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Gas-related pathological events
and therapeutic failures: a case of
oxygen at the microcirculatory and

lymphatic level
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The specific composition and content of the
extracellular matrix (ECM) in different regions
of the body determine its overall biological
properties. Since the pioneering research into
the identification by electron microscopy of
the surface structure of the cells that represent
the vascular endothelium more than 60 years
ago,’ the relevance of the glycocalyx (GCX) in
the structures of the human body has been of
increasing interest.” The study of GCX function has
expanded our knowledge of vascular disorders and
related organ diseases. GCX plays multiple roles
in vascular functions at the endothelial surface,
including mechanotransduction, molecular
sieve, and physical barrier. For this reason, the
evaluation of microcirculation functions, which
includes studies on vascular endothelial cells of
the capillaries, cannot neglect the function of GCX,
which is structurally connected to the cytoplasmic
milieu of the cells, and both the biophysical and
biological functions they perform. In fact, a severe
impairment of GCX is pathogenetically responsible
for many pathologies, including sepsis, diabetes,
chronic kidney disease, inflammatory disorders,
hypernatremia, hypervolemia, atherosclerosis
and ischemia/reperfusion damage, also due to
the alteration in oxygen transport it generates.
Therefore, the role that GCX plays, both directly
and indirectly, in the physiology of tissue
homeostasis, in the pathogenesis of diseases, and
finally in current therapies is fundamental.’

Precisely in this regard, we would like to highlight a
further aspect that, to the best of our knowledge,
has been little explored, namely the relationship
between GCX and gas and its importance in
defining the transport of oxygen from hemoglobin
in RBCs into the capillary lumen, iuxta-capillary

cells and tissue mitochondria.”® The rules of
passive gas diffusion from the vascular lumen to
the surrounding parenchyma are not adequate to
explain such activities. It is more true if the lining of
vascular endothelial cells is not taken into account,
where it becomes very difficult to explain the
phenomena observed at the macroscopic level.®
For these reasons, we are interested in presenting
a perspective that suggests an innovative modality
of gas transport, and in particular of oxygen, at a
systems biology level of the ECM components both
in the normal state and in various pathological
states, deepening and expanding the necessary
study on the health of the GCX and the capacity
of vascular endothelial cells to repair it when
damaged. The evolution of tissue distress resulting
in edema and hypoxia is schematically shown
in Table 1. All these aspects, indicating new
approaches in the treatment of severe endothelial
dysfunctions, are the key to the treatment of many
pathologies linked to GCX damage with modalities
starting with hyperbaric oxygen therapy, with
particular reference to sepsis.” Sepsis has been
always associated with severe GCX shedding and
endothelial cytoskeleton damage. On the other
hand, the resulting barrier dysfunction is a cause
of organ failure not only in sepsis but in many
other diseases. In detail, excessive reactive oxygen
species (ROS) and cytokines can cause GCX failure,
with exposure of portions interconnected with
cellular cytoplasm. Such a phenomenon initiates
the adhesion of any kind of circulating cells
into the blood vasculature (platelets, red cells,
granulocytes, and lymphocytes, including CD8"
natural killer T cells), thereby leading to many
different pathological actions of the cells, such
as intravascular coagulation, hemolysis, and cell

transmigration to tissues.

Although large amounts of ROS are responsible
for severe GCX shedding, reducing and controlling
the amount of ROS is able to stimulate re-
healing of damaged GCX. ’ As a corollary, we
would like to emphasize how important it is to
keep the GCX and its intracellular repair system
in excellent condition with all the resources at
our disposal. In this regard, the use of gaseous
mixtures of oxygen and ozone can improve the
health status of endovascular GCX, with clinically
significant results.*” The mechanisms by which
these results are obtained are twofold. The first
can be related with the background of hyperbaric
therapy, the common denominator being the
action of ROS and the release of mediators in the
microcirculation with consequent release of nitric
oxide and improved oxyhemoglobin desaturation
at the capillary level. The subsequent stimulation
of the nuclear factor kB host-defense induction
system is another aspect to be considered. The
second factor is represented by the formation of
lipid oxidation products because of the reaction
between ozone and polyunsaturated fatty acids
in the circulating blood, leading to the formation
of aldehydes (mainly 4-hydroxynonenal) capable
of stimulating intracytoplasmic transcription DNA
damage activation/correction pathways.*

Both mechanisms lead to an improvement in the
distressed condition of vascular endothelial cells
and the repair of their GCX. This repair will then
lead to the restoration of normal GCX function
including the normalization of gas transport and
the amelioration of pre-existing tissue ischemia.
It therefore remains essential to observe the role
that GCX plays in the etiopathogenetic elements
of diseases linked to the microcirculation in all its
complexity, including post-capillary and lymphatic
organization. Indeed, in the pathophysiology of
the microcirculation, it is always difficult to clearly
identify the role of GCX alterations within the
group of all biological and metabolic components
involved, due to the integrated system of complex
responses. Since 2010, following the revision of
Starling’s law by Levick and Michel,'" the role
of vascular GCX that especially presents in the
tissue interstitial space and microcirculation of the
lymphatic system has begun to be re-evaluated.

Table 1 | The evolution of tissue distress linked to the microcirculation in all its complexity, from normal state to different stages and severity of diseases

A B C
Glycocalyx Normal Reduced Absent
Endothelial cell functions Normal Reduced Compromised
Red blood cell Normal Normal Normal
Hemoglobin Normal Normal Normal
Arterial oxygen saturation (%) >96 >96 >96
Oxygen pathway Normal Reduced Compromised
Tissue oxygenation Normoxic Hypoxic Anoxic
Lymphatic reabsorption Normal Reduced, with initial edema Absent, because of blockage of lymphatic capillaries
Interstitial edema Absent Reversible Very difficult to reabsorb

A: Normal; B: moderate clinico-pathological state; C: life-threatening state.
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Consequently, the aspects involved in the
genesis of edema and tissue injury, as well as
the compensatory mechanisms are becoming
increasingly important. In this complex system,
cells respond to external noxae in a continuous
attempt to maintain homeostasis in the body
while restoring both the ECM and the cellular
phenotype. Again, the pathological picture that
best helps to understand the role of the above
structures is that of septic shock. In fact, at this
level, there is an increase in the permeability of
the vascular wall due to the damage of the ECM,
causing altered lymphatic outflow, alteration in
the regulation of interstitial pressure as well as
a considerable increase in interstitial edema.
This edema induces tissue injury that is self-
reinforcing and persistent if not gradually
reduced and eventually discontinued."” During
septic shock, an alteration in both GCX and VE-
cadherin, a component of intercellular junctions,
occurs at the capillary level through the action
of inflammatory cytokines (interleukin-1beta,
interleukin-6, interleukin-10, tumor necrosis factor
alpha), resulting in increased permeability. At the
level of the intercellular matrix, the phenomenon
of interstitial suction occurs, due to the decrease
in tissue pressure regulated by the integration
of fibroblasts with the cellular context (this
experimental model has been described in burn
injuries), where fibroblasts express integrins that
bind to collagen fibers through their betal subunit.
Integrins are transmembrane proteins consisting of
two subunits that bi-directionally adhere to both
the cytoskeleton and the ECM, counteracting the
natural tendency of glycan components to expand
by hydration and increasing tone when there is an
increase in filtration. Pro-inflammatory mediators,
such as interleukin-1beta and tumor necrosis
factor alpha, counteract the fibroblast contraction
through their action on the integrin beta 1
subunit, while platelet-derived growth factor acts
on the integrin alpha-beta3 subunit to cause an
increase in fibroblast contractility, resulting in an
increase in interstitial pressure. Another alteration
in the ECM is evident in the inflammatory state,
which is caused by granulocytes migrated from the
vascular bed that release catalytic enzymes such as
metalloprotease, heparinase, and hyaluronidase.

Also of interest is the lymphatic outflow, 8-12 L per
day in a normal individual, which must normally
keep a balance between the filtered fluid and
the drained fluid. The lymphatic system begins
in the interstitium with closed-bottom sacs and
endothelial junctions that function as valves.
Pressure is maintained by the rhythmic contraction
of the lymphatic collector vessels. In the case
of septic shock edema, the severe dilatation of
the lymphatic vessels leads to the loss of valve

continence. Mediators, such as nitric oxide,
prostaglandins and histamine and also cytokines,
limit the drainage function of the lymphatic
vessels and consequently reduce the immune
defense with the migration of dendritic cells and
presentation to the lymph node, where massive
fluid reabsorption also occurs.

We can assume that an increase in edema leads
to a phlogistic activation, with an increase in the
difficulty of transporting nutrients and, at the
same time, in the availability of oxygen to the
cells. Oxygen is a strongly hydrophobic, non-
polar molecule with low solubility and diffusivity
in water, as well as in the interstitial fluid and
cytoplasm. Therefore, edema is to be considered
an important factor in reduced oxygen extraction.

In light of the new interactions described above,
albeit currently in a small field of phenomena
occurring in the pathological state in the various
tissues, we must increasingly abandon the
simplistic model of interpreting edema as a simple
corollary of inflammation. Therefore, the intrinsic
value we hope to gain from the publication of this
perspective lies in the knowledge that in the near
future it will no longer be possible to omit the
role that GCX plays, directly or indirectly, in the
physiology of tissue homeostasis, in the genesis of
disease, and in currently applied therapies.

In particular, from a therapeutic point of view, it
will be necessary to intervene in the modulation
of the inflammatory process and ischemic injury
due to reduced oxygen transport and at the
same time to limit the action of degradation
of the ECM, mainly restoring the vascular GCX.
Obviously, this will lead more and more to a
personalized medicine, tending to control the
physiopathological elements and adaptive
responses of the organism in a system of dynamic
homeostasis in which the choice of medicines and
medical aids will follow guidelines that, at least for
the moment, are difficult to standardize.
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