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ABSTRACT

The atmosphere is a mixture of gases that surround any celestial body that has
sufficient gravitational force to prevent the gases from escaping from their
environment. At first probably it consisted of volcanic emanations with almost no
oxygen. The appearance of oxygen in the atmosphere enabled aerobic life as we
know it today. The original gill system of fish was replaced by lungs when oxygen
dissolved in seawater was converted into the gaseous state of the atmosphere. The
respiratory system developed and evolved over eons to serve its most ancient
function: gas exchange. The structure of the respiratory system is designed to serve
this function. Other functions subsequently emerged during evolutionary
development. Cellular respiration, in the intimacy between the capillary and the
cell, and external respiration are discussed to understand the architectural design
serving this and other functions of the respiratory system.

Keywords: Oxygen, mitochondria, cellular respiration, external respiration, structure,
function.

INTRODUCTION

The atmosphere as we know today is approximately 4.5 billion years old. At first it consisted of
volcanic emanations, however current volcanic eruptions are a mixture of water vapor, carbon
dioxide (CO2), sulfur dioxide (SO2), nitrogen dioxide (NOz2), carbon monoxide (CO), hydrogen,
ozone, methane, krypton and xenon, but without oxygen. The first living organisms that
appeared on Earth were essentially anaerobic. If this is the same mixture that existed in the
early atmosphere, several processes must have occurred to produce what we have today,
basically to acquire the oxygen that constitutes 21% of breathable air (1). One of these
processes was condensation. As the planet cooled it is possible and probable that some of the
volcanic water vapor condensed passing from the gaseous state to the liquid and formed the
oceans and seas. The CO2 reacting with the rocks of the Earth's crust produced calcium
carbonate minerals, part of which could dissolve in the new oceans. The most primitive marine
organisms acquired chlorophyll, a pyrrolic pigment capable of converting light energy into
chemical energy, through the photosynthetic combination of water and CO2, generating
carbohydrates and oxygen dissolved in the water. The following equation expresses this
relationship:

6 CO2 + 12 H20 + LIGHT + CHLOROPHYLL = C6H1206 + 6 H20 + 6 O2 + E.
E=Energy.

Approximately 570 million years ago, the oxygen content of the oceans was sufficient to support
marine life through gill respiration. About 400 million years ago, the Earth's atmosphere
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acquired enough oxygen in the gaseous phase for marine animals to reach the Earth's crust and
breathe air. This is how the lungs appeared for this gaseous respiration, which were possibly
air sacs, with blood vessels in their walls that served as primitive organs of gas exchange to
supplement the oxygen obtained through gill respiration (2). Subsequently, with evolution and
phylogenetic development, the lung acquired other functions to maintain homeostasis, such as
immunological and endocrine functions, hormone and peptide synthesis and metabolism,
excretion of volatile metabolic waste products, and filtering of cellular aggregates, all of which
contribute to proper primary function, namely, gas exchange. The integrity of the system
guarantees its functions, and these, in turn, determine its structure (3).

THE DISCOVERY OF OXYGEN

The discovery of oxygen would have to wait the appearance in the European scientific firm of
the French chemist Antoine-Laurent Lavoisier (1743-1794), the English minister Joseph
Priestley (1733-1804) and the Swedish German chemist and pharmacist Carl Wilhelm Scheele
(1742-1786), the fathers of "pneumatic chemistry"” (the chemistry of gases). Lavoisier, with his
precise and methodical approach, directed chemistry in the same way that physics had taken a
century before with the monumental work of Issac Newton and separated chemistry from
alchemy. He was admitted to the Academy of Sciences when he was just 25 years old and
embarked on a career that was, in essence, that of a scientific civil servant. He was part of the
group that devised the metric system, helped draw the first geological maps of France, and was
involved in many other practical applications of science, from the introduction of street lighting
to increasing crop yields. One of his most important official duties as director of the state
factories was the development of gunpowder, which was then vital to France's military power
because the blockade prevented the import of raw materials. Studying combustion with
“mercury lime” (mercury oxide) found that an acid formed every time a substance bound with
a gas active in the air and baptized it with the Greek roots meaning “gas producer”, OXY-GEN.
The idea that oxygen is the “acid-generating principle” is erroneous, but the element was
already discovered and had name. He also coined the name of HYDROGEN, which means water
producer (had shower that water is hydrogen oxide). Lavoisier came from a wealthy Parisien
family and become a tax collector, which was an aristocratic privilege in prerevolutionary
France. He used the money raised to fund his experiments, but the system was unpopular and
corrupt. In 1794 a Revolutionary Court condemned him for having participated in this
collection system. Despite the pleas of his friends and the great services rendered to science
and France, he was condemned to death and the judge commented “The republic does not need
sages”. The guillotine claimed one of its greatest victims (4).

In 1774, Joseph Priestley heated mercuric oxide, and when he studied the gas that was
produced, he wrote, “What surprised me more than I can well express, was that a candle burned
in this air with a remarkably vigorous flame. . . . I was utterly at a loss to account for it.” He
added, “From the greater strength and vivacity of the flame of a candle in this pure air, it may
be conjectured that it might be peculiarly salutary to the lungs in certain morbid cases.”
Priestley remarked that “a moralist, at least, may say that the air which nature has provided for
us is as good as we deserve.” (5). Prestly announced, perhaps without realizing it, the
foundations for the later use of what we would know as medical oxygen. That is, oxygen is a
medication to treat respiratory failure. Priestley discovered two nitrogen oxides, sulfur dioxide
and soda water (carbon dioxide easily dissolved in water under pressure), resulting in a
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pleasant-tasting beverage. He fully supported the American colonists' revolution against
George III of England and his prime minister, Lord North, and later expressed his support for
the French Revolution. This earned him much animosity in his country, and he emigrated to the
United States the same month that Lavoisier died in France. He set up a laboratory in
Pennsylvania and made his final contribution to "pneumatic chemistry" by discovering carbon
monoxide. He died in 1804, weakened by the effects of inhaling the last "new kind of air," carbon
monoxide.

Carl Wilhelm Scheele, Swedish pharmacist, discovered lactic acid in 1772, (manganese and
chlorine too), the same discovery Priestly made. However, he didn't publish it until 1777, after
Lavoisier and Priestley. Lavoisier proved the existence of oxygen, named it, and published it
firstin 1777. A correspondence between Scheele and Lavoisier, which remained forgotten and
dated 1772, was discovered only in 1992 (218 years later), proving that Scheele was the father
of the discovery (6). However, Scheele is rarely mentioned in science textbooks as part of this
select group that discovered oxygen. The historical eye is sometimes farsighted.

02 began to be used indiscriminately and ritualistically and is used as a cure for many
respiratory diseases. By the late 1890s, rigorous scientific evaluation had demonstrated that
there were deleterious effects from the use of supplemental oxygen (7). Later, West would
teach us that there are 5 mechanisms of alveolar hypoxia and hypoxemia: diffusion disorders,
hypoventilation, right-left intrapulmonary shunt, imbalance ventilation/perfusion, and
decrease oxygen inspired fraction (8).

THE INTERNAL RESPIRATION
Despite the ancient acquisition of oxygen from the atmosphere and the discovery by Lavoisier,
Priestely and Scheele 250 years ago, the cellular and nuclear mechanism of the coordinated
response to hypoxia has been unraveled in the last 30 years. The key to this knowledge is the
family of HIFs (hypoxia-inducible factors), which are transcription regulators or master-switch
that respond primarily to oxygen levels and bind to specific DNA sequences.

Molecular Biology of Normoxia and Hypoxia

All nucleated cells sense and respond to hypoxia and not just the glomus cells of the carotid
body, as was originally believed. One of the first key elements was the discovery of the role of
HIFs as proteins that bind to the hypoxia response element (HRE) of the gene encoding
erythropoietin (EPO) synthesis under conditions of hypoxia (9). It was then defined that HIF-1
is a heterodimer formed by two subunits: HIF-1a (oxygen regulatory unit) and HIF-1f3
(constitutional unit). HIF-1f is ubiquitous and is transcribed continuously, but HIF-1a is
restricted, and under normoxic conditions, is present at very low levels in the cytoplasm (10).
Under normoxic conditions, prolyl-hydroxylases (PHDs) in the presence of oxygen, iron and 2-
oxoglutarate, hydroxylates the HIF-1a proline, creating a binding site with the von Hippel-
Lindau protein, which recruits the ubiquitin E3 ligase. Polyubiquitination signals protein for
degradation by proteasome 26S (11). (Figure 1). HIF inhibitory factor (FIH) is an oxygen-
dependent asparagine-hydroxylase (hydroxylates asparagine residue) that reduces HIF
activity (12). Therefore, both metabolic pathways reduce HIF activity, and both are oxygen
dependent, which explains the reduced expression of HIF in the presence of normal oxygen
concentrations (Figure 2A). HIF-2 consists of two subunits: HIF-1f and HIF-2a which is a
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paralogue of HIF-1la and expressed mainly in normal tissue macrophages and plays an
important role in erythropoiesis and vascularization. Its expression is also regulated by oxygen-

dependent hydroxylation (13).
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Figure 1: Role oh Hypoxia-Inducible Factors a (HIF-a) under Normoxic conditions.
Legend. Under normoxic conditions, HIF-« is hydroxylated by prolyl-hydroxylase domain 2 protein (PHDz). It
then interacts with von Hippel-Lindau protein (VHL), and recruits’ ubiquitin E3 ligase. The polyubiquitination of
HIF-1a flags the protein for degradation by the 26S proteasome.
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Figure 2: Factor inhibiting HIF-1.
Legend. (Panel A). Factor inhibiting HIF-1 (FIH-1) also uses oxygen to hydroxylate HIF-1a on an asparagine
residue (Asn-OH). HIF-1a containing Asn-OH cannot be bound by the coactivator protein p300, thereby
preventing HIF-1a from activating gene transcription.

Under hypoxic conditions, hydroxylation of proline and asparagine is not activated, and HIF-1a
accumulates rapidly, translocated to the nucleus, dimers with HIF-1B, recruit p300
(coactivating protein), binds to HRE and activates RNA polymerase II from hundreds of target
genes (Figure 3). For example, EPO, which is the hormone that stimulates the production of red
blood cells, VEGF encoding vascular endothelial growth factor (which is the angiogenic factor
that stimulates the formation of blood vessels) and glycolytic enzymes, for example PDK1
(pyruvate dehydrogenase-kinase 1, which adapt cellular metabolism to conditions of hypoxia)
(14). Other genes that are activated by HIFs are those encoding the synthesis of nuclear factor
KB (NF-kB) (a pro-inflammatory factor) and Toll-like receptors (TLRs). Normally NF-kf is
inactive in the cytosol because there is a molecule that inhibits its activity, IKBa, but when
hypoxia conditions (e.g., EPOC) are present, HIFs on translocation to the nucleus (in alveolar
macrophages) activate the gene of the IKKf3, a kinase that phosphorylates IKBa and the inactive,
releasing the control that was on NF-KB. NF-Kf( translocated to the nucleus and in turn,
activates genes encoding the synthesis of pro-inflammatory proteins such as tumor necrosis
factor-alpha (TNF-a) and interleukin-8 (IL-8), the largest chemotactic mediator and activator
of neutrophils that infiltrate the airway, capitalizing the inflammation (Figure 4). Hypoxia
therefore produces inflammation and this in turn tissue hypoxia generates a vicious circle (15).
In general, hypoxia amplifies the cell activity of innate immune response while suppressing the
adaptive immune system response (16). The TLRs are a family of protein receptors that play a
key role in recognizing molecules in the immune system (17).
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Figure 3: Role of the HIF-1a under Hypoxic conditions.
Legend. Under hypoxic conditions, HIF-a does not undergo degradation and rapidly accumulates but instead
translocated to the nucleus where it dimerizes with HIF-f and the recruits” coactivators (p300), binds to hypoxia
response elements (HRE), and activates the transcription by RNA polymerase II of hundreds of target genes.
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Figure 4: Activation of the Nuclear Factor k(3 (NF-Kkf).

Legend. NF-kf has a central role in orchestrating the inflammatory response in respiratory pathologies. NF-kf is
activated by oxidants and inflammatory mediators such as TNF-a produced by macrophages, epithelial cells,
neutrophils, and fibroblast. Most of the inflammatory proteins that are upregulated in macrophages are
regulated by NF-kp. Interleukin-f (IL-f) is ubiquitous inflammatory chemokine that mediates several
inflammatory events in the lungs. It is a major chemotactic and activating mediators of neutrophils. TNF-a=
tumor necrosis factor-a. NF-kf3= Nuclear Factor kf. CXCR1= chemokine C-X-C motif receptor 1. CXCR2=
chemokine C-X-C motif receptor 2.

Solid tumors contain increased levels of HIF-1a and HIF-2«, and these elevated levels correlate
with cancer-related death. Inflammatory cells also contribute to the abnormal growth and
activity of blood vessels in tumors by the release of VEGF (18,19).

Mitochondria

The human lung is composed of approximately 40 cell types, regionally and spatially located
through the organ, and contains several levels of mitochondria (20). The mitochondrial genome
was inherited through the maternal germ line and was inherited from aerobic prokaryotes
bacteria (no defined nucleus) more than a billion years ago and retains many of the
morphological and biochemical characteristics of their bacterial ancestors. They are an icon of
convoluted double-crested structures that are present in all cells of the body and have their
own genome, transcriptome and proteome (21). According to the endosymbiotic theory,
mitochondria are descendants of old bacteria that entered symbiotic relation with the cells of
the host (22). Conceptualized as “cell batteries” (and consistent with this analogy subject to
change), mitochondria are complex cellular organelles assembled from proteins encoded by
two distinct genomes: nuclear chromosomal DNA and the mitochondrial genome, i.e.,
mitochondrial DNA (mt-DNA). Despite the small size of the mt-DNA (16.5 kb in humans), it
encodes 13 potential oxidative phosphorylation subunits (OXPHOS) which interact with more
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than 70 units encoded by nuclear DNA: their concerted action is necessary to produce ATP
(adenosine triphosphate), which is required for all active cellular processes (23). Historically,
the major role of mitochondria has been to catalyze the oxidation of metabolites to produce
ATP, via OXPHOS (see later). Additional critical functions of mitochondria such as regulation,
proliferation, differentiation, cell death, redox and calcium homeostasis have been revealed
during the last three decades. Recently, research has pointed out mitochondria as controlling
the immune responses and determinants of immune cell phenotypes and their functions,
including CD4+ T cell differentiation and CD8+ memory T cell formation (24). Mitochondrial
aerobic glycolysis is required for effective activation of T cells through the generation of mt-
ROS (reactive oxygen species), which are necessary for optimal activity of nuclear factor of
activated T cell (NF-AT) and proximal T-cell receptor-mediated signaling (25). Within the
mitochondrial proteome are key proteins such as mitochondrial antiviral signaling protein
(MAVS), which is the first protein located in the mitochondria involved in innate immune
response and inflammatory response (26).

The presence of two genomes in human cells - the nuclear genome and the tiny mt-DNA - is a
curiosity of evolution. Altered mt-DNA diseases (more than 400 mutations or deletions in the
16,569-bas-pair mitochondrial chromosomes that contain only 32 genes), are heterogeneous
disorders with well-known genetic causes (27). The possibility of mitochondrial replacement
in certain individualized cases is a viable therapeutic option. In fact, on December 15, 2016, the
Human Fertilization and Embryology Authority in the United Kingdom approved the use - in
certain specific cases - of an in vitro fertilization (IVF) technique involving donation of
mitochondria (28). The discovery of pathogenic defects of mt-DNA occurred in the 1980s, but
since then much research has revealed several common diseases, in which mitochondrial
dysfunction is a pathogenic and/or perpetuating mechanism of the process underlies. COPD
does not escape this fact (29).

Oxidative and Glycolytic Metabolism

When arterial oxygen reaches tissue capillaries, Oz diffuses to the mitochondria, where POz is
much lower. "Textural" or tissue POz likely varies greatly from tissue to tissue at the peripheral
level, but in some cells, tissue PO2 drops as low as 1 mm Hg (30). Under normoxic conditions,
HIF-1a and HIF-2a will not translocate to the nucleus and glucose metabolism will occur via
the aerobic pathway (Fig- 5). Glycolytic enzymes convert glucose into pyruvate, which can be
converted, in well-oxygenated cells, into acetyl coenzyme A (CoA) (by the enzyme pyruvate
dehydrogenase (PDH). Acetyl CoA is oxidized in mitochondria to tricarboxylic acid (TCA)
(Krebbs cycle), generating electrons that are transferred through a series complexes, electron
transport chain (ETC), and are eventually transferred to oxygen to form water. The proton
gradient established by ETC is used to synthetize ATP (31). NADH (nicotine adenine
dinucleotide) and FADH2 (flavine and adenine dinucleotide) are intermediate compounds that
store energy and transfer it to ADP to form ATP (ATP synthase), through the proton gradient
hat was generated for ETC. (31). These processes occur in the inner membrane of mitochondria.
When ATP is hydrolyzed at its phosphate bonds (energy ‘store), ADP, inorganic phosphorus,
and energy are released. It is this energy that the cell uses for its metabolism and cellular
processes such as muscle contraction, ion transport, molecular synthesis, protein synthesis,
lysosomal enzyme activity, propagation of nerve impulses, etc.
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Figure 5: Regulation of Glucose metabolism in response to changes in cellular oxygen levels.
Legend. Glucose is converted to pyruvate by the action of glycolytic enzymes. In well-oxygenated cells (red
pathway), PDH converts pyruvate to acetyl coenzyme A (CoA), which is oxidized in the mitochondrial
tricarboxylic acid (TCA) cycle, generating electrons that are transported through a series of protein complexes
(ETC) and are eventually transferred to oxygen to form water. The proton gradient established by the ETC is
used to synthetize ATP. Under hypoxic conditions (blue pathway) PDK1 inactive PDH, and LDH converts
pyruvate to lactate (15).

Under hypoxic conditions, pyruvate dehydrogenase kinase 1 (PDK1) inactivates PDH, and
lactate dehydrogenase A (LDHA) converts pyruvate to lactate. HIF-1 activates the expression of
LDHA and PDK1 genes, thus tipping the balance from oxidative to glycolytic metabolism (32).
Although anaerobiosis is a relatively inefficient path to produce ATP (oxidative metabolism
generates 18 times more ATP per mole of glucose than glycolytic metabolism), it can keep the
cell alive as it reduces oxygen consumption. A critical event added to the relative inefficiency of
the anaerobic pathway is its product. In the aerobic pathway, the end products are endogenous
water and COz. The lungs eliminate more than 10,000 mEq/day of carbon dioxide. The kidneys
eliminate less than 100 mEq of acid/day. The lungs exert considerable control over acid-based
balance. Anaerobically, it produces lactic acid, which produces intracellular acidosis by
reducing the pH. This leads to dysfunction of enzymes vital to cellular metabolism, densification
of proteins and lipids, and alterations in the transport of ions and molecules across the cell
membrane, all of which lead to cell death, particularly if the pH drops below 7. Acidosis also
activates several mechanisms of programmed cell death, which accelerates cellular failure to
maintain metabolism and leads to cell death.

Anaerobic today are presumably descendants of those primitive organisms, "adapting” to
increased atmospheric levels of oxygen for restricted themselves to environments where
oxygen does not penetrate. Other organisms have developed defense systems to protect

Services for Science and Education - United Kingdom 188



Alvarado, A. (2025). Structure and Function of the Respiratory System. European Journal of Applied Sciences, Vol - 13(04). 180-209.

themselves from oxygen toxicity using the same as metabolic transformations (hydroxylase,
oxidase and oxygenase enzymes are examples) and for efficient energy production by using
electron transport chains with oxygen as the terminal electron acceptor-such as those present
in the mitochondria. Mitochondria produce 80% of our cellular adenosine triphosphate (ATP)
(33). It is remarkable that we have developed antioxidant defenses against concentrations of
21% oxygen, but not more. All aerobic species suffer injury when exposed to higher
concentrations of 21%. For example, humans breathed pure oxygen and as early as six hours to
develop chest tightness, cough, and sore throat (34). Exposure periods over the alveoli of the
lung damage and premature infants exposed to high doses of oxygen develop fibroplasia
lenticular (which may occur with blindness) (35).

In 1954, Gerschman and colleagues in the United States (US) proposed that the harmful effect
of oxygen was due to the formation of oxygen radicals, superoxide oxygen theory, followed in
1968 the discovery of the enzyme superoxide dismutase (SOD), specific for the removal of a
free radical substrate. In its simplest form, this theory states that oxygen toxicity is due to
excess formation of superoxide radical (Oz¢") and the SOD enzymes are important antioxidant
defenses (36).

THE EXTERNAL RESPIRATION

Humans have evolved complex circulatory, respiratory, and neuroendocrine systems to ensure
that oxygen level are precisely maintained, since a deficiency or excess may result in death of
cells, tissue, or the organism. No other molecular factor has had a singular influence on the
development and progress of animal life as oxygen. PO falls as the gas moves from the
atmosphere in which he lived until the mitochondria where it is used. At sea level the PO2 of
inspired air is 150 mm Hg. When systemic arterial blood reaches the capillary tissue, oxygen
diffuses into the mitochondria where POz is very low (36,37). All processes of external
respiration, however simple or complex, are designed to capture atmospheric oxygen (and
export CO2 to the atmosphere), and supply it to mitochondria for aerobic metabolism. These
processes are briefly discussed below, essentially as a chain of events that contribute to
mitochondrial respiration.

Ventilation

The primary function of the respiratory system is to allow gas exchange between the circulatory
system (which carries Oz to the mitochondria) and the environment. This occurs between
alveolar gas and the blood contained in the pulmonary capillaries. The process described above
is called alveolar ventilation (AV ). Total ventilation (pulmonary ventilation or minute
ventilation) is given by the product of tidal volume and respiratory rate, but AV corresponds to
the volume of air that reaches the gas exchange units (alveoli) and participates in the fresh gas
exchange (that is, it provides Oz and extracts COz); so, the air retained in the dead space must
be discounted. Due to the availability of Oz from the alveolar space, the alveolar cells do not rely
on pulmonary perfusion for oxygen delivery. For this reason, in adults, O2 consumption of lungs
only represents 0.5-4% of the total oxygen consumption (39). The cells of the major conducting
bronchi represent an exception to the generalization concerning the sources of oxygen for lung
cell metabolism. While the bronchial epithelium obtained the Oz diffusion from the lumen of
the airway, oxygen consumed by the deep tissues of these pathways is delivered by the systemic
circulation through the bronchial arteries (40). According to the Weibel model, the airways
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branch systematically forming an average of 23 generations of dichotomies, the first 16 being
purely conductive generations and the last 6-7 related to gas exchange. However, it should be
noted that these conduction pathways, through the bronchial venous plexus (the bronchial
arteries supply blood to the plexus), are located beneath the mucosa and another part beneath
the adventitia and drain their blood into the bronchial veins and are part of the airway water
exchange system. They add moisture and heat to the inspired air, which are necessary not only
for water balance, but also, and above all, for the proper functioning of the epithelia lining the
conducting airways, the function of the cilia, and ASL (airways surface liquid) (41).

Dead space corresponds to the portion of the respiratory tract where gas exchange does not
occur. There are two "types" of dead space. Anatomical dead space: this corresponds to the
conducting airway, which does not have alveolar units, that is, up to the terminal bronchioles.
Physiological dead space: this corresponds to the areas of the lung that are ventilated but not
perfused and therefore do not participate in gas exchange. In other words, it is the sum of the
anatomical dead space and the alveolar dead space (42). In healthy individuals, the anatomical
dead space and the physiological dead space are practically equal; however, in pathological
conditions, the latter can increase considerably depending on the differences between blood
flow and ventilation in the different lung areas. These alterations are beyond the scope of this
review. Total ventilation is relatively easy to determine by measuring tidal volume with an
expiratory valve and multiplying by the respiratory rate. However, to quantify alveolar
ventilation, we need to know the amount of dead space, which is not possible using
conventional spirometry maneuvers. Thus, two methods for measuring dead space emerge:
Fowler's method, which measures anatomical dead space, and Bohr's method, which measures
the physiological dead space (43).

As air moves from the atmosphere to the alveoli, POz decreases, so that at the alveolar level it
is about 100 mmHg (at sea level) or has decreased by one-third. This occurs in part because, as
it passes through the airway, the cells lining it consume Oz for aerobic metabolism, water vapor
and gases such as CO2 coming from the capillaries are added and because at the alveolar level,
02 is taken up by the pulmonary venous capillary blood for oxygenation. Therefore, alveolar
POz (PAO2) is a product of the balance between uptake by the capillaries (which in turn
depends on 02 consumption by the tissues) and continuous replenishment by alveolar
ventilation. Therefore, PAO: is largely determined by VA. Inspired air circulates at high speed
to the terminal bronchioles, but beyond that, the cross-sectional area of all the airways
increases to such an extent, due to the large number of bifurcations, that the velocity of the gas
decreases significantly.

e PAO2=PI02- (PACO2/0.8). P102= (PB-47) FIO2.

e PAO:2= Alveolar Oz2. PACO2= Alveolar CO2 pressure= Normal= 40 mmHg

e 0.8= R=respiratory quotient= Relationship between CO2z production (250

cc/minute)/oxygen consumption (300 cc/minute).

e PIO2=Inspired oxygen pressure.

e PB= (760 mmHg sea level).
47= 47 mmHg= Water vapor pressure. PAO:z is calculated in dry air, so H20 vapor is
subtracted. PACO2 must also be subtracted.
e FIO2= Inspired Oz Fraction = 0.21% at ambient air.
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Therefore, at sea level if the barometric pressure is 760 mmHg and the vapor pressure of H20
is 47 mmHg (at body temperature of 37°C), the pressure of inspired air will be 149 mmHg
([760-47]x0.21) and by subtracting 50 (40 mmHg of PACO2/0.8) we will get a PAO2 of 100
mmHg.

The mechanism that conveys air from the terminal bronchi to the outermost wall of the alveoli
(the acini are 5 mm long) is gaseous diffusion (molecular diffusion), in which contact between
the molecules and with the walls accelerates the particles. This mechanism guarantees air flow
within the acinus, which is truly the functional unit of the respiratory system. Lungs with 5
million alveoli have approximately 150,000 acini. This process of molecular gaseous diffusion
within the airway should not be confused with diffusion across the blood-gas membrane, which
allows the transport of gases between alveoli and capillaries (44).

Diffusion

Diffusion across the blood-gas membrane occurs passively and primarily involves Oz, which
moves toward the capillary, and CO2, which moves toward the alveoli. Diffusion of Oz is slower
than that of CO2 due to its lower solubility. COz and Oz have similar molecular weights, but CO 2
is 24 times more soluble in the liquid phase. For a given gas to diffuse through the alveolar-
capillary membrane, it must pass from a gaseous to a liquid interface, which is determined by
Henry's law. This law states that "the amount of gas (C) absorbed by a liquid in which it
chemically combines is directly proportional to the partial pressure (P) of the gas to which the
liquid is exposed and the solubility (k) of the gas in the liquid" (C = k x P). The gas must then
transit to the alveolar-capillary membrane, sequentially diffusing through the pulmonary
surfactant, the alveolar epithelium, the interstitium, and the capillary endothelium to reach the
erythrocyte. The diffusion rate of a gas is determined by Fick's law, which states that "the
volume of a gas moving through a membrane per unit time is directly proportional to the area
of the barrier (A), the diffusion constant (D), and the pressure difference (P1-P2) between the
two sides, but is inversely proportional to the thickness of the barrier (T)” according to the
following formula: V gas = AD (P1 - P2)/T. In the alveolar-capillary membrane, these
determinants have unique characteristics that facilitate diffusion. The surface area is large,
between 60 and 100 m? in a healthy adult. This area increases with the recruitment of
capillaries during exercise and decreases under conditions of low venous return. The barrier
thickness (T) is minimal (0.2 to 0.5 um) and facilitates diffusion. The diffusion constant (D)
depends on the properties of the alveolar-capillary membrane and the gases. Finally, the partial
pressure gradient (P1 - P2) is the main determinant of the diffusion rate of a gas (45).

The time it takes for the red blood cell to travel from the venous side to the arterial side along
the capillary is 0.75 seconds. At rest, the equilibrium of the Oz partial pressure gradient across
the alveolar-capillary barrier is achieved in one-third of the time it takes for an erythrocyte to
pass through the capillary, about 0.25 seconds. Oz easily passes through the alveolar-capillary
barrier and binds to hemoglobin in hundredths of a second, saturating it; dissolved Oz increases
the capillary O2 partial pressure, which begins at about 40 mmHg in mixed venous blood and
quickly reaches the alveolar Oz partial pressure (100 mmHg). This would be true in a perfect
lung, where the POz of arterial blood would be the same as that of alveolar oxygen (PAO2), but
this is not exactly the case. As O: diffuses, some of the molecules are consumed by alveoli, the
interstitium, and the vessel walls for aerobic metabolism. Therefore, while it is true that blood
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POz rises ever closer to PAO2 as the blood travels through the pulmonary capillary, it can never
reach it. This difference is minimal under normal conditions but can be amplified in
pathological conditions. After 0.25 seconds, there is no further passage of Oz from the alveoli to
the blood-gas membrane which means that it has 0.5 seconds of reserve for diffusion. In
exercise time decreases the blood remains in the capillary, but Oz transfer increases as the
barrier area increases by recruiting previously un-perfused capillaries and improving the
ventilation/perfusion ratio. But during regular exercise, it takes a red blood cell a third of a
second to cross the capillary, just the time it takes for oxygen to diffuse. Therefore, PaO2
(arterial PO2) should not be significantly reduced with exercise, unless PAO: is reduced (as at
altitude) or there is a pathology of the alveolar-capillary membrane that delays diffusion. Basal
and post-stress blood gas analysis is a test used to functionally assess the integrity of the
alveolar-capillary membrane. The diffusion of CO2 is much more efficient than that of Oz since
CO2 diffuses 20 times faster in the alveoli-capillary membrane. Therefore, when diffusion is
impaired, the passage of O: is affected first. The pressure gradient across the membrane is
equilibrated at approximately the same time (0.25 seconds), even though the partial pressure
gradient of COz is only 5 mmHg: much lower than the 60 mmHg of O2. Since Oz and CO2 diffusion
is limited by perfusion, they are not used to measure diffusion capacity in the laboratory. DLCO
(diffusion of carbon monoxide=CO) is used, whose passage through the membrane is
essentially limited by diffusion (46,47). Normal value of DLCO at rest is 25 mL/minute/mm Hg
(8 mmol/minute/Kpa) and increases 2-3 times during exercise.

Pulmonary Circulation

Ared blood cell takes 4 to 5 seconds to travel through the pulmonary circulation under resting
conditions and remains for about 0.75 seconds within the pulmonary capillaries. Pulmonary
capillaries have an average diameter of 6 pm, making them slightly smaller than a red blood
cell, so they must change shape to pass through them. Each red blood cell passes through
multiple capillaries during its passage through the lungs. Approximately 280 trillion pulmonary
capillaries supply 300 million alveoli in an adult, resulting in an estimated potential gas
exchange area of 50 to 100 m? (48). The lungs receive blood through the bronchial and
pulmonary circulations. The bronchial circulation constitutes a very small portion of the left
ventricle's cardiac output (2%) and supplies part of the tracheobronchial tree and other lung
structures up to the level of the terminal bronchioles with systemic arterial blood. The
bronchial arteries emerge variably, either directly from the aorta or from the intercostal
arteries. The venous drainage of this circulation is unusual; some bronchial veins drain into the
azygos and hemiazygos veins, while a substantial portion of venous drainage enters the
pulmonary veins. The blood in the pulmonary veins has already participated in gas exchange
and is therefore already oxygenated. Thus, the drainage of the bronchial veins into the
pulmonary venous flow is part of the anatomical right-to-left shunt. Another component of the
right-to-left anatomical shunt is a small amount of blood from coronary veins that drain directly
into the left ventricle via the Thebesian veins. The combined effect of both shunts adds poorly
oxygenated (venous) blood to the arterial blood, depressing arterial PO2. Pulmonary circulation
constitutes the entire cardiac output of the right ventricle and supplies the lung with mixed
venous blood from all tissues of the body. It is this blood that participates in gas exchange with
alveolar air in the pulmonary capillaries. The pulmonary circulation begins in the main
pulmonary artery, which receives deoxygenated blood from the right ventricle. The pulmonary
artery and its branches have much thinner walls, with less smooth muscle, than the arteries of
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the systemic circulation, as well as larger internal diameters. The pulmonary artery branches
successively (28 generations) like the airway system to the terminal bronchioles, subsequently
passing into the capillary bed. The pulmonary capillaries form a dense network in the wall of
the alveoli, allowing gas exchange. Oxygenated blood is collected from the capillary bed by small
pulmonary veins that eventually join to form the four large pulmonary veins that empty into
the left atrium.

The pressures in the pulmonary circulation, unlike systemic pressures, are remarkably low,
being in harmony with the walls of the pulmonary artery and its branches, which are very thin
and have little smooth muscle, offering much less resistance to blood flow. They give the
pulmonary vessels greater distension than the arteries of the systemic circulation. These
factors lead to much lower intravascular pressure, which makes them more compressible. PVR
(pulmonary vascular resistance) is equal to mean pulmonary artery pressure minus mean left
atrial pressure, which is then divided by pulmonary blood flow. Normal pulmonary vascular
resistance is one-tenth of systemic vascular resistance (17 mmHg/L/minute). In an adult,
pulmonary blood flow is about 6 L/min, so pulmonary vascular resistance is 10 (15-5)/6, or
about 1.7 mmHg/L/ minute. (49). Mean pulmonary artery pressure (15 mmHg) is measured by
placing a catheter in the pulmonary artery or indirectly using echocardiography by measuring
right ventricular systolic and diastolic pressures. Left atrial pressure is 5 mmHg. This difference
in right ventricular output pressure minus left atrial input pressure is divided by pulmonary
blood flow to obtain PVR. This is more relevant to cardiovascular physiology. PVR has its lowest
overall value at the level of functional residual capacity (FRC) and increases at high or low lung
volumes. Therefore, lung volume influences resistance. What should be clear is that under
physiological breathing conditions (FRC), breathing and air intake promote a reduction in PRV
so that blood flow can flow through the pulmonary circulation. In turn, as blood flow increases,
PRV decreases through two mechanisms: recruitment and distension of pulmonary blood
vessels. Under resting conditions, a proportion of the capillaries are poorly perfused. As the
right cardiac output increases, these capillaries are recruited, opening parallel pathways, which
decreases PVR. Furthermore, given the anatomy of the pulmonary vessels, increased blood flow
produces an increase in caliber or distension of individual capillary segments, which also
decreases resistance. In addition to the passive factors previously described, the muscle tone
of the pulmonary vessels can actively modify PVR and is influenced by neural and humoral
factors. The pulmonary vasculature is innervated by sympathetic and parasympathetic fibers
of the autonomic nervous system. The catecholamines epinephrine and norepinephrine
increase PVR, while histamine is a powerful vasoconstrictor. Certain prostaglandins,
thromboxane, and endothelin also have a vasoconstrictor effect. Acetylcholine, beta-glucans,
nitric oxide, and certain prostaglandins also have a vasodilatory effect. This is particularly
relevant in the pathophysiology and treatment of the various forms of Pulmonary Arterial
Hypertension (50-52).

Pulmonary blood flow can be determined using various techniques, both invasive and indirect.
Invasive methods include measuring the volume of blood circulating through the lung every
minute, using Fick's principle.

e V=0 (Calz-Cv0y2)

e (:flow
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e V02:average 02 consumption per minute at the mouth (it would be equal to the amount
of Oz captured by the blood in the lungs per minute). It is measured by collecting exhaled
air in a spirometer and measuring its concentration.

e (CvOz: concentration of oxygen in the blood entering the lungs. Deoxygenated blood is
measured with a catheter in the pulmonary artery.

e (CaOz: blood leaving the lung. It is measured by arterial puncture.

Among the noninvasive methods for measuring blood flow, transcutaneous and
transesophageal Doppler ultrasound stands out, being the most widely used clinically. Regional
blood flow can also be determined by pulmonary angiography or pulmonary computed
tomography.

Blood flow is not distributed evenly throughout the lung but is affected by gravity. When
standing, blood flow progressively decreases from the bases to the apices, reaching very low
levels in this area. In the supine position, blood flow in the posterior regions is greater than in
the anterior region. If we consider the pulmonary arterial system as a column of blood, the
pressure difference between the highest part (pulmonary apex) and the lowest part
(pulmonary bases) of a 30 cm high lung will be about 30 cm of water (23 mmHg). This pressure
difference is very large for a low-pressure system such as that of the pulmonary circulation. It
is obvious that the bases are better perfused than the pulmonary apices in a standing individual.
Under normal circumstances, passive factors dominate vascular resistance and flow
distribution in the pulmonary circulation. However, when PAO: drops below 70 mmHg,
significant hypoxic pulmonary vasoconstriction can occur (53,54). During this phenomenon,
the smooth muscle contraction of the walls of the small arterioles, located very close to the
alveoli, occurs in the hypoxic region. An increase in the concentration of cytoplasmic calcium
would be the main trigger of this contraction. Alveolar hypoxia can cause the release of
vasoactive substances from the lung parenchyma or mast cells present in the affected area.
Histamine, serotonin, catecholamines, and prostaglandins have been suggested as mediators of
this reaction, but none fully explains the response to hypoxia, so it is likely the combination of
various mediators that produces this vasoconstriction. Nitric oxide (NO), an endothelium-
derived vasodilator, also plays a role in controlling circulation. It is produced from L-arginine
catalytically, through the action of endothelial NO synthase. NO activates guanylate cyclase and
increases the synthesis of cyclic guanosine 3'-5'-monophosphate (cyclic GMP), which leads to
smooth muscle relaxation. Thus, NO synthase inhibitors, which decrease NO release, produce
pulmonary vasoconstriction. The pulmonary vascular endothelium also produces
vasoconstrictive substances, such as endothelin-1 (ET-1) and thromboxane A2 (TXA2).

Furthermore, it is possible that hypoxia itself may act directly on vascular smooth muscle by
inhibiting potassium efflux from cells, which would cause depolarization, with the entry of
calcium into the cells and subsequent muscle contraction. Just as hypoxia causes redistribution
of circulation, the presence of low blood pH or high PaCO: also causes vasoconstriction,
especially when associated with hypoxia. Hypoxic vasoconstriction is capable of redistributing
blood flow, decreasing its delivery to hypoxic areas, thereby reducing the impact on gas
exchange. This response seeks to prevent well-oxygenated pulmonary venous blood from
mixing with blood that has not adequately participated in gas exchange, which would produce
a lower PaOz and, in more severe conditions, even an increase in PaCOz. Thus, blood flow is
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redirected to better-ventilated areas of the lung. Due to the limited smooth muscle of the
pulmonary blood vessels, this response is limited (55). For proper gas exchange, it is essential
to keep the alveoli free of fluid. Fluid exchange across the endothelium obeys Starling's law,
which states that the force tending to push fluid outward from the capillary is the capillary
hydrostatic pressure minus the interstitial fluid hydrostatic pressure (Pc - Pi). The force
tending to retain fluid inside the capillary is the colloid osmotic pressure of the blood proteins
minus the pressure of the interstitial fluid proteins (mc - mi). This force depends on the
reflection coefficient o, which indicates the capillary wall's effectiveness in preventing proteins
from passing through it.

Fluid outflow = K [(Pc - Pi) - o (1tc - mi)]
K is a constant called the filtration coefficient.

When fluid leaves the capillaries and exits the fluid then flows into the interstitium, reaching
the perivascular and peri-bronchial spaces within the lung. Lymphatic vessels travel through
the perivascular spaces and transport fluid to the hilar lymph nodes. The initial form of
pulmonary oedema results from congestion of these peri bronchial and perivascular spaces,
which constitutes interstitial edema. As it progresses, fluid can cross the alveolar epithelium
into the alveolar spaces, producing alveolar edema and impaired gas exchange (56).

Ventilation/Perfusion Imbalance

V/Q imbalance is the main pathophysiological cause of respiratory failure in upright humans,
and the main cause of this disorder or imbalance is gravity. The lung bases are better perfused
than the apices, and this is clearly because of gravity on hydrostatic pressure within the blood
vessels (see perfusion). It should also be clear that ventilation is greater at the bases than at the
apices. This is also due to the impact of gravity, but now on pleural pressure. As we descend
from the apices to the bases, for every cm of length, gravity reduces pleural pressure by 0.3 cm
H20, such that for a lung 30 cm long, the pleural pressure at the bases is 9 cm H20 less negative
(0.3 x30=9). To illustrate, if the pressure at the apices is -12 cm H20, at the bases it will be -3
cm H20. Therefore, the alveoli at the apices (which are fewer in number than at the bases) will
be more dilated in the resting position than those at the bases, which will therefore be smaller.
When there is a change in pleural pressure (for example, from FRC to TLC), the change will be
smaller at the apices than at the bases, and ventilation will be greater at the bases than at the
apices (it is easier to put more air into a very deflated balloon than a balloon that is already
partially inflated). Therefore, ventilation is greater at the bases. Therefore, ventilation and
perfusion are greater at the bases than at the apices. Ventilation per unit decreases towards the
top of the lung, as does blood flow, but the rate of change of ventilation is much slower
(approximately one-third of that of blood flow). This is due to the behavior of two different
elements under gravity. The density of blood is about 1000 times greater than that of air (57).

At this point in the discussion, it is obvious that both ventilation and perfusion decrease
towards the top of the lung in a vertical position. The change in ventilation is much less than
that of the flow, which leads to alveoli at the base of the lung being better perfused than
ventilated and those at the apex of the lung better ventilated than perfused. The index
ventilation/perfusion is abnormally low at the base of the lung (around 0.6) and then increases
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as we ascend in the lung, slowly at first, and then rapidly, until it reaches high values (greater
than 3 at the apex). It is this relationship that determines the exchange of gases in any unit or
region of the lung. Studies of healthy individuals using the MIGET (multiple inert gas
elimination technique) show that the ventilation-perfusion ratio can range from 0.1 to 10, but
that most of the blood flow and ventilation go toward units with a ventilation-perfusion ratio
close to 1 (Figure 6). In fact, the average value for the entire lung is 0.85. This assumes an
alveolar ventilation of 4 liters/minute and a blood flow of 5 liters per minute (58). At this point,
it is important to briefly clarify two concepts: first, the inequality of the ventilation-perfusion
ratio is because gravity has on air (ventilation) and blood (perfusion), which behave differently
under Newton's law due to their different densities. Second, the inequality of this ratio is the
pathophysiological mechanism most frequently involved in respiratory failure in patients who
attend medical services in clinics and hospitals.
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Figure 6: Ventilation-Perfusion ratio.
Legend. Although the lung bases are better perfused and ventilated than the lung apices, the slope of the

ventilation curve is less steep than that of the perfusion curve. This is due to the lower density of air than that of
blood. When estimating the ventilation-perfusion relationship, the index is > 1 at the apex and < 1 at the bases.
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Under physiological conditions, this imbalance adds approximately 4 mm Hg to the alveolar-
arterial 02 difference. Thus, normally, diffusion, the physiological right-to-left shunt, and the
physiological ventilation/perfusion imbalance establish a normal alveolar-arterial gradient of
approximately 10-15 mm Hg. Obviously, the gradient increases under pathological conditions.

Gas Transport

The blood gas transport system requires the integration of the respiratory and circulatory
systems (blood and cardiovascular system) and refers to how Oz reaches the tissues to maintain
their metabolic processes, and how CO2, the product of aerobic metabolism, is eliminated.
Oxygen is transported physically dissolved in the blood and chemically combined with
hemoglobin (Hb) within the erythrocyte. Under normal conditions, with a partial pressure of
arterial oxygen (Pa02) close to 100 mmHg, blood carries 0.3 ml of dissolved oxygen per 100 ml
of blood (0.003 ml/100 ml for each mmHg of pressure, at a temperature of 37°¢) (Henry's law).
Dissolved oxygen is of considerable physiological importance, as its pressure determines both
the degree of hemoglobin saturation (and the reversibility of oxygen binding) and the diffusion
or movement of oxygen from the blood to the tissues (59). However, this amount is insufficient
to satisfy cellular demands, even at rest. Clearly, an additional form is required to deliver
oxygen to the cells, and this is Hg. Under normal conditions, each gram of Hb combines with
1.34 ml of O2. A subject with 15 g of Hb/100 ml of blood has the capacity to transport 20.1 ml
of Oz per 100 ml of blood.

The erythrocyte has no nucleus, ribosomes, or mitochondria; therefore, it cannot divide,
synthesize proteins, or perform oxidative phosphorylation. Its cell membrane allows it to be a
very effective transporter of Oz: it is foldable, allowing it to pass through capillaries and, at the
same time, is resistant to the turbulent flow of large vessels. The hemoglobin contained within
the red blood cell molecule is responsible for transporting almost all the oxygen in the blood. It
combines very quickly and reversibly with Oz, allowing it to be easily released. The Hb molecule,
with notable properties, consists of four protein chains, each of which carries a HEM group
(four pyrrole molecules with an Fe2* at the center). The Fe2* has a free bond to receive Oz. Both
the alpha and beta chains are linked to the HEM group by a histidine. They have 141 and 146
amino acids, respectively. Their coiled shape is vitally important for the reaction with 02z to
occur. The shape is determined by weak bonds between amino acids of the same or different
chains. This causes the HEM groups to be in the clefts formed by the weak bonds. The loop-like
shape limits and controls the ease of access of O2. One way to express the proportion of Hb
bound to 02 is its percentage of saturation (SpO2). There is a relationship between plasma
oxygen pressure (PO2) and hemoglobin saturation, which is graphed in the Hb dissociation
curve, which has a sigmoidal shape. This shape is due to the cooperative effect of Hb chains in
binding O2: the binding of a first Oz to an HEM molecule in one of the four Hb subunits induces
a local conformational change whose effect is transferred to the other subunits, facilitating the
binding of more Oz molecules to these subunits. The reverse occurs to release O2. There are
factors that shift the Hb dissociation curve in one direction or another. The mechanisms and
factors involved in shifting the curve to the right, that is, leading to a lower affinity of Hb for Oz,
are: 1- increased PCOz; 2-decreased pH (increased hydrogen ions). This factor is related to the
previous one since as pCO2 increases, the action of carbonic anhydrase increases H*, which
binds to hemoglobin, decreasing its affinity by oxygen and oxygen is released into the tissues
(Bohr effect); 3-increased temperature increased 2,3-diphosphoglycerate (2,3 DPG) (organic
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phosphate presents erythrocytes). Its concentration increases with intense exercise, altitude,
and chronic respiratory diseases. The first three factors facilitate oxygen delivery to the tissues,
where PCO2, H* concentration, and temperature are higher because of cellular metabolism. The
shift of the curve to the left, which implies a greater affinity for Oz, is due to decreased pCO2z and
increased pH. This occurs in the pulmonary venous capillaries, increasing the affinity for Oz;
fetal Hb binds more oxygen; inhalation of carbon monoxide (CO), which has 210 times greater
affinity for hemoglobin than oxygen. This conformation prevents Oz from binding to
hemoglobin and, at the same time, prevents Oz from being released (60).

CO2 is a product of aerobic metabolism and is produced within mitochondria. In an adult, an
average of 200-250 ml of COz is produced per minute, which is transported from the cells to the
blood and then reaches the lungs for elimination. Much of the CO2 that reaches the blood
diffuses into the red blood cells, where a portion combines with the amino groups of
hemoglobin, and another portion reacts chemically with water to form bicarbonate and
carbonate ions. Therefore, CO: is transported in the blood in three forms: dissolved in plasma;
in the form of bicarbonate and carbonate ions; in combination with proteins (carbamino
compounds). 5 to 10% of the CO2 found in the blood is dissolved in plasma, and the amount of
dissolved COz: is proportional to its partial pressure, following Henry's Law mentioned above.
COz is 24 times more soluble than oxygen. 60 to 90% of the CO: in the blood is transported as
bicarbonate (HCO3-), which is the main form of CO2 transport. Bicarbonate is generated when
CO2 combines chemically with water, according to the following sequence of reactions:

CO; +H)O e H,CO3 » HCO> + H*

The first reaction is very rapid and occurs inside the red blood cell by the action of carbonic
anhydrase (CA), generating carbonic acid (H2C03). The second reaction, the ionic dissociation
of carbonic acid, occurs without enzymatic action and generates bicarbonate (HCO3-) and
hydrogen protons (H*). The H* binds to the imidazole groups of hemoglobin and other amino
terminal groups of blood proteins by buffering the pH. (HCO3-) leaves the red blood cell and is
exchanged for chloride ions thanks to the action of a membrane transporter. 5-30% of total
CO: is transported in the blood as carbamino compounds (61). Carbamino compounds are
produced when CO2 combines with the terminal amino groups of blood proteins, the most
important of which is the globin in hemoglobin (carbaminohemoglobin). This reaction does not
require enzymatic action and always generates a proton (H*). Reduced Hb (or
deoxyhemoglobin) can bind more CO2 than oxyhemoglobin (HbO2). Thus, the release of 02 or
its delivery into the capillaries facilitates CO2 loading (Haldane effect) and vice versa;
oxygenation (02 loading) in pulmonary capillaries then facilitates CO2 discharge (5). Like what
happens with Oz, there is a dissociation curve or equilibrium curve for COz, although its shape
and meaning vary. The CO2 dissociation curve is much more linear than the Oz dissociation
curve. This explains why the mixed arterial-venous Oz (PO2) difference is usually higher
(approximately 60 mmHg) than that of CO2 (PCO2) (approximate difference of 5-7 mmHg).

Respiratory Mechanic
In physics, work is forcing times distance. In respiratory terms, it is the product of pressure
times volume. In the ventilation segment, we discussed the volumes that enter and exit during
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breathing, but for air to enter and exit, pressure changes are required. These changes are
studied under the term respiratory mechanic. For air movement to occur, there must be a
pressure gradient between the environment and the alveoli. It should be remembered that air
moves from a location of higher pressure to a location of lower pressure, just as water moves
from top to bottom. When the system is at rest (FRC), the pressure at the mouth is 0 cm H20
and, in the alveoli, there is no airflow. At this moment, which is the resting expiratory position
(and immediately before the next inspiration occurs), the expansion force of the rib cage
generated by the respiratory muscles (primarily the diaphragm) is canceled out by the inward
retraction of the thorax generated by the alveoli. These are two opposing forces or vectors that
cancel each other out; there is no pressure gradient, and there is no airflow. During the
following inspiration, the sequential contraction of the muscle bundles in the diaphragm
generates greater outward expansive forces on the rib cage than exceeds the inward retraction
of the alveoli. This exerts a kind of suction on the pleural space, generating negative pressure,
which is transmitted to the alveoli (for example, if the pressure in the pleural space is -5 cm
H20, in the alveoli it will be -1 or -2 cm H20). Since the mouth is 0 cm H:20, there is a pressure
gradient of 1 to 2 cm H20 from the environment to the alveoli, and air will enter the system. At
the end of inspiration, the entry of air generates an alveolar pressure greater than atmospheric
pressure; the gradient reverses, and passive expiration occurs. The difference between pleural
pressure (external to the alveoli) and alveolar pressure (internal to the alveoli) is known as
transmural pressure. A pressure-volume curve is used to study the relationship between
volume and pressure. Volume is measured with a spirometer attached to a mouthpiece in the
patient's mouth, and pressure changes are measured with a pressure manometer attached to a
nasogastric tube placed in the distal third of the esophagus. Changes in pressure in the distal
third reflect changes in pleural pressure. Compliance (C) refers to how many ml of volume enter
the airway for each cm of H20 that the pressure in the pleural space becomes more negative
(62). Normal C is 200 ml/cm H20. Evidently, compliance evaluates the system's capacity to
distend through inspiration (it can also be measured during expiration, during which the
volume will be greater than during inspiration for any pressure. This phenomenon is known as
hysteresis and occurs due to changes in surfactant and recruitment/decruitment of alveolar
units). Distensibility (compliance) is the ability of matter to stretch after being altered by a
force. The ability to return to its resting point after stretching is known as elastance or elastic
recoil (E). E is the ability of the lung to return to its resting point (the pulmonary hilum) and is
given by the elastic tissue of the lungs. It would be a change in pressure per change in volume
(5-7 cm H20/Liter). Note that the unit of volume is liters and not ml, since decimals would have
to be used in the value (63). This property explains why when the lungs are removed from the
thoracic cavity during an autopsy, they tend to empty their air and collapse. This does not occur
under normal conditions because the lung, through the pleura, is attached to the thoracic wall,
and this serves as support to prevent complete emptying. Therefore, there is a residual volume
at the end of expiration (64).

In addition, there is normally a surfactant material that lines the alveoli on the inside, reducing
surface tension and preventing collapse. The surface tension of the air-tissue of the alveolar
membrane is because the molecules of liquid lining the alveoli generate forces of attraction
between them. These forces are greater than those between the liquid and the alveolar air in
the honeycomb’s structures, generating a centripetal pressure that tends to collapse the alveoli,
particularly those having smaller (65). The surfactant material is formed primarily by

URL: http://dx.doi.org/10.14738/aivp.1304.19187 199



European Journal of Applied Sciences (EJAS) Vol. 13, Issue 04, August-2025

dipalmitoyl phosphatidylcholine and is amphipathic meaning that when it contacts the air-
liquid interface, it directs his “hackbone” into the aqueous subphase and chains of
hydrocarbons into the air. When this occurs, the surfactant material generates intermolecular
repulsion forces opposing molecular forces responsible for the fluid surface tension. Therefore,
the basic function of surfactant will reduce the surface tension in the alveoli. For the same
surface tension, the alveoli with smaller radius generate a centripetal pressure inside them that
exceeds the one of those with bigger radius. Therefore, small alveoli empty into large alveoli.
The surfactant reduces this phenomenon. A third mechanism is to keep alveoli dry. Because the
surface tension tends to collapse the alveoli, it tends to suck fluid into the alveolar space from
the capillaries. By reducing the surface tension, the surfactant prevents transudation of fluid
(66). At about 24 weeks of gestation of the human fetus, respiratory epithelial cells initiate
synthesis of phosphatidylcholine, phosphatidylglycerol and surfactant apoprotein, but full
production and function occur later, between weeks 34 and 36 (67). The components of the
surfactant are synthesized and assembled into organelles called lamellar bodies and are
secreted into the fluid delimiting extracellular alveolar surface (68). Resorption surfactants
occur through alveolar type II cells, involving endosomes, and then are transported to the
lamellar bodies to be recycled. Macrophages also take some surfactant in the liquid phase (10-
20% of the clearing). Much less amount is absorbed by the interstice or removed by air (69).

To ensure airflow, not only is adequate pressure gradient sufficient, but it is also necessary to
understand the other physiological phenomenon that opposes airflow, called airway resistance
(R). R = pressure difference (cmH20) / flow (L/s), which means that R is significant only when
there is airflow. The small airways are arranged in parallel, and therefore, the resistance to flow
determined by thousands of small airways is extremely low. A significant portion of the R value
to airflow is in the upper supraglottic airways, approximately 25 to 40% of the total R value. In
an adult, airways <2 mm in diameter only account for 20% of total respiratory function and
become the silent area of the lung. They will become symptomatic when their condition is very
severe (e.g., COPD). The remainder of the R in normal circumstances in adult are found in
medium-sized airways (70).

Airway diameter is the greatest determinant of R, but viscosity, length, and the type of flow
generated are also important. This is well explained by Poiseuille's law (in physics for rigid
tubes), where R is directly proportional to the tube length and viscosity (n), and inversely
proportional to the radius to the 4t power (R = 8 nl/Pqr4). (=3.14). Thus, a 50% decrease in
radius will determine an increase in R of at least 16 times (which partly explains the high
incidence of obstructive laryngitis in children under 5 years of age, until the larynx acquires a
more significant diameter). Laminar, turbulent, and transitional flow coexist in the airways,
with laminar flow occurring more frequently in smaller airways and turbulent flow occurring
more frequently in larger airways. Finally, we will analyze how the flow is related to resistance
and lung volumes. At high lung volumes, due to the larger diameter of the airways, the R is
lower. Airway R is very high at low lung volumes. Closing volume, closing capacity and
flow/volume curve allow us to study these concepts (71).

Respiratory Control
During the evolution of aerobic animal life on land, a respiratory control system was developed
to regulate respiration according to metabolic and homeostatic demands.
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Breathing is usually unconscious, automatic and involuntary, although in certain situations it
can be influenced by higher brain centers such as the cerebral cortex. In its simplest form,
respiratory control can be viewed as a three-component system. A group of receptors
(chemoreceptors and pulmonary receptors) send impulses through afferent pathways to
central controllers located in the brainstem. This controller processes the information and
sends impulses through efferent pathways to the respiratory muscles (diaphragm, intercostal
muscles, and abdominal muscles) to maintain normal, constant levels of PCO2 and POz (Figure
7).

Brainstem
respiratory centers

Peripheral Central
chemoreceptors Respiratory muscles chemoreceptors
Rise in P.CO;
Fall in P:0; Alveolar ventilation Rise in P, CO;
Fall in pH

Figure 7: Respiratory control. A three-component system.

Legend. A group of receptors (chemoreceptors and pulmonary receptors) send impulses through afferent
pathways to central controllers located in the brainstem. This controller processes the information and sends
impulses through efferent pathways to the respiratory muscles (diaphragm, intercostal muscles, and abdominal
muscles) to maintain normal, constant levels of PCO2 and PO-.

Central Controllers:

In the brainstem the controllers are in the medulla oblongata (MO) (spinal bulb) and the pons.
Respiratory neurons in the MO are concentrated in two anatomical sites, both of which exhibit
numerous interconnections (72) (Figure 8). The dorsal respiratory group (DRG), close to the
nucleus of the solitary tract, composed primarily of inspiratory neurons, receives input from
receptors via the glossopharyngeal nerve (CN IX) and the vagus nerve (CN X). They generate a
response toward the inspiratory cells of the anterior horn on the opposite side of the spinal
cord, which stimulate the diaphragm and internal intercostal muscles. The DRG is primarily
responsible for synchronizing the respiratory cycle, adjusting the rhythm and frequency of
breathing. Ventral respiratory group (VRG), located in the ventrolateral area of the MO, it sends
impulses mainly to the diaphragm, external intercostal muscles, and abdominal muscles.
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Figure 8: Central controllers in the brainsteam.
Legend. The location and interrelations of the neuronal centers located in the medulla oblongata and pons and
the muscular effectors are shown.

[t comprises a column of respiratory neurons, including (72):

1) Caudal ventral respiratory group (cVRG): contains the retroambigualis nucleus, which
is predominantly expiratory, and the paraambigualis nucleus, which controls the force
of contraction of the contralateral inspiratory muscles.

2) Rostral ventral respiratory group (rVRG) with a predominantly inspiratory function and
is involved in the dilation of upper airway muscles.

3) Pre-Botzinger complex (preBotC): located on each side of the MO, between the
ambiguous nucleus and the lateral reticular nucleus, and is believed to be the anatomical
location of the central pattern generator (CPG). It has predominantly inspiratory
function, interacting with the respiratory centers to ensure a smooth transition between
the different phases of breathing. The Botzinger complex, located in the upper zone of
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the RVG, participates in the expiratory process, playing an inhibitory role on the
inspiratory cells of the DRG.

Pontine respiratory group or pneumotaxic center: It has a set of neurons in the upper portion
of the pons, which discharge in synchrony with the different phases of respiration, sending
inhibitory impulses to the respiratory neurons of the MO, via a Mult synaptic pathway. They
thus modulate the intensity and frequency of medullary signals, contributing to the fine control
of respiratory rhythm during eupneic breathing. Its stimulation causes the end of inspiratory
effort with a decrease in inspiratory time. Kolliker-Fuse nucleus: main component of the
pneumotaxic center, playing an essential role in the activation of the post-inspiratory phase,
regulating the inspiratory-post inspiratory transition, and dynamically controlling upper
airway patency during the respiratory cycle (73). Apneustic center: in the lower portion of the
pons, it sends impulses that stimulate the inspiratory region of the MO, prolonging inhalation,
and inhibitory impulses to expiratory neurons. It receives inhibitory signals from the
pneumotaxic center at the end of inspiration and input from peripheral sensors through the
vagus nerve, managing to stop inspiration and prevent overexpansion of the lung. The
automatic inspiration-expiration process occurs synchronously, smoothly, finely controlled,
and adaptively, thanks to the coordination of different neuronal groups.

Sensors or Receptors of the Control System:

1) Peripheral chemoreceptors (PCRs): the main ones are in carotid bodies, at the junction
of the internal and external carotid arteries, and of lesser importance, in the aortic
bodies, along the arch. They respond primarily to the decrease in pOZ2 and, to a lesser
extent, changes in pCO2 and pH (Figure 9).

Medulla

Glossopharyngeal nerve

Vagus nerve

&—— Carotid body

Aortic body

Figure 9: Peripheral chemoreceptors.
Legend. The location of the carotid and aortic receptors and their respective innervations are shown.
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2)

3)

In both the carotid and aortic bodies, two types of cells have been identified: type I, or
glomus cells, which under hypoxic conditions release catecholamines, primarily
dopamine, as well as serotonin and acetylcholine, which possibly act as
neurotransmitters; and type II, which would have a predominantly supportive function
(74). Catecholamines released by type I cells stimulate the nerve endings of the carotid
sinus nerve, conducting a signal through the glossopharyngeal nerve to the central
nervous system, from which a response is emitted that increases ventilation, primarily
by increasing tidal volume rather than respiratory rate. These sensors are very sensitive
to a decrease in arterial pOz below 60 mmHg due to generous blood flow, generating a
nonlinear response. In situations with normal PaO2z but reduced Oz content transported
by Hb, as occurs in anemia and CO poisoning, the response is weaker. On the other hand,
PCRs have a limited response to increased pCO2 and decreased pH, contributing to less
than 20% of the ventilatory response to these stimuluses. However, acidosis and
hypercapnia can enhance the response to hypoxemia. Stimuli generated by the aortic
bodies ascend through the vagus nerve.

Central chemoreceptors (CCRs): when the CCRs detect hypercapnia, ventilation
increases proportionally within certain limits, since if hypercapnia worsens, it can cause
narcosis and respiratory depression. Although the PCRs also generate stimuli that
allows ventilation to be increased, their contribution in this regard is minor. In
conditions of chronic hypercapnia, renal metabolic compensation increases
bicarbonate, which diffuses across the blood-brain barrier and combines with hydrogen
ions, reducing the stimulus on the CCRs, with a significant decrease in the ventilatory
response. The mechanism that is usually believed to underlies is the reduction oi the
ventilatory response to hypoxia and subsequent hypoventilation. Already since 1980s,
Aubier and colleagues demonstrated, administering 100% oxygen to COPD patients, that
this mechanism contributes only 22% to hypercapnia, and 30% is due to the reduced
availability of hemoglobin to bind and transport CO2, (oxyhemoglobin displaces the
hemoglobin dissociation curve with CO:z to the right by increasing the amount of CO2
dissolved in blood, which determinates PaCOz2). The largest responsible for the increase
of carbon dioxide is an increase in dead-space ventilation (48%) by release of hypoxic
vasoconstriction in sub-ventilated areas, causing imbalance ventilation/perfusion and
non-hypoventilation (75). Under conditions of central nervous system depression, for
example because of depressant drugs, the CCRs may be depressed in their functioning,
but not the PCRs, which acquire crucial importance under these circumstances.

Other non-chemical receptors: a) Stretch or slow-adapting receptors, located in the
smooth muscles of the airway, primarily in the central airway. Their impulses reach the
apneustic center via the vagus nerve and are responsible for the Hering-Breuer
insufflation reflex, which is more prominent in newborns, causing interruption of
inspiration, increased expiratory time, and a reduction in heart rate. b) Irritation or
rapidly adapting receptors, located in the epithelial and submucosal lining of the airway,
respond primarily to chemical irritants, including histamine, generating the cough
reflex, reflex vasoconstriction, bronchoconstriction, and tachypnea. ¢) Muscle and joint
mechanoreceptors of the chest wall detect changes in tension, movement, or elongation
of these structures, contributing to the coordination of respiratory muscle contraction
at rest and during exercise. They can limit the depth of the inspiration-expiration cycle
and, in some cases, increase ventilation (73). d) Unmyelinated C fibers, which can be

Services for Science and Education - United Kingdom 204



Alvarado, A. (2025). Structure and Function of the Respiratory System. European Journal of Applied Sciences, Vol - 13(04). 180-209.

found in the juxtacapillary position (J receptors) or at the bronchial level (bronchial C
fibers), are sensitive to chemicals present in the pulmonary circulation and to increased
interstitial volume, or pulmonary hyperinflation, and may play a role in the increase in
interstitial space pressure, causing dyspnea or superficial tachypnea. e) Arterial
baroreceptors, located in the aorta and carotid arteries, cause an increase or decrease
in ventilation in response to hypotension tension or hypertension, respectively. f) Pain
and temperature receptors, whose activation causes hyperventilation. g)
Metaboreceptors, located in skeletal muscles, respond to different metabolic byproducts
during exercise, with the goal of stimulating respiration.

Effectors:

The response from the control centers is directed at the muscles involved in inspiration, such
as the diaphragm and internal intercostals; the dilator muscles of the upper airway; and other
muscles such as the sternocleidomastoid, pectoralis major and minor, scalenus, trapezius, and
serratus, known as accessory muscles, in addition to the abdominal muscles that participate in
forced or voluntary expiration. For adequate ventilation control, integration and coordination
between sensors, control centers, and effectors is necessary (75).

Mucociliary Clearance

Another important component of the structure of the respiratory system is mucociliary
clearance. The mucus layer is rich in mucins, in addition to proteins, salt and water and is one
that includes pathogens and foreign material (for example particles). Efficient clearance
depends on ionic balance, water transport between mucus and epithelium, mucus secretion,
and ciliary beat. There are approximately 200 cilia per cell, which beat 15-20 times per second
and propel the gel at a speed of 1 mm/minute under normal condition (76). In major airways,
mucins come from submucosal glands and from goblet cells on the epithelial surface, but Clara
cells (Club cells) are the main mucus producers in small airways. The submucosal glands are
positioned to produce abundant mucus in those regions of the airways (nasal cavities, upper
airways, airway bifurcations) where there is an increased probability of large particle
deposition (77). The submucosal glands are the simplest exocrine glands that exist. The mucins
that form the gel are large, glycosylated proteins, which form polymers (78). Since the alveoli
lack cilia, the particles deposited in them are engulfed by large cells with phagocytic activity
such as macrophages and certain leukocytes, and thus the contaminating material leaves the
lung through the lymphatics and/or with the blood.

CONCLUSION

Jean-Baptiste Pierre Antoine de Monet, chevalier de Lamarck, often known simply as Lamarck,
was a French naturalist, biologist, academic, and soldier. Lamarck proposed that organisms
develop traits based on their use or disuse of certain organs and, in the respiratory system, it is
obvious that the structure is in function of the gas interchange. The objective is to give
molecular oxygen to mitochondria for aerobic metabolism and obtain energy. So molecular
oxygen is essential for life. The complex scaffolding of external respiration is designed to deliver
oxygen to mitochondria, and the mitochondria are designed to perform the biochemical and
molecular work of utilizing oxygen to obtain the energy needed for cellular life.
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