-3) by a single round
of B-oxidation through the actions of acyl-coenzyme-A
oxidase (ACOX1gene), D- bifunctional enzyme (HSD1784-
gene) and then peroxisomal thiolases (Figure 8; [62].

Duringthedryseason, the African buffaloisalso foraging
in the forest (Figure 9) and feeds undoubtedly on plant
leaves. The very recent study of [76] demonstrates several
interesting enzymatic conversions of PUFAs involving
w-3 desaturases (w3Ds). Undeniably, their products will
have an impact on the biochemical composition of the
meat of Syncerus caffer. Although the ABS-hypothesis
remains our initial major model in order to explain human
brain encephalization, we will describe for the sake of
completeness also this topic because plant leaves are a
resource of nutrition as well for the African buffalo during
the dry season when the savannah produces less grass for
these tremendous herds of animals. It must be remarked

Figure 10: African forest buffalo (Syncerus caffer) which grazes in smaller
herds and is also smaller of size.
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that higher plants are devoid of C:20 and C:22 LC-PUFA
substrates, which brings us to the laboratory setting of the
21 century in order to add lipidomics information to this
ecological and evolutionary study. In addition, the study of
[76] on plant leaves of Nicotiana benthamiana exposed to
w-3 desaturases (w3Ds; A3) demonstrates a large variety
of new enzymatic new pathways (Figure 10).

The African savannah Cape buffalo weighs around from
400 to 800 kg (880- 1760 Ibs), while the African forest
buffalo are much lighter and weigh between 250 and 320
kg (550-705 Ibs) [10,48].

The recent discovery of an alternate A8 desaturase
pathway

The problem of the reduced amount of synthesized
PUFAs via: a). the common A6 desaturase routes for the
inflammatory w-6 PUFAs via Linoleic acid (C18:2, w-6;
LA) through restricted A6 desaturase activity towards
y-Linolenic acid (C18:3, w-6; GLA) and conversely b).
the non-inflammatory w-3 PUFAs via a-Linolenic acid
(C18:3, w-3; ALA) by the other A6-desaturase route
towards Stearidonic acid (C18:4, w-3; STA), can probably
be overcome by a A8 desaturase pathway. The recent
discovery of an w-6 inflammatory A8 desaturase pathway
in mosses like Physcomitrella patens [77] and conversely,
an -3 non- inflammatory A8 desaturase pathway would
both have the ability to increase tremendously the amount
of LCPUFAs (Figure 10; [78,79].
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Figure 11: Impact of A3-desaturase activity on PUFA conversion due to
plant leaves (lower eukaryotes) from the forest in the diet of Syncerus caffer.

In nature, multiple fatty acid (FA) substrates are
available for A3-desaturase as demonstrated for plant
leaves of Nicotiana benthamiana. [76] attempted to
measure the conversion efficiency of each substrate

from a pool of five different substrates: (C18:3, w6 ALA),
Dihomo-y-Linolenic acid (C20:3,w6; DGLA), Arachidonic
acid (C20:4w6, ARA), Docosatetraenoic acid (C22:4, w6;
DTA) and Docosapentaenoic acid (C22:5,w6; DPA). Unlike
the individual substrate essays, w3D (A3-desaturase)
showed the highest conversion rate for Arachidonic acid
(C20:4, w-6; ARA), up to 15.2 + 3.6% among the pool of
substrates followed by Docosatetraenoic acid (C22: 4, w-6;
DTA); Osbond acid (C22:5, w-6; 0OA); y- Linolenic acid
(C18:3,w-6; GLA) and Dihomo-p-Linolenicacid (C20:3, w6;
DGLA). This study points out to us that Syncerus caffer can
use another ecological habitat, the tropical forest ‘biomes’,
during the dry season (Figure 10) which has an impact on
the composition of PUFAs in the diet, which is affected by
the typical enzymatic conversions unfamiliar in human
and animal PUFA conversion, which are so characteristic
for plant leaves [76].

Linoleic acid (C18:2, w-6; LA) has important functions
in cholesterol metabolism and in specific skin lipids.
a-Linolenic acid (C18:3, w-3; ALA) is not known to serve
any essential function other than as a precursor for EPA
and DHA. However, a large proportion of a- Linolenic
acid (C18:3, w-3; ALA) is B-oxidized to acetyl CoA in
the mitochondrial membrane, which is recycled into
cholesterol and into saturated and monounsaturated fatty
acids (MUFAs), or further metabolized to CO2. Unlike
Linoleic acid (C18:2, w-6; LA) acylation of a-Linolenic acid
(C18:3, w-3; ALA) in tissue lipids is very low.

It is not yet known whether sufficient Arachidonic acid
(C20: 4, w-6; ARA) enters the desaturation pathway to
maintain optimal neural and retinal Docosahexaenoic acid
(C22: 6, w-3; DHA) levels during the development of early
human-like brains in young infants and early hominids.
Clarification of the regulation of the distribution of Linoleic
acid (C18: 2, w- 6; LA) and a-Linolenic acid (C18: 3, w-3;
ALA) and their potential fate of direct esterification in
tissue lipids, B-oxidation and desaturation will be useful to
tackle this biochemical research topic [59].

Physiology of the ruminant African Buffalo Syncerus

caffer

In this review article of evolutionary perception, we
are interested in the fatty acid composition of the meat
of ruminants -with emphasis on the African buffalo
(Syncerus caffer)- because in an earlier review manuscript
we proposed, mainly based on ecological grounds, that
it may have played a role in encephalization of modern
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archaic man Homo sapiens at the African savannah [9].
With respect to the digestive tract, ruminants do not have
one compartment for the stomach but four: the rumen, the
reticulum, the omasum and the true stomach, the abdomen.
The rumen is the largest of these and the most important
digestive center [Figure 11, 68].

Figure 12: Digestive tract ruminants consists of four parts: the rumen, the
reticulum, the omasum and the true stomach, the abdomen. This is also the
case for the African buffalo (Syncerus caffer)

In the rumen of cattle and sheep, it was demonstrated
that there was a bacterial abundance of the strains
Hallela,

and

Barnesiella,

Anaerovorax,
Ruminobacter all of which may be involved in the ruminal
response of biohydrogenation to the addition of PUFAs by
feed [81]. Microbial PUFA production has been described
earlier although for different bacterial strains (Mortierella

Prevotella, Paraprevotella,
Succini-clasticum,Ruminococcus

alpine, Conidiobolus nanodes, Entomophthora exitales,
Blastocladiella emersomit) by [82].

The following pathways were given for PUFA conversion
by microbial organisms (Figure 13a): Stearic acid (C18:0;
®-9; SA) (C18:0) is converted to Oleic acid (C18:1) by the
formation of the first double bond at its A9 position; it is
then desaturated by A12 desaturase to yield Linoleic acid
(C18:2, w-6; LA), which may subsequently be converted
by Al5 desaturase to a-Linolenic acid (C18:3, w-3; ALA).
Thus, Oleic acid, LA, and ALA are basic precursors of
-9, w-6, and w-3 fatty acids. The next steps involve
desaturation of fatty acid precursors by A6 desaturase,
followed by elongations and subsequent desaturation(s)
to produce the C20 and C22 PUFAs, respectively. The w-9
family of PUFAs is synthesized from Oleic acid (C18:1) and
sequential participation of A6 desaturase, elongase, and A5
desaturase to finally produce Mead acid (C20:3, w-9; MA)

[83]. Linoleic acid is converted via A6 desaturase and A6
elongase steps to y-Linolenic acid (C18:3, w-6; GLA) and
Dihomo-y-Linolenic acid (C20:3, w-6; DGLA), after which
steps involving A5 desaturase and A5 elongase produce
Arachidonic acid (C20:4, w-6; ARA) and Adrenic acid (C24:
4, w-6; AA). The final step is catalyzed by A5 desaturase to
produce Docosapentaenoic acid (C22:5, w-3; DPA).

A similar pathway with the same enzymes can be
found in w-3 family producing Eicosapentaenoic acid
(C20:5, w-3; EPA) and Docosahexaenoic acid (C22:6,
w-3; DHA). There are two biosynthetic pathways for the
production of w-3 PUFAs in microorganisms [84]. In the
first, which is temperature independent, EPA, DPA and
DHA are produced via desaturation and elongation of
ALA. The second pathway is temperature dependent and
includes the conversion of w-6 fatty acids to w-3 PUFAs
synthesized by two hypothetical enzymes, A15 and A17
desaturases [85]. Figure 13a is based on PUFA production
by microalgae [86] but in principle the various desaturase
pathways remain similar for the paunch microbiome [85].

Figure 13a: Biosynthetic pathways of polyunsaturated fatty acids in micro-
algae

Biosynthetic pathways of polyunsaturated fatty acids
in microalgae [86]. An A3, A4, A5, A6, A8, A9, A12, A15,
A17 desaturase enzymatic activity can be observed. We
assume that for microorganisms in the paunch of Syncerus
caffer, the biochemical pathways are similar [85]. One
may assume that the rumen microbiome and its PUFA
interconversions are to a great extent determined by the
catabolized substrates.
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These bacteria allow the ruminant to break down
grass and other coarse vegetation which animals with one
stomach (monogastric, simply mashed; including humans,
chickens, zebras and pigs) cannot digest. Ruminants do
not chew entirely the grass or the vegetation they eat.
The partially chewed grass enters the large rumen, where
it is stored and broken into balls named “Cud”. When the
animal has eaten, it will rest and “chew”. The ruminant
mass is then swallowed again, after which it ends up in the
following three compartments: the reticulum, the omasum
and the true stomach, the abdomen Figure 12, [68]. Thus,
ruminants can convert low digestible plants and residues
into high-quality proteins in the form of meat and milk.

The formation of Rumenic acid (C18:2, w-7; RA) (Figure
13b) [87] and other different processes in lipid metabolism
involving rumen bacteria which occur in ruminants will be
exemplified in this paragraph. This process exerts a major
influence on the profile of fatty acids (FAs) available for
absorption and on the use of the tissue. Unsaturated fatty
acids taken in with food by ruminants are converted into
Saturated Fatty acids (SFAs) in the process of lipolysis
and biohydrogenation. The initial step in the metabolism
of dietary lipids which enter the rumen is lipolysis.
During this process, the ester linkages of triacylglycerols,
phospholipids and galactolipids are hydrolysed by the
rumen bacterial enzymes, releasing free fatty acids (FFAs).

Released unsaturated fatty acids consist mainly of
Linoleic acid (C18:2, w-6; LA) and a- Linolenic acid (C18:3,
w-3; ALA). These two Essential Fatty acids (EFAs) are bio-
hydrogenated by rumen bacteria, leading to the formation
of SFAs. In ruminants, the fatty acid 18:1 t-11 Vaccenic acid
(C18:1, w-7; VA) is an important intermediate produced
by microorganisms in the rumen. After its absorption, this
fatty acid can be transformed into CLA (18:2 c-9, t-11-
Rumenic acid) or Rumenic acid (C18:2, w-7; RA) in tissues
of ruminants [88]. The majority of fatty acids in bull beef
consists of Oleic acid (18:1 c¢-9), Stearic acid (C18:0; w-9;
SA), and Palmitic acid (16:0). As ruminant diets contain low
concentrations of fat, the majority of the adipose tissue is
formed from de novo lipogenesis. Fatty acids are elongated
to form Stearic acid (C18:0; w-9; SA) and converted into
Oleic acid (C18:1) by A9 desaturase [89]. As the formation
of adipose tissue increases, the high deposition of Oleic acid
(C18:1) reduces the Stearic acid (C18:0; w-9; SA) content.

The fate of the two Essential Fatty acids (EFAs) via
isomerization and reduction via Rumenic acid (C18:2,

Figure 13b: The fate of the two Essential Fatty acids (EFAs) via isomeriza-
tion and reduction via Rumenic acid (C18:2, w-7; RA)

w-7; RA) [87] and Vaccenic acid (C18:1, w-7; VA) towards
Stearic acid (C18:0; w-9; SA) for the w-3 EFA a-Linolenic
acid (C18:3, w-3; ALA). While for the w-6 EFA Linoleic acid
(C18:2, w-6; LA) an isomerization leads towards Rumenic
acid (C18:2, w-7; RA) and finally via reductase reactions
towards also Stearic acid (C18:0; w-9; SA) [90,91].

In the formation of Conjugated Linoleic acid (CLA),
the conversion by A6 desaturase is the rate limiting step
(Figure 14; [92].

Figure 14: Pathway for desaturation and elongation of Conjugated Linoleic
acid (CLA). The conversion by A6 Desaturase is in the PUFA schedule the
rate limiting step in the formation of Arachidonic acid (C20:4, w-6; ARA)

Pathway for desaturation and elongation of Conjugated
Linoleic acid (CLA). The conversion by A6 Desaturase is in
the PUFA schedule the rate limiting step in the formation of
Arachidonic acid (C20:4, w-6; ARA) [92].
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Ruminal bacteria are involved in biohydrogenation
which have been classified into two groups: A and B, based
on their metabolic pathways:

Group A: includes bacteria that can hydrogenate PUFAs
into trans-11 Oleic acid (C18:1, w- 9; OA).

Group B: are bacteria that can hydrogenate Oleic acid
(C18:1, ®-9) and its isomers as well as trans-11 (C18:1)
fatty acids (FAs) to form Stearic acid (C18:0; w-9; SA).

In order to complete the biohydrogenation of PUFA, the
presence of both bacterial groups is required [65]. Thanks
to the bacterial activity of ruminants, the PUFA content
in meat and milk is significantly increased. A second
reinforcing mechanism is the protective mechanism
of these essential PUFAs by ‘incapsulation’ against the
catabolic biohydrogenation process of rumen bacteria that
can degrade these essential PUFAs [96].

0Old problem of limited A6 desaturation routes

So, this new historical discovery could reduce the
old problem of limited A6 desaturation routes for
aforementioned a). Linoleic acid (C18: 2, w 6; LA); b).
y-Linolenic acid (C18: 3, w-6; GLA) and Stearidonic acid
(C18: 4, w- 3; STA) enzymatic activity (Figure 8). This is
enhanced by functional studies in mice, with selective
A-5 and A-6 desaturase inhibitors showing clear anti-
inflammatory effects. Regulation mechanisms of A-5 and
A-6 desaturases have hardly been investigated in human
tissue. The human A-5 and A-6 desaturase complementary
DNAs were first cloned in 1999 [93]. In 2000, they were
identified as FADS1 and FADS2 in the human genome [94].
Both genes, FADS1 and FADS2, are oriented head-to- head
and located in a cluster on chromosome 11 (11q12-13.1)
[79]. In addition, [78] demonstrated that the FADS2 gene
product exhibits

A8 desaturase activity and that it is able to convert
the inflammatory Eicosadienoic acid (C20: 2, w-6; EDA)
into Dihomo-y-Linolenic acid (C20: 3, w-6; DGLA) and
the non - inflammatory Eicosatrienoic acid (C20: 3, w-3;
ETrA) into the non-inflammatory product Eicosatetraenoic
acid (C20: 4, w-3; ETA). Dihomo-y-Linolenic acid (C20: 3,
w-6; DGLA) is the direct precursor of prostaglandin E1
and thromboxane B1. DGLA and Eicosatetraenoic acid
(C20: 4, w-3; ETA) are also direct precursors of long chain
polyunsaturated fatty acids (LC-PUFAs) Arachidonic acid
(C20: 4, w-6; ARA) and Eicosapentaenoic acid (C20: 5,
w-3; EPA) respectively the latter of which is essential for

the human brain. These findings provide unambiguous
molecular evidence for a new alternative biosynthetic route
for the formation of long-chain polyunsaturated fatty acids
(PUFAs) in mammals from substrates that were previously
considered dead-end products [78]. Finally, after leaving
the rumen, the FFAs from the particles of food and bacteria
are desorbed by lysolecithin and bile salts. The micelles
formed in this process are taken up by the epithelial cells
of the jejunum. The free fatty acids are released from the
small amounts of triacylglycerols and glycolipids reaching
the intestines [65]. Subsequently, lipids are converted to
meat and lard of Syncerus caffer.

The first stage in biohydrogenation of Linoleic fatty
acids (C18:2, w-6; LA) involves saturation which consists
of isomerization reactions. During the isomerization
reactions Linoleic acid (C18:2, w-6; LA) is converted into
the isomer cis-9, trans-11 conjugated Linoleic acid (CLA,
Rumenic acid (C18:2, w-7; RA) [87] which is subsequently
reduced to Vaccenicacid (C18:1, w-7; VA) [96],a monoenoic
fatty acid. In the next stage Vaccenic acid (C18:1, w-7; VA)
is converted into Stearic acid (C18:0; w-9; SA) (Figure 13).

a-Linolenic acid (C18:3, w-3; ALA) is biohydrogenated
following the same pattern starting with an isomerization
reaction to form Rumenic acid (C18:2, w-7; RA), followed
by a sequence of reductions and completed with the
formation of Stearic acid (C18:0; w-9; SA) (Figure 13:
[73,91,96]. Vaccenic acid (C18:1, w-7; VA) (Figure 13) and
Conjugated Linoleic acid (CLA) (Figure 14 & Figure 18) are
the most important intermediaries formed during these
transformations [65]. VA is a substrate for the production
of CLA cis-9, trans-11 (C18:2) which is the main CLA isomer
in beef and is mainly associated with the triacyl- glycerol
lipid fraction and therefore it correlates positively with
the level of fatness [96]. In tissues, A-9 desaturate converts
Stearic acid (C18:0; w-9; SA) into cis- 9 Oleic acid (C18:1).

Mammals lack A12 and A15-desaturase activities
(Figure 15), so they cannot synthesize Linoleic acid (C18:2,
w-6; LA) and a-Linolenic acid (C18:3, w-3; ALA) from the
precursor Oleic acid (18:1, w-9; 0A) [97]. Linoleic acid
(C18:2, w-6; LA) and

a-Linolenic acid (C18:3, w-3; ALA) are therefore
considered essential dietary nutrients and designated
essential fatty acids (EFAs). The metabolism of the
production of PUFAs from these two essential fatty acids
(EFAs) proceeds via a series of elongation and desaturation
steps which involves insertion of additional double bonds
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into the aliphatic chain (a process termed desaturation)
and addition of further carbon atoms to the acyl chain (a
process termed elongation).

Essential fatty acids are important components
of structural lipids and contribute to the regulation
of membrane properties such as fluidity, flexibility,
permeability and modulation of membrane-bound
proteins. Linoleic acid (LA, 18:2w6) and a-linolenic acid

(ALA, 18:3w3) are the two parent EFAs (Figure 8).

~ N
Lower Plants
— A -
Plants
Mammals

Stearate (18:.0

Figure 15: Mammals cannot synthesize double bonds in the A12 and A15
positions of the two major precursors of the w-6 and w-3 fatty acids, Linoleic
acid (C18:2, w-6; LA) and a- Linolenic acid (C18:3, w-3; ALA). These are
therefore called ‘the two Essential Fatty acids (EFAs) .

The term ‘essential’ implies that they must be supplied
in the diet because they are required by the human body
but cannot be endogenously synthesised. The balance
between w3- and w6- FAs in the diet is important because
of their competitive nature and their different biological
roles. Both parent EFAs are metabolised to long chain
polyunsaturated fatty acids (LC- PUFAs) of 20- and
22- carbon atoms. EFAs and LC-PUFAs may together
be referred to as polyunsaturated fatty acids (PUFAs).
Once obtained from the diet, Linoleic acid (C18:2, w-6;
LA) and a-Linolenic acid (C18:3, w-3; ALA) are further
metabolized by A-6 desaturation, elongation, and A-5
desaturation to form Arachidonic acid (C20:4, w-6; ARA)
and Eicosapentaenoic acid (C:20:5, w-3, EPA) respectively
(Figure 8). The A5-desaturase catalysed and subsequent
steps in the pathway occur in mammals but not in plant
cells (Figure 15).

Biochemical composition of the meat of the African
buffalo (Syncerus caffer)

The w-6 and w-3 fatty acids when consumed in the diet
in the form of triacylglycerols from various food sources
undergo digestion in the small intestine which allows
absorption and transport in the blood and subsequent

assimilation in the body including brain, retina, heart and
other tissues. These fatty acids can undergo:

(a). B-oxidation to provide energy in the form of ATP;

(b). Esterification into cellular

triacylglycerols, cholesteryl esters (ChE)and phospholipids;

lipids including

(c) Conversion into their important longer chain
and more highly unsaturated products by a series of
desaturation and elongation reactions actively taking
place particularly in the liver and to a lesser extent in other
tissues Figure 17, [98].

Figure 17: Digestion of Triacylglycerols and their fate in the body.

Dietary fat is ingested principally in the form of
triacylglycerols containing the fatty acids Palmitic acid
(C16:0, w-7; PA) and Oleic acid (C18:1, w-9; 0A) [99]. As
mentioned before, mammals lack A12 and A15-desaturase
activities (Figure 15), hence cannot synthesize Linoleic
acid (C18:2, w-6; LA) and a-Linolenic acid (C18:3, w-3;
ALA) from the precursor Oleic acid (18:1, w-9; OA) [97].

Dietary triacylglycerols of animal origin predominantly
contain long-chain (i.e, longer than C14 chain length)
saturated fatty acids. Digestion and absorption of dietary
fat is generally completed by the middle third of jejunum.

The liver plays a central role in controlling various
aspects of fat metabolism. For a detailed description of the
various processes, consult the excellent review of [100].

In this review, we try to present and combine as much
physiological and biochemical information as possible
relating to the African Buffalo meat and lard composition
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Table 2: Percentage of Linoleic acid (C18:2, w-6; LA) and a-Linolenic acid (C18:3, w-3; ALA) elongase-products of total fatty acid in muscle
tissue from Syncerus caffer (n=7) in comparison with a fish oil (Cod liver oil)

Positions of double

Fatty acid assignment bonds

Linoleic acid (C18:2, w-6; LA)
a-Linolenic acid
(C18:3, w-3; ALA)
Eicosadienoic acid (C20:2, w-6;
EDA)
Eicosatrienoic acid
(C20:3, w-3; ETrA)
Arachidonic acid (C20:4, w-6;
ARA)
Eicosatetraenoic acid
(C20:4, w-3; ETA)
Eicosapentaenoic acid 5,8, 11, 14,
(C20:5, w-3; EPA) 17
Docosapentaenoic acid 7,10, 13, 16,
(C22:5, w-3; DPA) 19
Docosahexaenoic acid 4,7,10, 13,
(C22:6, w-3; DHA) 16, 19
Total w6 Acids 25

9,12

9,12, 15
11,14
8,11, 114
5,8,11,14

8,11, 14,17

Total w3 Acids 10

and describe its relevance for human brain growth
(encephalization). One piece of such important information
concerns the biochemical muscle composition of Syncerus
caffer in comparison with Cod liver oil (Table 2).

Ruminant meat fat comprises mostly monounsaturated
fatty acids (MUFAs) and saturated fatty acids (SFAs). The
most ubiquitous fatty acids are oleic (C18:1), palmitic
(C16:0), and stearic (C18:0) acids. The major PUFA in
ruminants -so important for a healthy brain and probably
also for the process of human brain encephalization-
is Linoleic acid (C18:2, w-6; LA; (0.5-7%) followed by
a-Linolenic acid (C18:3, w-3; ALA; up to 0.5%) [57].

If we compare these values with Table 1, we see that
Syncerus caffer has exceptionally high values for both
EFAs, around 17.3% for Linoleic acid (C18:2, w-6; LA),
around 5.4% for a- Linolenic acid (C18:3, w-3; ALA) and,
in addition, around 7.5% for Arachidonic acid (C20:4,
w-6, ARA). Of the C18 fatty acids (EFAs) in the elongase-
desaturase array, Linoleic acid (C18: 2, w6; LA) is the most
common in the muscle tissue [20].

Trans-fatty acids comprise about 1-2% of total fatty
acids across all types of meat; in ruminant meat they
represent x2-4%.

Conjugated linoleic acid (CLA) refers to a group of
polyunsaturated fatty acids that exist as positional and

Extracted fatty acids
Mean * STD (n=7) (Percentage

Cod liver oil (Percentage composition)

composition) (101. Ackman & Burgher 1964)

(20. Crawford et

al 1969)
17.3+1.1 08
54+08 0.1
0.27 £ 0.07 02
0.42+0.14 0.1
7.5+ 0.67 1.2
0.3£0.06 05
1.5+0.31 5.0
3.0+0.18 1.9
0.26 +0.05 10.5
- 23
: 18

Figure 18: Conjugated linoleic acid (CLA) biosynthesis in ruminants like
Syncerus caffer

stereoisomers of a conjugated dienoic octadecadienoate
(C18:2) (Figure 18). At the American Oil Chemists’ Society
meeting in Chicago, May 10-13, 1998, a formal discussion
at a plenary slot was devoted to the naming of the major
Conjugated Linoleic acid isomer (C18:2, w-6; CLA) isomer,
cis-9, trans-11-octadecadienoic acid which is found in
natural dairy products like milk and meats of ruminant
animals. In Figure 19, its interconversions between rumen
and tissues are depicted. The result of this discussion was
an unchanged name, but most importantly it emphasized
the importance of ‘Rumenic acid’ (C18:2, w-7; RA) for the
human food industry based on dairy products [87]
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Figure 19: Interactions of the various FAs in the rumen compartment and
in tissues.

Most important is the conversion, in the rumen, of
Linoleic Acid (C18:2, w-6; LA) via CLA into Stearic acid
(C18:0; w-9; SA) and that of the latter via A9 desaturase
activity into Oleic acid (C18:1) and ultimately to Linoleic
Acid (C18:2, w-6; LA) which is the most common in muscle
tissues of Syncerus caffer [20].

CLA is an intermediate in the biohydrogenation and
partly escapes the rumen after which it is absorbed in milk

Table 3: This Table 3 is an extension of Table 2 with an extension of th

fat and body fat (Figure 19). In addition, the animal itself
synthesizes cis-9, trans-11 CLA from trans-11 octadecenoic
acid, another intermediate of rumen biohydrogenation
which is absorbed. This conversion involves A9 desaturase
which is present in breast tissue (lactation) and adipose
tissue (growth). The cis-9, trans-11 CLA isomer is the
major isomer found in ruminant fat; this isomer typically
represents 80 to 90% of the total CLA in milk fat, but
its occurrence in beef fat is less. Under certain feeding
conditions, the proportion of the trans-10, cis-12 CLA
isomer increases. Dietary factors therefore also change the
direction of the biohydrogenation pathways in the rumen
[103].

Table 3 presents the PUFAs measured in the muscle of
the current African Buffalo (Syncerus caffer) in comparison
to Cod liver oil and the enzymatic activities involved in
their conversions, cautiously calculated based on product/
precursor ratios as reported earlier [104].

e enzyme activities based on the calculation of product precursor ratios

for muscle tissue from Syncerus caffer (n=7) in comparison with a fish oil (Cod liver oil)

Extracted fatty acids Mean * STD (n=7)
(Percentage composition)

Fatty acid assignment Positio;:n%fsdouble
Linoleic acid (C18:2,
w-6; LA)
A9 elongase (w-6 side)
Eicosadienoic acid

(C20:2, w-6; EDA)
A8 desaturase + A5

desaturase activity
Arachidonic acid

(C20:4, w-6; ARA)
A17 desaturase
Eicosapentaenoic acid

(C20:5, w-3; EPA)
a-Linolenic acid

(C18:3, w-3; ALA)

A9 elongase (w-3 side)
Eicosatrienoic acid
(C20:3, w-3; ETrA)

A8 desaturase
Eicosatetraenoic acid

(C20:4, w-3; ETA)

A5 desaturase
Eicosapentaenoic acid
(C20:5, w-3; EPA)

C20/22 elongase
Docosapentaenoic acid

(C22:5, w-3; DPA)
A4 desaturase= peroxisomal

Sprecher’s

5,8,11,14

5,8,11,14,17

9,12, 15

8,11, 114

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

7,10, 13,16, 19

shunt
Docosahexaenoic acid
(C22:6, w-3; DHA)
Total w6 Acids

4,7,10,13, 16, 19
25

Total w3 Acids 10

Cod liver oil
(Percentage composition) (101.

(20. Crawford et al 1969) Ackman & Burgher 1964)

17.3+£1.1 0.8
0.27/17.3=0.27 0.2/0.8
0.27 £ 0.07 0.2
7.5/0.27=27.8 1.2/0.2
7.5+0.67 1.2

1.5/7.5=0.2 5.0/1.2
1.5+0.31 5.0
54+08 0.1
0.42/5.4=0.078 0.1/0.1
0.42+0.14 0.1
0.3/0.42=0.71 0.5/0.1
0.3+£0.06 0.5
1.5/0.3=5.0 5.0/0.5
1.5+0.31 5.0
3.0/1.5=2 1.9/5.0
3.0+0.18 1.9
0.26/3.0=0.087 10.5/1.9
0.26 £ 0.05 10.5
23
18
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From Table 3 we can cautiously conclude the occurrence
of A9 elongase-, A17 desaturase-; A9 elongase; A8
desaturase, A5 desaturase and A4 desaturase (=Sprecher’s
shunt) enzymatic activity. If we relate these observations
to Figure 15, we observe that it is generally acknowledged
that mammals exhibit A5-, A6-, and A9- desaturase activity
[45].

The observed A17-desaturase, A8-desaturase and
A4-desaturase (partly incorporated in Sprecher’s shunt)
activity, however, is very unusual and may lay at the basis
of the typically observed fatty acid composition of meat
with extremely high concentrations of Arachidonic acid
(C20:4, w-6; ARA) and Docosapentaenoic acid (C22:5, w-3;
DPA). Because the African buffalo (Syncerus caffer) is a real
ruminant, it is unlikely that it has access to polyenoic acids
higher than Linoleic acid (C18: 2, w6; LA) and a-Linolenic
acid (C18: 3, w3; ALA) in its food. This also agrees with
the earlier described GCMS measurements performed on
the most important African savannah grass Andropogon
gayanus serving as feed for Syncerus caffer for which TAGs
were mainly composed of P20, P2L, P02, POL, 03, PL2,
02L, L20, and L3 with P=Palmitic acid (C16:0; PA), 0O=0leic
acid (C18:1; OA) and L=Linoleic acid (C18:2, w-6; LA)
[70]. So, two important conclusions can be drawn. First,
all combinations of the aforementioned fatty acids linked
to the glycerol backbone molecule can be found. Secondly,
the major EFA is an inflammatory one, w-6, Linoleic acid
(C18:2, w- 6; LA). The source of C20 polyenoic acids and
longer chain length like ARA and DPA most likely consists
of animal metabolism via the earlier described PUFA
conversion routes.

Arachidonic acid (C20:4 w-6: ARA)

Higher intakes of Arachidonic acid (C20:4, w-6; ARA)
and a much lower ratio of [LA: ARA] is one strategy for
moderately enhancing the conversion of ARA to EPA [105].
However, many human studies in which the ratio of [LA:
ARA] was lowered, have not shown a significant rise in
DHA, not even with a higher intake of ARA despite the
moderate rise in EPA [105].

Balance between omega-6 PUFAs (xProinflammatory
mediators) derived from Arachidonic acid (C20:4,
w-6; ARA) and omega-3 PUFAs which produce anti-
inflammatory and protective compounds (Resolvins and
Neuroprotectins) derived from Docosahexaenoic acid
(C22:6, w-3, DHA).

Dietary fat composition influences eicosanoid synthesis
by changing the supply of substrates for the synthesis of the

Figure 20: Balance between omega-6 PUFAs

longer-chain w-3 and w-6 PUFA. Consuming large amounts
of Linoleic acid (C18:2, w-6; LA) increases the quantity of
Arachidonic acid (C20:4, w-6; ARA) in cell membranes.
Upon activation, in a variety of cells, Arachidonic acid is
converted to eicosanoids of the 2-series and leukotrienes
of the 4-series (Figure 20). However, dietary a- Linolenic
acid is converted to Eicosapentaenoic acid (20:5n-3;
EPA) in the membrane, and when cells are activated,
Eicosapentaenoic acid (20:5n-3; EPA) is converted to
eicosanoids of the 3-series and leukotrienes of the 5-series
(Figure 20). In general, eicosanoids formed from w-3
PUFA oppose, or have weaker effects than eicosanoids
formed from w-6 PUFA. w-3 fatty acids inhibit A-6 and A-5
desaturase activity, reducing the synthesis of Arachidonic
acid (C20:4, w-6; ARA) in the membrane [106] Indeed, it
has been shown that increasing the proportions of w-3 in
relation to w-6 PUFAs in the diet decreases the quantity
of proinflammatory, vasoconstrictive, platelet aggregatory,
and immunosuppressive compounds that are regulated
by eicosanoids originating from Arachidonic acid (C20:4,
w-6; ARA). Recent investigations have shown that Dihomo-
y-Linolenic acid (C20:3, w-6 DGLA) present in some
plants (i.e. savannah seed, evening primrose oil, borage,
and flaxseed) may also influence the type of eicosanoid
synthesized by a cell.

Q-3 Docosapentaenoic acid (C22:5, w-3; DPA)

Because the evolution of the human brain can largely
be compared with the embryological development of the
brain of the fetus during pregnancy, we are interested
from an evolutionary point of view (with biochemical
perception) in the comparable ontogeny of the different
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stages of development. In this respect, w-3 DPA is indeed
the second w-3 LC-PUFA found in the brain (w / w),
although the cerebral concentration is approximately 70
times lower than DHA. In addition, the level of w- 3 DPA
in breast milk is higher than that of EPA, similar to that of
DHA and the level is more sTable [107], which is a possible
effect of w-3 DPA during pregnancy and development as a
recent study suggests [108]. In addition, many studies have
therefore attempted to increase neurocognitive results in
infants through (maternal) w-3 LCPUFA supplementation.
However, it seems unlikely that differences between the
LCPUFA composition in breast milk and only the formula
could explain the beneficial effects of breastfeeding on
infant nutrition and children’s health and the results of
neurological development (see also excellent assessment
of (109. Schipper et al. 2020) on this topic).

Although obtaining optimal tissue status in w-3 LC-
PUFA is one of the current public health challenges, w-3
DPA is also the only intermediate between EPA and DHA
in the w-3 LC- PUFA conversion range of a- Linolenic acid
(ALA) present in substantial amounts in the diet.

Figure 21: Bioconversion pathway of w-3 and w-6 polyunsaturated fatty
acids (PUFAs) families

Bioconversion pathway of w-3 and w-6 polyunsaturated
fatty acids (PUFAs) families [75] A: desaturase; e:
elongase; ALA: a-Linolenic acid; ADA: Adrenic acid;
ARA: Arachidonic acid; EPA: Eicosapentaenoic acid; GLA:
y-Linolenicacid; DHA: Docosahexaenoic acid; w-3 DPA: w-3
Docosapentaenoic acid; LA: Linoleic acid; STA: Stearidonic
acid.

Could w-3 DPA therefore serve as a food source or
biological reservoir for DHA and EPA? w-3 DPA is the direct
intermediate between EPA and DHA in the ALA conversion
path, and present in significant amounts in the human diet
compared to the C24: 5 w-3 and C24: 6 w-3 derivatives
[110]. This conversion route is well known and includes a
series of desaturase enzymes that add one double bond to
the carbon chain and of elongase enzymes that lengthen the
carbon chain with two carbon atoms (Figure 21). The w-3

LCPUFA conversion route is parallel to that of w-6 LCPUFA
with the same sequence and enzymes. The two paths for
substrates therefore compete with each other. In the w-3
LCPUFA conversion route, the n-3 DPA is extended to the
Tetracosapentaenoic acid (C24:5 w-3; TPA) derivative by
the elongase-5 and the weaker elongase-2 enzymes, then
desaturated to the Tetracosahexaenoic acid (C24:6, w-3) by
the action of the A6 desaturase and eventually converted
to DHA by a peroxisomal B-oxidation step [111]. The A6
desaturase and more recently characterized elongase-2 are
considered to be the limiting enzymes in this conversion
path to DHA [111]. Therefore, it is hypothesized that w-3
DPA in the diet could be a more effective precursor of
DHA than EPA whereby the conversion from EPA to w-3
DPA is also bypassed through the activity of elongase-2
and elongase-5 [75]. The apparent retro- conversion of
w-3 DPA to EPA was demonstrated in humans [112], the
Sprague-Dawley rat [113], the C57BL/6]-db/db mouse
[114], the C57BL/6] mouse (high-fat diet) [112] and in
miniature poodle dogs [115]. Labeled w-3 DPA monitoring
studies need to confirm and quantify the actual presence of
this pathway [75].

One A4 desaturase activity has also been described
in vitro in humans converting w-3 Docosapentaenoic
acid (C22:5, w-3; DPA) directly into Docosahexaeinoic
acid (C22:6, w-3; DHA), but these results need to be
confirmed [116]. Some authors also hypothesize that w-3
Docosapentaenoic acid (C22:5, w-3; DPA) can serve not
only as a reservoir of DHA but also of EPA in humans, in
farm animals and possibly in other mammals [Figures 22,
117].

Figure 22: Synthesis of Eicosapentaenoic acid

Synthesis of Eicosapentaenoic acid (C20:5, w-3;
EPA), Docosapentaenoic acid (C22:5, w-3; DPA) and
Docosahexaeinoicacid (C22:6, w-3; DHA) from Arachidonic
acid (C20:4, w-6; ARA). The longer chain omega-3
polyunsaturated fatty acids (PUFAs) are synthesized from
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ARA by a progressive series of enzymatic desaturation
and chain elongation steps, initially in the endoplasmic
reticulum. In the final stage Tetracosahexaenoic acid
(C24:6, w-3) is translocated to the peroxisome and
shortened by one cycle of the (- oxidation pathway to
form Docosahexaeinoic acid (C22:6, w-3; DHA). It has
been suggested that Docosapentaenoic acid (C22:5, w-3;
DPA) is possibly a buffer between the two important
w-3 PUFAs Eicosapentaenoic acid (C20:5, w-3; EPA) and
Docosahexaeinoic acid (C22:6, w-3; DHA) [75].

Digestion and absorption of fats in the diet by
humans

Digestion and absorption of fats in the diet, including
those in beef, depend to some extent on the size and degree
of unsaturation of the fatty acids and on the structure of
the fat molecules which implies the position of different
fatty acids in the lipid molecule [118].

Digestion of fats in humans is accomplished by lipase
enzymes that hydrolyse the ester bonds, releasing the fatty
acids from glycerol. In order to study this topic, intragastric
fat digestion was investigated by analysing the products of
lipolysis and the gastric lipase (HGL) levels of premature
infants fed with a formula enriched with Medium Chain
Triacylglycerols (MCT) and those of infants fed with
human milk. The major outcome of this study was that the
main fatty acids released in the stomach in both groups
were Palmitic acid (C16:0 around 17.0%) and Oleic acid
(C18:1 around 28.2%) [99]. As mentioned earlier (Figure
15; [45] mammals lack A12 and A15-desaturase activities,
so they cannot synthesize Linoleic acid (C18:2, w-6; LA)
and a-Linolenic acid (C18:3, w-3; ALA) from the precursor
Oleic acid (18:1, w-9; OA) [97].

The structural organization of fatty acids in food and
in the body is mainly determined by their binding to
glycerol through ester bonds. The reaction of a hydroxyl
group of glycerol, in one of its three positions, with a
fatty acid leads to a monoacylglycerol. The coupling of
a second fatty acid, which may be similar or different to
the first, gives rise to a diacylglycerol. If all three hydroxyl
groups of glycerol are linked to fatty acids, then this is a
triacylglycerol (Figure 23).

In the small intestine, ‘pancreatic lipase’ catalyses the
hydrolysisofdietarytriacylglycerolsto2-monoacylglycerols
by removing fatty acids from the sn-1 and sn-3 positions.
The 2- monoacylglycerol molecule is further hydrolysed to
release the last fatty acid from the sn-2 position [119].

Figure 23: Triacylglycerol (TG) molecule with glycerol backbone and stereo-
specific numbering of sn-1, -2 and -3.

[120] describe in an important review article how
several FAs at the glycerol backbone molecule (Figure 23)
behave in the intestine of the rat. The major observation of
theirresearch wasthatthe fattyacid speciesand thelocation
of fatty acids within TAG molecules could significantly
affect lipid digestion fates in the gastrointestinal tract,
with short chain saturated fatty acids located at the sn-
1, 3 position favouring the lipid digestion process [120].
Next, in the stomach, the ‘lingual lipase’ removes the #3
fatty acid from triacylglycerols (TGs). Liberated short-
chain fatty acids (<12 C) are soluble and are absorbed
through the stomach mucosa into the portal vein, which
carries them to the liver where they are metabolized to
release energy [121]. Lipolysis is defined as the catabolism
of TGs stored in cellular lipid droplets. Recent discoveries
of essential lipolytic enzymes and characterization of
numerous regulatory proteins and mechanisms have
fundamentally changed our perception of lipolysis and
its impact on cellular metabolism. New findings, notably
that lipolytic products and intermediates participate in
cellular signalling processes and that “lipolytic signalling”
is particularly important in many non- adipose tissues,
unveil a previously underappreciated aspect of lipolysis
which may be relevant for the process of “brain steatosis”
via LC-PUFAs.
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Liberated long-chain fatty acids diffuse (LCFAs) into
fat droplets and pass into the small intestine along with
the remaining diacylglycerol molecules that contain two
fatty acids [122]. In the small intestine ‘pancreatic lipase’
removes the #1 and any remaining #3 fatty acids, leaving a
monoacylglycerol with only the #2 fatty acid. Short-

chain fatty acids can be absorbed directly from the
intestine and transported to the liver. Long-chain saturated
fatty acids (>18 C) tend to form insoluble hydrated acid
soaps in the less acidic environment of the small intestine,
particularly when calcium and magnesium are present.
These insoluble complexes are usually eliminated with the
faecal matter. Medium- chain fatty acids may be absorbed
or eliminated depending on acidity and availability of
minerals that may form complexes. The monoacylglycerol
attaches to two other free fatty acids and this triacylglycerol
enters the lymphatic system and is transported to the liver
and other parts of the body like the cardiac muscle [123],
or in our studies with the High-fat diet induced obese
C57bl6 mouse model, to the brain [12].

Alipase in the liver may subsequently split off fatty acids
from these molecules. Absorption of fatty acids depends on
their solubility (which is greater for unsaturated fatty acids
and shorter chain saturated fatty acids) and their position
on the glycerol backbone.

When Stearic acid (C18:0; w-9; SA) is in the #2 position
(oleic-stearic-oleic), >97% of it is absorbed; when it is in
the #1 and 3 positions (stearic-oleic-stearic), only 37% is
absorbed. However, if the rats used in the experiment were
deficientin calcium and magnesium, 70% ofthe Stearicacid
(C18:0; w-9; SA) in the #1 and #3 positions was absorbed.
In addition to the formation of insoluble soaps, it is likely
that some of the Stearic acid containing diacylglycerols,
formed after the first lipase reaction, were also eliminated
because they were less digestible [121,124,125].

In addition, some recent post-prandial studies in
humans[126-129] researchers have investigated structural
TAG influences on digestion, absorption and transport or
molecular TAG molecules that rise from C16: 0-rich, C18:

1-rich and C18: O-rich fats, for which the literature has
been extensively assessed by [118] The stereospecificity of
fatty acids in TAGs is characteristic of natural oils and fats
asindicated in Table 4 [130-133]. TAG molecules that make
up animal fatty tissue mostly have a saturated fatty acid
(SFA) at the sn-1 position and an unsaturated fatty acid at
the sn-2 position [132-135]. For example, in beef fat, C16:
0 is in sn-1 position and C18: 1 is in sn-2 position as seen
in POO, POP, and POS TAGs but variety among fatty acids is
found for the sn-3 position. In contrast, C16: 0 in butterfat
is not exclusively linked to sn-1 but occupies sn-2 in two-
thirds of TAG types as seen for PPB, PPC and PPO TAGs. In
lard, Palmitic acid (C16: 0, w-7; PA) is found only at the sn-2
position, with an unsaturated fatty acid at sn-3, but the fatty
acid that takes the sn-1 position is quite variable, such as in
SPO, OPL and OPO TAGs [130]. Oleic acid is common in TAG
species of animal or vegeTable origin, usually found at the
sn-2 position as observed in olive oil, beef fat, cocoa butter,
palm oil, peanut oil and canola oil, but exclusively linked
to the sn - 1 and sn - 3 positions only in lard [131,134]; see
Table 4.

Table 4: For fatty acid abbreviations in TAG species read
as: P = palmitic (C16:0, w-7); O = oleic (C18:1, w-9); S =
stearic (C18:0, w-9); C = capric (C10:0, w-7); L = linoleic
(C18:2, w- 6); B = butyric (C:4, w-7) (Table modified from:
[118].

For our model in which such a central role is assigned to
bovine lard, it is important to notice that bovine lard (Table
4) has a higher portion of *40% palmitic acid (C16:0) in
the sn-2 position, which explains its high absorption rate.
‘Lard’ has a very characteristic composition of each main
fatty acid in the sn-2 position of the triacylglycerol in
comparison to other animal fats (butter & tallow), namely
with Palmitic acid (C16:0, w-7; PA) at the sn-2 position of
every combination (1 or 2 or 3; see Table 4; [118,124].

Other items in the diet, including sources of calcium,
magnesium, and dietary fibres may also affect fatabsorption
[57]. Saturated fatty acids (SFAs) may be catabolized for
energy, incorporated directly into membranes or into

Table 4: For fatty acid abbreviations in TAG species read as: P = palmitic (C16:0, w-7); O = oleic (C18:1, w-9); S = stearic (C18:0, w-9); C =
capric (C10:0, w-7); L = linoleic (C18:2, w- 6); B = butyric (C:4, w-7) (table modified from: (118. Karupaiah & Sundram 2007).

Animal
Fat 1 1 1 2
Butter palmitic Palmitic Butyric palmitic
Lard Stearic Palmitic Oleic Oleic
Tallow palmitic Oleic Oleic palmitic

2 2 3 3 3
palmitic Capric palmitic Oleic Palmitic
palmitic Linoleic Oleic Palmitic Oleic

Oleic palmitic palmitic Oleic Stearic
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other lipids such as circulating lipoproteins, or may be
deposited as stored fat in various locations in the body. In
addition, desaturation enzymes can create double bonds in
saturated fatty acids, and the resulting unsaturated fatty
acids may be used or stored in the body [119,136]. To
some extent, fatty acid composition of cell membranes and
serum lipids reflects the dietary intake of these fatty acids.
But the relationship is not exact because of the complex
set of reactions occurring during lipid metabolism and the
effects of other dietary components on the physiological
fate of ingested lipids. Although reduction of dietary fat
to approximately 26% of energy intake appears to have
positive effects on serum lipids, more severe reductions
in fat intake have been reported to increase plasma
triacylglycerol levels and increase synthesis of Palmitic
acid (C16:0, w-7; PA) in the body [137].

In vitro studies with adipocytes suggest the possibility
that fatty acid transport proteins may have different
affinities for different fatty acids, depending on chain
length [138]. While the focus of the review of [139] was on
heart and skeletal muscle, the concepts outlined for these
tissues in general presumably apply to all tissues with an
active fatty acid metabolism including the brain. FATP1
is expressed in many tissues, kidney, lung, skin, adipose
tissue, heart, and skeletal muscle [139].

On the evolution of the human brain

In this section, we will elucidate to some extent the
role in human physiology and (brain) metabolism of
the two important “fish oils” Eicosapentaenoic acid
(C20:5, w-3, EPA) and the ‘invisible’ important “fish oil”
Docosahexaenoic acid (C22:6, w-3; DHA) which are both
of extreme importance in understanding human brain
‘encephalization’. Recent fascinating discoveries about
DHA's interconversions and the role of the peroxisome
brings us still closer to one innovative and comprehensive
evolutionary theory about the human brain growth or
encephalization as a replenishment to Darwin’s “On the
Origin or Species ([25])”- where Charles Darwin neglected
to give a plausible explanation for the tremendous rapid
growth spurt of the human brain over the last 75,000 years
(Figure 2). He circumvented this scientific challenge by the
following phrase: “In the distant future I see open fields for
far more important researchers. Psychology will be based
on a new foundation, that of the necessary acquirements of
each mental power and capacity by gradation. Light will be
thrown on the origin of man and his history” [25].

PUFAs from dietary food are essential for the
development of the early humanoid brain and the function
of early humanoids during the course of evolution. Nearly
60% of the dry weight of the human brain consists of lipids
[140] of which around 30% are PUFAs [141] and about
35% of the lipids in the gray matter are LCPUFA [142]). In
the neuronal membrane, the LCPUFAs support physical and
functional membrane properties. Longer chain LCPUFAs
increase the fluidity of the membrane due to their wider
structure and influence the membrane receptor, enzyme
activities and neuronal plasticity [143]. The most common
LCPUFAs in the neuronal membrane are Arachidonic acid
(C20:4, w-6; ARA) and Docosahexaenoic Acid (C22:6, w-3;
DHA) which accumulate rapidly in the human brain during
the first 1000 days, to support the fast increase in brain
volume [144]. Docosahexaenoic Acid (C22:6, w-3; DHA)
and Arachidonic acid (C20:4, w-6; ARA) contribute to the
physical properties of membranes and have their own
unique role in the development and function of the brain
(Figure 24).

Figure 24: Function of Arachidonic acid (C20:4, w-6; ARA) and Docosa-
hexaenoic Acid (C22:6, w-3; DHA) which accumulate rapidly in the human
brain during the first 1000 days.

Adequate presence of especially Docosahexaenoic Acid
(C22:6, w-3; DHA) in the neuronal membranes is crucial,
because it positively contributes to various processes
important for neuronal growth and development, including
modulating neural metabolism, differentiation, plasticity,
neuroprotection and anti-inflammatory effects (see e.g. the
excellent review of [145] on this topic). Arachidonic acid
(C20:4, w-6; ARA) is the precursor for specific membrane-
derived eicosanoids that are important for immunity and
immune responses, including the regulation of neuro-
inflammation [146,147].
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Otherw-3LCPUFAinthebrain,althoughpresentatamuch
lower concentration than DHA, include Eicosapentaenoic
acid (EPA; C20: 5w-3) and Docosapentaenoic acid (C22: 5,
w-3; DPA), which also release lipids mediators that play a
role in the inflammatory response [145] and in particular
EPA -but also DHA- which stimulates neurite growth during
development [148].

DPA from the w-6 family (C22: 5, w-6; DPA) is the
structural homologue of DHA and usually accumulates in
the brain when the DHA supply is insufficient [149,150].
This compensation mechanism ensures that the total brain
volume remains the same, although w-6 DPA cannot fulfill
the specific neurological roles of DHA [148,151,152]. High
levels of w-6 DPA are therefore considered disadvantageous.

Preferential accumulation of DHA in the brain occurs
at high rate between the 3rd trimester up to 2 years and
accumulation extends into childhood and adolescence
[153,154]. This pattern runs parallel with active brain
development and further illustrates the importance of
DHA for brain development and function throughout life.

Brain lipids are not comparable to white adipose tissue
(WAT) because a large part of the ‘fat’ in the brain is in the
form of a myelin membrane which isolates the axons of
neurons [155]. The myelin membrane is an extensive and
highly specialized plasma membrane that is synthesized
by myelinating glial cells: oligodendrocytes in the central
nervous system (CNS) and Schwann cells in the peripheral
nervous system (PNS) [156]

These specialized cells consist almost entirely of
extracellular membrane and therefore have a high lipid
content which gives the brain as a whole a high lipid
concentration; moreover, these structural lipid compounds
cannot be catabolized. The Fatty acid (FA) pattern differs
inside the brain with different concentrations in the gray-
and white- matter.

A).The gray matter: localized to the gray-cortex with
mainly brain cells, contains more saturated Fatty acids (FA)
and Docosahexanenoic acid (C22:6, w-3; DHA) compared
to the white matter.

B). The white matter is located in the sub-cortical
region and contains more Oleic acid (C18:1, w-9; OA) and
Docosatetraenoic acid (C22:4, w-6; DTA) [74].

The Central Nervous System (CNS) is also unique
because it does not use Linoleic acid (C18:2, w-6; LA)
and o-Linolenic acid (C18:3, w-3; ALA), but only their

desaturated and elongated Long-Chain PUFA (LCPUFA)
derivatives [82]. PUFAs in the brain consist for over
90% of Docosahexaenoic acid *DHA (C22:6, w-3; DHA)
and Arachidonic acid (C20:4, w-6; ARA) and the latter’s
elongation product Docosatetraenoic acid (C22:4, w-6;
DTA) [157]. However, humans and other mammals are
inefficient at synthesizing them from their respective
18-carbon precursors [45].

The biosynthetic process for very long chain fatty acids
(VLCFA), PUFAs is complex and is rate [158,159].

Foryears,itwas generally accepted that the biosynthesis
of PUFAs takes place in the endoplasmic reticulum, which is
also the most important site for phospholipid biosynthesis.
It is believed that Docosahexaenoic acid (C22:6, w-3;
DHA), the major PUFA in adult mammalian brain and
retina, is synthesized from dietary a-Linolenic acid (C18:
3, w-3; ALA) in a route consisting of a series of elongase-
and desaturation reactions. This route requires that w-3
Docosapentaenoic acid (C22: 5, w-3; DPA) is desaturated
at position 4 by a microsomal acyl CoA-dependent A4
desaturase to form Docosahexaenoic acid (C22:6, w-3;
DHA). However, various studies have shown that such a A4
desaturase does not appear to exist. Instead, a 24-carbon
w-3 fatty acid was found to be synthesized, which is
desaturated at position 6 to produce Tetracosahexaenoic
acid (C24:6 w-3; THA), followed by a round (- oxidation
with Docosahexaenoic acid (C22:6 w-3; DHA) as the end-
product. Although still disputed, the peroxisome is the
likely site of Tetracosahexaenoic acid (C24:6 w-3; THA) B-
oxidation. After its formation, Docosahexaenoicacid (C22:6
w-3; DHA) is returned to the endoplasmic reticulum, where
it is esterified into membrane lipids. The Sprecher’s shunt
is depicted in detail in Figure 25, with its revised route
for the biosynthesis of Docosahexaenoic acid (C22:6 w-3;
DHA). The synthesis of Arachidonic acid (C20: 4 w-6; ARA)
and Docosapentaenoic acid (C22: w-3; DPA) from dietary
Linoleic acid (C18:2, w-6; LA) in the feed follows a similar
path [61,78]. The Peroxisomal Pathways for VLCFAs are
called ‘Sprecher’s shunt’ [61-66] (Figure 8 & 25).

Peroxisomal Pathways for VLCFA (‘Sprecher’s shunt’
elucidated in detail)

Fatty acid (FA) metabolism occurs in both mitochondria
and peroxisomes with some differences, short and medium
chain length FA being oxidized in mitochondria, whereas
very long chain fatty acids (VLCFA) are metabolized in
peroxisomes, after which the metabolites (shorter in chain
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length) are transported into mitochondria for subsequent
oxidation to CO2 and H20. VLCFAs enter peroxisomes as
CoA-esters via specific half-ABC transporters [160] but
they cannot enter mitochondria. Medium and long chain
length FA pass across the mitochondrial membrane as a
complex with carnitine.

In humans, Docosahexaenoic acid (C22:6, w-3, DHA)
is either obtained from the diet or may be converted in
small amounts from Eicosapentaenoic acid (EPA, C20:5,
w-3) via Docosapentaenoic acid (DPA, C22:5 w-3). This
synthesis was long thought to occur through an elongation
step (C20/22) followed by the action of A4-desaturase.
It is now considered more likely that Docosahexaenoic
acid (C22:6, w-3, DHA) is biosynthesized via a C24
intermediate followed by [-oxidation in peroxisomes.
Thus, Eicosapentaenoic acid (EPA, 20:5, w-3) is twice
elongated, yielding Tetracosapentaenoic acid (C24:5 w-3;
TPA), then desaturated to Tetracosahexaenoic acid (C24:6
w-3; THA), then shortened to DHA (22:6 w-

3) via B-oxidation. This pathway is known as Sprecher’s
shunt [61-66].

Peroxisomal enzymes also role in

play a
Docosahexaenoic acid (C22:6, w-3, DHA) formation from
the precursor Tetrasahexaenoic acid (C24:6, w-3; THA)
[61]. Docosahexaenoic acid (C22:6, w-3; DHA), the major
FA of the w-3 series, has different biological actions such
as modulation of cell functions and metabolic effects on
lipid metabolism [76,161]. In humans, DHA levels depend
largely on dietary intake, but it can also be synthesized,
albeit not very efficiently [162] from the precursor, the
Essential Fatty acid (EFA) a-Linolenic acid (C18:3, w-3;
ALA). ALA is converted, via elongation and desaturation
reactions in microsomes, to Tetrasahexaenoic acid (C24:6,
w-3; THA) which is then B-oxidized in peroxisomes to
give the final product Docosahexaenoic acid (C22:6, w-3,
DHA) (Figure 25) [163]. Latest developments related to
‘Sprecher’s shunt’ concern the research of [66], where in a
rat model it was demonstrated in vivo for the first time that
Docosahexaenoic acid (C22:6, w-3, DHA) is both a product
and a precursor of Tetracosahexaenoic acid (C24:6 w-3;
THA) (Figure 25; comparison AD 1991 vs 2018).

Docosahexaenoic acid (C22:6 w-3; DHA) has played a
unique role during evolution of the modern hominid brain
[20] and adequate intakes of w-3 polyunsaturated fatty
acids (PUFA), especially of Docosahexaenoic acid (C22:6
w-3; DHA), are very important throughout life, especially

Figure 25: w-3 PUFA biosynthesis pathway determined in 1991, compared
to the state of affairs in 2018. [1] [16-desaturation, elongation and [15-
desaturation converting ALA to EPA, [2] elongation of EPA to DPAN-3, [3]
elongation of DPAN-3 to TPAN-3, [4] [16-desaturation of TPAn-3 to THA, [5]
previously discovered peroxisomal [1-oxidation of THA to DHA in 1991, [6]
retroconversion of DHA to EPA, [7] theoretical [14-desaturation of DPAN-3 to
DHA reported in humans and [8] newly reported elongation of DHA to THA
in the present 2018 study. ALA — [-linolenic acid, 18:3n-3; DPANn-3 — doc-
osapentaenoic acid, 22:5n-3; TPAn-3 — tetracosapentaenoic acid, 24:5n-3;
THA — tetracosahexaenoic acid, 24:6n-3

in the perinatal period, when it is supplied by the mother to
the foetus through the placenta, and then to the new-born
throughlactation. Maintenance ofadequate DHA intake into
old age is crucial to prevent the onset of brain dysfunctions
[59]. A continuous supply of FAs to the CNS and their
replacement in CNS membranes take place throughout
life, a major role being played by the liver in the processes
involving FA metabolism and delivery to peripheral organs,
including the brain [164]. In addition, the production of
anti-inflammatory and protective compounds (resolvins
and neuroprotectins) derived from Docosahexaenoic acid
(C22:6 w-3; DHA) has been described (Figure 20; [165].

Very interestingly, a metabolic pathway similar to
that of Arachidonic acid (C20:4, w-6; ARA) has also been
described for Linoleic acid (C18:2, w-6, LA), the essential
fatty acid (EFA) of the w-6 series, with the first steps taking
place in microsomes and the last step of - oxidation in
peroxisomes. In more detail, when cells were incubated
with relatively high concentrations of Arachidonic acid
(C20:4, w-6; ARA) the formation of 24 carbon FA with 4 and
5 (desaturated in position 6) double bonds was activated,
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suggesting an inducible, concentration-dependent
(peroxisomal) metabolic pathway for the formation of

Osbond Acid (C22:5, w-6; 0A) [166,167].

Conjugated linoleic acid (CLA) is also catabolized in
peroxisomes. The term Conjugated Linoleic acid (CLA)
refers to a mixture of positional and geometric isomers of
Linoleic acid (C18:2, w-6; LA) characterized by conjugated
double bonds not separated by a methylene group as in
Linoleic acid. These double bonds are located at position
8 and 10, 9 and 11, 10 and 12, 11 and 13 in cis or trans
configuration. CLA is naturally produced in the rumen, for
example of the cow, by bio-hydrogenation, and thus it is
present in milk, dairy products, and meat. In this case, the
predominant isomer is the cis-9, trans-11 also known as
Rumenic acid (C18:2, w-7; RA) [168].

Benefits of EPA

The ultimate goal of using w-3 fatty acids is the
reduction of cellular inflammation, since eicosanoids,
derived from Arachidonic acid (C20:4, w-6; ARA),
an omega-6 fatty acid, are the primary mediators of
cellular inflammation (Figure 20). Eicosapentaenoic acid
(20:5, w-3; EPA) is the most important of the w-3 fatty
acids to reduce cellular inflammation for a number of
reasons. First, Eicosapentaenoic acid (C20:5, w-3; EPA)
is an inhibitor of the enzyme A5-desaturase (D5D) that
produces Arachidonic acid (C20:4, w-6; ARA). The more
Eicosapentaenoic acid (C20:5, w-3; EPA) is present in the
diet,theless Arachidonicacid (C20:4, w-6; ARA),isproduced
[170]. This essentially chokes off the supply of Arachidonic
acid (C20:4, w-6; ARA), needed for the production of pro-
inflammatory eicosanoids (prostaglandins, thromboxanes,
leukotrienes, etcetera Figure 26).

Figure 26: Elongase-Desaturase “array” and concomitant enzyme activities
with inflammatory products of Arachidonic acid (C20:4, w-6; ARA).

Docosahexaenoic acid (C22:6, w-3; DHA) is not an
inhibitor of A5-desaturase (D5D) because it does not
fit into the active catalytic site of the enzyme due to its
larger spatial size. Secondly, as an additional safety policy,
Eicosapentaenoic acid (C20:5, w-3; EPA) also competes
with Arachidonic acid (C20:4, w-6; ARA) for the enzyme
phospholipase A2 necessary to release Arachidonic acid
(C20:4, w-6; ARA) from the membrane phospholipids
(where it is stored). Inhibition of this enzyme is the
mechanism of action used by corticosteroids [170]. When
adequate levels of Eicosapentaenoic acid (C20:5, w-3;
EPA) are ascertained to compete with Arachidonic acid
(C20:4, w-6; ARA) (i.e. a low AA/EPA ratio), one can profit
from many of the benefits of corticosteroids but without
their side effects. This is due to the fact that Arachidonic
acid (C20:4, w-6; ARA) is not released from the cell
membrane preventing the production of inflammatory
eicosanoids. Because of its increased spatial dimensions,
Docosahexaenoic acid (C22: w-3; DHA) is not a good
competitor of phospholipase A2 in comparison with
Eicosapentaenoic acid (20:5n-3; EPA). On the other hand,
Eicosapentaenoic acid (C20:5, w-3; EPA) and Arachidonic
acid (C20:4, w-6; ARA) are very similar spatially so they are
in constant competition for the phospholipase A2 enzyme
just as both fatty acids are in constant competition for the
A5- desaturase enzyme. This is why measuring the AA/EPA
ratio is such a powerful predictor of the state of cellular
inflammation in organs like e.g. brain. The only way to
control cellular inflammation in the brain is to maintain
high levels of Eicosapentaenoic acid (C20:5, w-3; EPA) in
the blood [172].

EPA in the human brain

Finally, it is often assumed that absence of high levels
of Eicosapentaenoic acid (20:5n-3; EPA) in the brain,
implies that it is not important for neurological function
[17]. Actually, it is key for reducing neuro- inflammation
by competing with Arachidonic acid (C20:4, w-6; ARA)
for access to the same enzymes needed to produce
inflammatoryeicosanoids. However,once Eicosapentaenoic
acid (20:5n-3; EPA) enters the brain, it is rapidly oxidized
[173,174]. This is not the case with DHA [175]. The
only way to control cellular inflammation in the brain is
therefore to maintain high levels of Eicosapentaenoic
acid (20:5n-3; EPA) in the blood [172]. This is why all
research on depression, ADHD, brain trauma, etcetera have
demonstrated Eicosapentaenoic acid (20:5n- 3; EPA) to be
superior to Docosahexaenoic acid (C22: w-3; DHA) [176].
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Benefits of DHA

Eicosapentaenoic  acid  (20:5n-3; EPA) and
Docosahexaenoic acid (C22: w-3; DHA) are the most
important PUFAs in the body. The role and function(s) of
the omega-3 EPA is extensively discussed while that of
DHA is often neglected because it is not understood. In
addition, Docosahexaenoic acid (C22: w-3; DHA) is hardly
measured in the human brain [15] which means that
the equally important function of this other w-3 PUFA is

underexposed.

The first difference is in the area of w-6 fatty acid
metabolism. Whereas Eicosapentaenoic acid (20:5n-3;
EPA) is the inhibitor of the enzyme A5-desaturase (D5D)
that directly produces Arachidonic acid (C20:4, w-6; ARA),
Docosahexaenoic acid (C22: w-3; DHA) is an inhibitor of
anotherkey enzyme A6-desaturase (D6D) that produces the
first metabolite from Linoleic acid (C18:2, w-6; LA) known
as y-Linolenic acid (C18:3, w-6; GLA) [177]. However,
this is not exactly an advantage. Even though reduction of
y-Linolenic acid (C18:3, w-6; GLA) will eventually decrease
Arachidonic acid (C20:4, w-6; AA) production, it also has
the more immediate effect of reducing the production of
the next metabolite known as Dihomo-y-Linolenic acid
(C20:3, w-6; DGLA). This may have disastrous effects as a
great number of powerful anti-inflammatory eicosanoids
are derived from Dihomo-y- Linolenic acid (C20:3, w-6;
DGLA). This is why the use high-dose Docosahexaenoic acid
(C22: w-3; DHA) must essentially be combined with adding
back trace amounts of y- Linolenic acid (C18:3, w-6; GLA) in
order to maintain sufficient levels of Dihomo-y- Linolenic
acid (C20:3, w-6; DGLA) to continue the production of anti-
inflammatory eicosanoids [82].

It must be acknowledged that the key benefit of
Docosahexaenoic acid (C22: w-3; DHA) lies in its unique
spatial characteristics. As mentioned earlier, the extra
double bond (6 in DHA versus 5 in EPA) and increased
carbon length (22 carbons in DHA vs. 20 in EPA) means
that DHA takes up takes up a lot more space than does
EPA in the membrane. Although this increase in spatial
volume makes DHA a poor substrate for phospholipase A2
as well as the COX and LOX enzymes, it has the advantage
of making membranes (especially those in the brain) a lot
more fluid as the DHA sweeps out a much greater volume in
the membrane than does EPA. This increase in membrane
fluidity is critical for synaptic vesicles and the retina of the

eye as it allows receptors to rotate more effectively thus
increasing the transmission of signals from the surface of
the membrane to the interior of the nerve cells. This is why
DHA is a critical component of these highly fluid portions of
the nerves [178]. On the other hand, the myelin membrane
is essentially an insulator so that relatively little DHA is
found in that type of membrane [179].

As mentioned in our previous review [9], evolutionary
sciences studying the problem of human brain growth
(encephalization) can trace their foundations back to
embryology and fetal development of the brain during
gestation and is therefore important because they are
an eventual equal representation of the early cerebral
development of the first hominids. In fact, they indicate
exactly which building materials were needed during
the evolution of the human brain with its tremendous
expansion from Homo erectus (*950 cm?® brain), towards
modern Homo sapiens (= 1500 cm?® brain) [54].

It is important to note that once the w-3 PUFA levels
are established in the course of evolutionary brain
development, these changes cannot be fully repaired by
supplementing with w-3 LCPUFA during later life stages
[180-182], Higher levels of w-3 LCPUFA are associated
with better motor performance [183], higher scores in
cognitive functioning [184,185] and better neurological
scores [186. In addition, low DHA and w-3 LCPUFA or
increased w-6 LCPUFA concentration in adult brain is,
from an evolutionary perspective, related to a negative
selection pressure such as neuropsychiatric disorders
like depression [187-189]. Although depression from
an evolutionary point of view implies a higher form of
consciousness as a complex form of social hierarchy [190],
it is an undesired trait. These studies show that DHA in
the brain is crucial for brain function and mental health
in humans, and further underlines the importance of
adequate DHA accumulation until an age of approximately
7 years. Brain development in humans -also called ‘synaptic
pruning’- is influenced by food for up to 7 years old and
then stops [191]. Such specific nutritional conditions could
possibly have been provided during early Paleolithic times
due to eating at a regular base ruminant meat (Syncerus
caffer) during the early years of life especially until an age
of approximately 7 years old [183-186].

Common Effects for both EPA and DHA

Not surprisingly, there are some areas in which both EPA
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and DHA appear to be equally beneficial. As an example,
both are equally effective in reducing triacylglycerol levels
[192]. This is probably due to the relatively equivalent
activation of the gene transcription factor (PPAR-a) that
causes the enhanced synthesis of the enzymes that oxidize
fats in lipoprotein particles. There is also apparently equal
activation of the anti-inflammatory gene transcription
factor PPAR-y [193]. Both seem to be equally effective in
making powerful anti-inflammatory eicosanoids known
as resolvins [165]. Finally, although both have no effect on
total cholesterol levels, DHA can increase the size of LDL
particles to a greater extent than can EPA [192]. In general,
PUFAs, especially w-3 fatty acids such as eicosapentaenoic
acid (EPA; C20:5 w-3) and docosahexaenoic acid (DHA;
C22:6 ®-3) have been documented to have significant
influence on biochemical and physiological changes in the
body and to exert positive influences on human nutrition
and health [194]. For a clear definition for all physiological
and biochemical processes involved, one is referred to the
review of [195].

Conclusions and Perspectives

The Savanna Dry Land (SDL) hypothesis assumes that
the African savannah supplied all nutritional elements
and other chemical compounds to explain the uniqueness
of the human brain with its overgrown neocortex [28].
Over against this scientific paradigm [29] we have the
60-year-old ‘Aquatic Phase Hypothesis’ (APH) or Hardy
/ Morgan hypothesis [30] who states that our ancestors
must have had an aquatic water phase with aquatic (sea)
food with essential omega- 3 fatty acids to explain this
enormous brain growth of the human brain [24,31,32].
The followers of the APH evolution model have challenged
SDL supporters to present a biochemical model explaining
the development of large human brains [32].

In this review, we have provided such a biochemical
model based on LC-MS measurements of a juvenile High
Fat (HF)-diet, obese C57bl6 mouse model, raised on
bovine fat -mainly unsaturated fatty acids with very long
chains (VLC-FA; C48-C56 Triacylglycerols, (TGs)) - that
accumulate throughout the brain [12]. The described
HF-diet with 24.0% bovine lard caused a very significant
increase of Lyso-phosphatidylcholine, a preferred carrier,
as a by-product of PUFAs through the blood-brain barrier
[197]. This study with rodent models indicaties that
Fatty Acids (FAs) can pass the Blood Brain Barrier (BBB)

[194]. These important observations were made by
happenstance and possibly indicate the role of bovine lard
in human encephalization during the course of evolution.
Furthermore, in post-mortem brains from human donors,
we found that Triacylglycerols (TGs) are the mostimportant
lipid fraction in human brain neocortex (268,32% white
versus x75,96% gray matter), suggesting the importance
of this lipid fraction in brain encephalization [195]. We
also described a clear correlation between hunter and prey
based on similarities in migration patterns of the African
buffalo (Syncerus caffer) and those of early hominids [14].
Our results show that large ruminants from the African
savannah probably played a highly important role in the
exponential brain growth from early hominids to the
modern Homo sapiens.

Here we present the ‘African Buffalo Savannah
hypothesis’ (‘ABS hypothesis’) which provides strong
evidence that the meat and bovine lard of herds of the early
African buffalo on the African savannah in the Pleistocene
had such a specific biochemical composition that it could
have been the evolutionary driving force behind the
encephalization of the early hominids. Another finding that
supports the ‘ABS hypothesis’ is the previously published
map of migration routes of early African cattle (ancestors
of Syncerus caffer) and early hominids - supporting the
hunter versus prey correlation as an important element of
the ‘ABS hypothesis’ [14].

So, it is imperative to explain in our ‘ABS’ biochemical
model how the two important w3 ‘fish-oils’ PUFAs EPA
(C20:5, w-3) and DHA (C22:6, w-3) are produced by the
African buffalo. And in addition, how significant amounts
of TGs are produced for the developing human brain.

The African buffalo forages on the African savannah
and has access to seed material from both grasses such as
African bromegrass grass (Bronus biebersteinii) and higher
savannah vegetation. The most important fatty acid of
grass meadow is a-linolenic acid (C18: 3, w3; ALA) [200],
while the seed material is usually a rich source of linoleic
acid (C18: 2, w6; LA) [201]. Isomeration reactions due to
microbiome in the rumen convert LA into its isomer, cis-
9, trans-11 conjugated linoleic acid (CLA) which in turn
is reduced to vaccenic (VA) fatty acid [202]. In the next
stage, VA is converted to stearic fatty acid (C18:0). For
biohydrogenation of LNA, a similar pattern of isomeration
reactions is observed followed by a sequence of reductions
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and concluded by the formation of stearic fatty acid
(C18:0). In tissues, A9-desaturate converts the stearic
fatty acid into C18:1 (Oleic Acid) [65]. The C:18 MUFAs are
required as a FA ‘tail’ for the glycerol C-backbone in order
to produce VLCFAs (TGs) [203]. After leaving the rumen,
the free fatty acids (FFAs) from the food and bacteria
particles are desorbed by lysolecithin and bile salts. The
micelles are formed and taken up by the epithelial cells
of the jejunum. The FFAs are released from the small
amounts of triacylglycerols and glycolipids that reach the
intestines [65]. The metabolism of fatty acids in the human
body is then started. However, despite the described
conversions of the two EFAs in the rumen, ruminants may
have the ability to dehydrogenate and extend linoleic acid
(C18: 2, w-6; LA) to Docosahexaenoic acid (C22: 6, 1-3;
DHA) [65]. The main PUFA in the meat of Syncerus caffer is
Docosapentaenoicacid (C22: 5, w3; DPA [16]. Conversion of
Docosapentaenoic acid (C22: 5, w-3, DPA) to the important
brain ‘fish oil’ DHA (22: 6, w-3) was earlier suggested to
occur by A4-desaturation activity in these species [200].
However, this A4-desaturation model has been replaced
by another biochemical model with a role for peroxisomes,
the pathway nowadays known as the “Sprecher’s shunt”
[61-66]. So, the biohydrogenation of Docosahexaenoic acid
(C22: 6, 3-3; DHA) from Eicosapentaenoic acid (C20: 5,
w-3; EPA) follows the shunt of Sprecher in the peroxisome
[61-67].

These PUFA conversion routes in the tissues of the
African buffalo and its relation to feed, need to be confirmed
by robust LCMS measurements. An outline of targeted
experiments related to this topic is given in Table 5.

Dietary fatty acids are used as building blocks
for the developing brain

The developing brain of early hominids at the African
savannah relies to a great extent on the Long Chain
Poly Unsaturated Fatty Acid (LCPUFA) plasma pool for
Docosahexaenoic acid (C22:6, w-3; DHA) accumulation.
Although the brain can generate some Docosahexaenoic
acid (C22:6, w-3; DHA) by endogenous synthesis of
precursor w-3 LCPUFA in glial cells [208], Docosahexaenoic
acid (C22:6, w-3; DHA) synthesis in the brain takes place
at a much lower rate than the total rate of brain growth
from DHA needed to support growth and development
[209]. In plasma, Docosahexaenoic acid (C22:6, w-3; DHA)
and other LCPUFA are present in two large pools: A).
Bound albumin, as non-esterified fatty acid (NEFA) -DHA
or lyso-phosphatidylcholine- esterified (LPC) -DHA [197];
B) Esterified in lipoproteins to e.g. TG, PL, cholesterol, PL
or other lysophospholipids. There is no consensus as to
which lipid form in the plasma pool is preferably used for
accumulation in the brain [211-213].

, nor have the mechanisms been agreed by which these
different forms of circulating PUFA are delivered - either
by protein-mediated and / or passive diffusion [214].
The plasma to tissue uptake process appears to be non-
selective for w-6 and w-3 LCPUFA. The accumulation of
Docosahexaenoic acid (C22:6, w-3; DHA) in the brain is
therefore dependent on the total and relative levels of
Docosahexaenoic acid (€22:6, w-3; DHA) and other w-3
and w-6 LCPUFA in the plasma [215,216]. The capacity
of LCPUFA synthesis from Linoleic acid (C18:2, w-6; LA)

Table 5: Experimental program for a first 2 years scientific research program demystifying the evolutionary forces of the mysterious mammalian

brain based on a C57bl6 mouse model with ‘overgrown brain’

No. Action points & Scientific activity and targeted experiments Duration
Repeat brain steatosis experiment in a C57bl6 mouse model (n=20) raised on 24% bovine lard individually housed to prevent social
1 . : 6 months
hierarchy (12. van Ginneken et al 2017).
2 Because rats are more intelligent similar brain steatosis experiment in rats (n=20) individually housed raised on 24% bovine lard 6 months
3 Collect neocortex material and plasma from donors (NBB) of stillborn infants (n=10) vs. 30 years age (n=10) 6 months
LCMS measurements feed, overgrown C57bl6 mouse- & rat-model neocortex material & plasma of NBB see no.3 (12. van Ginneken et
4 al 2017) 6 months
Explain general exemplified topics of neurophysiology like neural networks, frequency codes, synaptic characteristics, neurotransmitters
5 ) 2 years
(201. van Ginneken et al 1995)
6 Continue 24% bovine lard nutritional/breeding program of C57bl6 mouse model (10 generations) for testing fixation of expression 2 vears
patterns in the genes by epigenesis Y
7 Similar continuation of 24% bovine lard nutritional/breeding program of rat model (5 generations) for testing fixation of expression 2 vears
patterns in the genes Y
8 Perform maze test rats (5 generations) with overgrown brains (202. Service 1994). 2 years
9 Collect in Africa: African buffalo (Syncerus caffer) (16. Crawford et al 1969) and African savannah grass & seeds (200. Benbrook et al 2 vears
2018; 201. Chilliard et al 2001) and perform LCMS at meat, lard, paunch. Y
Genetic model of ‘brain steatosis’ will be fixed in the genes of mouse (10 generations) rats (5 generations), whole genome sequencing
10 2 years
(207. Foley et al 2018).
1 Increased brain volume towards Computational & Mathematics model 2 years
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and a-Linolenic acid (C18:3, w-3; ALA) is low in humans
[217,218]. However, Docosahexaenoic acid (C22:6, w-3;
DHA) accumulation in the developing brain of early
hominids is not only dependent on the supply of preformed
Linoleic acid (C18:2, w-6; LA) and a-Linolenic acid (C18:3,
w-3; ALA) from African savannah nutritional resources
like meat and lard of Syncerus caffer. The biosynthesis of
LCPUFA from Linoleicacid (C18:2, w-6; LA) and a- Linolenic
acid (C18:3, w-3; ALA) in the liver and other tissues
involves a series of steps of extension and desaturation
as extensively described earlier in this review. The same
set of enzymes is used for the conversion of Linoleic acid
(C18:2, w-6; LA) and a-Linolenic acid (C18:3, w-3; ALA) to
Arachidonic acid (C20:4, w-6; ARA) and Docosahexaenoic
acid (C22:6, w-3; DHA) and therefore compete with each
other. For example, high nutritional supply of Linoleic acid
(C18:2, w-6; LA) inhibits endogenous Docosahexaenoic
acid (C22:6, w-3; DHA) synthesis and results in higher w-6
LCPUFA in the circulatory system, which further limits the
uptake of Docosahexaenoic acid (C22:6, w-3; DHA) in the
developing brain, because circulating w-3 and w-6 LCPUFA
also compete for uptake by the brain [219,220]. Very
interestingly, in a piglet study it was found that a formula
with a high Linoleic acid (C18:2, w-6; LA) increased the
accumulation of w-6 LCPUFA and reduced Linoleic acid
(C18:2, w-6; LA), a-Linolenic acid (C18:3, w-3; ALA) and
other w-3 LCPUFA in the brain. In addition, the increasing
Docosahexaenoic acid (C22:6, w-3; DHA) content was not
able to prevent some of the disorders in the fatty acid
profile of the brain caused by the high supply of Linoleic
acid (C18:2, w-6; LA) [151].

Having gained a comprehensive understanding of
the literature related to LCPUFA conversions and brain
delivery, in Part 3 of this three-part series entitled:
[Review] Where Darwin neglected to explain the
human-brain encephalization: Part 3: “Explore the
mysteries of mysteries, the unexplained evolutionary
mechanism behind the overgrown human brain
following a lipidomics based approach”, I will present
LCPUFA conversion measurements in human brains from
16 donors of the Netherlands Brain Bank (Amsterdam)
supported by observations at a C57bl6é mouse model
(whole brain).

Yet, in this review (part 2), the central theme is
the “Savannah Dry Land Hypothesis” (SDLH) which
assumes that the African savannah could have supplied
all nutritional elements and other chemical compounds

to explain the uniqueness of the human brain with its
overgrown neocortex [28].

Central to the SDLH is that the cradle of modern
humanity stood in East Africa - a country with often harsh
and unsTable environments and resources, and with
enormous evolutionary selection pressure for favorable
properties. Early hominids, in the transition from Homo
habilis to Homo erectus for more than 200,000 years, may
perhaps have overcome these severe conditions by, among
other things, improved tools to hunt for more available
meat from the most abundant herbivore and ruminant of
the African savannah, the African buffalo Syncerus caffer
(or its ancestor) for which a total biomass of 54.6 + 10.9
kg km? has recently been recorded [49]. In addition, we
have demonstrated in a C57bl6 mouse model fed on a High
fat diet based on 24% bovine lard and 0.5% cholesterol
the occurrence of “brain steatosis” of very long chain
polyunsaturated fatty acids (VLCFAs) supplied by the
bovine lard [12]. Never before has brain expansion through
nutritional intervention been observed in a mouse model
with regard to the accumulation of TGs as a result of a fat-
based diet on lard. Only studies with domestic cats - giving
a meat diet for six months [47] were comparable to our
rodent study and these also indicated VLCFA accumulation
in the brain supporting our first hypothesis. So, our C57bl6
mouse model, with its short reproduction period, is a new
and attractive “tool” that offers the evolutionary biologist
unprecedented and unlimited possibilities to test the
various physiological, biochemical and genetic evolution
processes associated with encephalization in a mammal in
the laboratory.

In the remainder of this review, we will argue that
our ecological “Savannah Dry Land Hypothesis (SDL-
hypothesis)” - based on a powerful description of the
many enzymatic metabolic VLCPUFA conversions -
provides strong evidence that the meat and lard African
buffalo (Syncerus caffer), hunted by early hominids on
the Pleistocene’s African savannah had such a specific
biochemical composition that it could have been the
evolutionary driver for encephalization of the early
hominids [14]. Proponents of the evolutionary “Aquatic
Phase Model (APM)” claim thatthe endogenous synthesis of
Docosahexaenoic acid (C22: 6, w-3; DHA) from a-Linolenic
acid (C18: 3, w-3; ALA) in humans is much lower and
more limited than previously assumed due to competing
enzymatic systems [209]. Rate limiting steps in enzymatic
conversions due to ‘delayed’ enzymatic reactions are the
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A6-desaturase steps for both essential fatty acids (EFAs),
Linoleic acid (C18: 2, w-6, LA) and a-Linolenic acid (C18: 3,
w -3; ALA), and the A5-desaturase step converting Dihomo-
y-Linolenic acid (C20: 3, w-6; DGLA) into Arachidonic
acid (C20: 4, w-6; ARA). In the previous sections of this
review, we have described very exciting discoveries and
interconversions in different desaturase / elongase routes
of FAs which sustain the SDL-hypothesis.

Syncerus caffer grazes during the wet season, but
increases its changing behavior in the dry season, wherever
itisfound in foresthabitats. Andropogon gayanus turned out
to be the most preferred grass species [10]. TUFA content
was composed of P20, P2L, PO2, POL, 03, PL2, 02L, L20
and L3 with P = palmitic acid (C16: 0) and L = linoleic acid
(C18: 2, w-6; LA) [70]. Two important conclusions can be
drawn: First, all combinations can be found on the glycerol
backbone molecule. Second, the most important EFA is an
inflammatory an w-6, linoleic acid (C18: 2, w-6; LA). These
findings affect the meat and the biochemical composition
of Syncerus caffer as a prey for early hunting of hominids.
It is noteworthy that PUFAs of the w-6 series occur more
often in the tissues of the African buffalo than those of the
w-3 series. Because the C18 and C20 acids mainly come
from the w-6 series, it was to be expected that the C22
acids would also have the same parental origin.

We are interested in the fatty acid composition of the
meat of the African buffalo (Syncerus caffer) because it
could have played a role in encephalization of modern
archaic man Homo sapiens who originated on the African
savannah. We propose that ruminants can convert low
digestible savannah grass into high-quality meat and lard,
important for early brain hominid growth. Mammals lack
A12 and Al5-desaturase activities [45], so they cannot
synthesize Linoleic acid (C18:2, w-6; LA) and a-Linolenic
acid (C18:3, w-3; ALA) from the precursor Oleic acid (18:1,
w-9; 0A) [97].

In addition, it is important to uncover the fate of these
two Essential Fatty acids (EFAs), LA and ALA, in the
rumen. Via isomerization and reduction reactions, the w-3
EFA a-Linolenic acid (C18:3, w-3; ALA) is converted via
Rumenic acid (C18:2, w-7; RA) and Vaccenic acid (C18:1,
w-7; VA) into Stearic acid (C18:0; w-9; SA). In addition,
isomerization of the w-6 EFA Linoleic acid (C18:2, w-6; LA)
leads to the formation of Rumenic acid (C18:2, w-7; RA)
which in turn is also converted via reductase reactions into
Stearic acid (C18:0; w-9; SA) [65].

It is assumed -but presently not yet investigated- that
all A4, A5, A6, A8, A9, A12, A15, A17 desaturase enzymatic
reactions in conjunction with a A5, A6, A9 elongase
enzymatic activity take place in the paunch of a ruminant
like the African buffalo Syncerus caffer. This assumption
is based on similar findings on bio-synthetic pathways of
polyunsaturated fatty acids (PUFAs) in microalgae [85].

In addition, A8-desaturase activity might be ‘a new
solution’ to produce EPA, so important for the human brain
through the route by which the inflammatory Eicosadienoic
acid (C20: 2, w-6; EDA) is converted into Dihomo-y-
Linolenic acid (C20: 3, w-6; DGLA) via A8- desaturase and
through the non - inflammatory Eicosatrienoic acid (C20: 3,
w-3; ETrA) from which by A8 desaturase activity the non-
inflammatory product Eicosatetraenoic acid (C20: 4, w-3;
ETA) could be produced [78]. Dihomo-y-Linolenic acid
(C20: 3, w-6; DGLA) is the direct precursor of prostaglandin
E1 and thromboxane B1. Dihomo-y-Linolenic acid (C20: 3,
w-6; DGLA) and Eicosatetraenoic acid (C20: 4, w-3; ETA)
are also direct precursors of the long chain polyunsaturated
fatty acids (LC-PUFAs) Arachidonic acid (C20: 4, w-6; ARA)
and the for human brain so important Eicosapentaenoic
acid (C20: 5, w-3; EPA) respectively. Finally, after leaving
the rumen, the FFAs from the particles of food and bacteria
are desorbed by lysolecithin and bile salts. The micelles
are formed and taken up by the epithelial cells of the
jejunum. The FFAs are released from the small amounts
of triacylglycerols and glycolipids reaching the intestines
[65]. Subsequently, lipids are converted to meat and lard
of Syncerus caffer.

Digestion of triacylglycerols absorbed from the diet
can occur by several routes through their Fatty Acyl CoAs:
(a). B-oxidation to provide energy in the form of ATP; (b).
esterification in cellular lipids including triacylglycerols,
cholesteryl esters (ChE) and phospholipids and (c).
converted into their important longer chain and more
unsaturated products derived from a series of desaturation
and elongation reactions that mainly take place in the liver
and to a lesser extent in other tissues [98]. Dietary fat is
mainly taken up in the form of triacylglycerols containing
the fatty acids Palmitic acid (C16: 0, w-7; PA) and Oleic acid
(C18: 1, w-9; OA) [130]. As mentioned earlier, mammals
lack activities of A12 and A15 desaturase, so they cannot
synthesize Linoleic acid (C18: 2, w-6; LA) and a-Linolenic
acid (C18: 3, w-3; ALA) from the precursor Oleic acid (18:
1, w-9; 0A). With regard to “Sprecher’s shunt”, the meat
of the African buffalo (Syncerus caffer) has such a specific
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biochemical composition through this biochemical ‘shunt’
that it could have provided conjugated linoleic acid (CLA)
to the early hunting hominids at the African savannah.

Enzymatic conversion takes place via the enzymatic
path of a A6-desaturase in the PUFA scheme (which is
normally the rate limiting step towards Arachidonic acid
(C20: 4, w-6; ARA)), while a new enzymatic route proceeds
via y-linolenic acid (C18: 3, w-6; GLA) and via a C18 / 20
elongase towards Dihomo- y-linolenic acid (C20: 3, w-6;
DGLA), and subsequently via A5 desaturase to Arachidonic
acid (C20: 4, w-6; ARA). This is a very specific pathway and
is characteristic for ruminants [92].

Syncerus caffer has exceptionally high amounts of
important EFAs: about 17.3% for Linoleic acid (C18: 2, w-6;
LA), and about 5.4% for a-Linolenic acid (C18: 3, w-3; ALA)
and about 7.5% for Arachidonic acid (C20: 4, w 6, ARA).
Of the C18 fatty acids (EFAs) in the elongase/ desaturase
array, Linoleic acid (C18: 2, w6; LA) is most common in
muscle tissue. Based on product / precursor ratios we
determined possible A1l7-desaturase, A8-desaturase
and A4-desaturase enzymatic activity as a consequence
of microbiome activity in the rumen. Also typical and
characteristic for this ruminant is ‘Sprecher’s shunt’, which
might underlie the typically observed meat composition of
Syncerus caffer with extremely its high concentrations of
Arachidonic acid (C20: 4, w-6; ARA) and Docosapentaenoic
acid (C22: 5, w-3; DPA) [20]. It has also been suggested
that Docosapentaenoic acid (C22: 5,;-3; DPA) -abundant
in meat- may have functioned as a buffer between the two
major w-3 PUFAs Eicosapentaenoic acid (C20: 5, w-3; EPA)
and Docosahexaeinoic acid (C22: 6) , w-3; DHA) for early
hominid brains [75].

Digestion and absorption of fats in the diet, including
those in beef, depend to some extent on the size and degree
of unsaturation of the fatty acids and on the structure of
the fat molecules which implies the position of different
fatty acids at the glycerol backbone in molecules of TAGs.
Digestion of fats in humans is accomplished by lipase
enzymes that hydrolyse the ester bonds, releasing the fatty
acids from glycerol. In the small intestine ‘pancreatic lipase’
removes the #1 and any remaining #3 fatty acids, leaving
a monoacylglycerol with only the #2 fatty acid [119].
Short-chain fatty acids can be absorbed directly from the
intestine and transported to the liver. Long-chain saturated
fatty acids (>18 C) tend to form insoluble hydrated acid
soaps in the less acidic environment of the small intestine,

particularly when calcium and magnesium are present
[57]. Absorption of fatty acids depends on their solubility
(which is greater for unsaturated fatty acids and shorter
chain saturated fatty acids) and their position on the
glycerol backbone. For example, in beef fat, Palmitic acid
(C16: 0; w-7; PA) is in sn-1 position and Oleic acid (C18: 1;
w-9; 0A) is in sn-2 position as seen in POO, POP, and POS
TAGs but varies in the fatty acids that are in sn- 3 (with P:
Palmitic acid; O: Oleic acid; S: Stearic acid). ‘Lard’ has a very
characteristic composition of each main fatty acid in the
snh-2 position of the triacylglycerol in comparison to other
animal fats (butter & tallow), with Palmitic acid (C16:0,
w-7; PA) at the sn-2 position in every combination (1 or 2 or
3) [118,124]. In a recent study with ten-week-old Golden
Syrian male hamsters, [221] confirmed the hypothesis that
the incorporation of docosahexaenoic acid (DHA) in tissues
will be higher when it is ingested as triacylglycerols (TAG)
structured at the sn-2 position, which enhances efficacy
and health benefits of dietary DHA w-3 supplementation
[221]. This is an important observation indicating that to
a great extent the biochemical composition of the human
brain is mainly provided by the w-3 PUFA Docosahexaenoic
Acid (C22:6, w-3; DHA).

Providing a more optimal balance of w-3 and w-6 PUFA
during early brain development can be instrumental. This
may have been achieved in early hominids with developing
brains at the African savannah by a balanced Paleolithic
diet with a recommended w-6/w-3 ratio of around
1/1=one [222].

The human brain consists of about 75 percent water,
while it is the fattest organ in our body. Around 60% of the
structural material of the brain (dry weight) is lipid. The
brain contains about 100 billion brain cells interrelated by
axons and dendrite conducting electrical impulses coding
for information from or to the periphery. Phospholipids
(PL) are phosphodiesters (PDE) linked to abase, in the brain
usually ethanolamine, as phosphatidylethanolamine (PE).
PE binds two different types of Fatty acids (FA), namely
unsaturated Palmitic acid (C16:0, w- 7; PA) and Stearic
acid (C18:0; w-9; SA), as well as Polyunsaturated Fatty
acids (PUFAs) like Arachidonic acid (C20:4,-w-6; AA) and
Docosahexaenoic acid (C22:6, w-3; DHA). DHA has played
a unique role during evolution of the modern hominid
brain [20] and adequate intake of w-3 polyunsaturated
fatty acids (PUFA), especially of DHA, has probably been
very important for the developing brain of early hominids
at the African savannah. But it also plays a dominant role,
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especially in the perinatal period, when it is supplied by
the mother to the foetus through the placenta, and then to
the new-born through lactation. Maintenance of adequate
DHA intake into old age is crucial to prevent the onset of
brain dysfunctions [59].

A continuous supply of FA to the Central Nervous
System (CNS) and their replacement in CNS membranes
take place throughout life, a major role being played by the
liver in the processes involving FA metabolism and delivery
to peripheral organs, including the brain [98]. The CNS is
also unique because it does not use Linoleic acid (C18:2,
w-6; LA) and a-Linolenic acid (C18:3, w-3; ALA) taken up
from the food but only their desaturated and elongated
Long-Chain PUFA derivatives [82].

PUFAs in the brain comprise over 90% of
Docosahexaenoic acid *xDHA (C22:6, w-3; DHA) and of
Arachidonic acid (C20:4, w-6; ARA) and its elongation
product Docosatetraenoic acid (C22:4, w-6; DTA [151].

In humans, Docosahexaenoic acid (C22:6, w-3, DHA)
is either obtained from the diet or may be synthesized in
small amounts from Eicosapentaenoic acid (EPA, 20:5,
w-3) via Docosapentaenoic acid (DPA, 22:5 w-3).

Foryears, itwas generally accepted thatthe biosynthesis
of PUFAs takes place in the endoplasmic reticulum, which is
also the most important site for phospholipid biosynthesis.
However, ALA is converted, via elongation and desaturation
reactions, in microsomes to Tetrasahexaenoic acid (C24:6,
w-3; THA) which is then B-oxidized in peroxisomes to form
the final product DHA, a pathway which is called Sprecher’s
shunt [61-66].

The only study comparable with our C57blé High-fat
diet obese mouse model on 22% bovine lard [12] is that of
[47] with domestic cats given a diet consisting of meat with
deuterium-labelled FA tracers for a period of six months.
It major outcomes were: a). Firstly, the confirmation
of the Sprecher’s shunt as the biochemical pathway
towards the for brain-development and -functioning so
‘mysterious’ Docosahexaenoic acid (C22:6, w-3; DHA);
b). Secondly, VLCFA accumulation in the brain for other
PUFAs like Eicosapentaenoic acid (C20:5, w-3; EPA) and
its intermediate Docosapentaenoic acid (C22:5, w-3; DPA)
[47], which probably functions as a buffer between EPA
and DHA [75].

Our ‘ABS hypothesis’, described in this review in
response to the challenge by the proponents of the APH,
provides the required biochemical model based solely on

molecular building materials from the African savannah
supporting the SDL hypothesis and explaining the
encephalization of the human brain (Figure 27).
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