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COVID‐19, Radiation and Other Mediators of Endothelial Damage:
•
•
•

The lung endothelium/vascular and alveolar
Genetic Findings Leading to Serious COVID‐19
Radiation injury to the vasculature

Lung endothelium is damaged by COVID‐19 by
creation of reactive oxygen species (ROS; O2*).
Many features of the oxidative damage are
mitigated by Nitric Oxide, superoxide dismutase,
NAC, glutathione, and more.
Vitamin D3 assists endothelium protection by
damping NF‐Κβ, a cytokine storm instigator.
NOTCH signaling is also a component to address

Endothelial Damage/Loss exposes smooth muscle cells

The Pulmonary Endothelium: Vulnerable to Damage
COVID‐19 injury to the vascular endothelium
leads to hyaline membrane THICKENING (the gap
between the capillary and the alveolus) and this
causes the T II pneumocytes to secrete more
surfactant and cytokines.

Type II Pneumocytes (ATII) are dispersed on the alveolus
lining AND THEY HAVE ACE2 receptors. They secrete
surfactant which prevents the collapse of the alveolus and
the inner walls from sticking together. ATII cells form only
7% of the alveolar epithelium.
Surfactant proteins (SPs). SP‐A and SP‐D, act as opsonins (a
cell product that aids in immune cell trapping) and regulate
the function of inflammatory cells.

hyaline
membrane

Endothelial (Lung and Vascular Lining) Damage and Markers During COVID‐19
Endothelium/Vascular Damage in Patients with COVID‐19
• The pulmonary architecture at the level of the alveoli (air sacs) and their capillary intimacy
A) Artist rendition B) COVID injury: histology slide + TEM section with colorized RBCs C) Injury results in a
thickened hyaline membrane reduces gas transfer and is NOT correctable by positive pressure ventilators
Black arrowheads = clots
Thickened
hyaline
membrane
limits gas
transfer

Artist rendition of the terminal air sac
tree with capillary network surrounding
the air sacs.

Scanning EM sections of normal capillaries on lung
alveoli and chaotic display after COVID damage;
WEB MD, May 22, 2020

Endothelial (Vascular Lining) Damage is Worse Than Smokers’ Lung
Dysfunctional Lungs Evident with COVID‐19
The main pathological features in lungs includes extensive impairment of type I alveolar epithelial cells and
atypical hyperplasia of type II alveolar cells, with formation of hyaline membrane thickening.
Focal hemorrhage (local and disseminated D‐dimer), exudation and pulmonary edema (fluid buildup), and
pulmonary consolidation (fibrotic change) lead to low oxygen exchange (low pO2 values). Mucous plugs with
fibrinous exudate are observed in the alveoli leading to hypoxic states.
The type II alveolar epithelial cells and macrophages in alveoli and hilar lymph nodes are infected by COVID‐19.
Macrophages are also infected via their own ACE2 surface receptors.
Infection of alveolar macrophages by SARS‐CoV‐2 is a likely
driver of the “cytokine storm”,  damage in pulmonary
tissues, heart and lung, and eventually leads to the failure of
multiple organ systems. Cytokine expressions in lung tissues:
IL‐6 stain
IL‐10 stain
TNF‐α stain

Lymph Node Anatomy

https://www.regenhealthsolutions.info/wp‐
content/uploads/2020/06/Alveolar‐macrophage‐
dysfunction‐and‐cytokine‐storm‐in‐the‐pathogenesis.pdf
https://radiologyassistant.nl/chest/mediastinum/mediastinum‐lymph‐node‐map

Endothelial (Lung and Vascular Lining) Damage and Markers During COVID‐19
Markers of Dysfunctional Endothelium in Patients with COVID‐19
Serum samples were collected from patients to measure the levels of alveolar epithelial and
endothelial injury markers: soluble receptor for advanced glycation end products (sRAGE),
angiopoietin2 (ANG2), and, surfactant protein D (SP‐D; a marker of alveolar barrier
permeability, a late appearing injury marker)
• Temporal changes during COVID‐19 infection were measured for soluble
advanced glycation end products (sRAGE), (B) Angiopoietin (ANG2), and (C)
Surfactant protein D (SP‐D) for 14 days starting from admission. The peak
day for each of the alveolar tissue injury markers is shown. Data are
presented as median ± IQR. All reflect hyaline membrane thickening
(upper right arrow) leading to low oxygenation.

Damage via
markers
shows a
temporal
sequence
with peak
day shown

• Although both the alveolar epithelial and endothelial injury markers were
markedly elevated in COVID‐19 ARDS patients, the data indicate that the
endothelial injury continues for a longer period than the epithelial injury
and seems to be the main contributor to alveolar barrier disruption.
• Drugs targeting endothelial injury rather than the epithelial injury may be a
potential countermeasure approach to overcome COVID‐19 ARDS

sRAGE before ANG2 before SP‐D
Day 1‐2
Day 3‐4
Day 5‐6

Tojo, et al., https://www.medrxiv.org/content/10.1101/2021.01.10.21249528v1.full.pdf

Endothelial (Lung and Vascular Lining): Vasoactive Intestinal Peptide (VIP)
Targets Type II Pneumocytes and COVID‐19
While pharma has raced to develop COVID‐19 vaccines, US‐based company NeuroRx is taking a different
approach to treating the virus.
Zyesami (a VIP analog) targets the alveolar type II cells in the lung that are critical for transmission of oxygen.
When SARS‐CoV‐2 invades the body, it attacks the alveolar type II (ATII) cell in the lining of the lung which shuts
down the production of surfactant and stimulates a cytokine response.
Zyesami was developed in conjunction with partner Relief Therapeutics, and NeuroRx is currently awaiting
results from a Phase 2b/3 trial (COVID‐AIV) evaluating the therapeutic for the treatment of respiratory failure in
COVID‐19 patients.
The drug is a synthetic formulation of Vasoactive Intestinal Peptide (VIP), a naturally occurring peptide that is
(despite its name) highly concentrated in the lungs.
• VIP is known to have potent anti‐inflammatory effects and can inhibit coronavirus replication and block the
formation of inflammatory cytokines.
• VIP protects the lungs against all injuries and turns out it may also have valuable properties for patients
with COVID‐19.
https://pharmaphorum.com/r‐d/views‐analysis‐r‐d/a‐new‐approach‐to‐covid‐19‐treatment/
https://www.sciencedirect.com/topics/medicine‐and‐dentistry/alveolar‐type‐ii‐cells

Endothelial (Vascular Lining) Damage is Worse Than Smokers’ Lung
Dysfunctional Lungs Evident with COVID‐19 – Hyaline (Vascular‐Pulmonary Interface) Thickening
Patients who've had COVID‐19 symptoms show a severe chest X‐ray every time, and those who were asymptomatic
show a severe chest X‐ray 70% to 80% of the time. The progressive damage to the lungs occurs in the asymptomatic
phase and can exacerbate in fulminant disease. Vascular damage at the air sacs is clotting, inflammation, and fibrosis.
Smokers’ lung is mainly damage to the bronchial tree and the clean‐up immune function cells (macrophages, lymph
nodes). Accumulation of material in the air sacs and progressive accumulation of tar and waste into the mediastinal
lymph nodes over many years leads to inflammatory and regenerative processes that are error prone  lung cancers
Concern the vaccine is worse than COVID itself: There is no long‐term implication of a vaccine that could ever be as
bad as the long‐term implications of COVID.
Lymph node
CXR: Normal –
Smoker –
COVID Lungs
Chest CT Scans
map
Normal –
Smoker –
COVID Lungs
(Top: transverse views; Lower: sagittal views)
anatomy

Ground Glass Appearance

https://www.webmd.com/lung/news/20200407/doctors‐
puzzle‐over‐covid19‐lung‐problems
https://radiologyassistant.nl/chest/mediastinum/mediastinum‐lymph‐node‐map

What Does COVID‐19 Do To The Heart?
Pericardial Effusion of the Heart: Fluid build‐up of the heart sac
• The heart is surrounded by the pericardium – a fibrous sac that is
double walled (visceral side and serous side) with pericardial
fluid. The fluid can build‐up with myocardial inflammation and
increase in the fluid can be seen in MRI images as white
intensities (arrow)

Grey =
blood
In Heart

• The increase in fluid decreases the ability of the heart wall to
maximize stroke‐volume and increases physical effort.

Sac Fluid
accumulation

Inflammation of the heart muscle and sac, known as myopericarditis,
is likely behind extreme fatigue, arrhythmias, elevated troponin,
lower RV function and fluid retention in the pericardium.
Data from 100 patients thought to have recovered based on a
negative nasal swabs, 2 to 3 months after their COVID‐19 diagnosis,
60 of them had indications of myocardial inflammation on CMR, and
even more had elevated troponin levels. Healthy people who
recovered from COVID‐19—even those who didn’t get very sick—
could have potentially harmful inflammation smoldering in their
heart months later.
https://jamanetwork.com/journals/jama/fullarticle/2776538

Contrast (white) MR image of the Heart

Pericardial
Sac – a
fluid filled
container

What Does COVID‐19 Do To The Heart?
Sac Fluid
Accumulation
Shrinks RV
volume

A story of 29 year old twins, both infected, both recovered
one continued a heart pathology. 2‐3 months after assumed
“recovery” the right heart (pumps blood to the lungs) and the
pericardial sac fluid buildup compromised one twin.
A Story Of Youth, Hope And Loss ‐ And The Mystery Of COVID‐19
https://www.npr.org/2021/03/14/972826276/a‐story‐of‐youth‐hope‐and‐loss‐
and‐the‐mystery‐of‐covid‐19

“Daily echocardiograms — ultrasound images of the heart —
revealed that even though her oxygen levels had improved, fluid
continued to build up in the pericardium sac in her chest. It
compressed Audrey's heart and prevented blood from
circulating. ….. Her condition worsened.……The doctors drained
the fluid around Audrey's heart, but things were worse than
predicted. As they were pulling the fluid from the sac
surrounding the heart, an echocardiogram showed the right
ventricle — the part of the heart connected to the lungs —
expanding like a balloon.
The right ventricle became so large that it was
literally smushing the left ventricle, and the left ventricle
is what gives blood flow to the brain, to your whole body, …..This
[was] rare. In fact, it never happens."

Ultrasound image of the Heart
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What Does COVID‐19 Do To The Heart? Myocarditis (heart inflammation)
Myocarditis:
A. Heart muscle cells (H&E;
Myocarditis is the invasion of the heart muscle and
pink) inundated by a sea of
support structures with white blood cells (adaptive
neutrophils with Eosinophils
immune cells) as a mark of an inflammatory response.
(arrow heads) and Giant cells
(Arrow)
COVID‐19 creates vascular injury through viral invasion and
B. CD68+ macrophages
the vasculature of the heart is a primary target.
C. CD3+ Lymphocytes
Virus‐POS cases showed higher densities of myocardial CD68+
H&E staining showing
macrophages and CD3+ lymphocytes, as well as more
Nucleated (blue) immune cells
electrocardiographic changes (23/27 vs 4/10; P = 0.01).
SARS‐CoV‐2 cardiac infection was less prevalent in patients
A
treated with DEX (7/14 vs 21/24; P = 0.02). Myocardial
macrophage and lymphocyte densities overall are correlated
with the duration of symptoms (longer = more density).
Cardiac infection with SARS‐CoV‐2 is common among patients
dying from COVID‐19 but often with only rare infected cells.
Cardiac infection by SARS‐CoV‐2 is associated with more
cardiac inflammation and electrocardiographic changes.
Nonbiologic immunosuppression (DEX) is associated with lower
incidences of myocarditis and cardiac infection by SARS‐CoV‐2.

Cardiac Muscle
Immunostaining
for select markers
B

CD68+ macrophages
C

CD3+ Lymphocytes
https://www.nature.com/articles/s41379-021-00790-1.pdf

What About the Brain: What is the “Brain Fog”?
Brain Vascular Integrity, Immune Cell Recruiting and Decreased Brain Blood Flow
Manifestations in acutely ill individuals often include confusion and alteration of consciousness. After this phase, many
patients experience continued neurologic symptoms such as dysexecutive syndrome, or “brain fog.”
Investigations have largely not identified the chronic inflammation or marked neural changes typically associated with
viral infections, and viral genetic material has been minimal or absent.
“Brain fog” may simply be from “clogged pipes”
Megakaryoctes are large nucleated cells that break up into platelets
Megakaryocytes carry a CD61 marker – Platelets also; they can thus
A. Megakaryocytes in brain capillaries
be identified by immunostaining in tissues (see images)
The authors found 33% of brain histology samples POS for CD61.
Sampling volumes were small so the total CD61 burden is high. Prior
to the pandemic, neuropathologists did not find megakaryocytes in
brain vessels, also no references to this found in the literature.
Endothelial (vascular lining) dysfunction may contribute to severe
COVID‐19 illness and platelet clusters and megakaryocytes are
attracted and may decrease total brain blood flow  “brain fog”

B. megakaryocyte megakaryocyte platelet cluster
CD61 stain
CD42b stain
CD61 stain

Endothelial, or other signaling, may recruit megakaryocytes into the
circulation and somehow permitting them to pass through the lungs
and into the brain.
Nauen,2021Feb; Assessing brain capillaries in COVID‐19;
https://jamanetwork.com/journals/jamaneurology/fullarticle/2776455

Inflammatory Responses and Coagulation Pathways
Treatments:

Vascular Integrity, Age, Smoking/COPD and Vitamin D Status All Play a Role in Outcome

IL‐6 blockade by
Tocilizumab
IL‐1 blockade by
Anakinra
Canakinumab
IL‐1‐R blockade by
Ruxolitinib

Vascular Endothelium is a dynamic of tissue constantly under repair

Treatments:
Heparins:
UFH or LMWH
or
Danaparoid
Fondaparinux

Dexamathazone
HCQ
Statins

HMW‐Kallikrinin
Pre‐Kallikrinin
Factor XIIa

Antiplatelets:
Aspirin
Ticagrelor
Prasugrel
Clopidogrel
Dipyridamole

Complement:
Eculizumab

Anti‐Factor Xa
Apixaban
Rivaroxaban
Edoxaban
Betrixaban

DTIs:
Bivalirudin
Dabigatran
Argatroban

Cytokine Storm/IL‐6

Injury  Procoagulant Events

Corrective Actions

Coagulopathies (Blood Clot Disorders) and the INR
Endothelial Damage  Intravascular Coagulation and Oral Anticoagulants
COVID‐19 exacerbates vascular injury leading to blood clotting. Tests include a prothrombin time – the time for a
clot to form. Platelets are very sensitive to triggering upon injury to block vascular leakage.

What is the INR?
INR is a standardization calculation (international
normalized ratio) to standardizing the results of
prothrombin time tests, no matter what is used
the the testing method.
An INR of 1.1 or below is considered normal. An INR
range of 2.0 to 3.0 is generally an effective therapeutic
range for people taking warfarin.
Prothrombin time checks to see if five different blood
clotting factors (factors I, II, V, VII, and X) are
present.
The prothrombin time is made longer by:
• Blood-thinning medicine, such as warfarin.
• Low levels of blood clotting factors.
• A change in the activity of any of the clotting factors.
• The absence of any of the clotting factors.
• Other substances, called inhibitors, that affect the
clotting factors.
• An increase in the need for use of clotting factors.

Emergency Anticoagulation Transitions to Oral Warfarin

COVID‐19 Coagulopathy – What is the Story?
SARS‐CoV‐2 enters host cells via interaction of its spike protein with the ACE2 receptor on the surface of ECs (left). This
entry can cause direct virus‐mediated EC damage leading to activation of the coagulation cascade. EC damage and
thrombo‐inflammation can also be caused by the hyperinflammatory state, characterized by hyperproteinemia and
hyperviscosity, promoted by SARS‐CoV‐2 which causes inhibition of IFN signaling, while simultaneously promoting the
production of proinflammatory cytokines such as IL‐6 and TNF‐α (Right)

SARS‐CoV‐2 is directly cytotoxic to endothelial cells
promoting endotheliopathy and coagulopathy.
This is supported by detection of viral inclusions in
endothelial cells from autopsy specimens of COVID‐19
patient’s vascular endothelial cells.
Also, levels of von Willebrand factor (VWF) antigen,
soluble P‐selectin, and factor VIII activity are significantly
elevated in laboratory‐confirmed COVID‐19 ICU patients.
Mortality is also significantly correlated with the levels of
VWF antigen and soluble thrombomodulin in all patients.

https://www.heartandlung.org/action/showPdf
?pii=S0147‐9563%2821%2900011‐X
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Linking Clotting and Autoimmunity –
Antiphospholipid Antibody Syndrome
In HOMEOSTASIS. one has phosphatidylcholine is bound with protein
kinase C (PKC) at the endothelial Protein‐C receptor  separation by
activation of Protein‐C allows for anti‐thrombotic and anti‐
inflammatory activities.
In PATHOLOGY (Antiphospholipid Syndrome) antiphospholipid
antibodies (aPL) bind lysobisphosphatidic acid on the cell surface, is
internalized into endosomes (digestive capsules) where TLR7 and TLR8
are joined and MyD88 m(myeloid differentiation primary response
protein 88) which then causes nuclear signaling through NF‐Κβ and
interferon regulatory factor 7 (IFN7) to make Type I interferon (IFN) and
inflammatory cytokines.
The INF plus cytokines drive 3 paths:
B‐cell activation  aPLs (antiphospholipid antibodies)
Immune dysregulation  tissue inflammation  Tissue Factor
Platelet activation  thrombosis
Zuo, et al., 2020Nov; Prothrombotic autoantibodies in serum from
patients hospitalized with COVID‐19;
https://stm.sciencemag.org/content/12/570/eabd3876
https://science.sciencemag.org/content/371/6534/1100.full

Linking Clotting and Autoimmunity –
Antiphospholipid Antibody Syndrome
Antiphospholipid syndrome (APS) is characterized by venous/ arterial thrombosis, fetal loss and an array of other clinical
manifestations. The antigenic targets are negatively charged phospholipids and serum phospholipid‐binding proteins.
The syndrome is an autoimmune disease
characterized by the presence of
antiphospholipid antibodies, such as lupus
anticoagulant, anticardiolipin (aCL)
antibodies and anti‐β2‐glycoprotein 1
(aβ2‐GPI) antibodies.

Hanley, 2003; Antiphospholipid Syndrome: A review;
https://www.cmaj.ca/content/168/13/1675

Antiphospholipid Antibody Syndrome
Antiphospholipid syndrome causes
venous, arterial, and small‐vessel
thrombosis; pregnancy loss; and preterm
delivery for patients with severe pre‐
eclampsia or placental insufficiency.
Other clinical manifestations are cardiac
valvular disease, renal thrombotic
microangiopathy, thrombocytopenia,
hemolytic anemia, and cognitive
impairment.
Antiphospholipid antibodies promote
activation of endothelial cells, monocytes,
and platelets; and overproduction of
tissue factor and thromboxane A2.
Complement activation might have a
central pathogenetic role.

https://www.thelancet.com/journals/lancet/article/PIIS0140‐
6736(10)60709‐X/fulltext

Antiphospholipid Antibody Syndrome
To date, there are no diagnostic criteria
for APS. The present classiﬁcation criteria rely on
a combination of clinical manifestations and
persistently positive tests for antiphospholipid
antibodies (aPL). Clinical symptoms comprise
vascular thrombosis, which can affect any
vascular bed, including venous, microvascular
and arterial vessels, and a set of pregnancy
morbidities including early and late
miscarriages, fetal death and preeclampsia.

β2‐GPI

Cardiolipin

APS is more frequent among patients with other
autoimmune diseases, and it is especially
common in systemic lupus erythematosus (SLE).
β2‐Glycoprotein‐I (β2GPI) and Cardiolipin (CL)
are the two speciﬁc antigens which are used in
clinical practice today, both are also
included in the ‘Sidney APS criteria’ (ref noted)
Svenungsson, et al., 2020Jan_Antiphospholipid antibodies;
https://onlinelibrary.wiley.com/doi/epdf/10.1111/joim.13022

Sydney Criteria for APS:
Miyakis S, Lockshin MD, Atsumi T et al. International
consensus statement on an update of the classification
criteria for definite antiphospholipid syndrome (APS). J
Thromb Haemost 2006; 4: 295–306.

Antiphospholipid Antibody Syndrome ‐ β2‐GPI (aka apolipoprotein H)
β2‐GPI, also known as apolipoprotein H, is now
believed to be the major antigen in APS. β2‐GPI
is primarily synthesized by hepatocytes.
Structurally, it belongs to the complement
control protein (CCP) superfamily.
In similarity to the proteins in this family, β2‐GPI
is composed of repeating protein stretches
(domains). β2‐GPI is both a circular (circulating)
and J‐shape made up of five domains of about
60 amino acids, (domains I–V, left side of figure).
Normally, β2‐GPI circulates in the blood in a
closed circular conformation, but it is known
that during certain conditions such as
systemic inflammation, the molecule oxidized J‐structure of
Mounting evidence now indicate that β2‐GPI
and “opens up” to a “J” shape (“J GPI”;
β2‐Glycoprotein‐I
plays an important role as a scavenger molecule,
“oxidized β2‐GPI”) , thus exposing otherwise
(β2GPI)
removing bacteria, microparticles, dead and
cryptic epitopes, primarily on Domain I, which
5 domains
dying cells from the circulation.
are known targets for anti‐β2‐GPI antibodies
(aβ2‐GPI).
Svenungsson, et al., 2020Jan_Antiphospholipid antibodies;
https://onlinelibrary.wiley.com/doi/epdf/10.1111/joim.13022

Antiphospholipid Antibody Syndrome ‐ Cardiolipin
Several pathophysiological mechanisms may
contribute to the “procoagulant phenotype”
induced by aPL such as activation of platelets,
monocytes, and endothelial cells as well as
diminished function of natural anticoagulant
and fibrinolytic systems.
This has been described as the ‘first hit’, which
leads to thrombosis only in the presence of a
second provoking factor often also called the
‘second hit’. The most important inciting factor
(‘second hit’) is considered to be a systemic
inflammatory process (ie. COVID or ROS
injuries), serving as a necessary link between the
aPL positive procoagulant phenotype and
definite thrombus formation.

Cardiolipin was the first antigen used in specific aPL assays (Rt Figure above). Cardiolipin is a universal component of
mitochondria in all eukaryotes, but it can also be found in some bacterial membranes. It is a dimeric phospholipid which is
a major constituent (20%) of the inner mitochondria membrane. Cardiolipin is important for the respiratory chain in
mitochondria, and it is especially plentiful in metabolically active cells, such as myocytes in the heart and muscles
Svenungsson, et al., 2020Jan_Antiphospholipid antibodies;
https://onlinelibrary.wiley.com/doi/epdf/10.1111/joim.13022

Phospholipid Hydrolysis Provides Substrates for Vascular Inflammation
Phospholipid (PL) hydrolysis provides substrates for cell‐cell communication, enables regulation of hemostasis, immunity,
thrombosis, and vascular inflammation, and is important in cardiovascular disease and associated comorbidities.
Phospholipids themselves are also recognized by innate‐like T cells, which are considered essential for recognition of
infection or cancer, as well as self‐antigens.
(A) Phospholipases PLA1 , PLA2 , PLC, and PLD
Coagulation factors comprise a series of serine proteases and
associated cofactors that are largely inactive in the fluid phase of
blood. In order to facilitate clot formation, they must self‐associate
on a negatively charged surface, where they reach a high local
concentration. This is classically achieved by platelets externalizing
PE/PS (ester and serine) following agonist activation.

hydrolyzed PLs and are named by the site of hydrolysis
Phospholipases

Platelet membrane charge change

PL cleavage and PL asymmetry in innate immune cells (figure).
Upon activation, calcium‐dependent externalization of PE and PS
Neutral
provides a negatively charged surface that supports coagulation factor
binding and facilitates prothrombin’s conversion to active thrombin.
Figure Key: X and V, zymogen coagulation factors X and V; Xa/Va, a
complex of activated factor X and factor V (prothrombinase complex).
O’Donnell, et al., 2018; Phospholipid signaling in innate immune cells
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6026006/pdf/jci‐
128‐97944.pdf

Ca+2

NEG

Flippase and floppase  Scramblase

B) Flippase and floppase enzymes maintain
membrane symmetry on resting platelet membranes
and activation (Ca signal) externalize a NEG charge.

Phospholipid Hydrolysis Provides Substrates for Vascular Inflammation
Phospholipids (PL) themselves are also recognized by innate‐like T cells, which are considered essential for recognition of
infection or cancer, as well as self‐antigens.
Phospholipases:
Common sn1 and sn2 site of action phospholipases
C. Sn1 = phospholipase A1/B D. sn2 = PL A2/B
PS:
Sn1 fatty
Palmitic acid
Phosphatidylserine
acids
PI:
Phosphatidylinositol

Stearic acid
Oleic acid

PG:
Phosphatidylglycerol
PE:
Phosphatidylethanol
amine
PC:
Phosphatidylcholine

Linoleic Acid
Arachidonic acid
Eicosapentanoic acid

Sn2 fatty
acids

Docosahexaenoic acid

An ester PE
Plasmalogen PE O’Donnell, et al., 2018; Phospholipid signaling in innate immune cells
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6026006/pd
f/jci‐128‐97944.pdf

Phospholipid Hydrolysis Provides Substrates for Vascular Inflammation
Phospholipids (PL) themselves are also recognized by innate‐like T cells, which are considered essential for recognition of
infection or cancer, as well as self‐antigens.
Common sn1 and sn2 site of action phospholipases
Sn1 = phospholipase A1/B sn2 = PL A2/B
Sn2 fatty acids
PL A2/B

https://www.intechopen.com/books/lipid‐peroxidation/lipid‐
peroxidation‐after‐ionizing‐irradiation‐leads‐to‐apoptosis‐and‐
autophagy

Sn1 fatty acids
PL A1/B

O’Donnell, et al., 2018; Phospholipid signaling in innate immune cells

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6026006/pd
f/jci‐128‐97944.pdf

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
Lipid peroxidation reactions take place in three steps:
Step 1: Initiation – production of a fatty acid radical. In polyunsaturated fatty acids (PUFA), methylene
groups next to carbon‐carbon double bonds possess especially reactive hydrogen atoms. Lipid
peroxidation is most commonly initiated when reactive oxygen species (ROS) such as OH∙ and HO2
interact with a reactive methylene hydrogen atom to produce water and a fatty acid radical:

PUFA + OH∙  PUFA* + H2O
Step 2: Propagation. Molecular oxygen reacts with the unstable lipid radical to produce a lipid peroxyl radical.
This radical is also unstable; it reacts readily with an unsaturated fatty acid to regenerate a new fatty acid
radical as well as a lipid peroxide. This is called the lipid peroxidation chain reaction.

PUFA* + O2  PUFAOO*
PUFAOO*  Fenton  HO‐PUFA*+ OH‐
Step 3: Termination. As the chain reaction continues, an increasing concentration of lipid radicals are produced,
thereby increasing the probability two lipid radicals will react with each other, which can produce a non‐radical
species. This constitutes a chain‐breaking step, which in combination with the activity of natural radical scavenging
molecules in cellular systems ultimately quells the chain reaction.
Kiang, et al., 2012; Lipid peroxidation after ionizing radiation; https://www.intechopen.com/books/lipid‐
peroxidation/lipid‐peroxidation‐after‐ionizing‐irradiation‐leads‐to‐apoptosis‐and‐autophagy

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
The apoptosis process then follows is either of two pathways: extrinsic and intrinsic.

The extrinsic pathway: The path involves the activation of pro‐caspase‐8 by external, typically
molecular signals such as FAS ligand binding to FAS or TNF binding to TNF receptors on the cell
membrane.
• Through a series of steps pro‐caspase‐8 becomes activated caspase‐8, which then acts on the
mitochondrial membrane either directly or via the activation of caspase‐3. Subsequent steps
then follow those described for the intrinsic pathway.
The intrinsic pathway: This pathway involves mitochondria directly.
• When mitochondria are under stress, cytochrome c is released from the mitochondria. The
released cytochrome c conjugates with Apf‐1 and caspase‐9 in the cytoplasm to form
apoptosomes, which in turn activate caspase‐3 and ‐7.
• Activated caspase‐3 then activates caspase‐2, ‐6, ‐8, and ‐10. It should be noted that caspase‐
independent apoptosis pathways also exist, such as the intrinsic, apoptosis inducible factor (AIF)
pathway and the intrinsic, mitochondria‐derived endonuclease G‐related pathway [29‐31].

Kiang, et al., 2012; Lipid peroxidation after ionizing radiation; https://www.intechopen.com/books/lipid‐
peroxidation/lipid‐peroxidation‐after‐ionizing‐irradiation‐leads‐to‐apoptosis‐and‐autophagy

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
The Extrinsic Pathway: The “Death signals” of
TNFR1 and FasL (CD35 ligand) receptor binding
leads to the activation of pro‐caspase‐8 to
activated Caspase‐8. (Caspase refers to “c” cysteine

The Intrinsic Pathway: Stress (oxidative or high
Ca+2)  cytochrome c is released and forms
apoptosomes (Cyt c + Apf‐1 + Caspase‐9) which
sets Pro‐Caspase 3 to active Caspase‐3

protease and “aspase” refers to the enzyme’s property
to cleave after aspartic acid residues)
death‐inducing
signaling complex
(DISC)

TNF receptor‐
associated death
domain (TRADD)

Fas‐associated
death domain
(FADD)

Note: A third path is an intrinsic path from endoplasmic reticulum
Wong, 2011; Apoptosis and Cancer;
https://www.researchgate.net/publication/51670362_Apoptosis_in_cancer_From_pathogenesis_to_treatment

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
Radiation induced Apoptosis – Lipid Oxidation, Cell Membranes and Recognition:
Three main types of biochemical changes can be observed in apoptosis: 1) activation of caspases, 2) DNA
and protein breakdown, and, 3) membrane changes and recognition by phagocytic cells
Early in apoptosis, there is expression of phosphatidylserine (PS) in the outer layers of the cell membrane,
which has been “flipped out” from the inner layers. This allows early recognition of dead cells by
macrophages, resulting in phagocytosis without the release of proinflammatory cellular components.
testing for aCL (anti‐cardiolipin) and anti‐β2‐GPI antibodies is unaffected by anticoagulation therapy. Semi‐
quantitative reporting of results (negative, low, medium or high titer) is done by most laboratories.
Standardization of these assays is also challenging, especially regarding aCL‐testing. Anti‐β2‐GPI and aCL
antibodies of IgM/G/A isotypes are detected by enzyme‐linked immunosorbent assays (ELISA) and
expressed as the internationally accepted MPL/GPL/APL units
CAPS ‐ Catastrophic Antiphospholipid Syndrome (Asherson’s Syndrome): CAPS constitutes < 1% of all APS
cases; Small vessel occlusions dominate the clinical CAPS picture, but thromboses in large vessels may also
occur. the average age at diagnosis is 38 years and 69% are female. A key observation is that precipitating
factors, ‘a second hit’, especially infections leads to high mortality (38%)
Svenungsson, et al., 2020Jan_Antiphospholipid antibodies;
https://onlinelibrary.wiley.com/doi/epdf/10.1111/joim.13022

Are Genes Leading to Serious COVID‐19 Lung Inflammatory Disease? (2244 patients)
What Genes cause Serious COVID Injury?
The authors found evidence to support three causal genetic links
Critical illness in Covid‐19 is related to at least two
to life‐threatening severe Covid‐19:
biological mechanisms:
• low expression of IFNAR2 (interferon‐α Receptor 2), and,
• Failed innate (early) antiviral defenses: IFNAR2 and
• high expression of TYK2; and,
OAS genes, and,
• high expression of CCR2 ‐ the monocyte/macrophage
• Exuberant (Adaptive) host response inflammation
chemotactic receptor.
genes‐ lung injury (late): DPP9, TYK2 and CCR2.
CCR2
TYK2 &
(right) A Miami Plot (*Genome‐wide association
meta‐analyses) of the 22 chromosomes showing the
INNATE low expression of 1) IFNAR2 (chrom 21), and,
2) high expression of TYK2 (chrom 19), and, CCRx
(chrom 3).
Red horizontal line shows normal genome‐wide limits
for common variants; insets are quantile‐quantile
(QQ) plots of observed vs expected p‐values to show
genomic inflation (λ) for each analysis (red ovals)

IFNaR2

* Miami Plot: a way to highlight specific loci in plots or to extract
independent subsets of loci from genome‐wide datasets; for
displaying multiple QQ (quantile‐quantile) curves in a single graph

Chromosome No.
Pairo‐Castineira, E. et al. Genetic mechanisms of critical illness in Covid‐19. Nature, Dec 2020;
https://www.nature.com/articles/s41586‐020‐03065‐y_reference.pdf

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4287944/

Endothelium, NF‐Κβ and Vitamin D (D3): D3 and COVID‐19
3. blocking NF‐Κβ downregulates COVID‐19
inflammatory signaling

COVID‐19 ACE2 binding,
internalization, replication
RXR is a steroid
nuclear receptor

1. Vitamin D3 (VD3)
Interacts with the
vitamin D receptor
(VDR) plus the
retinoid X receptor
(RXR)

4. COVID‐19
inflammatory
signaling,
aka “cytokine
storm”

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605797/

2. The VD3 + VDR + RXR
complex activates genes
(proteins) that can blocks
NF‐Κβ

NF‐KB required involvement;
https://stke.sciencemag.org/content/14/666/eaaz4382

The Pharmacology of Vitamin D3 and How it Controls NF‐Κβ
3. blocking NF‐Κβ downregulates COVID‐19

NF‐Κβ =[ p50 p65 IΚβα ] complex

inflammatory signaling via IΚβα blockade

IΚβα
4. COVID‐19
NF‐Κβ

inflammatory
signaling,
aka “cytokine
storm”

IΚβα

The “Cytokine Storm” is initiated through the
actions of NF‐Κβ.
Toll‐Like Receptor (TLR) ligands like TNF/IL‐6 (other
“ligands”) act on the IKKn IKKa signaling motif
where the IKK complex is “neutral” (n) and
becomes “active”(a) (by phosphorylation) and
initiates nuclear NF‐Κβ activity.
This process is rapidly damped by A20 and IΚβα
where A20 forces IKKa back to IKKn and IΚβα
damps NF‐Κβ signaling.
A20 is a class of Cys2/Cys2zinc finger proteins.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605797/

1. Vitamin D3 (VD3)
Interacts with the
vitamin D receptor (VDR)
plus the retinoid X
receptor (RXR) a steroid
nuclear receptor

2. The [VD3 + VDR + RXR] complex
activates genes (into proteins) that can
block the NF‐Κβ (p50 p65 IΚβα )
phosphorylation thus shutting down the
action of cytokine release by preventing
nuclear access of p50/p65 (p65=relA)

“Cytokine Storm” out of control
More ligands (dose dependency)
more IKKa  more cytokines into a
vicious cycle
NF‐KB required involvement;
https://stke.sciencemag.org/content/14/666/eaaz4382

TNF‐α Promotes Endothelial Apoptosis Via NF‐Κβ which Decreases NOTCH4
TNF‐α promotes apoptosis in endothelial cells (EC) through a downregulation of
Notch4 activity and a phenotypic switch where Notch4 is replaced by Notch2.
TNFα strongly modulates the pattern of Notch expression
by decreasing Notch4 expression while increasing Notch2
expression.
Changes in Notch expression were associated with a
reduction in NF‐Κβ hes1 and hey2 expression and in CBF1
reporter gene activity, suggesting that TNF‐α regulates both
Notch 2 and 4 expressions and activities.
• Notch2 and Notch4 regulations occur independently and
are mostly mediated by the NF‐κβ signaling pathway
(Notch 4) and PI3‐kinase signaling pathway (Notch 2)
• EC apoptosis occurs via TNF‐α mediated NF‐Κβ and hes1
and hey2 gene triggers which depress Notch 4 activity
Inflammatory cytokines elicit a switch in Notch expression
allowing caspase‐dependent EC apoptosis.
characterized by Notch2 predominance over Notch4 leading to
• More on NOTCH signaling in later slides
a reduced Notch activity that both promote EC apoptosis.
Gridley;2010; NOTCH and Vasculature;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3659771/

NF‐KB and apoptosis:
https://www.ahajournals.org/doi/pdf/10.1161/01.HYP.38.1.48

Quillard_et al., 2010; Inflammation dysregulates Notch signaling in endothelial cells
https://www.sciencedirect.com/science/article/abs/pii/S0006295210005216

Radiation and Vascular Damage Mechanisms: NF‐Κβ and ROS

Oxidative Species
[Iκβα  Iκβn]

NF‐Κβ =
[Iκβα ‐ p50 ‐ p65]
complex

NF‐Κβ Activation
Loss
of
Iκβα

Nuclear gene
action
Baselet, et al., 2016, Cardiovascular diseases related to ionizing radiation;
https://www.spandidos‐publications.com/10.3892/ijmm.2016.2777

[VitD3 RXR VDR] Complex Damps NF‐KB and Controls the “Cytokine Storm”
• Cells receive a wide range of dynamic signaling
inputs during immune regulation. Using a
microfluidic single‐cell analysis and mathematical
modeling the authors showed how the NF‐Κβ
pathway responds to immune inputs that vary
over time such as increasing, decreasing, or
fluctuating cytokine signals. NF‐Κβ responds to
the absolute difference in cytokine
concentrations and not to the concentration
alone.
• A negative feedback loop exists ‐ the regulatory
proteins A20 and IΚβα ‐ enable differential
responses to changes in cytokine dose by
providing a short‐term memory of previous
cytokine concentrations and by continuously
resetting kinase cycling and receptor abundance.
• Cells use simple network factor dynamics to
efficiently extract information from complex
signaling environments.

Schematics of the differentiator mechanism
• Before ligand stimulation, the NF‐ Κβ system is at a stationary
phase with most IKK in the neutral state (IKKn).
• Introduction of TNF/IL‐1β (“cytokines”) converts IKKn to IKKa
(neutral to active), which triggers the translocation of NF‐ Κβ
into the nucleus (the first refractory period; NF‐ Κβnuc ).
• Translocation starts A20 synthesis, which inhibits IKKa
activated by TNF/IL‐1β and converts IKKa back to IKKn.
• A20 thus serves as “memory” of the previous stimulation by
dampening the subsequent response.
• Excess ligand‐receptor activation will overcome A20 inhibition.

The Pharmacology of A20 and How it Controls NF‐Κβ
https://www.nature.com/articles/cmi201159.pdf

TNF/TNFR1

NF‐Κβ

IL‐1/IL‐1R

NF‐Κβ

LEFT: Mechanisms of NF‐kB inhibition by A20 in the TNFR1 signaling pathway. A20 is induced by NF‐kB in the TNFR1
pathway and functions in a negative feedback loop
RIGHT: Mechanisms of NF‐kB inhibition by A20 in the IL‐1R/TLR4 signaling pathways. A20 is induced by NF‐kB
downstream of IL‐1R/TLR4. TAX1BP1 cooperates with A20 to disrupt the interactions between the E3 ligase TRAF6 and the
E2 enzymes Ubc13 and UbcH5c upon IL‐1R/TLR4 stimulation. At later times, A20 conjugates K48‐linked polyubiquitin chains
on the E2 enzymes to trigger their proteasomal degradation. TAX1BP1, Tax1‐binding protein 1.

NF‐Kβ and the Control the Cytokine Storm
A20 controls IKK neutral  active cycling that transmits information about TNF cytokine dose changes to NF‐Κβ
A20 is critical for sustained input differentiation
The importance of A20 and IΚβα parameters for differentiator behavior could be explained by the dependence of
A20 and IΚβα on the strength or dose of the previous TNF stimulation, which would provide memory of the
previous TNF stimulation by damping the subsequent NF‐Κβ response

The NF‐Κβ circuit: how cytokine input regulates
the immune response:
• The Toll‐like Receptor ligand (TNF‐α and IL‐6) dose
governs the intrinsic response of A20. The dose
from the initiators controls IKK neutral  active
cycling.
• The concentration gradient of the initiators
facilitates the A20 response and “memory” for the
NF‐Κβ circuit operations
NF‐KB required concentration gradients:
https://stke.sciencemag.org/content/14/666/eaaz4382

kinase cycling and receptor abundance

NF‐Κβ Network Simulation: the Role of A20 in Response “Memory”
TNFα/IL‐1β initiation of NF‐Κβ responses via IKKn IKKα
The red and blue curves represent the dynamics
of nuclear NF‐Κβ (red) and active IKKa (blue)
levels under three different input dynamics (top)
yielding a pulsed response to 400 min:
1) Instantaneous A20
2) Graded set step A20
3) Increasing step A20
Model: TNFa/IL‐1b effect on IKKn  IKKα
output to affect NF‐Κβnuc (damped by IΚβα)
over time via A20 negative feedback
A. Strong A20: feedback  damped – but
proportional ‐ IKKa
B. Weak A20: memory (25% of original) 
high IKKa with no memory
C. Absent A20: missing (no A20 feedback) 
exaggerated NF‐Κβ responses, esp from step
increases in TNF/IL‐1β
NF‐KB required concentration gradients:
https://stke.sciencemag.org/content/14/666/eaaz4382

NOTCH Signaling Pathways: NOTCH4 Expression and Vasculature
The Notch Signaling Pathway (NSP) is a highly conserved pathway for cell‐cell communication. NSP is involved in
the regulation of cellular differentiation, proliferation, and specification. For example, it is utilized by continually
renewing adult tissues such as blood, skin, and gut epithelium not only to maintain stem cells in a proliferative,
pluripotent, and undifferentiated state but also to direct the cellular progeny to adopt different developmental
cell fates. https://reactome.org/content/detail/R‐HSA‐157118
Humans have four Notch genes (NOTCH1‐4) and four functional ligand genes (JAG1, JAG2, DLL1, and DLL4).
NOTCH1 and NOTCH2, which are widely expressed in developing and normal human tissues, are the most
highly conserved members of the human Notch family. NOTCH1 and NOTCH2 fulfill numerous roles during
development and in homeostasis of adult tissues
By contrast, NOTCH3 and NOTCH4 show substantial sequence divergence and restricted patterns of expression
in smooth muscle and pericytes (NOTCH3) or vascular endothelium (NOTCH4).
The most critical functions of NOTCH3 (4) and NOTCH4 (5) appear to be confined to the vasculature. Vascular
pattern defects associated with expression of activated Notch4 https://pubmed.ncbi.nlm.nih.gov/11344305/
Expression of an activated form of Notch4 in embryonic vasculature leads to abnormal vessel structure and
patterning, implicating the Notch pathway in phases of vascular development associated with vessel patterning
and remodeling (VEGFR). Histology: Whole‐mount β‐galactosidase to visualize the endothelial cells
Aster, 2020; NOTCH SIGNALING IN CONTEXT; Trans Am Clin Climatol Assoc. 2020; 131: 147–156;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7358465/?report=printable

Notch proteins are single‐pass transmembrane receptors that
mediate cell‐to‐cell communications for the regulation of cell fate
decisions during developmental stages and then into adult life.
Notch receptors are highly conserved in throughout evolution and
are found in a diverse range of organisms from worms to humans.
The Notch family includes four receptors, NOTCH1, NOTCH2,
NOTCH3, and NOTCH4. These receptors have an extracellular
domain that contains multiple epidermal growth factor linkages.

NF‐κβ (nuclear factor‐kappa‐light‐chain‐enhancer of activated B‐
cells) is a collective term for a complex of 3 transcription factors
(IΚβα, p50 and p65  Iκβα dissociates  p50/p65 intranuclear)
NF‐κβ has a complex regulation, modulates the expression of a
wide set of genes and biological responses and is involved in a
variety of diseases.

NF‐κβ

Ligands: DLL1‐4 and JAG1,2 in the cytosol
Receptor modulators: LFNG and FBXW7
RECEPTORS: NOTCH1, 2, 3, 4
Receptor Activators: Furin, TACE, APH1A, OSEN 1,2, PSENEN, and
NCSTEN
Nuclear Effectors: NICD, RBPJL, SKIP, MAML
Target Genes: Hes1‐5 and Hey1,2

https://link.springer.com/referenceworke
ntry/10.1007%2F978‐1‐4419‐0461‐4_509

NOTCH Signaling Pathways: Dysfunction  Cancers and Disease
•

NOTCH signaling pathways play a key role in
development and tissue homeostasis, and its
dysfunction is involved in tumorigenesis and other
human diseases.

• The interaction between NOTCH and its ligands from
neighboring cells results in two successive cleavage
events: cleavage at site S2 by ADAM protease and
subsequent intramembranous cleavage at site S3 by
γ‐secretase complex.
• This ligand‐dependent activation process generates
Notch intracellular domain (NICD). In the nucleus,
NICD complex forms a triplet transcription activation
complex with transcription factor (CSL) and
transcriptional coactivator (MAML1), initiating the
transcription of target genes.
• Inactivation of Notch signaling contributes to CSCC
(cutaneous squamous cell carcinoma).
https://www.researchgate.net/publication/235377203
_Notch_signaling_genetics_and_structure

site S2

site S3

ADAM cleavage + gamma secretase  NICD to nucleus
NICD: NOTCH intracellular domain; RAM+ANK+PEST; works
in nucleus with CSL and MAM1 transcription factors
SFK: Src family tyrosine kinases
EGFR: Epidermal growth factor receptor.
https://www.researchgate.net/publication/303552436_Does_N
otch_play_a_tumor_suppressor_role_across_diverse_squamous
_cell_carcinomas

Simplified Schematic of the Canonical Notch Signaling Pathway
A, Epidermal growth factor (EGF)–repeat domain of Notch is
known to be glycosylated by EOGT in mammalian cells.
Activation of the Notch signaling cascade is initiated by the
binding of 1 of 5 ligands through direct contact of adjacent
cells.
B, Ligand activation leads to cleavage and release of Notch
intracellular domain (NICD), which translocates to the nucleus
to form an active transcriptional complex with RBPJ,
mastermind (MAML) and transcriptional coactivators (CoA).
C, In the absence of Notch activation, RBPJ complexes with
corepressor proteins (CoR) to repress transcription of
downstream genes. Mutations in EOGT and RBPJ have
previously been identified in Adams–Oliver syndrome.

From: Southgate, et al., 2015_NOTCH1_ Adams–Oliver Syndrome With
Variable Cardiac Anomalies
https://www.ahajournals.org/doi/full/10.1161/circgenetics.115.001086

Silencing Notch4 Drastically Inhibits Repair of Endothelial Injury
•

High levels of tumor necrosis factor (TNF), transforming growth factor (TGF), and IL10 all consistently decrease Notch4 expression.

•

Silencing Notch4 (via Hes1 off of NF‐κβ) drastically inhibits repair of endothelial injury. Notch4 expression is restricted to the
endothelium and Notch4 is the only Notch receptor expressed in the capillary endothelium.

•

Notch4 and basal Notch activity are required to maintain EC quiescence and for optimal survival and repair in response to injury.

•

NF‐κβ‐dependent regulation of Notch4 in EC acts as:

Notch4 mRNA expression
HAEC (aortic endothelium) were preincubated with
antioxidants (PDTC (Probucel; 100µM) or NAC; n‐acetyl
cysteine; 10mM)) for 1 h before a 24 h‐treatment with TNF
(100 U/ml).
A. Quantitative RT‐PCR analysis for Notch4 mRNA expression,
B. a representative PAGE analysis of Notch and VCAM‐1
protein expression by Western blotting
C. TNF signal  NF‐KB IΚβα, p50 and p65  Iκβα
dissociates  p50/p65 intranuclear  Hes1 and Hey2 
Notch4 depression  caspase cleavage  apoptosis

NAC >> PDTC in blocking TNF
responses of NOTCH 4 and
VCAM‐1

Quillard_2008_Impaired Notch4 activity and endothelial dysfunction and apoptosis;
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.528.3006&rep=rep1&type=pdf

Notch4 and VCAM‐1

TNF‐α Promotes Endothelial Apoptosis Via NF‐Κβ
TNF‐α promotes apoptosis in endothelial cells (EC) through a downregulation of
Notch4 activity and a phenotypic switch where Notch4 is replaced by Notch2.
TNFα strongly modulates the pattern of Notch expression
by decreasing Notch4 expression while increasing Notch2
expression.
Changes in Notch expression were associated with a
reduction in NF‐Κβ hes1 and hey2 expression and in CBF1
reporter gene activity, suggesting that TNF‐α regulates both
Notch 2 and 4 expressions and activities.
• Notch2 and Notch4 regulations occur independently and
are mostly mediated by the NF‐κβ signaling pathway
(Notch 4) and PI3‐kinase signaling pathway (Notch 2)
• EC apoptosis occurs via TNF‐α mediated NF‐Κβ and hes1
Inflammatory cytokines elicit a switch in Notch expression
and hey2 gene triggers which depress Notch 4 activity
characterized by Notch2 predominance over Notch4 leading to
allowing caspase‐dependent EC apoptosis.
a reduced Notch activity that both promote EC apoptosis.
Gridley;2010; NOTCH and Vasculature;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3659771/

NF‐KB and apoptosis:
https://www.ahajournals.org/doi/pdf/10.1161/01.HYP.38.1.48

Quillard_et al., 2010; Inflammation dysregulates Notch signaling in endothelial cells
https://www.sciencedirect.com/science/article/abs/pii/S0006295210005216

Blockade of the ACE2 Receptor and Angiotensin II Backup  Propagation of ROS

The Attachment of COVID‐19 to the ACE2
Receptor initiates an abundance (back‐up) of
Ang II which is PRO‐inflammatory (ROS
generator) and the consequence of ACE2
occupancy is damping of Ang 1‐7 which serves
as an ROS brake. RESULT: ROS species damage
membranes and consummate damage to ACE2
receptor tissues, i.e. vasculature.

Blockade of the ACE2 Receptor and Angiotensin II Receptor Propagation of ROS

COVID‐19 and Radiation Injury: Reactive Oxygen Species (ROS) Generation
Radiation Injury is reactive oxygen species
(ROS) generated by passage of (and
attenuation/absorbance/transfer of)
ionizing energies to tissue water and triggers
chemical changes mostly splitting water.
As a radiation beam enters the body it
interacts with tissue (mainly water) and
created hydroxyl species (OH‐) , superoxide
(O2*), peroxides (H2O2), peroxynitriles
(ONOO‐), free H+(acids), and more.
Similarly,
COVID‐19, by occupying the ACE2 receptor,
interrupts the generation of AT 1,7 and
keeps AT2R concentrations high. The AT2R
is an ROS generator. AT 1,7 is a brake on
ROS through the mitochondria and balances
ROS concentrations. A free AT2R is a
damaging O2* pump causing chemical injury.

Radiation Beam
(X‐ray beam/cancer Rx)
ACE2

Reactive Oxygen Species (ROS) Generation: Cell Damage Mediated by Ionization

Orthovoltage Versus Supervoltage Irradiation and Mechanism of Radiation Death
Poirier, Yannick, transitioning from gamma rays to x‐rays for comparable medical research irradiations: Energy
matters Rad Res 2020
Photoelectric effect on the bone alters (increases) the bone RBE of Cs‐137 vs higher energy sources
Guha, et al, C57Bl/L6 mice lethality after orthovoltage 300 KV, 10mA
Gibson, Brian W et al Comparison of Cesium‐137 and X‐ray irradiators using bone marrow transplant
reconstitution in C57BL/6J Mice
Photoelectric effect (low end)  Compton scattering (higher end) transition over 0.01 up to 0.1 MeV
Harden the beam = passage of multiple energies through a “filter” to reduce (attenuate out) lower energy
photons
Higher energies: the variations of absorbed dose are reduced

http://www‐
naweb.iaea.org/nahu/DMRP/documents/sli
des/Chapter_07_Treatment_planning.pdf

Effects of Heavy‐Ion and Gamma Radiation on
DNA Damage and Cell Survival

DIR

SIR

Particulate radiations by α-particles or protons belong to
densely ionizing radiation (DIR) type because they can
deposit most energy within their track path.

When DNA locates on the track of these two different
radiation types, it displays different levels of damage. DIR
causes more double strand breaks than SIR. DNA repair
will be accordingly less efficient. Under the same dosage,
the survival fractions of DIR radiation irradiated cells will be
lower than that of X-ray or γ-ray (SIR) irradiated cells.
• DIR energy distribution >> per tissue micron than SIR.

Discrete
Injuries
(tracks)

https://www.semanticscholar.org/paper/The‐Actin‐Depolymerizing‐Factor‐
(ADF)%2FCofilin‐and‐Chang‐Leu/6f6f97e5fc7defa0ca4b56046f3fb7c993f174e0

Surviving
Fraction

X-rays and γ-rays possess high penetration ability but leave
little energy on the traveling track, so that they are Sparsely
ionizing radiation (SIR). Sparsely ionizing radiation mainly
ionizes water to produce free radicals, which are highly
electrophilic and prone to capture electrons from biological
components.

Distributed
Injuries
(ROS wash)

COVID‐19 and Reactive Oxygen Species (ROS) Generation: The AT(1,7) Link
S1
trimer

RAS

ACE2
AT II

ROS
Generator:

ROS Generator: AT II blockade by COVID‐19 occupying
the ACE2 receptor stimulates AT1R and 2R to generate
ROS excess
AT 1,7 is a brake on the O2* generation

AT (I,7)

Mitochondrial
Assembly
Receptor
(MAS)

An imbalance between the ANG II/ACE1 axis and the
ANG‐(1‐7)/ACE2 axis in the RAS has emerged as a
common denominator in cardiovascular disorders.
https://www.kidney‐international.org/article/S0085‐
2538(20)30401‐4/fulltext

Art work from MedCram Lecture 65:
https://www.youtube.com/watch?v=gzx8LH4Fjic

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
Endogenous antioxidants include the enzymes superoxide dismutase (SOD), catalase, and peroxidase.
Exogenous antioxidants, like Vitamin E, also can relieve the ROS stressors.
Autophagy: Autophagy is a catabolic process involving the bulk degradation of cellular constituents in
lysosomes [32]. Autophagy under normal conditions is a cytoprotective process involved in tissue remodeling,
recovery, and rejuvenation.
• The autophagic pathway is complex. To date there are over thirty genes identified in mammalian cells as
regulators of various steps of autophagy.
• The misregulation of the autolysosomal pathway during autophagy can eventually cause cell death
• Light chain 3 (LC3) is a protein involved in the formation of autophagosomes in mammalian cells that serves
as a biomarker for occurrence of autophagy
Given the widespread potential for cellular damage from lipid peroxidation after exposure to ionizing
radiation, the authors hypothesize that ionizing radiation‐induced lipid peroxidation leads to:
• 1) caspase‐mediated apoptotic cell death, and,
• 2) LC‐3 (light chain 3) mediated autophagic cell death. LC3 is a protein involved in the formation of
autophagosomes in mammalian cells and is a biomarker for autophagy.
Experimental: The authors use human Jurkat T cultured cells and mouse ileum to investigate the relationship
between lipid peroxidation and cell death both in vitro and in vivo. Radiation exposure (Cell culture) AFRRI’s
60Co source. Cells suspended in growth medium, 6‐well plates (5 x 106 cells/ml; 2 ml per well), exposed to
60Co gamma‐radiation using a dose rate of 0.6 Gy/min. Incubation in a 5% CO2 atmosphere at 37 C.
Kiang, et al., 2012; Lipid peroxidation after ionizing radiation; https://www.intechopen.com/books/lipid‐
peroxidation/lipid‐peroxidation‐after‐ionizing‐irradiation‐leads‐to‐apoptosis‐and‐autophagy

Lipid Peroxidation After Ionizing Irradiation Leads to Apoptosis and Autophagy
After gamma radiation exposure, levels of the lipid peroxidation indicator malondialdehyde (MDA) increase in
brain [14], liver [15‐19], lens [20], serum [21], and skeletal muscle [22] of rats as well as in bacteria [23].
Free radical‐mediated lipid peroxidation is harmful because damaged lipids disrupt membrane structure and
function. It also produces potentially mutagenic and carcinogenic byproducts [26]. One such product is the
highly reactive carbonyl compound is MDA which can react with deoxyadenosine and deoxyguanosine in DNA
to form DNA adducts, primarily pyrimido[1,2‐a]purin‐10(3H)‐one (M1G) [23, 26].
M1G toxicity has been demonstrated in experiments with glutathione peroxidase 4 knockout mice, which have
a diminished capacity to protect themselves from lipid peroxidation and thus M1G toxicity; mice with this
lethal phenotype do not survive past embryonic day 8 [27].
Lipid peroxidation reactions can occur at the both the cell membrane and mitochondria membranes
Either can subsequently trigger cell death through apoptosis and/or autophagy [28].
• Apoptosis is typically executed by caspases, which are cysteine aspartic acid‐specific proteases that cleave an
amino acid sequence‐motif located N‐terminal to a specific aspartic acid residue.
• Caspases can be broadly divided into two functional subgroups:
• those activated during apoptosis (caspases ‐2, ‐3, ‐6, ‐7, ‐8, ‐9, and ‐10) ; and,
• those implicated in the processing of proinflammatory cytokines during responses (caspases ‐1, ‐4, and ‐
5) [29‐31]. The apoptosis process then follows.
Kiang, et al., 2012; Lipid peroxidation after ionizing radiation; https://www.intechopen.com/books/lipid‐
peroxidation/lipid‐peroxidation‐after‐ionizing‐irradiation‐leads‐to‐apoptosis‐and‐autophagy

Reactive Oxygen Species (ROS) Generation: Ionizations Affect Cell Functions
Radiation Injury is reactive oxygen species
(ROS; ionizations) generated by passage of
(and attenuation/absorbance/transfer of)
ionizing energies to tissue water and triggers
chemical changes mostly splitting water.
As a radiation beam enters the body it
interacts with tissue (mainly water) and
created hydroxyl species (OH‐) , superoxide
(O2*), peroxides (H2O2), peroxynitriles
(ONOO‐), free H+(acids), and more.
The effects of ROS extend to damaging
electrosignaling (Ca, Na and K channels;
Vmemb – voltage channels on the cell
membranes); DNA structure and repair is
affected, cell cycling events are disrupted,
vascular wall integrity compromised, platelet
Ca channels affected, glucose metabolic
events are changed, and stress mediators are
neutralized; all of these are affecting cell
function and survival.

Radiation‐induced Premature Senescence: How NF‐Κβ is Controlled
• Ionizing radiation is a well‐known stressor that induces
premature senescence (aging/inactivity) in cells.

TLR stimulation

• The culprit is most likely severe irreparable radiation‐
induced DSB, although radiation‐induced accelerated
telomere attrition has also been suggested.
However, in addition, oxidative stress is a major player in
radiation‐induced senescence and is also involved in both
radiation‐induced DNA damage and accelerated telomere
attrition.
The NF‐Κβ stimuli leads to phosphorylation of the [IΚΚγ –
α – β] complex  [Iκβ‐p50‐p65], called NF‐Κβ.
phosphorylation of NF‐Κβ decouples Iκβ allowing the
[p50‐p65] complex to move to the nucleus for nuclear
signaling and the creation of protein Iκβ‐ζ (an inhibitor of
NF‐κB (nuclear factor κB).
In the cytoplasm protein Iκβ‐ζ binds to p65 bringing it
back to the nucleus for a secondary signal at CEBP sites.
IκB‐ζ is essential for the induction of a subset of
inflammatory genes, represented by IL‐6, whereas it
inhibits the expression of TNF (tumor necrosis factor)‐α.

NF‐Κβ

C/EBP (CCAAT/enhancer‐binding
protein)‐binding site in the
promoters is essential for the IκB‐ζ ‐
mediated transcriptional activation.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2267307/
https://www.researchgate.net/publication/306924010_IkBz_A
n_emerging_player_in_cancer

Therapeutic strategies for the prevention of radiation‐induced heart disease (RIHD)
The nucleotide‐binding domain and leucine‐rich‐repeat‐
containing family pyrin 3 (NLRP3) inflammasome has been
suggested to play a critical role in radiation‐induced
cardiovascular injury.
However, the relationship between ionizing radiation and the
NLRP3 inflammasome in acute and chronic inflammation is very
complex with m any cascades of mediators and tissue
interactions.
The NLRP3 inflammasome is involved in regulation of the
expression of profibrotic cytokines (e.g., TGF‐β, PDGF, and IL‐6).
Activation of the NLRP3 inflammasome also augments TGF‐β
signaling in the kidney epithelium leading to fibrosis in that
tissue.

https://www.frontiersin.org/articles/10.3389/fcell.2020.00140/full#h5

Therapeutic strategies for the prevention of radiation‐induced heart disease (RIHD)
Leucine‐rich‐repeat‐containing family pyrin 3 (NLRP3) inflammasome
Multiple effects on the NLRP3 inflammasome activation
occur following radiation exposure.
• Radiation‐induced NF‐κB activation is responsible for
the upregulation of NLRP3 and pro‐interleukin‐1β.
 Secondary damage signals (DAMPs) come from multiple
pathways: water radiolysis, K+ efflux, endoplasmic
reticulum (ER) stress, mitochondrial dysfunction,
ceramide pathway, and lysosomal rupture pathways,
most of which appear to converge in the production of
reactive oxygen species (ROS).
 The primary and secondary signals trigger the NLRP3
inflammasome activation, resulting in the maturation of
caspase 1 and IL‐1β.
 Two evolutionarily conserved degradation pathways,
ubiquitin‐proteasome and autophagy, negatively
regulate NLRP3 activation.
https://www.frontiersin.org/articles/10.3389/fcell.2020.00140/full#h5

Expanded view on next slide

Leucine‐Rich‐Repeat‐Containing Family Pyrin 3 (NLRP3) Inflammasome
danger‐associated
molecular patterns

the innate immune system is
activated by the recognition of
an antigen, but only in presence
of danger signals released by
cells (danger‐associated
molecular patterns, or DAMPs)

https://www.frontiersin.org/articles
/10.3389/fcell.2020.00140/full#h5

Radiation and the Leucine‐Rich‐Repeat‐Containing Family Pyrin 3 (NLRP3) inflammasome
IL‐1β production is critically regulated by cytosolic molecular complexes, termed inflammasomes. The
distinctive feature of NLRP3 inflammasome is it is activated by diverse stimuli making NLRP3 a versatile and
very relevant clinically implicated inflammasome. The mechanisms by which the NLRP3 inflammasome
functions in RIHD requires further characterization. It is unlikely that the stimuli act directly but rather
NLRP3 is responding to certain generic cellular stress‐signals.
Previous studies has showed that two evolutionarily conserved degradation pathways, ubiquitin‐
proteasome and autophagy, negatively regulate NLRP3 inflammasome activation (Song et al., 2016; Zhong
et al., 2016).
A small molecule has been developed to inhibit the NLRP3 inflammasome activity by interplaying between
ubiquitination and autophagy (Han et al., 2019). MicroRNA was also identified to respond to chronic
inflammation in radiation‐induced hear disease (RIHD) (Eken et al., 2019).
Future translational research is needed to determine whether NLRP3 inflammasome inhibition can be
affected by pharmacological candidate inhibitors mentioned above.
We might want to start with an early and short‐term IL‐1β blockage treatment directly after radiotherapy
exposure an might not have benefit in established HF. He need to evaluate the optimal timing and
treatment‐duration of NLRP3 inflammasome signaling inhibition to prevent RIHD is needed.
Experimental animal models for radiation‐induced hear disease (RIHD) are also needed to be optimized to
accelerate the investigation of the underlying mechanism and development of novel treatment strategies.

Radiation and the Leucine‐Rich‐Repeat‐Containing Family Pyrin 3 (NLRP3) inflammasome

