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Deliciousness of food and a proper balance
in fatty acid composition as means to
improve human health and regulate food
intake

Ole G. Mouritsen
Abstract

Diet and lifestyle are not only related to wellbeing but also have dramatic effects on the burdens of ill health and
non-communicable diseases. Drawing upon anthropological evidence for human evolution and the chemistry of
the brain, as well on the physiology of taste, a brief review is provided on the effects of food composition and food
flavor on health, wellbeing, and the quality of life. Our ancestors’ access to the particular fatty acids of marine food
sources and man’s early use of the fire to heat-treat food have been prime determinants for the evolution of our
relatively big brains and our craving for foodstuff characterized by sweet and umami flavors. The increasing
unbalance of fatty acids in our diets appears to have severe effects on the condition of our neural system and the
brain, leading to a severe increase in brain disorders and mental diseases. Similarly, a lack of deliciousness in
prepared meals may be a possible reason for poor nutritional management and excess intake of sugar, salt, and fat.
These changed conditions are suggested as reasons why our brain, the flavor of our food, and hence our health are
under siege.
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Introduction
The consequences of malnutrition and critical unbal-
ances in the diet with regard to fatty acids, sugar, salt,
and fat are becoming more and more manifest in the
Western world and are gradually also influencing the
general health conditions for populations in developing
countries. We are currently witnessing a rapid increase
in non-communicable diseases like heart and coronary
diseases, obesity, diabetes, hypertension, and cancer, as
well as certain mental diseases [19].
However, according to WHO’s constitution [75], the

health of a population is not only a condition set by the
absence of illness but also determined by the “quality of
life” (QOL). QOL involves aspects of social wellbeing as
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well as maintenance of full physical and mental modal-
ities. Many countries have a growing population of eld-
erly citizens as well as individuals who are going
through complicated hospitalization and medical treat-
ments involving drugs as well as chemo- and radiother-
apy. The QOL for these individuals is often diminished
due to lack of appetite, leading to malnutrition and de-
rived secondary diseases such as gastric malfunctioning,
anorexia, aphasia, and a number of other physiological
dysfunctions [44]. These conditions are often exacer-
bated by loneliness; more and more adults are singles
who eat their meals in solitude or on the move. Further-
more, elderly people in nursing homes and hospitals
tend to eat less food because the food is not tasty
enough or prepared and presented under conditions that
do not stimulate the appetite.
Appetite, choice and acceptance of food, and the

amount of food consumed, as well as the satiety and sat-
isfaction after a meal are key factors that are intimately
le is distributed under the terms of the Creative Commons Attribution 4.0
.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
ive appropriate credit to the original author(s) and the source, provide a link to
changes were made. The Creative Commons Public Domain Dedication waiver
ro/1.0/) applies to the data made available in this article, unless otherwise stated.

http://crossmark.crossref.org/dialog/?doi=10.1186/s13411-016-0048-2&domain=pdf
mailto:ogm@memphys.sdu.dk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Mouritsen Flavour  (2016) 5:1 Page 2 of 13
linked to the sensory perception of food [67]. Food flavor,
i.e., taste, smell, mouthfeel, and chemesthetic sensation, all
have influence on the amount of food taken in and the de-
gree of satiety. The palatability of the food is therefore an
important factor. Still, official dietary recommendations
and guidelines [5] seldom take food palatability into ac-
count [43]. A well-known example is the recommendation
of 600 g vegetables and greens per day which most people
have problems with, presumably because of lack of palat-
ability and taste of many vegetables. As a consequence,
people eat considerably less vegetables or flavor their
vegetable dishes with large amounts of salt, fat, and sugar
in order to make them palatable.
In general, domestic or industrially produced meals

are often made palatable by adding salt, sugar, or fat.
The less palatable the dishes, the more of these additives
are used. In the case of salt, epidemiological studies have
indicated that the global increase in cardiovascular dis-
eases and hypertension [3, 68] may be caused by in-
creased intake of salt [24] although recent studies have
shown that the situation is more complex [53]. Similarly,
an increased consumption of sugar is believed to be a
major cause of diabetes, obesity, and overweight [56].
The jury is still out with regard to fat and lifestyle dis-
eases [34, 35], in particular regarding the role of satu-
rated fat and cholesterol, although it is now documented
that trans-fatty acids constitute a risk factor [69] and
that an unbalance between the intake of omega-3 and
omega-6 fatty acids is the cause of several neural and
mental diseases [26, 46, 57, 66].
The gross imbalance in the diet’s contents of omega-3

and omega-6 fatty acids is particularly worrisome and
seems to some extent to be overlooked by the health au-
thorities. Olesen et al. [54] have estimated the total cost
in Europe in 2010 for treating brain disorders to be €798
billion, of which direct health care cost is 37 %, direct
non-medical cost is 23 %, and indirect cost is 40 %. Con-
cerned researchers have pointed out that the rapid
growth in mental diseases, not least in young subjects, is
an indication that the human brain is under siege [14].
Whereas our early ancestors, who all lived in coastal
areas, enjoyed a marine-dominated diet with an omega-
3/omega-6 ratio close to one, this ratio has in many
Western countries become much larger than one. We
eat generally far more omega-6 than omega-3. There are
many reasons for this shift. One is the rapid growth in
production of cheap plant oils during the second half of
the twentieth century; another is the stagnation in fisher-
ies and limitations in the growth of aquaculture due to
environmental considerations.
The unbalance in our food with respect to the con-

tents of fat, sugar, and salt is likely only to become exac-
erbated unless we find a way to produce delicious and
nutritious food with less sugar, salt, and omega-6 fat.
In the present topical review, I will address these is-
sues in a framework of evolution and taste, i.e., the fla-
vor of food. First, I will describe the current picture of
human evolution along with the discovery of cooking
and man’s use of fire. I will put this in perspective by re-
ferring to the evolution of the human brain and our
basic sensory modalities and what constraints these
physiological conditions put on our diet, not least in re-
lation to the omnivore’s dilemma [58]. Next, I will de-
scribe why I think the human brain and the flavor of our
food is under siege. Finally, I will in the conclusion
propose some possible solutions to the problem.

Homo, the fire, cooking, and soft nutritious food
Marks on bones indicate that our ancestors, the early
hominins, started to eat meat from land animals 2.6 mil-
lion years ago [77]. It has not been easy to chew and di-
gest raw meat. It has recently been argued that the
hominins used fire and heat to prepare food 1.9 million
years ago which changed the game altogether [7, 77].
Homo is unique in eating a diet that is rich in cooked
and non-thermally processed food [55], and this is a uni-
versal trait across all cultures and continents.
Heat treatment of meat and plant material leads to a

substantial change in the structure and nutritional value
of the foodstuff. Even though the early hominins are
likely to have cut, torn, and mashed the raw foodstuff,
cooked food is much softer to chew than tough raw
meat, plants, hard seeds, and unripe fruit.
Heat treatment leads to gelatinization of starchy car-

bohydrates and denaturation of proteins, easier access-
ible nutrients, more energy (more calories), lowered
infectional danger, prolonged non-perishability, and
above all, less chewing and with less force. Heat treat-
ment also leads to the release of volatile substances, and
individuals who preferred cooked foods adapted to these
substances as attractive taste and aroma compounds.
Heat treatment made the food safer to eat, and humans
may have become more accustomed than other primates
to the carcinogens that can be formed in food in the
course of heating it. At the same time, we have become
less resistant to the bacteria that often are present in
raw meat. During evolution, though, the advantages of
having ready access to more calories have outweighed
the disadvantages of the loss of vitamins and the possible
formation of dangerous substances in cooked food.
In an evolutionary context, it is especially important

that heating made the food more digestible and resulted
in more readily available nutritional substances and,
hence, a greater caloric intake. As a consequence,
humans needed much less time to eat and to digest their
food than other animals. This gave us some unique and
distinct evolutionary advantages over those species that
had to devote 8 to 10 h a day to obtain their food supply
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and possibly an equal amount of time for chewing it. For
example, chimpanzees and other large apes currently
spend more than 6 h chewing every day [78].
“Chewing” for a long time to make the nutrients ac-

cessible from raw foodstuff is precisely what modern
contenders for the raw food movement have to do in
order to get sufficient nutrition, but now helped along
by modern food processors. Otherwise they would also
be forced to chew most of the day. We no longer have
teeth that are designed to chew raw meat and plants,
and typically 50–70 movements of the jaws are needed
to comminute a dry piece of meat [38]. Experiments
have furthermore shown that we, as a species, could not
survive on a diet of raw food, as it provides too little en-
ergy, leads to weight loss, and most importantly, reduces
reproductive capacity [77].
Comparisons between human anatomy and that of

other primates show that we have smaller teeth, weaker
jaws, and a small mouth [77]. Another characteristic that
distinguishes us from the other primates is a smaller
stomach and shorter intestine in relation to body size.
This seems to be an indication that our digestive system
has adapted to prepared food, consumed in smaller
pieces, which can be converted in less time into more
nutrients and more energy. Consequently, as the digest-
ive system required less fuel to carry out its work, more
calories were available for the muscles and the brain.
Evolutionary biologists regard the period 1.8–1.9 million
years ago as a time of transition from ape species (Aus-
tralopithecines) to the hominins Homo erectus, who had
a smaller brain and a lower brow than modern humans.
It is presumed that an important driving force for this
evolution was that, during this transition period, the an-
cestors of Homo erectus, the habilines, became hunter-
gatherers and changed from herbivores into omnivores.
Homo sapiens are thought to date back about
200,000 years [77].
Wrangham is of the opinion that the culinary arts have

been instrumental in the development of social struc-
tures and the division of labor according to gender [77].
Men undertook the arduous, risky task of hunting, while
women spent their days gathering fruits, plants, and
roots as well as kept the fire going for the men to return
with their catch, both sexes possibly contributing equally
to the pool of calories for the family [17]. The inevitable
socializing associated with the eating of a warm meal
was, at the same time, a stabilizing factor that fostered
the creation of family and societal ties, according to
Wrangham.
Another consequence of the diminished need to chew

the food is according to Lieberman [38, 84] the particu-
lar shape of the human head (cf. Fig. 1). It is a character-
istic trait of modern humans that we have a flat face, no
snout, and relatively small teeth. Apes have longer faces
and more protruding and stronger jaws, which reflects
how the pressure is distributed in the cranium when
they chew their tough food. Lieberman hypothesizes that
changes in the diet, in particular the arrival of soft food
via use of the fire, have led to changes in the shape of
the human face.
Heads are a 500-million-year-old invention, and the

human head has been subject to a selection pressure de-
termined by not only by the way we walk and the way
we run [39] but also the way we eat. The head, and in
particular the oral cavity, teeth, and pharynx, is of major
importance for the way we taste, masticate, and swallow
the food. The texture of the food, in particular its soft-
ness, hence becomes a determinant of the evolution of
the human head.
Soft food requires less and less forceful chewing, and

Lieberman has estimated that the modern human being
needs 30–50 % less power in the jaw muscles compared
to that of the stone-age man. It has indeed been found
that the expression of myosin, the molecular motor that
drives the muscular motion of the jaws, has been down-
regulated during human evolution [40]. The form of the
modern human head, with a small outer nose, a rather
short inner nasal cavity, and a small face, implies that
our pharynx is relatively short. This head design is, ac-
cording to Lieberman, essential for the way we breathe
and our ability to moisten the inhaled air and dehydrate
the exhaled air, thereby securing better thermoregulation
and great effectiveness at exhausting runs [39].
The energy in heat-treated plant material derives pre-

dominantly from hydrolyzed starch that is degraded into
digestible sugars by amylase, an enzyme that is found
both in saliva and is secreted from the pancreas to the
intestines. Although we can live without starch, 50 % of
the calories in the diet of a modern man come from
starch.
As a special bonus from the evolution of cooking and

the culinary arts, the food not only became more nutri-
tious, it also became more tasteful. Or we should rather
say that humans evolved senses that could steer us to-
wards food that is rich in calories and rich in proteins.
The primary tastes sweet and umami do exactly that, re-
spectively [51]. Cooking and fermenting meat and vege-
tables release large amounts of sugars, free glutamate,
and free nucleotides and hence lead to food and meals
enriched in sweetness and umami.
It is a universal trait among humans, independent of

culture, to crave foodstuff that taste sweet or umami,
whereas our appreciation of bitter is a consequence of
adaption, tradition, and culture, because bitter is often a
signal of poisonous food. The two remaining basic
tastes, sour and salty, are likely to be important for us to
steer away from unripe fruit and to acquire a proper pH
and electrolyte balance in our bodies [60].



Fig. 1 Front and side views of adult chimpanzee (left) and human (right) skulls exhibiting the differences in facial shape as a consequence of the
different modes of chewing the food. Courtesy of Dr. Daniel Lieberman
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Hence, it appears that good nutrition and especially
umami most probably go hand in hand with the evolution
of humankind over the past two million years or so, and
our preference for delicious food is encoded in our sensory
system over millions of years. In particular, the umami taste
sends a clear signal that the food is nourishing and, conse-
quently, important for survival. There is some indication
that the diet of modern humans is not properly adjusted
with respect to umami, and we shall later return on how
this may influence nutritional status and public health.
The extra energy that has been made available after

man became a cook has not only made it possible to
spend less time in eating and digesting the food and
more energy for physical activities, but it has also made
it possible to create the conditions for the evolution of a
large brain that for an adult consumes more that 20 %
of the total energy at the disposal of the body as a whole
[13]. Paradoxically, and as a consequence of the omni-
vore’s dilemma, we spend a fair amount of this energy
pondering about what we actually should eat and what
we dare to eat [58]. A further development that served
to conserve energy was the evolution of a significant
layer of body fat [12], a unique feature of hominins com-
pared to the greater apes.
However, in addition to lots of energy, there is yet an-

other requirement for the evolution of the human brain;
the brain could not have evolved without access to some
special building materials, in particular elements like
iodine, iron, zinc, copper, and selenium, and highly spe-
cialized essential fatty acids, the highly unsaturated
omega-6 and omega-3 fatty acids [14]. In the context of
the nutritional status of modern humans, it is the dimin-
ished amount in our diet of two special omega-3 fatty
acids, DHA (docosahexaenoic acid) and EPA (eicosa-
pentaenoic acid), that is a growing global threat to the
health of the population.

Evolution of the human brain
Neural systems and the brain share a common trait
among all organisms that have neural systems. The
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neural membranes contain large amounts of highly un-
saturated fatty acids [15]. Of the omega-6 variety, it is
particularly arachidonic acid (20:4) and adrenic acid
(22:4), and of the omega-3 variety, it is DHA (22:6) and
EPA (22:5). More striking is that the total amount of all
omega-6 fatty acids is close to the total amount of all
omega-3 fatty acids in the brain, i.e., the ratio omega-3/
omega-6 is close to 1 (cf. Fig. 2). It is striking that this
ratio in marine foodstuff such as fish, shellfish, and mar-
ine algae is of the same order of magnitude.
One of the characteristics of humans as a species is

that our brains are large in proportion to our body mass.
Roughly, we have a brain whose mass is about ten times
as large as it would be if it followed the expected loga-
rithmic dependence of brain/body weight ratio as a
function of body weight (cf. Fig. 3). It is now generally
acknowledged that Homo erectus did not evolve on dry,
warm grasslands but in the damp, warm regions that
formed the border between land and water [10, 15].
Michael Crawford has pointed out that the all-

important sources of DHA and EPA can only be found in
sufficient quantities in littoral areas, where fish, shellfish,
and algae are abundant [11]. These fatty acids are critical
for the formation of a complex nervous system and a large
brain. The access to these fatty acids is therefore consid-
ered to be a determining factor in the evolution of modern
humans that our ancestors, during the period from about
1,000,000 years ago until the appearance of the first mod-
ern Homo sapiens about 100,000–200,000 years ago, had a
diet that consisted of fish and shellfish.
Fig. 2 Distribution of poly-unsaturated fatty acids in the motor cortex of th
with a predominance of arachidonic acid (20:4) and docosahexaenoic acid
However, since seafood also contains certain micronu-
trients that are known to be important for brain devel-
opment [14], it may be that DHA and EPA are not alone
the determining factors. Stephen Cunnane has studied
the relationship between evolution and nutrition and
drawn attention to the fact that the development of the
brain is especially dependent on five micronutrients: iod-
ine, iron, copper, zinc, and selenium [14]. Without a suf-
ficient supply of these, the genetic potential for the
evolution of a large and complex brain could not be
maximized. Iodine plays a particular role because it is a
prerequisite for the production, in the thyroid gland, of
two important iodinated hormones, thyroxine and tri-
iodothyronine, which regulate metabolism and control
growth rate. It is Cunnane’s hypothesis that hominids
living far from the sea would have been unable to obtain
enough iodine to evolve a brain such as that found in
humans today. Although freshwater aquatic food sources
would contain enough of highly unsaturated fatty acids
and minerals, a shift from freshwater aquatic resources
towards marine food resources would have improved the
conditions for brain development due to the greater
abundance of iodine in the marine environment [30].

The human brain under siege
The development of the human brain in modern
humans, during the fetal stage and in the first years after
birth, in fact up to age 18 although less aggressively, re-
flects the evolution of the human brain and the need for
food supplies rich in DHA [4]. Being our most fatty
e human brain, highlighting the omega-6 and omega-3 fatty acids
(22:5), respectively. Courtesy of Dr. Michael A. Crawford



Fig. 3 Brain mass as a percentage of body mass for a series of small and large animals. The numbers above each bar denote the brain weight in
kilograms. Courtesy of Dr. Michael A. Crawford
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organ, the brain consists of more than 70 % fat, most of
this being highly unsaturated omega-3 and omega-6 fatty
acids (cf. Fig. 2).
Omega-3 fatty acids (as well as omega-6) are essen-

tial fatty acids, and they have to be supplied by the
diet because the conversion rate from lower-grade
omega-3 sources, such as plant-based α-linolenic acid,
is not very efficient in humans. Fish, shellfish, and
algae are a major source of these fats. For example,
DHA makes up 50 % of the fat content in the muscle
tissue of a fatty salmon, whereas it makes up only
0.2 % in beef. Some farmed fish, like tilapia and cat-
fish, due to their feed being based on plant oils high
in omega-3, have a fatty acid profile very different
from wild fish, whereas salmon appears be more ro-
bust to the fatty acid composition of their feed [74].
Whereas the diet of the hominins living in coastal re-

gions consisted of marine or freshwater foodstuff not
only rich in highly unsaturated omega-3 fatty acids but
also with a omega-3/omega-6 ratio close to unity (typic-
ally in the range 0.3 to 1.8), the diet of modern humans
has a much smaller ratio, typically in the range 0.04 to
0.15. That is, we eat 10–20 times too much omega-6 on
the expense of omega-3. It is important to notice that,
since the total mass of food you eat is more or less con-
stant, it is not enough only to eat more omega-3 but also
to reduce the intake of omega-6 to restore the fatty acid
balance in the diet. Too much omega-6 will “wash-out”
the omega-3 [46].
Therefore, access of DHA and EPA plays a seminal
role in building up our central nervous system, especially
the brain and its visual forefront, the retina of the eye.
In contrast to the saturated fats ingested from animal
products, DHA and EPA also prevent cardiovascular dis-
ease and cancer and help to regulate the cholesterol
count in the bloodstream. In contrast, too much omega-
6 in the diet elevates the risk for inflammatory diseases.
In particular, DHA activates over 100 different genes,
lowers the risk of death after a heart attack, regulates
the immune system, and improves cognitive abilities in
children [10].
Many researchers have pointed out that the imbalance

in modern humans’ diet skewed away from omega-3
fatty acids is a major reason for the rapid growth in
neural and brain-related diseases [25, 46, 54], such a bi-
polar diseases, depression, and a wide range of other
mental disorders. This is particularly worrisome since
the occurrence in young subjects is on a steep rise,
reflecting the developing brain’s need for omega-3 fatty
acids. Research has shown that the increase in some psy-
chiatric disorders can be attributed to an imbalance be-
tween omega-3 and omega-6 fatty acids in the diet [25].
The present state of knowledge in these matters is still
limited and insufficient to lead to concrete recommen-
dations that go beyond general nutritional advice. But
there are indications that just as cardiovascular disease
was the Achilles heel in Western societies in the twenti-
eth century, the central nervous system—particularly the
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brain—will be the next area of vulnerability, and the hu-
man brain will become under siege.
The brain is most vulnerably when it is under develop-

ment in the fetus and in young children [21, 27, 42].
DHA is a factor in the development of the nervous sys-
tem and brain of the fetus and the infant, especially vi-
sion and cognitive proficiencies. While it is difficult to
study the cognitive development of children, there are
indications that it is positively correlated to the intake of
DHA. The fetus draws heavily on the DHA supply of the
expectant mother. In fact, the fetus depletes it to such
an extent that children from subsequent pregnancies get
less DHA from the mother. It should also be noted that
mother’s milk is rich in DHA. It is indisputable that
DHA is vital in early childhood development. But the
DHA content of mother’s milk varies greatly, being
dependent on the composition of the mother’s food
intake.
It has been found that children born to mothers, who

eat fish in large quantities, have better visual and cogni-
tive abilities. These conclusions were drawn from a
study of about 15,000 pregnant women in England and
their children [27]. A low intake of fish by pregnant
women leads to poorer fine motor and incomplete
neurological development in the children. Over and
above all of this, it appears that women who eat more
than the recommended intake of fish give birth to chil-
dren who are more advanced cognitively. Interestingly,
no adverse effects from possible methyl mercury con-
tamination of the seafood could be detected even when
the mothers had a very large intake of fish during
pregnancy.
Altogether it appears that there is a severe need to pay

more attention to the balance of the fatty acids in the
diet of modern humans. This is not necessarily a simple
issue since it remains unclear whether there is a differ-
ence in the possible effects on the neural system be-
tween supplying the essential fatty acids via whole foods
or by supplementation [9].
The flavor of food under siege
The human modalities of taste sensation are likely to
have been shaped and conditioned during evolution [33,
51]. It is believed that the human preference for sweet
direct us to food with carbohydrates and plenty of en-
ergy and calories; saltiness indicates foods with vital
ions, such as sodium and potassium; sour suggests
whether a fruit or vegetable is unripe; and bitter is a
warning signal of poisonous compounds. Hence, the
ability to taste these four basic tastes has been subject to
an evolutionary pressure. Finally, for most kind of food-
stuff umami signals high contents of amino acids and
proteins.
Umami may consequently be an ancient signal of nu-
tritious food with a large and easily accessible protein
content. The evolutionary advantage, encoded in the hu-
man neural system, of sensing umami is supported by
recent brain imaging studies [1, 6] which show that
umami is represented in the anterior part of the orbito-
frontal cortex, a cortical region which represents infor-
mation about the reward value of other primary and
secondary reinforcers as well as gustatory responses [1].
It is interesting to note that the human fetus and the
newborn baby are primed to savor umami. Amniotic
fluid and human breast milk both contain free glutam-
ate. In fact, mother’s milk is distinctly characterized by
both sweet (lactose) and umami (glutamate) flavor.
In many respects, the basic tastes sweet and salty are

key regulators of flavor in modern industrially produced
food. When we add that this type of food may be very
fatty with an improper balance of the fatty acids, it be-
comes clear why the food we like to eat [60] is also the
food that threaten our health and contributes to the glo-
bal burden of ill health, including obesity, diabetes,
hypertension, cancer, and mental diseases.
It appears that umami, in particular in the Western

world, is overlooked as a powerful (and evolutionary de-
termined) way to impart delicious taste to food and
meals that are also healthy [22, 44, 51, 79, 82], although
we have plenty of sources of umami in the Western cui-
sines. The umami taste is often associated with meaty
and savory flavors. These flavors are seldom present in
the raw and untreated ingredients, except for unique
foodstuff like ripe tomatoes and certain seaweeds. Inten-
sive umami flavor is mainly produced and released after
processing the foodstuff, i.e., by cooking and preparation.
During the time since man became a cook, he has
learned to employ processes that produce umami taste,
such as boiling, simmering, roasting, broiling, smoking,
drying, maturing, aging, storing, conserving, and fer-
menting (by microorganisms or enzymes). Of all these
processes, fermentation is the most powerful to create
deliciousness and umami.
It is interesting to note that, in the classical culinary

triangle proposed by Lévy-Strauss [37], the raw foodstuff
can be changed either by cooking (temperature) into ed-
ible foodstuff or by microbiological degradation into rot-
ten and inedible stuff. “The cooked” and “the rotten”
then represent culture and nature, respectively. However,
the borderline between “the cooked” (prepared) and “the
rotten” is not sharp, and different cultures as well as cul-
tures at different times have varying perceptions regard-
ing what is considered edible and what is not [28]. As
pointed out by Vilgis [73], by considering fermentation
and long-time cooking as a desirably way to degrade
proteins and carbohydrates in prepared food, in much
the same way as spontaneous degradation in undesirable
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putrefaction, the borderland between “the cooked” and
“the rotten” tends to be blurred.
Fermentation releases a range of flavorful taste com-

pounds and aroma substances. However, a bad smell can
often overpower the desire to taste the fermented food-
stuff. In many cases, the fermentation processes produce
a bounty of nutritional elements that are more easily di-
gestible and provide for enhanced bioavailability in the
gastro-intestinal system. At the same time, properly con-
ducted fermentation leads to preservation and prolonged
lifetime of the prepared foodstuff, e.g., via dehydration
or production of alcohol and lactic acid that suppresses
undesired fungal and bacterial growth as well as
putrefaction.
The point is now that all the processes mentioned

above for eliciting umami taste require precious time
that is a commodity many people nowadays prioritize to
use for other purposes than working in the kitchen.
Consequently, caring for the deliciousness of food for a
large part of the population is left in the hands of ca-
terers, restaurants, and large companies who often use
the easy way out only adjusting sweet, salty, and fatty
tastes in mass-produced foodstuff. In this sense, the fla-
vor of our food is under siege.
It is known [51] that umami is stimulated by free

monosodium glutamate (MSG), the sodium salt of the
amino acid glutamic acid, in a peculiar synergy with cer-
tain free 5′-ribonucleotides, specifically inosinate (in-
osine-5′-monophosphate, IMP) and guanylate
(guanosine-5′-monophosphate, GMP), which in a syner-
gistic fashion potentiate the umami receptors’ sensitivity
to glutamate [47, 83]. Umami can be considered the es-
sence of deliciousness, which can enhance the sensory
perception of a meal and moreover limit the craving for
salt, fat, and sugar.
Umami can be imparted to food by natural occurrence

of umami compounds or by adding these artificially as
food additives [51]. The controversial issue of adding
MSG to foodstuff has recently been reviewed by Mourit-
sen [45] who concludes a study of the available literature
by pointing out that MSG is the most carefully studied
food additive and is no more dangerous than ordinary
kitchen salt.
Umami may be part of the solution to provide

healthier, less caloric, and more satisfying meals to
the population. Control of and optimization of umami
may be a key to regulate and adjust food intake to
the levels that are natural for human physiological
functions. Studies have shown that it is possible, by
regulating umami taste, to reduce the fat content by
up to 30 % without compromising palatability [2].
The optimal way to achieve this is however very
dependent on the type of food as well as individual
preferences.
Umami can show a way to reduce salt intake up to
50 % while retaining palatability [80]. A particular inter-
esting possibility with added functionality is the use of
certain seaweeds for providing umami flavor in foods
[48] and hence reducing the need for adding salt. At the
same time, seaweeds contribute their own salts that gen-
erally are dominated by potassium salts rather that so-
dium salts [49] and appropriately chosen seaweeds can
serve to reduce salt in, e.g., meat products.
Umami also enters a synergistic relationship with

sweet taste. MSG cannot replace sugar, but it turns out
that in foodstuff with a little sweetness, addition of pure
MSG or other foodstuff with a natural occurrence of free
glutamate can enhance the sweetness substantially [51].
The mechanism behind this enhancement is not under-
stood in detail but may reflect that the umami receptor
dimer T1R1/T1R3 shares the component T1R3 with the
receptor for sweet, T1R2/T1R3 [70]. By this type of
sweetness enhancement, umami can help to suppress
undesirably sour taste in some foodstuff.
Hence, paying more attention to taste and what pro-

vides deliciousness to food may be a way to cut down on
salt, sugar, and fat. But there is more to it.
Glutamate is vital for the normal functioning of the di-

gestive tract and our digestive system [61]. Glutamate
has been found to stimulate saliva and immunoglobulin
A secretion which have implication for immunological
and nutritional status [72]. Therefore, umami stimulates
appetite and is important for oral as well as overall
health [64]. Glutamic acid and glutamate are effectively
absorbed in the gastro-intestinal system by an active
transport system located in the mucosal cells where it is
metabolized and turned into energy, most of it con-
sumed for digestion. Excess glutamate in the blood-
stream is degraded in the liver. The stomach and the
intestines have a developed system of nerves that to
some extent function autonomously and independent of
the oral taste system, but it is also connected to the
brain via the vagus nerve that constitutes a gut-brain
axis (cf. Fig. 4). It is now known that there are glutamate
receptors throughout the gastro-intestinal system [63].
Binding of glutamate to these receptors signals, via the
vagus nerve, to the brain. The brain in turn signals back
to the fundic glands to release proteases, thereby provid-
ing for gastric phase regulation of protein digestion.
Only glutamate, and none of the other amino acids (or
glucose or sodium chloride for that matter), can activate
the signaling pathway along the gut-brain axis. By coup-
ling to this pathway, sensing of glutamate at the oral
umami receptors could possibly be a signal to the body
that protein-rich food is on the way. The feedback to the
brain along the gut-brain axis is a signal of satiety and
satisfaction [32]. In this way, umami taste sensed at the
taste buds at the tongue may facilitate the body’s



Fig. 4 Schematic illustration of the gut-brain axis highlighting the feedback loops entering the relationships between umami taste, satiety, and
control of food intake. With permission from the Umami Information Center, Tokyo
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alertness to be ready to digest the food and regulate ap-
petite and food intake. The total effect of these mecha-
nisms is a homeostatic control of energy.
Therefore, umami taste via glutamate is a key to regu-

late appetite and satiety. There have been some reports
suggesting that glutamate may induce obesity and over-
weight, but recent studies indicate that this is not the
case [18].
Altogether, it appears that there is a need to focus at-

tention on what provides deliciousness to food, and
umami may be part of the solution to provide tasty,
healthy, and nutritious meals without excess of salt,
sugar, and fat.
Discussion
I have in the present paper argued that our brain and
the taste of our food are under siege. The reasons are
claimed to be, respectively, a gross imbalance in the fatty
acid composition of our food and a lack of attention to
the food’s flavor and deliciousness that control appetite,
satiety, and regulation of food intake. There is now a
substantial knowledge about the relationship between
fatty acid composition of food and the function of our
neural system [14, 57]. Recent years also have witnessed
a stronger scientific interest in taste and how it relates
to health and wellbeing [50, 52]. The questions naturally
arise as to which extent we are willing to and capable of
using this insight to improve the conditions for the glo-
bal population. This is, however, not only a matter of
scientific insight but also a question of natural resources
and political initiative.
The prime source of omega-3 fatty acids and foodstuff

with a proper omega-3/omega-6 balance is the marine
environment. Present knowledge suggests that the ad-
vantages of including fish in the diet outweigh the draw-
backs from possible sources of contamination, in
particular, if certain fish species are avoided. Hence,
there is no reason to discourage North Americans and
Europeans from increasing their consumption of fish
and shellfish, even though there is still a lingering un-
answered question concerning what the recommended
weekly intake should be. Many experts are in agreement
that there is too much emphasis, not least in the popular
media, on the risks instead of on the actual healthful
benefits. Even though we know that population groups
who eat a great deal of fish are generally healthier, live
longer, and have a lower incidence of cardiovascular dis-
ease, we seem to hear only the negative reports. People
have a neurotic relationship with their food, and they
would rather avoid foodstuffs with a low or hypothetical
risk of being harmful than take their chances on ending
up with diet-related diseases [36].
Recommending more fish in the diet leads however to

another problem. If the recommendation is that we
should eat more fish, possibly twice as much, where will
the supply come from? Globally, the catch is either stag-
nant or decreasing and there are serious concerns about
the viability of some fish stocks. It is estimated that
more that half of the world’s species of edible fish are
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being used to capacity, about a quarter are being over-
fished, and only the remainder are not fully harvested.
Given that the per capita consumption is approximately
constant and that the world’s population is increasing, it
is already apparent that there will be scarcities. It is ex-
pected that by 2030, we will have a global shortfall of up
50–80 million metric tons.
In view of the fact that farmed fish presently account

for more than 40 % of the total production [20] and is
growing much faster than capture, one might think that
a greater resort to aquaculture could help the problem.
But additional production from this source will have dif-
ficulty in making up the deficits because the current out-
put is increasing by just a few percent annually and the
increase is no match for the demand created by popula-
tion growth. It is interesting to note that 90 % of the
farmed fish originate in Asia, especially China, and the
largest proportion of this supply is destined for the
European Union, Japan, and the USA. Growth in fish
aquaculture is severely limited by environmental con-
cerns regarding massive pollution from fish farms.
Added to this is the problem as how to produce enough
feed to the farmed fish, in particular the carnivores that
only tolerate a certain level of plant oils in their feed.
There is yet another caveat in that farmed fish fed on
plant oils obtain a fatty acid profile that can be massively
different from that of wild fish, with a much larger pro-
portion of omega-6 fatty acids [74].
The conclusion to be drawn seems to be that without

a completely different approach to the administration of
the oceans’ bounty, there may not be enough fish to go
around.
But there may be another marine source to tap, which

is in fact the original source of the precious highly un-
saturated fatty acids: the marine algae [49]. It is the
algae, both microalgae and the large macroalgae, i.e., the
marine seaweeds that can synthesize the long-chain
highly unsaturated fatty acids that, via the food web, ac-
cumulate in fish and shellfish. To put this in perspective,
it should be noted that the algal kingdom is by far the
largest biological kingdom on the planet, being respon-
sible for production of the majority of organic matter
(and hence fixation of carbon dioxide) and the majority
of the oxygen in the Earth’s atmosphere.
Eating more marine algae could be part of the solution

to the problem of finding additional sustainable ways of
providing food for a hungry planet. The world’s total in-
dustrial production of seaweed amounted to 19 mio tons
in 2010 [20]. The farming of seaweeds is on a rapid in-
crease with growth rates between 7–8 % annually, with
almost 80 % of the production taking place in China,
Indonesia, and the Philippines. In 2010, the wild harvest
of seaweeds amounted to only 4.5 % of the total produc-
tion [20].
Whereas seaweeds are an integral part of the diet in
many Asian countries, in the Western world, there are
only small pockets of traditional uses of seaweeds as
food [49, 59], although seaweed extracts are used exten-
sively as additives in the food industry in the form of
hydrogels and thickeners. Further utilization of wild and
farmed seaweed in the Western world will require re-
search and development of new methods and technolo-
gies for cultivation, harvesting, and processing of the
seaweed varieties with which we are already familiar, as
well as with some entirely new ones. Most of all, it will
also necessitate insightful planning that respects the eco-
logical cycles of the oceans and the Earth and has to take
into account the needs of the populations that live along
the coastlines and depend on the resources of the sea.
Finally, a change of the mindset of the consumers needs
to be worked on in order to open up for the use of sea-
weed products in the common diet [44, 49, 62].
It is difficult to determine conclusively whether sea-

weeds were also incorporated into the diet of our distant
ancestors [49]. Studies of fossil finds indicate that the
enamel surface of the teeth of early hominids shows evi-
dence of wear that is characteristic of eating food con-
taining a certain content of silica particles, which are
typically found in wetland plants. In addition, analysis of
the minerals found in fossilized bones has shown that
the proportion of strontium to calcium is so low as to
suggest that these individuals were not very high up in
the food chain and, consequently, were probably herbi-
vores. So, it is reasonable to suppose that seaweeds,
given their prevalence in coastal areas, also played a role
in the early hominid diet.
It is the seaweeds’ contents of high amounts of min-

erals, proteins and essential amino acids, trace elements,
vitamins, iodine, low-calorie dietary fibers, and poly-
unsaturated fatty acids, which lie behind their many nu-
tritional qualities as human foodstuff. This is well recog-
nized in, e.g., China, Korea, Polynesia, and particularly
in Japan where seaweeds are an essential part of the clas-
sical cuisine and highly regarded for nutritional value,
flavor, and texture. Moreover, seaweeds contain a range
of antioxidants and other bioactive compounds that to-
gether with the dietary fibers and the perfect balance be-
tween omega-3 and omega-6 fatty acids create a role for
seaweeds in the amelioration of certain risk factors asso-
ciated with cardiovascular diseases [8].
Returning to the question of the importance of flavor

for health and QOL, we revert to deliciousness and
umami. The preference for high-fat food has been
claimed to be a universal human trait [16]. Fat has
aroma and contributes to the mouthfeel and texture of
food, which are considered desirable. However, lessons
from the classical, strictly vegan, Japanese temple cuis-
ine, shōjin ryōri (“The enlightened kitchen”) [23]
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demonstrate that it is possible to produce healthy and
delicious food virtually without using fats and oils. The
trick discovered by the Buddhist monks is to enhance
umami by appropriate choices of combinations of ingre-
dients. It is interesting that until recently obesity was
not a major problem in Japan. A possible reason may be
that the traditional Japanese diet focuses on umami. The
changes in the Japanese food culture along the lines of
the globalized and industrialized Western cuisine is
probably the reason why diet-related diseases are now
also on the rise in Japan.
Elderly individuals as well as people who are subject to

intensive hospitalization and chemo- and radio thera-
peutic treatments may suffer from permanent or transi-
ent impairment of taste and smell faculties which leads
to loss of appetite, resistance to eating, malnutrition, and
in some cases anorexia [76]. All these conditions tend to
lower QOL. Increasing umami in the meals may be part
of a solution to their problems. A simple way to do this
is by reduction and concentration of flavor compounds
in boiling water and sauces. At the same time, increasing
umami will lower the need for salt and sugar in the food.
Glutamate stimulates appetite and enhances saliva and
immunoglobulin A secretion that leads to a smoothen-
ing of mastication and swallowing [72]. Immunoglobulin
A secretion promotes the immune system and oral
health, protecting teeth and mucosa from infections. A
larger saliva volume improves the nutritional status by
promoting digestion and nutrient availability in the gut
[31, 65, 71, 81]. Optimizing umami in the food to elderly
and hospitalized individuals may well improve their
QOL.
Glutamate and umami therefore have a number of at-

tractive effects in relation to improving nutrition and
health [44]. Glutamate can be used for dietetic purposes
by its ability to encourage an individual’s choice of cer-
tain foods stimulated by an attraction to umami [2]. Free
glutamate in the diet can provoke a visceral response
from the stomach, intestines, and portal vein [29]. In this
way, glutamate can stimulate the appetite in elderly indi-
viduals and hence increase food acceptance and intake.
The intelligent uses of umami may provide for better
nutritional management and less intake of salt, fat, and
sugar without compromising palatability. Umami may
also help us to produce flavorful and delicious dishes
from only vegetable sources thereby making it easier to
meet the recommended daily intake of 600 g of vegeta-
bles and greens.
It is likely that humans’ craving for umami goes back

to the invention of cooking along with the hominins’ use
of fire to heat-treat food almost two million years ago. It
may also appear that modern humans in the age of
industrialization and an individualized food culture have
neglected this evolutionary driven undercurrent and
“forgotten” that delicious food is not identical to sweet
and fatty food and that our species evolved in a food cul-
ture where the meals were a uniting and collective en-
deavor. The current scientific insight into how delicious
food with umami is produced and enhanced could po-
tentially be better exploited to optimize and regulate
food intake and lead to greater satiety and satisfaction
after less comprehensive and less caloric portions [44].
Altogether, a focus on the deliciousness of our food may
be a way of counteracting many of the diet-related life-
style diseases, such as heart and coronary diseases, obes-
ity, diabetes, and hypertension as well as lead to a better
quality of life with a stronger social coherence.

Conclusions
This topical review has argued that our brain and our
taste are under siege due to changes in our food and
diet, in particular over the last century, leading to
massive changes in the burden of ill health for the global
population. This situation may best be put into perspec-
tive in the context of evolution.
According to conventional Darwinism, there are two

principal forces that drive evolution, “natural selection
and conditions of existence;” that is, genetic inheritance
and the environment [41]. Of the two, Darwin thought
that the environment has the greatest influence. This
means that even though the genes, and the way in which
they are expressed, control the biological function of an
organism, the organism is limited by the possibilities
afforded by its surroundings and by the laws of physics
and chemistry. An important aspect of the environment
is food and the manner we prepare it and consume it. In
this way, food and food culture enter the picture as a
driving force in the evolution of the species [11]. Our
genes have only changed little since Homo sapiens came
on the scene but the expression of the genes has and
does so very quickly.
With this background, one can say that we do not eat

the way our genes tell us to eat and this may be a reason
for the massive rise in non-communicable, diet-related
diseases we have witnessed in the global population over
the last century. Heart and coronary diseases, obesity,
diabetes, hypertension, cancer, and certain mental dis-
eases are threatening the population, leading to ill health
and loss in wellbeing and quality of life.
It is the contention of the present paper that much

could be gained by focusing on the fatty acid compos-
ition and the deliciousness of our food.
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