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Abstract .  
Scientists date the ―Big Bang‖ to about 13.8 billion years ago.The solar system 
was dated at about 4.5-4.6 billion years ago forming the central star, the Sun, and 
orbiting planets. Planet Earth is unique because it has about 70% of its surface 
covered with water and is nestled at just the right distance from the Sun for water to 
be in liquid form and not to evaporateFor about 1 billion years there were not life 
forms of any type on Earth. The fossil record and genetic evidence suggest that 
prokaryotic cells were the first organisms on Earth, like3.5 billion years ago primitive 
cyanobacteria started releasing massive amounts of Oxygen through photosynthetic 
reactions trasforming the atmospheric CO2 with the energy from the Sun. Then, at 
around 2 billion years ago Oxygen began to building up on Earth’s atmosphere and  
Animals need Oxygen for the conversion of food into useful energy. The 
endosymbiotic theory resolved the ―mystery‖ of evolutionary processs that promoted 
the formation of eukaryotes from prokaryotic cells evolving together over time. 
Mitochondria in eukaryotic cells played an important role and often are called the 
―energy factories‖, responsible for making Adenosine Triphosphate (ATP). The 
fundamental importance of Oxygen has been understood for centuries, but how 
eukariotic cells adapt to changes in levels of Oxygen has long been unknown. The 
seminal discoveries of 2019 year’s Nobel Prize laureates for Physiology or Medicine 
revealed the mechanism for one of life’s most essential adaptive processes of how 
Oxygen levels affect cellular metabolism and physiological function in biological 
organisms. Scientific research proved that hypoxia-inducible factors (HIFs) are 
transcriptional activators that function as master regulators of Oxygen homeostasis in 
all metazoan species (animal and plants). Rapid progress is being made in 
elucidating homeostatic roles of HIFs in many physiological systems, determining 
pathological consequences of HIF dysregulation in chronic diseases, and 
investigating potential targeting of HIFs for therapeutic purposes. This review 
collected the most important scientific papers and dedicated research on the subject 
of Oxygen regulation in aerobic multicellular organisms through the hypoxia-inducible 
factors. Years of research lead to the discovery of the molecular machinery that 
allows cells to sense and respond to changes in oxygen levels and availability. 
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Introduction: The birth of the solar system and planet Earth 

The Solar system is located in an outer spiral arm of the Milky Way 

galaxy and was formed about 4.5-4.6 billion years ago from a dense cloud of 

interstellar gas and dust which collapsed, possibly due to the shockwave of a 

nearby exploding star (a supernova). Eventually the pressure in the core was 

so great that hydrogen atoms began to combine and form helium (He), 

releasing a tremendous amount of energy. The Sun was born, and it 

eventually amassed more than 99% of the available matter.1,2 

 

 

Figure 1. The Solar system was formed approximately 4.5-4.6 billion years 

ago, located in an outer spiral arm of the Milky Way galaxy. The Sun and 
everything bound to it by gravity — the planets Mercury, Venus, Earth, Mars, 
Jupiter, Saturn, Uranus and Neptune, and dwarf planets such as Pluto. 
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There is able scientific evidence that the Solar System and planets 

were formed 4.5-4.6 billion years ago. Scientists can construct the formation 

history of the solar system and the planets by looking at regions where other 

stars and similar ―solar systems‖ are forming now. The Earth and its moon are 

thought to be about 4.54 billion years old. During the formation upheaval 

smaller pieces of planetesimals started colliding and accrete into larger bodies 

called protoplanets which became bonafide planets and their orbits started to 

stabilize. About 100 million years after the formation of the Sun, the gravity of 

the planets and moons in the solar system continue to cause numerous 

collisions between the leftover planetesimals and the planets.2 

 

Figure 2. Earth and planets were the result of collisions from planetecimals 
that turned embryonic Earth into a rolling ball of molten rock. Iron and heavy 
elements that sank towards the centre and lighter elements and gases rose 
on the surface. Meteorites also seeded Earth (before the atmopshere was 
formed) with new materials and possibly with ice water.  
 

The Solar System has in its centre the Sun, and a number of planets 

orbiting around in elliptical orbits pulled by the strong gravity of the Sun. There 

are 9 planets: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and 

Neptune, lately dwarf planet such as Pluto was included. There are also 

dozens of moons and millions of asteroids, comets and meteoroids. The Milky 

Way galaxy contains hundreds of billions of stars that are thought to have 
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planets of their own. The Milky Way is but one of perhaps 100 billion galaxies 

in the entire universe.3 

While scientists are not certain of the exact nature of the process, for 

the birth of the Sun, observations of young stellar systems combined with 

computer simulations have allowed them to develop models of what could 

have happened so many billion years ago. A massive concentration of 

interstellar gas and dust created a molecular cloud that would form the Sun's 

birthplace. Cold temperatures caused the gas to clump together, growing 

steadily denser. The densest parts of the cloud began to collapse under its 

own gravity, forming a wealth of young stellar objects known as protostars. 

Gravity continued to collapse the material onto the infant object, creating a 

star and a disk of material from which the planets would form.4 

Why Earth has70% of its surface covered with water?  

 

Unlike the other planets on the solar system, Earth has about 70% of 

its surface covered with water. Also Earth is nestled in the solar system at just 

the right distance from the Sun for this liquid water to exist and not evaporate 

at high temperatures which exist in other planets. Mercury has a very hot 

surface temperature of 430oC degrees (centigrade Celsius), and drops at 

minus -180oC during the night, while Venus has a scorching surface 

temperature of 471oC and the atmosphere of Venus is made up almost 

completely of carbon dioxide, small doses of nitrogen and clouds of sulfuric 

acid. Earth has an average 16oC temperature and its atmosphere contains 

21% Oxygen and 78% Nitrogen. If Earth was farther apart from the Sun the 

water would be frozen in ice. Earth’s not-too-cold, not-too-hot position in the 

so-called ‖Goldilocks zone‖ is a pretty good thing because water is 

fundamental and necessary for aerobic biological life with Oxygen playing an 

important multicellular metabolic role and energy provider. 

Scientists suggested that the most likely scenario is that water 

molecules were present in the mess of debris that made up the disk, but it 

was too hot for water to condense into a liquid, causing it partly to evaporate 

instead. This leaves cosmologists, with a bit of a puzzle. If the Earth could not 
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have formed from the disk with its oceans already intact, how did they get 

here with so much water on its surface? 

 

Figure 3. Planet Earth (―Blue planet”) lies within the right distance from 
the Sun, where temperatures are ―just right‖ to maintain biological life. 
The Earth’s atmosphere contains free Oxygen (21%), as well as liquid 
water on 70% of its surface providing unique climate system for aerobic 
multicellular life and great biodiversity of species.  
 
 

The big question is, ―How did that amazing masses of Earth’s water get 

on the surface‖ and play such an important part for biological organisms and 

life in general? Understanding how water existed or arrived on Earth is a key 

part of understanding how and when life evolved on Earth.5 

One hypothesis is that water existed on Earth during the formation of 

the planet, altough some evaporated in the hot period of planetecimal debris 

accumulation. The other hypothesis is that water on Earth must have been 

delivered later via extraterrestrial messenger. Both asteroids and comets visit 

the Earth and are known to harbour water in the form of ice. Computer models 

of the compositions of asteroids and comets suggest that they even harbour 

enough ice to have delivered an amount of water equal to Earth's oceans. 

A scientific study investigated the meteroties hypothesis (Woods Hole 

Oceanographic Institution, USA, Science 2014). The research was  looked at 

the relative amounts of different isotopes of water (water molecules with 

varying numbers of neutrons) on meteorites believed to have fallen to Earth 

from the ancient asteroid Vesta (second largest object in the Asteroid Belt and 

https://nomoreplanet.com/atmosphere/
https://www.quickanddirtytips.com/education/science/how-to-survive-an-asteroid-attack
https://www.quickanddirtytips.com/education/science/asteroid-meteor-meteorite-and-comet-whats-the-difference
https://science.sciencemag.org/content/346/6209/623
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has a heavily cratered surface suggesting a violent past full of collisions). The 

Vesta rock samples had the same distribution of isotopes seen on Earth. 

Now, that doesn’t mean that Vesta was necessarily the source of Earth’s 

water but that an object or objects similar to Vesta in age and in composition 

could be responsible for crashing on Earth and release ice water.6 

 Although the idea of asteroids delivering water on Earth is credible, the 

problem is still far from settled. In 2004 Rosetta was a space probe built by 

the European Space Agency, that performed a detailed study of comet 

67P/Churyumov–Gerasimenko (67P) and send a lander (called Philae) to the 

comet’s surface. Scientists discovered that the ratio of heavy water (water 

made from deuterium) to ―regular‖ water (made from regular old hydrogen) on 

comets was different than that on Earth, suggesting that, at most, 10% of 

Earth’s water could have originated on a comet.7  

  In 2018, a close passage of the comet 46P/Wirtanen allowed planetary 

scientists a more detailed look at its isotopic make-up using SOFIA, a jumbo 

jet with a telescope on board. They found the comet had similar ratios of 

deuterium and hydrogen as those found on Earth. So, what makes this comet 

different from the one studied by Rosetta and Philae? This comet comes from 

a class of what are known as ―hyperactive‖ comets, meaning they release 

more water as they draw closer to the Sun than a regular comet does. So 

even though hyperactive comets are rarer, the fact that they have similar 

isotope budgets to those seen on Earth put them back in the running for 

Earth’s cosmic water bearer. [NASA, https://solarsystem.nasa.govnews/ 

823/nasa-telescopes-take-a-close-look-at-the-brightest-comet-of-2018/ ]. 

There is also another theory for the presence of water on Earth. 

Scientists proposed that water can be the result of the giant-impact million of 

years after the Solar system was formed (called the ―Big Splash‖). The theory 

suggests that water arrived during the Moon formation from the ejecta of a 

collision between the proto-Earth and a Mars-sized planetesimal, 

approximately 4.5 billion years ago.8,9  

Planetologists at the University of Münster (Germany) investigated the 

theory and showed that water came to Earth with the formation of the Moon 

some 4.4 billion years ago. The Moon was formed when Earth was hit by a 

https://en.wikipedia.org/wiki/Space_probe
https://en.wikipedia.org/wiki/Comet
https://en.wikipedia.org/wiki/67P/Churyumov%E2%80%93Gerasimenko
https://www.aanda.org/articles/aa/abs/2019/05/aa35554-19/aa35554-19.html
https://www.sofia.usra.edu/
https://solarsystem.nasa.gov/
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body about the size of Mars (called Theia). Until now, scientists had assumed 

that Theia originated in the inner solar system near the Earth. However, 

researchers from Münster can now show that Theia comes from the outer 

solar system, and it delivered large quantities of water to Earth. The results 

were published in Nature Astronomy.10 

 

When and where did primitive life forms appeared on Earth? 

 

The fundamental question that puzzled scientists for centuries. When 

and where did life begin on Earth? What were the conditions on Earth when 

life began? Scientific observations showed that for about the first 1 billion 

years, after solar system formation, there were not even primitive life forms of 

any type and function on Earth. The first evidence of primitive forms of 

monocellular anaerobic organisms was discovered from fossil evidence in 

oldest rocks 3.5 billion years ago in Africa and Australia. 

 
 

Figure 4. Primitive microorganisms (called primordial life) were discovered in 

a sample of rock collected from the Apex Chert in Western Australia 

confirming the 3.5-billion-year-old microbes were indeed biological. J. William 

Schopf (UCLA), Schopf W, Kitajima K, Spicuzza MJ, et al. SIMS analyses of 

the oldest known assemblage of microfossils document their taxon-correlated 

carbon isotope compositions. Proceedings National Academy of Science, 

USA, 115 (1): 53-58, 2018. On the right: Baumgartner RJ, Van Kramendonk 

MJ, Wacey D, et al.  Nano−porous pyrite and organic matter in 3.5-billion-

year-old stromatolites record primordial life. Geology 47(11):1039-1043, 2019. 

(discovered in Pilbara Craton, Western Australia).  
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But how life on Earth began remains an unexplained scientific problem. 

Prebiotic chemistry was proposed many decades ago to address this issue 

of synthesis of fundamental biochemicals under primitive conditions in the 

Earth's primordial atmosphere and oceans. Also, it is likely that the infall of 

comets, meteorites, and interplanetary dust particles, as well as submarine 

hydrothermal vent synthesis, may have contributed to prebiotic organic 

evolution. The primordial organic soup may have been quite complex, but it 

did not likely include all of the compounds found in modern organisms.11 

The discovery of hydrothermal vents in the bottom of the oceans and 

the multiple reactions taking place that synthesize important biochemicals 

which can be kick-started the origin of life. The discovery of thermophilic 

organisms in association with deep-sea hydrothermal systems in the late 

1970s led to a new idea that life might have originated in hydrothermal 

systems on the primitive Earth. The perceived benefits afforded to early life in 

this environment include protection from intense asteroid bombardment and 

UV radiation, and a source of thermal and chemical energy, along with 

potentially catalytic minerals. Evidence that supports this scenario has been 

provided from various research fields.12 

 

 
Figure 5. Deep under the Earth's seas, there are hot vents where seawater 

comes into contact with minerals from the planet's crust, reacting to create a 
warm, alkaline (high on the pH scale) environment containing hydrogen. The 
process creates mineral-rich chimneys with alkaline and acidic fluids, 
providing a source of energy that facilitates chemical reactions between 
hydrogen and CO2 to form increasingly complex organic compounds. These 
organic chemicals (amino acids, nitrogen compounds, acids, sugars, 
phosphate salts, nucleobases, etc) can concentrate in microspheres. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrothermal-system
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/asteroid
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The classic 1953 Miller–Urey experiment and similar research in the 

last decades demonstrated that most amino acids, the critical chemical 

constituents of the proteins in all living organisms, can be synthesized from 

inorganic compounds (CH4, NH3, H2, H2O) under conditions intended to 

replicate those of the early primitive Earth. [Miller SL. Production of amino 

acids under possible primitive Earth conditions. Science 117: 523-531, 1953].  

The process of accumulated biochemicals into proteinoid microspheres 

that in million years evolved into microscopic anaerobic cellular 

microorganisms is a complex problem for prebiotic science. The fossil record 

and genetic evidence suggest that prokaryotic anaerobic cells were the first 

organisms on Earth. 

 

Figure 6. Prebiotic chemistry is the field of synthesis of amino acids, sugrars, 
organic acids, fartty acids and nucleocides from simple molecules (H2O, CO2, 
CH4, NH3, aldehydes, HCN, etc) under primiitve conditions in water. These 
fundamental biochemicals can be organised into micropheres and droplets of 
biological-life stimulating molecules through the paths of biological evolution. 

 

Over time, enough Oxygen accumulated in Earth’s atmosphere to allow 

for the evolution of oxygen-metabolising organisms (multicellular aerobic 

organisms). A simple chronological plan for the origin of life is: for 1 billion 

years on Earth there was no prebiotic organic moleculrs and no atmospheric 

Oxygen. Earth was subject to geological upheavals, high temperatures and 

volcanic eruptions. Fossil evidence showed that at 3.5 billion years ago 

cyanobacteria started releasing Oxygen through photosynthetic reactions 

using the energy from the Sun. Cuyanobacteria or blue-green algae, single 

https://en.wikipedia.org/wiki/Miller%E2%80%93Urey_experiment
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Inorganic_compound
https://en.wikipedia.org/wiki/History_of_Earth
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cell anaerobic life forms played a crusial role on Earth. Oxygen begins to build 

up in Earth’s atmosphere reaching more than 10% in the atmospheric mixture 

with nitrogen. This "Great Oxidation Event" was one of the most important 

events to ever happen on Earth. 

 Oxygen and aerobic organisms played fundamental role in the 

evolution of life on Earth, in particular 540–500 million years with the so called 

Cambrian Explosion, with the development in a few million years more 

complex aerobic multicellular biological forms.  

 

 

Figure 7. The primitive Earth atmosphere did not contain Oxygen. Early Earth 
was prone to geological upheaval and volcanic eruptions, and was subject to 
bombardment by mutagenic UV from the Sun. Photosynthetic prokaryotes 
such as cyanobacteria evolved that were capable of applying the energy from 
Sun to synthesize organic materials (like carbohydrates) from CO2 and an 
electron source (such as hydrogen) under the protection of surface water. 
Also, cyanobacteria were useful for Nitrogen fixation for the air by converting 
into ammonia (NH3) or related nitrogenous compounds in the soil. 

 

From anaerobic to aerobic organisms. The role of Oxygen 
 

Early Earth had a very different atmosphere [water vapours, abundant 

CO2, carbon monoxide (CO), Nitrogen, Hydrogen and small amounts of 

Oxygen]. The surface of the Earth was subjected to strong radiation (UV from 

the Sun, deadly to biological molecules-mutagenic). Inevitably, the first 
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biological organisms flourished in a more protected environment, such as in 

ocean depths or beneath the surface of the Earth. At this time too, strong 

volcanic activity was common on Earth. Over millions of years, O2 began to 

accumulate in Earth’s atmosphere from the cyanobacteria photosynthesis. 

Ozone (O3) also began to form through photochemical dissociation of O2 into 

two single oxygen molecules (O) which are used to form ozone. Around 600 

million years ago, a thin ozone layer formed that was capable of protecting life 

from harmful wavelengths of UV radiation (wavelengths between 200-300 

nm). 

 

Figure 8. The two basic types of cells are prokaryotic and eukaryotic cells. 
Prokaryotic cells tend to be much smaller and less complex than eukaryotic cells. 
They make up single-celled organisms like bacteria. The defining element of a 
eukaryotic cell is the nucleus. This structure stores the cell's DNA and separates it 
from the rest of the cell with a special membrane called the nuclear envelope. 
Because it stores DNA, the nucleus is often called the control center of the 
eukaryotic cell.  

 

From more than 3 billion years ago, single-celled anaerobic organisms 

have dominated the planet Earth, thriving in environments that lacked oxygen 

and remaining in single cell and as simple microorganisms. The functioning of 

photosynthetic bacteria over millions of years progressively saturated Earth’s 

water with Oxygen and then oxygenated the atmosphere. Some biological 

species perished, while others survived in the remaining anaerobic 

environment on Earth. Early prokaryotes evolved mechanisms of aerobic 

respiration to exploit the oxygenated atmosphere by using O2 to store energy 

contained within organic molecules (sugars).13,14,15 
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The Cambrian explosion, also called, Cambrian radiation was an 

event approximately 541 million years ago when practically all major animal 

phyla started appearing in the fossil record. It lasted for about 13–25 million 

years and resulted in the divergence of most modern metazoan phyla. Within 

several million years, this simple ecosystem would disappear, and give way to 

a world ruled by highly mobile animals that sported modern anatomical 

features. The explosion produced arthropods with legs and compound eyes, 

worms with feathery gills and swift predators that could crush prey in tooth-

rimmed jaws. Biologists have argued for decades over what ignited this 

evolutionary burst. Some think that a steep rise in Oxygen sparked the 

change, whereas others say that it sprang from the development of some key 

evolutionary innovation, such as vision.16  

  

Figure 9. When compared to fossilised animals from the same time, scientists 

can clearly see that evolutionary radiations follow a pattern of 'boom and bust' 
in tandem with the Oxygen levels. This strongly suggests O2 played a vital 
role in the emergence of early aerobic animal life. Aerobic respiration 
consistently produces at least 15 times as much ATP (adenosine 
triphosphate) as anaerobic respiration. This vast increase in energy 
production is a valuable explanation why aerobic organisms have come to 
dominate life on earth and replace the primitive anaerobic forms. 

 

Adenosine triphosphate (ATP) is the energy-carrying molecule found 

in the aerobic cells of all living organisms. ATP captures chemical energy 

obtained from the breakdown of food molecules and releases it to fuel other 

cellular processes. Aerobic respiration produces ATP by breaking glucose all 

https://www.ck12.org/c/physical-science/energy?referrer=crossref
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the way down to CO2, producing up to 38 ATPs. Aerobic respiration 

consistently produces at least 15 times as much ATP as anaerobic 

respiration. This vast increase in energy production is a valuable explanation 

why aerobic organisms have come to dominate life on Earth. It may also 

explain how organisms were able to increase in size, adding multicellularity 

and great diversity of species. Aerobic species became more dominant and 

their numbers and diversity increased substantially on Earth. The evolution of 

aerobic prokaryotes contributed enormously to the multiplication and evolution 

and led to the formation of the first aerobic eukaryotic multicellular 

organisms.17  

 

Figure 10. Most of the ATP produced by aerobic cellular respiration is made 
by oxidative phosphorylation. The energy of O2 released is used to create a 
chemiosmotic potential by pumping protons across a membrane. This 
potential is then used to drive ATP synthase and produce ATP from ADP and 
a phosphate group. 

 

Mitochondria are well known for the process of oxidative 

phosphorylation. In the matrix of mitochondria the reactions are known as the 

citric acid or Krebs cycle. Mitochondrial cells divide using their own circular 

strand of mtDNA and as a result there can be many mitoxhondria in one cell. 

High energy demands in some cells is restored by increasing numbers of 

mitochondria.  

https://www.ck12.org/c/physical-science/energy?referrer=crossref
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The Endosymbiotic theory as an evolutionary process 

Scientists for many decades tried to understand the transition from 

single cell anaerobic forms to multicellular aerobic organisms. The most 

realistic scenario is that at some stage eukaryotic cells may have evolved 

when multiple cells joined together into one. They began to live in what 

biologists call symbiotic relationships. The theory that explains how this 

could have happened is called endosymbiotic theory. 

In 1967, Lynn Margulis (then Lynn Sagan) published an article entitled 

―On the Origin of Mitosing Cells‖ in the Journal of Theoretical Biology. In her 

article, Margulis hypothesized that ―three fundamental organelles: the 

mitochondria, the photosynthetic plastids and the basal bodies of flagella were 

once themselves free-living (prokaryotic) cells. Because until that time the 

origin of eukaryotic cells was largely a mystery until Margulis revolutionary 

hypothesis was comprehensively examined. Some of the organelles in 

eukaryotic cells were once prokaryotic microbes. Mitochondria and 

chloroplasts are the same size as prokaryotic cells.18,19 

 

Figure 11. Eukaryotic cells are believed to have evolved from early 

prokaryotes that were engulfed by phagocytosis. The engulfed prokaryotic cell 
remained undigested as it contributed new functionality to the engulfing cell 
(e.g. photosynthesis). Over generations, the engulfed cell lost some of its 
independent utility and became a supplemental organelle. Mitochondria and 
chloroplasts are both organelles to have arisen via endosymbiosis 
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The endosymbiotic theory resolved the ―mystery‖ of evolutionary 

processs that promoted the formation of eukaryotes as a product of one 

prokaryotic cell engulfing another, one living within another, and evolving 

together over time until the separate cells were no longer recognizable as 

such. This once-revolutionary hypothesis had immediate persuasiveness and 

is now widely accepted, with work progressing on uncovering the steps 

involved in this evolutionary process as well as the key players. It has become 

clear that many nuclear eukaryotic genes and the molecular machinery 

responsible for replicating and expressing those genes appear closely related 

to the Archaea (single-celled microorganisms similar to bacteria, forming the 

third domain of life, anaerobes living in environments low in oxygen). On the 

other hand, the metabolic organelles and the genes responsible for many 

energy-harvesting processes had their origins in bacteria. Much remains to be 

clarified about how this relationship occurred; this continues to be an exciting 

field of discovery in biology. Several endosymbiotic events likely contributed 

to the origin of the eukaryotic cell and the long process to adapt to the natural 

conditions of the Earth with atmospheric Oxygen playing a crucial role in 

energy production.20,
,
21 

 

The role of mitochondria in eukaryotic aerobic cells  

 

Aerobic eukaryotic cells may contain from one to up to several 

thousand mitochondria, depending on the cell’s level of energy consumption. 

Each mitochondrion measures 1 to 10 micrometers in length and exists in the 

cell as a moving, fusing, and dividing oblong spheroid. However, mitochondria 

cannot survive outside the cell. As the primitive Earth’s atmosphere was 

oxygenated by photosynthesis of cyanobacteria, and as successful aerobic 

prokaryotes evolved, evidence suggests that an ancestral cell engulfed and 

kept alive a free-living, aerobic prokaryote. This gave the host cell the ability 

to use Oxygen to release energy stored in nutrients. Several lines of evidence 

support that mitochondria are derived from this endosymbiotic event. 

Mitochondria are shaped like a specific group of bacteria and are surrounded 

by two membranes, which would result when one membrane-bound organism 
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was engulfed by another membrane-bound organism. Mitochondrial inner 

membrane involves substantial infoldings or cristae that resemble the textured 

outer surface of certain bacteria. Mitochondria divide on their own by a 

process that resembles binary fission in prokaryotes. Mitochondria have their 

own circular DNA chromosome that carries genes similar to those expressed 

by bacteria. Mitochondria also have special ribosomes and transfer RNAs that 

resemble these components in prokaryotes. These features all support that 

mitochondria were once free-living prokaryotes.22 

If there's one thing that mitochondria thrive on Oxygen (O2). All of 

oxygen is consumed by cytochrome oxidase, the last enzyme in the electron 

transport chain which drives ATP production. If cells relied on diffusion alone 

to supply them with their oxygen needs, then there would not be enough to 

keep up with demand. So oxygen carrying molecules, such as haemoglobin 

and myoglobin, evolved to transport oxygen to where it is needed.22 

 

Mitochondrion 

 

 
Figure 11. Mitochondrion (mitochondria), membrane- enclosed structure 

found in all eukaryotic cells. Although most of a cell's DNA is contained in the 
cell nucleus, the mitochondrion has its own independent genome. The inner 
mitochondrial membrane contains proteins with five types of functions: (i) 
Perform the redox reactions of the oxidative phosphorylation, (ii) ATP 
synthase, which generates ATP in the matrix, (iii) Specific transport proteins 
that regulate metabolite passage into and out of the matrix, (iv)  Protein import 
machinery, (v) Mitochondria fusion and fission protein. 
 

Increasing age in mammals correlates with increased levels of 

mitochondrial DNA (mtDNA) mutations and a deteriorating respiratory chain 

function. Even though the process of oxidative phosphorylation is efficient, a 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-dna
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-transport-chain
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
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small percentage of electrons may ―leak‖ from the electron transport chain, 

particularly from complexes (called respiratory chain complexes I–IV, which 

transfer electrons in a stepwise fashion), during normal respiration and 

prematurely reduce oxygen, forming reactive oxygen species (ROS). Reactive 

oxygen free radicals at high concentrations are highly reactive and oxidative 

towards important biological molecules (proteins, enzymes, membrane lipids, 

DNA) causing the so called Oxidative Stress. These ROS that are produced 

within mitochondria presents almost 90% of the total ROS produced in the 

aerobic cell. The fact that the mitochondrial electron transport chain is the 

major ROS production site leads to the suggestion that mitochondria are a 

prime target for oxidative damage and hence the mitochondrial theory of 

ageing, a correlate to the free radical theory. Mitochondrial theory of aging, a 

variant of free radical theory of aging, proposes that accumulation of damage 

(mutations) to mitochondria and mitochondrial DNA (mtDNA) leads to aging of 

humans and animals. Supported by the experimental observations that 

mitochondrial function declines and mtDNA mutations increase in tissue cells 

in an age-dependent manner. Age-related impairment in the respiratory 

enzymes not only decreases ATP synthesis but also enhances production of 

ROS through increased electron leakage in the respiratory chain.23  

Mitochondria are often called the ―powerhouses‖ or ―energy factories‖ 

of an aerobic cell because they are responsible for making ATP, the cell’s 

main energy-carrying molecule for short-term stored energy.24 

 
How cells adapt to changing Oxygen availability. The Nobel 
Prize 2019 for Physiology or Medicine 
 
 In 2019 three scientists, William G. Kaelin Jr., (Howard Hughes 

Medical Institute, Chery Chase, Med, USA, and Professor in Harvard Medical 

School, Cambridge, MA, USA), Sir Peter J. Ratcliffe (Professor of Clinical 

Medicine, Clinical Reasesarch Director, The Francis Crick Institute, and 

University of Oxford Target Discovery Institute) and Gregg L. Semenza 

(Professor of Genetic Medicine at Johns Hopkins School of Medicine, USA), 

were awarded the Nobel Prize for Physiology or Medicine. This was the result 

of years of research and the important discoveries of how cells can sense and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-transport
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-transport-chain
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adapt to changing Oxygen availability. Their research and painstaking 

experiments identified molecular machinery that regulates the activity of 

genes in response to varying levels of oxygen.25,26,27, 

Oxygen homeostasis represents an organizing biological principle for 

understanding metazoan evolution (metazoan animals are multicellular, 

mitochondrial eukaryotes, encompassing all animals with differentiated 

tissues, including nerves and muscles), development, physiology, and 

pathobiology. The whole process is supported by hypoxia-inducible factors 

(HIFs) that are transcriptional activators functioning as master regulators of 

Oxygen homeostasis in all metazoan species. Scientists have made rapid 

progress in elucidating homeostatic roles of HIFs in many physiological 

systems, determining pathological consequences of HIF dysregulation in 

chronic diseases, and investigating potential targeting of HIFs for therapeutic 

purposes.28 

 
 
Figure 12. Prof. William Kaelin (USA), Prof. Gregg Semenza (USA) and Prof. 
Sir Peter Ratcliffe (UK) (from the left). Nobel Prize 2019 for Physiology or 
Medicine for their discovery of the molecular machinery that allows cells to 
sense and respond to changes in oxygen levels and availability. 
 
 

Oxygen is fundamental for aerobic living organisms and their lives 

depend entirely on the availability of oxygen. It is the only element required for 

cellular bioenergetics, the process of ―cold‖ burning of food molecules to 

power the cell’s energy needs. Animals and plants need Oxygen (O2) to live 
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and grow. When an animal breathes, it takes in oxygen gas and releases 

water and carbon dioxide (CO2) gas into the atmosphere as a waste product 

during cellular respiration. Digested foods have chemical energy stored in 

them. Plants take in CO2 and release oxygen through their leaves through the 

process called photosynthesis. During photosynthesis, a plant uses light, 

water, and carbon dioxide to make its own food. Oxygen is given off during 

photosynthesis as a waste product. The fundamental importance of Oxygen 

has been understood for centuries, but how cells adapt to changes in levels of 

oxygen has long been unknown [McLaughlin K. Aerobic respiration, Biology 

dictionary, 2020, https://biologydictionary.net/aerobic-respiration/ ]. 

The seminal discoveries by the laureates 2019 for the Nobel Prize for 

Physiology or Medicine revealed the mechanism for one of life’s most 

essential adaptive processes. They established the basis for our 

understanding of how Oxygen levels affect cellular metabolism and 

physiological function. Their discoveries have also paved the way for 

promising new strategies to fight anemia, cancer and many other diseases.28 

Oxygen homeostasis and Hypoxia-Inducible Factors (HIF) 

Scientific research on the last decades proved that Hypoxia-Inducible 

Factors (HIFs) are transcriptional activators that function as master regulators 

of Oxygen (O2) homeostasis in all metazoan species (animals and plants, 

multicellular, mitochondrial eukaryotes encompassing all animals with 

differentiated tissues, including nerves and muscles). In the last decades 

rapid progress is being made in elucidating homeostatic roles of HIFs in many 

physiological systems. Also, research determined pathological consequences 

of HIF dysregulation in chronic diseases, and investigated potential targeting 

of HIFs for therapeutic purposes. 

Oxidative phosphorylation enables cells to generate the large amounts 

of ATP required for development and maintenance of multicellular organisms. 

However, under conditions of reduced O2 availability, electron transport 

becomes less efficient, leading to increased generation of superoxide anions 

(O2
•-). Hypoxia-inducible factors (HIF) switch cells from oxidative to glycolytic 

https://biologydictionary.net/aerobic-respiration/
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-transport
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hypoxia-inducible-factors
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metabolism, to reduce mitochondrial superoxide generation (strong oxidizing 

free radicals), and increase the synthesis of NADPH and glutathione 

(antioxidant, capable of preventing damage to important cellular components 

caused by reactive ROS, such as free radicals), in order to maintain redox 

homeostasis under hypoxic conditions.29 

Hypoxia-inducible factors (HIF) are responsible for regulating a variety 

of target genes involved in angiogenesis, matrix metabolism, apoptosis, and 

glycolysis. HIF is composed of two subunits: the inducible alpha (HIF1A) and 

constitutively expressed beta unit (HIF1B). HIF-1 is expressed by all extant 

metazoan species that have been analyzed to the present.30,31,32 

 

Figure 13. The cellular response to hypoxia is regulated largely by a family of 
transcription factors Hypoxia-Inducible Factors (HIFs), which promote the 
activation of genes involved in glycolysis, angiogenesis, cell-cycle regulation 
and survival. Mitochondrial generation of tricarboxylic acid cycle 
intermediates, consumption of Oxygen, and production of Reactive Oxygen 
Species (ROS) have been shown to inhibit the hydroxylation of HIFs, resulting 
in activation of HIF target genes. [Science Mission, The mitochodrial 
respiration chain is required for organismal adaptation to hypoxia, 9.4.2015, 
http://sciencemission.com/site/index.php?page=news&type=view&id=biochem
istry%2Fthe-mitochondrial ].  

 

Under well-oxygenated conditions, HIF-1α is bound by the von Hippel-

Lindau (VHL) protein. The VHL protein is a tumour suppressor. Mutations in 

the VHL protein can give rise to tumours of multiple organ systems, including 

the central nervous system (CNS), the endocrine system, and the kidney. The 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glutathione
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homeostasis
http://sciencemission.com/site/index.php?page=news&type=view&id=biochemistry%2Fthe-mitochondrial
http://sciencemission.com/site/index.php?page=news&type=view&id=biochemistry%2Fthe-mitochondrial


 

21 

 

VHL protein functions as a subunit of a multiprotein ubiquitin ligase that 

negatively regulates expression of a large collection of hypoxia-inducible 

genes controlled by hypoxia-inducible transcription factors (HIFs).33 

Scientific studies in cultured cells and isolated, perfused, and ventilated 

lung preparations revealed an exponential increase in HIF-1α levels at O2 

concentrations <6% (∼40 mm Hg), which cannot be explained by known 

biochemical properties of the hydroxylases. In most adult tissues, O2 

concentrations are in the range of 3%–5%, and any decrease occurs along 

the steep portion of the dose-response curve, allowing a graded response to 

hypoxia. Analyses of cultured human cells have revealed that expression of 

hundreds of genes was increased in response to hypoxia in a HIF-1-

dependent manner. Analyses of cultured human cells have revealed that 

expression of hundreds of genes was increased in response to hypoxia in a 

HIF-1-dependent manner (as determined by RNA interference) with direct 

binding of HIF-1.33,34 

In addition, the expression of hundreds of genes was decreased in 

response to hypoxia in a HIF-1-dependent manner, but binding of HIF-1 to 

these genes was not detected.35 These results indicate that HIF-dependent 

repression occurs via indirect mechanisms, which include HIF-1-dependent 

expression of transcriptional repressors and microRNAs.36,37  

 

The role of Hypoxia-Inducible Factors (HIF) in O2 metabolism 

The regulation of Oxygen metabolism is a principal and primordial (at 

the earliest stages of development of cellular metabolism) function of HIF-1. 

Under hypoxic conditions, HIF-1 mediates a transition from oxidative to 

glycolytic metabolism through its regulation of four factors: PDK1, LDHA 

(lactate dehydrogenase A), BNIP3 (BCL2 and adenovirus E1B 19-kDa-

interacting protein 3), and BNIP3L [Bcl-2/adenovirus E1B 19-kilodalton 

interacting protein (Bnip3) and its homologue], Nix (BNIP3 and NIX are 

proteins related to the BH3-only family, which induce both cell death and 

autophagy]. Scientifc researtch in the last 20 years investigated and 

discovered the HIF expression and their metabolic roles for adaptation to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ubiquitin-ligase
https://www.sciencedirect.com/topics/immunology-and-microbiology/repressor-gene
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microrna
https://www.sciencedirect.com/topics/neuroscience/phosphoinositide-dependent-kinase-1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ldha
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bnip3
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bnip3l
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hypoxia. Mechanisms were highly complicated and the appropriate elucidation 

required painstaking investigations. For example, PDK1 (Pyruvate 

dehydrogenase lipoamide kinase isozyme 1) encodes pyruvate 

dehydrogenase (PDH) kinase 1, which phosphorylates and inactivates PDH, 

thereby inhibiting the conversion of pyruvate to acetyl coenzyme A for entry 

into the tricarboxylic acid cycle.38,39,40 

 

Figure 14. Regulation of Glucose Metabolism. Under hypoxic conditions, 
hypoxia-inducible factor 1 (HIF-1) activates the transcription of genes 
encoding the following: glucose transporters and glycolytic enzymes, which 
increase the flux of glucose to pyruvate; PDK1 (pyruvate dehydrogenase 
kinase), which inactivates PDH (pyruvate dehydrogenase), the mitochondrial 
enzyme that converts pyruvate to acetyl CoA for entry into the tricarboxylic 
acid (TCA/citric acid/Krebs) cycle; LDHA (lactate dehydrogenase), which 
converts pyruvate to lactate; and the mitochondrial proteins BNIP3 and 
BNIP3L, which induce mitochondrial-selective autophagy.  

 
Proteins BNIP3 and BNIP3L mediate selective mitochondrial 

autophagy. HIF-1 also mediates a subunit switch in cytochrome c oxidase that 

improves the efficiency of electron transfer under hypoxic conditions. An 

analogous subunit switch is also observed in Saccharomyces cerevisiae, (a 

species of yeast, single-celled fungus microorganism, which is able to ferment 

sugar into carbon dioxide and alcohol and is commonly used in the baking 

and brewing), although it is mediated by a completely different mechanism 

(yeast lack HIF-1). This conservation suggests that the subunit switch in 

cytochrome c oxidase may represent a fundamental response of eukaryotic 

https://en.wikipedia.org/wiki/Pyruvate_dehydrogenase_lipoamide_kinase_isozyme_1
https://en.wikipedia.org/wiki/Pyruvate_dehydrogenase_lipoamide_kinase_isozyme_1
https://en.wikipedia.org/wiki/Pyruvate_dehydrogenase_lipoamide_kinase_isozyme_1
https://www.sciencedirect.com/topics/immunology-and-microbiology/pyruvate-dehydrogenase
https://www.sciencedirect.com/topics/immunology-and-microbiology/pyruvate-dehydrogenase
https://www.sciencedirect.com/topics/immunology-and-microbiology/pyruvate-dehydrogenase
https://www.sciencedirect.com/topics/neuroscience/acetyl-coa
https://www.sciencedirect.com/topics/immunology-and-microbiology/citric-acid-cycle
https://www.sciencedirect.com/topics/immunology-and-microbiology/glucose-metabolism
https://www.sciencedirect.com/topics/immunology-and-microbiology/hypoxia-inducible-factor-1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucose-transporter
https://www.sciencedirect.com/topics/neuroscience/glycolytic-enzyme
https://www.sciencedirect.com/topics/neuroscience/phosphoinositide-dependent-kinase-1
https://www.sciencedirect.com/topics/neuroscience/mitochondrial-enzyme
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https://www.sciencedirect.com/topics/neuroscience/acetyl-coa
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ldha
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bnip3
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bnip3l
https://www.sciencedirect.com/topics/immunology-and-microbiology/autophagy
https://www.sciencedirect.com/topics/immunology-and-microbiology/autophagy
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytochrome
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cells to hypoxia. It is conventional wisdom that cells switch to glycolysis for 

ATP production when O2 becomes limiting. 41 

 

Role of HIFs in embryonic development 
 
Oxygen is a vital source of energy necessary to sustain and complete 

embryonic development. But, oxygen is not only the driving force for many 

cellular functions and metabolism, it is also involved in regulating stem cell 

fate, morphogenesis, and organogenesis. Low oxygen levels (hypoxia) are 

the naturally preferred microenvironment for most processes during early 

development and mainly drive proliferation. Much of mammalian 

embryogenesis occurs at O2 concentrations of 1%–5%, and O2 functions as a 

morphogen (through HIFs) in many developmental systems. The conditions 

change when in later stages more O2 and nutrients are needed for 

organogenesis and morphogenesis. Therefore it becomes obvious that it is 

critical to maintain O2 levels within a narrow range as required during animal 

development. Modulating oxygen tensions in eukaryotic animals is performed 

via oxygen homeostasis mainly through the function of Hypoxia-Inducible 

Factors (HIFs). Through the function of these factors, Oxygen levels are 

sensed and regulated in different tissues, starting from their embryonic state 

to adult development. To be able to mimic this process in a tissue engineering 

setting, Oxygen plays an important role in each developmental stage, from 

embryonic stem cell differentiation to organogenesis and morphogenesis. 

Taking lessons from native tissue microenvironments, researchers have 

explored approaches to control oxygen tensions such as hemoglobin-based, 

perfluorocarbon-based, and oxygen-generating biomaterials, within synthetic 

tissue engineering scaffolds and organoids, with the aim of overcoming 

insufficient or nonuniform oxygen levels and nutrient supply.42 

Although vertebrate evolution was associated with concomitant 

appearance of the circulatory system and HIF-2α, both HIF-1 and HIF-2 have 

important roles in circulatory system development. Conditional knockout of 

HIF-1α in specific types of cells has demonstrated important roles in 

chondrogenesis (production of cartilage), adipogenesis, B lymphocyte 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
https://www.sciencedirect.com/topics/immunology-and-microbiology/morphogen
https://www.sciencedirect.com/topics/immunology-and-microbiology/chondrogenesis
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development, osteogenesis, hematopoiesis, T lymphocyte diffentiation and 

innate immunity and other important functions.43,44,45  

Scientists have tested the importannce of HIF-1 with knockout mouse 

experiments. A knockout mouse is a genetically modified mouse in which 

researchers have inactivated, or "knockedout", an existing gene by replacing 

it or disrupting it with an artificial piece of DNA. These are important animal 

models for studying the role of genes. Results showed that adverse effects of 

HIF-1 loss of function on development in embryonic tissues as a result of 

abnormalities in placental blood flow, may also dysregulate development and 

result in congenital malformations.46 ,47 

 

Diseases in which HIF activity contributes to pathogenesis or 
novel therapeutics options 
 

Hypoxia-Inducble Factor-1 was intitially discovered by Semenza and 

co-workers in 1991 during a study conducted on erythropoietin  gene 

[Semenza GL, Nejfelth MK, Chi SM, Antonarakis SE. Hypoxia-inducible factos 

bind to an enhancer element located 3’ to the human erythropieting gene. 

Proc. Natl Acad Sci USA 88: 5680-5684, 1991].  

Since the discovery of hypoxia-inducible factor (HIF), numerous studies 

on the hypoxia signaling pathway have been performed. The role of HIF 

stabilization during hypoxia has been extended from the induction of a single 

gene erythropoietin to the upregulation of a couple of hundred downstream 

targets, which demonstrates the complexity and importance of the HIF 

signaling pathway. Accordingly, HIF and its downstream targets are emerging 

as novel therapeutic options to treat various organ injuries. A review in 2019 

discussed the up-to-day understanding of HIF signaling in four different organ 

systems, such as heart, lungs, liver, and kidney and the divergent roles of HIF 

in acute and chronic disease conditions and their revealed functions.48 

 

Hereditary Erythrocytosis and HIF 

People with excess red blood cell production due to germline mutations 

in the genes encoding VHL, PHD2, and HIF-2α have been identified, 

https://en.wikipedia.org/wiki/Genetically_modified_mouse
https://en.wikipedia.org/wiki/Gene_knockout
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Animal_model
https://en.wikipedia.org/wiki/Animal_model
https://en.wikipedia.org/wiki/Animal_model
https://www.sciencedirect.com/topics/immunology-and-microbiology/hemocyte
https://www.sciencedirect.com/topics/immunology-and-microbiology/germline-mutation
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demonstrating the essential role of this pathway in regulating erythropoiesis. 

These mutations impair hydroxylation and ubiquitination, thereby increasing 

the levels of HIF-1α and HIF-2α at any given partial pressure of O2. Affected 

individuals manifest global physiologic changes that include altered ventilatory 

and pulmonary vascular responses to hypoxia.49 

 

HIF and malignant neoplasms (cancers) 

Cancers contain hypoxic regions due to high rates of cell proliferation 

coupled with the formation of vasculature that is structurally and functionally 

abnormal. Increased HIF-1α or HIF-2α levels in diagnostic tumour biopsies 

are associated with increased risk of mortality in cancers of the bladder, brain, 

breast, colon, cervix, endometrium, head/neck, lung, ovary, pancreas, 

prostate, rectum, and stomach. Experimental manipulations that increase HIF-

1α expression result in increased tumour growth, whereas loss of HIF activity 

results in decreased tumour growth. HIFs activate transcription of genes that 

play key roles in critical aspects of cancer biology.50,51,52,53 

 

Hypoxia-inducible factors and liver diseases 

Hypoxia has been shown to have a role in the pathogenesis of several 

forms of liver disease, through Hypoxia-Inducible Factors (HIFs) that affect a 

homeostatic response to low oxygen tension. Reviewers collected scientific 

evidence for the role of HIFs across a range of hepatic pathophysiology. A 

number of investigations demonstrated a role for HIFs in the development of 

liver fibrosis, activation of innate immune pathways, hepatocellular carcinoma, 

as well as other liver diseases in both human disease as well as murine 

models.54 

Hypoxia-Inducible Factors and pathogenic process in lungs 

Control of Oxygen homeostasis throughout evolution, has developed 

into a complex system, requiring both rapid adjustment to acute changes in 

oxygen. There are numerous instances, in both physiologic and 

pathophysiologic conditions, during which the lung experiences localized or 

global hypoxia and adaptation to hypoxia requires the coordinated regulation 

https://www.sciencedirect.com/topics/immunology-and-microbiology/ubiquitination
https://www.sciencedirect.com/topics/immunology-and-microbiology/cell-proliferation
https://www.sciencedirect.com/topics/immunology-and-microbiology/endometrium
https://www.sciencedirect.com/topics/immunology-and-microbiology/pancreas
https://www.sciencedirect.com/topics/immunology-and-microbiology/rectum
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of a large battery of genes, and that this collective response is controlled, to a 

large extent, at the level of transcription. In particular, the hypoxia-inducible 

factors (HIFs), have been identified as key mediators of adaptation to hypoxia. 

A review (2011), collected scientific data to describe the HIF system and its 

role in a variety of developmental, physiologic, and pathogenic processes 

within the lungs under hypoxia which can cause acute lung injury, leading to 

aberrations in lung function and repair.55 

Early events in acute lung injury include damage of the alveolar lining 

layer, apoptosis of alveolar epithelial cells, and lung edema, whereas at later 

phases, reactive hyperplasia of alveolar type II cells is predominant, leading to 

fibrosis. During acute lung injury, increased vascular permeability can result 

from hypoxia, ischemia, and/or inflammatory stimuli. The role of the HIF 

system in modulating pulmonary vascular leak is still unresolved, with only a 

handful of published studies. In a hypoxic ischemia/reperfusion model, up-

regulation of HIF-1 protein levels was associated with increased vascular 

endothelial growth factor (VEGF) levels and augmented barrier disruption.56,57  

 Lung cancer is also connected with the HIF. As solid tumours expand, 

lack of blood supply renders areas of the tumour hypoxic. Also, hypoxia- plays 

a role in the induction of angiogenesis, hypoxia is both a consequence of, and 

contributor to tumourigenesis. The degree of hypoxia within a tumour is 

associated with increased expression of angiogenic factors.58,59  

HIF and pathogenesis of ulcerative colitis 

Ulcerative colitis is a chronic, non-specific colitis of unknown etiology 

and Its pathogenesis is complex. Generally ulcerative colitis is thought to be 

caused by the interaction between environmental factors, heredity, immune 

system, and infection. Hypoxia Inducible Factor-1 (HIF-1) that was identified 

by Semenza and Wang in 1992 [Semenza GL, Wang GL. A nuclear factor 

induced by hypoxia via de novo protein synthesis binds to the human 

erythropoietin gene enhancer at a site required for transcriptional activation. 

Mol Cell Biology 12:5447–5454, 1992] and in the last 20 years was 

associated with many metabolic diseases. The Hypoxia-Inducible Factor-1α 

(HIF-1α) in serum and colonic mucosa of ulcerative colitis (UC) patients has 
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been found to play a role in the pathogenesis, disease activity and severity of 

UC.60  

HIF association with obesity, fatty liver disease and type 2 diabetes 

Scientific evidence points to a role of HIF pathway in metabolic 

regulation that could also be involved in the progression of obesity and 

metabolic diseases. Scientists used distinct animal models with tissue-specific 

knocking-out or overexpression of hypoxia signaling pathway genes revealed 

a cell-specificity in the activation of HIF pathways. Experimental results 

provide support for a role of HIF pathway involvement in the regulation of 

metabolism, especially in glucose and energy homeostasis. Hypoxia-inducible 

factor-α (HIF-α) is a fundamental transcription factor involved in the oxygen 

homeostasis that induces inflammation and insulin resistance in obesity. In 

addition, the abnormal regulation of HIF complex is involved in the 

development of fatty liver disease, and type 2 diabetes.61,62 

 

Autoimmune diseases 

Hypoxia-inducible factor-1α (HIF-1α) plays a crucial role in both innate 

and adaptive immunity. Emerging evidence indicates that HIF-1α is 

associated with the inflammation and pathologic activities of autoimmune 

diseases.63 

 

HIF and atheroschlerosis 

Atherosclerosis is a highly prevalent disease that can significantly 

increase the risk of major vascular events, such as myocardial or cerebral 

infarctions. Anoxemia iis a reduction in the normal amount of oxygen in the 

blood, as at high altitudes. The anoxemia theory states that a disparity 

between oxygen supply and demand contributes to atherosclerosis. Hypoxia 

inducible factor-1 (HIF-1) is a heterodimeric protein, part of the basic helix-

loop-helix family and one of the main regulators of cellular responses in a 

low-oxygen environment. It plays a key role in the development of 

atherosclerosis through cell-specific responses, acting on endothelial cells, 

vascular smooth muscle cells (SMCs) and macrophages.64 
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Conclusions 

Oxygen (O2) is the terminal electron acceptor used during aerobic 

respiration, making it essential for the survival of nearly all plants, animals, 

and single-celled organisms. During respiration, the reduction of O2 into H2O 

is coupled to the production of cellular energy in the form of ATP. Too little 

oxygen results in inefficient respiration and a switchover to anaerobic 

metabolism or cell death. Conversely, too much oxygen can lead to oxidative 

stress and the production of reactive oxygen species (ROS) that can damage 

the cellular components and cause cellular death. As a result of the necessity 

to regulate O2 availability, organisms have evolved complex and elegant 

systems for sensing and maintaining O2 homeostasis, crucial for basic 

metabolism in most aerobic organisms, leading to elaborate pathways for 

sensing hypoxia. Chronic hypoxia evokes cellular responses that lead to 

transcriptional changes mediated by the Hypoxia-Inducible Factor (HIF). After 

30 years of systematic research and fundamental discoveries HIF is 

recognized as a key modulator of the transcriptional response to hypoxic 

stress. Besides its adaptive function in cellular stress responses, recent work 

has also revealed important roles for HIF in both physiological and 

pathological processes. 

William G. Kaelin Jr., Sir Peter J. Ratcliffe and Gregg L. Semenza 

discovered how cells can sense and adapt to changing oxygen availability. 

They identified molecular machinery (HIF) that regulates the activity of genes 

in response to varying levels of oxygen. The seminal discoveries of 2019 

Nobel Prize for Physiology or Medicine revealed the mechanism for one of 

life’s most essential adaptive processes. Their discoveries have also paved 

the way for promising new strategies to fight anemia, cancer and many other 

diseases. The groundbreaking work of these Nobel Laureates, gave us 

answers about how different oxygen levels regulate fundamental physiological 

processes. For example, our immune system and many other physiological 

functions are also fine-tuned by the O2-sensing machinery. Oxygen sensing 

has even been shown to be essential during fetal development for controlling 

normal blood vessel formation and placenta development. 
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