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ABSTRACT

Why is it that only human beings continuously perform acts of
heroism? Looking back at our evolutionary history can offer us
some potentially useful insight. This review highlights some of
the major steps in our evolution—more specifically, the evolu-
tion of high blood pressure. When we were fish, the first kidney
was developed to create a standardized internal ‘milieu’ preserv-
ing the primordial sea within us. When we conquered land as
amphibians, the evolution of the lung required a low systemic
blood pressure, which explains why early land vertebrates (am-
phibians, reptiles) are such low performers. Gaining independ-
ence from water required the evolution of an impermeable skin
and a water-retaining kidney. The latter was accomplished twice
with two different solutions in the two major branches of verte-
brate evolution: mammals excrete nitrogenous waste products as
urea, which can be utilized by the kidney as an osmotic agent to
produce more concentrated urine. Dinosaurs and birds have a
distinct nitrogen metabolism and excrete nitrogen as water-in-
soluble uric acid—therefore, their kidneys cannot use urea to
concentrate as well. Instead, some birds have developed the cap-
ability to reabsorb water from their cloacae. The convergent de-
velopment of a separate small circulation of the lung in
mammals and birds allowed for the evolution of ‘high blood-
pressure animals’ with better capillarization of the peripheral
tissues allowing high endurance performance. Finally, we inves-
tigate why mankind outperforms any other mammal on earth
and why, to this day, we continue to perform acts of heroism on
our eternal quest for personal bliss.
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INTRODUCTION

In some Aboriginal parts of our world (e.g. the African Kala-
hari, the northwestern parts of Mexico or Australia), humans

still outrun antelopes—or even the cheetah, the fastest land
animal [1]. ‘Persistence hunting’ requires that humans run for
∼2–5 h over some 25–35 km (16–22 miles) until their prey is
too exhausted to continue [2–4]. Out of all mammals, only
humans are able to deliver such high physical performances
over such prolonged periods of time.

Today, running a marathon has become a popular sport
among modern humans; the average finishing time has re-
mained quite constant (∼4.5 h) over the past decades. Unlike
the first official marathon runner, the messenger Pheidippides,
who according to the legend collapsed dead after exclaiming
victory to the Athenians in the Battle of Marathon in 490 BC,
the mortality rate does not increase significantly from running
a marathon. In a recent analysis of more than a million mara-
thon runs, the mortality rate was only 0.00075% within the
first 24 h [5].

In the present review, we will investigate why humans are
such extraordinary long-distance performers and why appar-
ently only our species persistently delivers heroic acts. Special
emphasis will be placed on the central role of the kidney on
our long and ever-lasting pursuit of personal bliss.

THE PRIMORDIAL OCEAN WITHIN US :
INVENTION OF THE KIDNEY

We will begin our journey towards personal happiness with
the fish, which evolved ∼500–350 million years ago (Figure 1).
As already well illustrated by Homer W. Smith [6], one of the
major novel inventions of the fish was its capability to actively
stabilize its internal milieu. Remarkably, the relative ionic
composition (sodium, potassium, chloride and calcium) of the
extracellular fluid is virtually identical in fish as well as in all
subsequent animal species (including amphibians, reptiles and
mammals) [7] (Table 1).

Because the salt concentration of the ocean has increased
steadily over time, saltwater fish have a hypoosmolar internal
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milieu and lose water constantly to the hyperosmolar environ-
ment. To cope with this problem, saltwater fish drink up to
25% of their total body weight per day [9, 10]. To excrete the
electrolytes of the ocean water, most of the sodium and chlor-
ide is excreted in an adenosintriphosphate-dependent process

via the gill epithelium [11, 12]. From an evolutionary perspec-
tive, one might say that fish ‘invented’ the kidney. In fact,
glomeruli and tubuli evolved independently and were com-
bined only later into a single functional unit, the kidney. The
kidney’s predominant role in saltwater fish is the excretion of

F IGURE 1 : Chronological overview. From fishes, two major continuous separate evolutionary pathways can be traced which lead either to
mammals (including humans) or to birds (including dinosaurs). Both branches show similar phenotypic stages of development (e.g. the stages
of the lungfish and amphibian-like and reptilian-like animals). However, as evidenced by the different anatomy of the lung, the evolution of both
branches was separate, even though similar (convergent) developments occurred (e.g. water-impermeable skin, separation of the pulmonary cir-
culation, high blood pressure, warm-bloodedness etc.). The position of each animal klades (species) indicates the approximate time point of the
‘last most common ancestor’ [8]. Each transition of the geological ages (indicated on the left) was accompanied by mass animal extinctions and
a subsequent rise in novel animal klades (species). Examples formonotremes andmarsupials are the platypus and kangaroo.

F
U
L
L
R
E
V
IE

W

2 K. Schulte et al.

 at Pontificia U
niversidad C

atÃ
³lica de C

hile on A
ugust 23, 2014

http://ndt.oxfordjournals.org/
D

ow
nloaded from

 

http://ndt.oxfordjournals.org/


divalent ions (especially magnesium) [7, 13]. Saltwater fish es-
sentially form only the equivalent of the proximal tubule; thus,
their urine osmolarity is always similar to the serum osmolar-
ity [13].

When the fish conquered freshwater, the situation was re-
versed: the internal milieu of the fish was of a higher osmolar-
ity with respect to freshwater, resulting in potential
hyperhydration. The problem was solved in part by increasing
the glomerular filtration rate (GFR) and with the development
of a distal tubulus. Freshwater fish are capable of excreting a
hypoosmolar urine relative to plasma (the first—but inefficient
—salt-retaining kidney). This is why thiazide diuretics (target-
ing the distal tubule) induce more of a saliuresis rather than an
aquaresis (i.e. the relative loss of salt in the urine exceeds that
of water). In addition, the urinary bladder and the gills also re-
absorb sodium and chloride in freshwater fish [14, 15]. The
GFR is quite variable in fish. In saltwater fish, up to 90% of the
glomeruli may not actually be filtering [16]. The glomeruli
may be reactivated in states of hydration. This phenomenon is
called ‘glomerular intermittency’ and is relevant particularly
in fish transitioning between salt- and freshwater.

In summary, from our early days as fish, we have taken the
primordial ocean with us. The kidney was developed to main-
tain a standardized internal milieu within us.

THE CONQUEST OF DRY LAND AND THE
EVOLUTION OF THE LUNG

The next major step in our quest for personal bliss was the
conquest of dry land. This transition required the ability to
breathe. In shallow and warm waters, the oxygen tension is
already considerably reduced and gills may no longer be suffi-
cient to supply the body with oxygen. This appeared to be a
rather common problem. In fact, the ability to extract oxygen
from the air was developed independently >50 times in the
course of evolution [17]. The electric eel (Electrophorus electri-
cus), for example, gulps air into its mouth and extracts oxygen
via capillary beds in its buccal mucosa [18]. The armoured
catfish (Hoplosternum litorale) swallows air into its highly vas-
cularized intestine, if the partial pressure of oxygen drops [19].
Therefore, it is not surprising that the actual lungs developed
as an evagination from the upper gastrointestinal tract.

Any lung has the major limitation that it absolutely requires
a low perfusion pressure. This is because the barrier between
air and blood has to be very thin to allow sufficient gas

exchange by diffusion (∼1 µm). Such a thin air-blood barrier
limits the pulmonary perfusion pressure to less than ∼30–40
mmHg (407–543 mmH2O). If the perfusion pressure were
higher, significant pressure-driven filtration of fluid into
the alveoli would occur. The consequences of even a minor
increase in pulmonary pressure are illustrated in clinical prac-
tice in patients with myocardial failure. These patients charac-
teristically develop pulmonary oedema and respiratory distress
because of increased pressures within the pulmonary veins
and subsequently impaired gas exchange.

Because the lung developed from the front gut, its blood
supply was first identical to that of all other tissues (Figure 2).
For this reason, the systemic blood pressure had to be relatively
low in early air breathers (i.e. lungfish, amphibians, reptiles).
As evolution proceeded, the circulatory system of the lung was
gradually isolated from the systemic circulation. An incom-
plete septum separating the heart ventricle first introduced the
advantage that oxygen-rich blood could be diverted into the
systemic circulation. When the animal was holding its breath
(e.g. when diving), the lung could be shunted. This is because
pulmonary vasoconstriction occurs when oxygen tension in
the lung is low. The venous blood is diverted directly into the
systemic circulation via the gap in the septum of the heart
(Euler–Liljestrand mechanism [20]). Hypoxic pulmonary
vasoconstriction is evolutionarily preserved due to various
additional advantages. However, it is also the reason for pul-
monary oedema in mountaineers at high altitudes.

WHY FROGS ARE NOT GOOD RUNNERS

A low systemic blood pressure is the reason why early land
animals are unable to deliver a sustained high physical per-
formance. The adaptive changes in the microcirculation of
low-pressure animals explain why these animals are not good
runners.

Early air-breathing animals, i.e. lungfish and some amphi-
bians, have the largest erythrocytes of all vertebrates. With a
diameter of ∼40–50 µm, their erythrocytes are much larger
than those of humans (7 µm). Several studies have analysed
the size of the red blood cells of vertebrates and found two
trends in which the lungfish/amphibians instituted a major evo-
lutionary transition (Figure 3). From the earliest fish, the ag-
nathans ( jaw-less), to the most recent bony fish (osteichthyes),
the erythrocyte diameter has decreased from ∼20–12 µm. The
terrestrial vertebrates show the same tendency. From the earliest
terrestrial vertebrates, the amphibians, to mammals, the size has
declined from a diameter of 50 µm to a diameter of ∼5–7 µm
[21, 22]. As a side note, on this evolutionary path, the erythro-
cyte nucleus was removed in mammals but not in birds.

What was the evolutionary advantage driving this formid-
able reduction in erythrocyte size? A positive correlation exists
between erythrocyte size and capillary diameter [23]. On
average, red blood cell diameter is ∼25% larger than the capil-
lary diameter and erythrocytes are deformed and squeezed
during each passage. This minimizes the distance between the
erythrocytes and the tissue optimizing gas exchange. However,
in addition, this is also a mechanism that defines a constant

Table 1. Extracellular electrolyte concentration of the major inorganic ions
in vertebrates in comparison to the salt concentration of the ocean

Sodium Chloride Potassium Calcium

Ocean 100 116.4 2.17 2.19
Fish 100 89.6 1.95 1.87
Amphibians 100 91.6 3.03 1.74
Reptiles 100 68.5 4.15 2.22
Mammals 100 71.4 2.85 1.78

To enable the comparison of the chloride, potassium and calcium concentration, sodium
was standardized to 100 mmol/L, and the same correction factor was applied for the
other ions.
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F IGURE 2 : Adaptations of the vertebrate cardiovascular system during phylogenesis on our eternal strive towards personal bliss. From left to
right: The fish’s cardiovascular system is a relatively simple loop, where the heart (H) drives the blood first across the capillary bed of the gills
(G) and then into the peripheral tissues (T). In ‘early’ lungfish, the lung (L) is perfused just like any other peripheral organ. In the simplified
example shown, the lungfish is breathing air only, the gills do not participate in oxygenation of the blood. In a submerged animal blood oxygen-
ation would be different. In amphibians, the gills involute after metamorphosis, and even though the heart still ejects the blood from one single
chamber, the partial separation of the heart as well as of the pulmonary circulation is already apparent. The reptile’s heart is nearly, and the
mammalian heart completely, divided by a septum. In mammals, the systemic arterial pressure can be increased independent of the pulmonary
perfusion pressure.

F IGURE 3 : Relationship of erythrocyte and capillary diameter to systemic and pulmonary blood pressures. From the early fish (agnatha) to
the cartilaginous (e.g. shark) and finally modern bony fish, erythrocyte diameter (and therewith the capillary diameter) became progressively
smaller, while systemic perfusion pressure doubled. A similar development can be observed in all land animals with lungs. While pulmonary
perfusion pressures (empty bars) remained constantly low (to avoid pulmonary oedema), systemic blood pressure (black bars) increased progres-
sively. In the ‘more modern, high-performance’ animals on the right (e.g. humans), the systemic and pulmonary circulation are separated entire-
ly. This allowed formation of a denser peripheral capillary bed with smaller capillary diameters for better gas exchange, which in turn requires
an increased systemic blood pressure for adequate perfusion.
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diameter of the capillary microvasculature [23]. In short, mean
capillary diameter is determined by erythrocyte size.

Why are small erythrocytes and small capillaries evolution-
arily advantageous? In general, the number of capillaries per
tissue volume increases with the reduction of the capillary
diameter [23]. Therefore, mammals have more capillaries in
their muscles than an amphibian but they are smaller. As a
consequence, the diffusion distance for gas exchange correlates
with capillary diameter: it becomes shorter and more efficient
with smaller capillaries but there are more of them (Figure 4).
In summary, a denser capillarization enabled an increase in
sustained aerobic activity level which represented, therefore,
an evolutionary benefit.

However, a denser capillarization comes with a price tag.
To maintain an adequate blood flow in a vascular system with
a high resistance, a higher blood pressure is needed. According
to the Hagen–Poiseuille law, a reduction of the vessel radius
increases vascular resistance to the 4th power (r4)! In fact, the
resistance at the tissue level was estimated to be ∼10-fold
higher in mammals than in some amphibians [23].

Consistent with this hypothesis, blood pressures as well as
physical performance have increased from the earliest fish
( jaw-less agnathans) to the more modern bony fish and from
lungfish/amphibians to mammals [24–26] (Figures 2 and 3).
Lungfish and amphibians first conquered terrestrial life. But
because the systemic and pulmonary circulation was not yet
separated, a low systemic blood pressure and a low systemic re-
sistance was required to protect the lungs from pulmonary
oedema.

EVOLUTION OF A WATER-RETAINING
KIDNEY AND WHY AN ELEVATED BLOOD
PRESSURE FEELS GOOD

Although somewhat controversial, we embrace the opinion
that the kidney is one of the major determinants for regulating
long-term blood pressure [27]. Due to space limitations, just
one exemplary argument will be mentioned. In clinical prac-
tice, it is a generally accepted observation that, in patients
without renal function (i.e. chronic dialysis patients), blood
pressure can be adequately controlled by achieving an euvolae-
mic status alone. How does extracellular fluid status determine
long-term systemic blood pressure? The circulatory system
of vertebrates is designed as a ‘fluid collection apparatus’
(Figure 5). Interstitial fluid is constantly filtered from the capil-
lary microvasculature. All interstitial fluid is constantly col-
lected by the lymphatic system and returned to the venous
system. From there, it reaches the left ventricle increasing its
output by the Frank–Starling mechanism (i.e. cardiac output
is proportional to diastolic pre-filling). Therefore, our circula-
tory system will return all extracellular fluid to the blood
where it increases systemic blood pressure. In healthy verte-
brates, the kidneys regulate extracellular fluid homeostasis.
The ‘modern’ lifestyle of contemporary humans may likely
interfere with fluid homeostasis by increased salt intake and
meat and alcohol consumption, obesity etc., and this could
explain in part an increased incidence of arterial hypertension.
Nephrologists are well aware of this. For example they advise a
low-protein diet because an increased uptake of amino acids
has been shown to increase extracellular volume and renal
plasma flow [28, 29]. Considering the above-described neces-
sity of a higher blood pressure in order to perfuse a dense but
narrow capillary bed, it is not surprising that sub-clinical
hypertension feels good to the patient and that lowering an
elevated blood pressure will reduce the well-being and per-
formance of the patient significantly—at least during the first
6–12 months. By then, the patient usually will have forgotten
how good it felt to have a moderately elevated blood pressure
…

ADAPTING TO LIVING ON DRY LAND: THE
WATER-RETAINING KIDNEY WAS INVENTED
TWICE

Since our days as amphibians, several adaptations have taken
place that allowed us to become independent of water. For

F IGURE 4 : Erythrocyte diameter and capillarization in low- and
high-performance land animals. Schematic cross sections through
amphibian (A) and mammal (B) skeletal muscle (same magnifica-
tion). Mammalian skeletal muscle has a higher density of capillaries
with a smaller diameter. As illustrated by the dashed circles, this leads
to shorter diffusion distances across muscle fibres. (C) Within a
mammalian muscle, in 90% of the cases, the nearest capillary can be
found in less than 32 µm from a randomly chosen point (dashed
circles in B). In the amphibian Necturus, the animal with the largest
erythrocytes, the distance is >2-fold longer (72 µm, dashed circles in
A). The capillarization of toads (amphibian) and lizards (reptile) lies
between these extremes (adapted from [23]).
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example we have encapsulated the primordial sea within us
by the development of thick skin. The thin mucosal skin of
amphibians, which also participated in gas exchange, became
impermeable to water and gas in reptilian-like animals.

In addition, a water-retaining kidney developed twice in
evolution, in a ‘convergent’, independent fashion. The first
version of a water-retaining kidney was the mammalian meta-
nephric kidney [30]. Its novel feature was the loop of Henle
including a medulla with extraordinary high osmolarity
(Figure 6B). The mammalian metanephric kidney consists
almost exclusively of tightly packed but highly ordered
tubules. In contrast to earlier kidneys (pro- and mesone-
phros), nephrogenesis (i.e. formation of new additional ne-
phrons) was no longer possible in the metanephric kidney.
The loop of Henle represents the most efficient water retrieval
system on Planet Earth. This also explains why loop diuretics
induce predominantly a loss of water rather than salt (water
diuresis rather than saliuresis). However, importantly, the loop
of Henle requires urea to function.

Most fishes excrete the nitrogenous end products of
protein metabolism as simple ammonium via the gills (ammo-
notelism) [31] (Figure 7). Ammonium is very soluble in water

and it can directly diffuse into the ocean. Bacteria then
metabolize and detoxify the ammonium (for this purpose,
aquarium owners cycle the water through a filter with a large
surface, which is colonized by bacteria). In some fishes
(including elasmobranchii, e.g. sharks) and monotremes to
mammals, ammonium is converted to non-toxic urea (ureote-
lism). Here again, this is accomplished by (former) bacteria:
the mitochondria (urea cycle) (Figure 7). In liver failure, ammo-
nium accumulates in mammals and exerts toxic effects (e.g.
encephalopathy). In the mammalian branch of evolution
(Figure 1), urea could be utilized by the kidney to create a high
osmolarity within the medulla to concentrate urine. Mammalian
kidneys can increase the osmolarity on average by ∼4× (300–
>1200 mOsmol). But the best mammalian concentrators can do
much more, for example the Australian hopping mouse, which
can create urine with up to 10 000 mOsm/L (i.e. 30× plasma to
urine concentration) [32]. This is accomplished by extending
the length of the loop of Henle. Urea is the perfect osmotic
agent because it passes the cellular membranes so that no
osmotic gradients across the cellular walls occur (in contrast to
NaCl, see below) and because it has relatively little toxicity.

Although the mammalian kidney is the best concentrator
of urine on earth, the solution is not perfect. To excrete the
urea and other small-molecule metabolic waste products,
humans still have to excrete at least 0.5 L of urine per day. For
this reason, mammals and in particular humans, are relatively
thirsty animals. In clinical practice, the nephrologists experi-
ence the consequences of the mammalian thirst in anuric dia-
lysis patients, who have to remove the ingested fluid (often as
much as 2.5 L/day) within only a few hours of haemodialysis
treatment.

Birds (and most other hard shell egg-laying animals) found
a potentially better solution. Birds convert their nitrogenous
waste into uric acid (uricotelism) (Figure 7). In humans, uric
acid is the metabolic end product of only purine nucleotides
(present in DNA/RNA). Uric acid is virtually insoluble in
water. For this reason, most mammals convert uric acid to the
less problematic allantoin, but for unknown reasons, humans
lost the necessary enzyme (uricase) relatively recently in the
course of evolution. Therefore, humans suffer from precipita-
tions of uric acid, which manifest as kidney stones and/or
gout. In birds, the synthesis of uric acid is a relatively energy-
consuming process but it has a major advantage: within the
urine, the uric acid precipitates in a very orderly fashion into
small white crystals which can be excreted as a white paste next
to their faeces. This white paste of uric acid is the reason why
car drivers dislike bird droppings, which dissolve car paint.

The bird ‘metanephric’ kidney evolved totally independent
of the mammalian metanephros (in a process called ‘conver-
gent evolution’), and several observations provide evidence for
this. Firstly, in contrast to the mammalian-type kidneys, the
bird glomeruli consist of only a short and unbranched single
capillary. Secondly, the avian kidney has an additional blood
supply (portal venous system) [33]—while all blood passes
first through the glomeruli in the mammalian kidney. This ex-
plains why mammals suffer from acute ischaemic tubular ne-
crosis in states of hypovolaemia or hypotension, while birds
(and also amphibians, reptiles and likely also dinosaurs) can

F IGURE 5 : The vertrebrate circulatory system is designed to return
all interstitial fluid to the circulatory system. All interstitial fluid
(light blue) is collected constantly by the lymphatic system (yellow)
and returned to the venous blood (blue) where it modifies cardiac
filling and blood pressure. There is a linear relationship between
venous return and cardiac output across a wide range (Frank–Starling
law). The kidneys (grey) regulate fluid homeostasis and thus systemic
blood pressure.
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vary their GFR across a wide range (∼5 to 10-fold) [34].
However, the most obvious proof for the independent devel-
opment of the bird kidney is actually the lung (Figure 6A).
The ‘avian-type lung’ has a totally different (and more effi-
cient) anatomy in birds, crocodiles (a surviving ‘cousin’ of the
bird-line of evolution) and almost certainly also in dinosaurs
(Figure 6A). This is why it can be assumed that the evolution-
ary lines of mammals and birds diverged at the level of the
lungfish at the latest—which is long before a water-retaining
kidney was required. The fundamentally different anatomy of
the lung provides the evidence that the development of a

water-retaining kidney occurred independently in mammals
in contrast to birds and dinosaurs. For the same reason, the
formation of a heart septum, isolated pulmonary circulation,
high blood pressure and warm-bloodedness (see below)
occurred at least twice and independently over the course of
evolution (see Figure 1, where these evolutionary accomplish-
ments occurred after lung development), also emphasizing its
strong evolutionary advantages.

Although some bird kidneys form a similar but less devel-
oped structure than the loop of Henle, they could not use urea
to concentrate urine [35]. Instead, bird kidneys use salt (NaCl)

F IGURE 6 : Separate evolution of the lung and kidneys in mammals and birds. (A) Simplified schematic of the anatomy of the mammalian and
the avian lung. Arrows illustrate the airflow during in- and exspiration. The mammalian alveoli are dead ends, and oxygen-rich air only enters
during inspiration. In birds, reptiles and sauropods, gas exchange takes place in the parabronchi (asterisc). A complex system of air sacs ensures
that the parabronchi are constantly perfused with fresh air only in one direction during in- and expiration. Blood flow (grey arrows) is directed
into the opposite direction of the airflow (white arrows). (B) Schematic of the mammalian and avian urinary system. Unlike the mammalian
kidney, the avian kidney is macroscopically sub-divided into divisions each consisting of several lobes, which are in turn made up of a group of
lobules. Each lobule has a cortex and a medulla. In mammals, fluid reabsorption occurs exclusively in the loop of Henle but with great efficiency
(using urea as an osmotic agent). In contrast, the bird kidney cannot concentrate as well, but additional water can be reabsorbed within their
cloaca. In birds, the glomerular capillary has no branches and is relatively short. Because the metanephric kidneys evolved after the lungs, the dif-
ferent anatomy of the lungs is evidence for the independent evolution of the mammalian and bird metanephric kidneys.
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as an osmotic agent which does not penetrate into the cells
and therefore cannot be used to build up very high interstitial
osmolarities. The osmotic gradient across the cellular mem-
brane would become too big and renal tubular cells would
shrink and be unhappy. On average, bird kidneys can accom-
plish ∼1.4–2.8× plasma-to-urine-concentrations [36, 37].
Nevertheless, birds are able to shut down glomerular filtration
intermittently in states of dehydration (similar to mesoneph-
ric kidneys from fish to reptiles) [38] and birds reabsorb the
water in the urine from the cloacae (the common final
opening for faeces, urine and eggs) and the distal intestine.
Thus, birds (and also reptiles/dinosaurs) can excrete their ni-
trogenous waste virtually without substantial loss of precious
water. The ability to recycle water from urine and to deposit
nitrogenous waste in a concentrated form is a solution for em-
bryonic development in an egg with a hard shell, where
hatchlings have to cope with a limited amount of water and
limited amount of space to deposit metabolic waste products.
The fact that birds have to drink so little also facilitated evolu-
tion of the capability to fly.

Interestingly, some animals switch from uricotelism to ur-
eotelism after hatching, such as the freshwater turtle, because
the synthesis of uric acid is quite energy expensive and the
freshwater turtle obviously has sufficient access to water.

HEROES SHOULD BE MEDIUM-SIZED AND
BIPEDAL

Water animals have no problem with gravity. The external
hydrostatic pressure of the water compensates for any gravi-
tational effects [24]. The cardiac output pressure in fish is
∼25–50 mmHg; nevertheless, they do not experience ortho-
static problems [24, 39]. For terrestrial animals, gravity does
pose a problem. A water column of 1 m translates to a

hydrostatic pressure difference of 73 mmHg! A human of
1.70 m in size and a systolic blood pressure of 120 mmHg
at the level of the heart will have a systolic blood pressure of
approximately only 70 mmHg in the brain (that is why we get
dizzy so easily) and 190 mmHg within the toes. This simple
calculation also explains why the heart is usually located in
the middle of the body (with the kidneys as pressure regulators
in close vicinity). As outlined above, early terrestrial animals
generated a systolic blood pressure of only less than 30–40
mmHg to avoid pulmonary oedema. For this reason, amphi-
bians and reptiles always have a horizontal body posture
(Figure 8A and A0). You will never meet a crocodile standing
on its hind legs—as it is often depicted in comics. The crocodile
would feel dizzy rather quickly.

At the other extreme is probably the famous dinosaur Bra-
chiosaurus, which was considered to be the largest terrestrial
animal for a long time. With a length of 30 m and an estimated
body weight of 80 tons, it had the dimensions similar to
the blue whale. In virtually all children and adult textbooks,
the Brachiosaurus is shown with his head lifted high up into
the air (‘to feed on trees’) (Figure 8B and B0) [40]. The distance
from the heart to the head would be ∼9.8 m. To lift its head,
the Brachiosaurus required a systolic blood pressure of at least
800 mmHg to guarantee a brain perfusion pressure of 60
mmHg [41]. Such an erect Brachiosaurus also violates the law
of Laplace [42]. In vertebrates, the cardiac muscle adapts to
high cross-sectional stress with hypertrophy. If the mean arter-
ial blood pressure was 700 mmHg, the heart of the Brachio-
saurus would have to weigh 2 tons (i.e. 5% of the total body
mass) and the left ventricular wall had an end diastolic diameter
of 52 cm. This would be 15 times larger and 5 times thicker than
the heart of a blue whale [42]. The Brachiosaurus’ heart muscle
would have accounted for 60% of the resting metabolic rate (in
humans ∼5%) [42]. Therefore, it can be assumed that the Bra-
chiosaurus was more likely romping about in the water of

F IGURE 7 : Schematic for the nitrogen metabolism in different animal species. Early aquatic animals excrete their nitrogenous waste as
ammonia which is toxic but can be easily disposed into the unlimited water surroundings. Some fish and our mammalian branch of evolution
convert ammonia to the less toxic urea using the ‘urea cycle’ (which partly takes place in mitochondria). Ureotelic animals use urea as an
osmotic agent to concentrate urine but still have to excrete a minimal amount of water to dispose of the urea (in humans 0.5 L/day). Sharks also
use urea as an inert osmotic agent increasing their internal osmolarity to that of ocean saltwater (using a urea-retaining kidney). In a relatively
energy-consuming chemical process, uricotelic animals convert their nitrogenous waste to uric acid, which is hardly soluble in water. It precipi-
tates in the urine forming a white paste. Although the kidney of uricotelic animals cannot concentrate well (because it lacks urea as an osmotic
agent), these animals still have the most efficient water retrieval system because water can be reabsorbed within the cloacae.
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swamps, and only rarely lifting its head—in which case it
would run the risk of fainting. Indirect confirmation for this
conclusion comes from a recent analysis of the anatomy of the
neck bones of the sauropod, which was incompatible with an
erect posture [43]. However, the body size of the Brachiosaurus
strongly suggests that it was already a high-pressure animal (i.
e. a systolic blood pressure of ∼140 mmHg, similar to birds).

Humans have the ideal body size to perform heroic acts: a
higher blood pressure is a pre-requisite for larger body size—
which is necessary to be stronger than other animals. On the
other hand, we are just large enough not to run into significant
orthostatic problems. Out of all the mammals, humans are the
only ones to evolve an erect body posture and to walk on two
legs (bipedalism), which has two advantages: bipedal locomo-
tion may not allow rapid sprints but is rather efficient in en-
durance running [44]; and second, our hands could now be
used for other things. Dinosaurs and birds were also bipedal,
but ultimately they used their arms to fly.

HIGH-PRESSURE ANIMALS : WHY HIGHER
BLOOD PRESSURE MAY NOT BE BETTER

The average systolic blood pressure is highest in birds (∼140
mmHg) and mammals (∼120 mmHg), while it is much lower
in reptiles (∼40–60 mmHg). In the 1960s, the heart, aorta and
central arteries were analysed in 816 animals which had died
from natural causes in the London Zoological Garden [45].
Among those animals, there were 485 birds, 233 mammals
and 98 reptiles. In 1% of the reptiles, 3% of the mammals and
18% of the birds analysed, arteriosclerosis was present. There
was no correlation between the cholesterol levels and the inci-
dence of arteriosclerosis. A sub-analysis revealed that the Fal-
coniformes (eagles, hawks etc.), the top performers of all birds
with a resting blood pressure of 200 mmHg [46], were the
front runners in developing arteriosclerosis (i.e. ∼54% of the
analysed specimens). No arteriosclerosis was seen in penguins
(spenisciformes), which have a resting blood pressure of only

F IGURE 8 : Posture and blood pressure. (A) The main body axis of low-pressure reptiles is always orientated horizontally. Thus, most critical
organs (kidneys, brain) are located close to the hydrostatic indifference line and brain perfusion pressure is similar to central blood pressure. (A0)
An upright crocodile (as shown in numerous comics) should feel dizzy, because brain perfusion pressure would be predicted to drop below 15
mmHg. (B) Physiology requires that the Brachiosaurusmoved its long neck only sideways. (B0) Had Brachiosaurus lifted its head, a blood pres-
sure of ∼800 mmHg would have been necessary to allow this posture. An enormous heart, weighing ∼2 tons (arrow), would have been required
to generate this pressure.
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92 mmHg [46]. Obviously, a high arterial pressure is needed
to meet the metabolic demands of flying. The downside of this
ability is the natural affinity to develop arteriosclerosis. In cap-
tivity, parrots with a high blood pressure live with a generous
supply of food and the best medical care. In these animals, ar-
teriosclerosis reaches an incidence of up to 70–90% and is, to-
gether with heart failure, a major cause of death [47].

WHY ONLY HUMAN BEINGS CAN RUN
A MARATHON

Warm-bloodedness evolved from reptilian-like animals to
monotremes/mammals and independently also to birds
(which have an even higher body temperature of 38–39°C). At
least ‘sauropods’ (gigantic dinosaurs) were already warm-
blooded (‘endothermic’ versus ‘ectothermic’ earlier animals)
[48]. To facilitate this, dinosaurs and birds developed feathers,
while all mammals have fur. All mammals? Humans are the
only exception in that they are naked. In addition, humans
have by far the highest density of eccrine sweat glands [49]
and can regulate their body temperature much better than any
other living animal on earth. When engaged in ‘persistence
hunting’, the Aboriginal hunters will simply throw off their
clothes allowing them to run for hours in mid-day heat in the
Sub-Saharan African bushland, where humans likely evolved.
Their mammalian prey cannot throw off its fur. In addition,
panting as a way of additional cooling (e.g. in dogs) is not pos-
sible when cantering or galloping. When landing on all fours
in the cycle of a gallop (i.e. from suspension to the first beat on
the ground), the abdominal organs need to be stabilized by
contraction of the abdominal muscular wall, which also re-
quires holding your breath and closing the vocal chords or
glottis. So the mammalian prey will gallop intermittently until
it overheats and then will eventually be caught [4].

Using the furry skin of other animals (by processing it and
stitching it together to make a coat) to regulate body tempera-
ture is a remarkable accomplishment of the human brain. In
addition, humans discovered how to make a fire. Very likely,
stone-age women preferred well-dressed men who knew how
to hunt and handle fire.

Our ridiculously hypertrophied brains introduced two
novel aspects: humans may choose to do crazy (i.e. heroic)
things, such as deciding to run a marathon or to build a
pyramid (usually driven by the urge to impress females or to
become ‘immortal’), and humans are inherently curious. Now-
adays, humans have managed to speed up the evolutionary
process by several orders of magnitude and ‘scientific method-
ology’ is probably the most significant recent human accom-
plishment. Of course, the eternal human journey towards
personal bliss is never meant to end.
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