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Cell metabolism

CELEUDEARRES PTR AT NATIONAL

Cellular respiration is the process by which food, in the form of sugar (glucose), is transformed GEOGRAPHIC
into energy within cells. This energy is stored in ATP molecules, which then power all sorts of
cellular processes. Respiration that requires oxygen is known as aerobic respiration;

Glucose Cell Wall
respiration that occurs without oxygen is called anaerobic respiration.

Aerobic Respiration Cytoplasm

Anaerobic Respiration s i
NADH l @Glycolysis ——} In anaerobic respiration, where there is no oxygen

present, ATP is created through other chemical

l i |_’ processes that do not require oxygen. However,

@ The first stage of aerobic respiration is
glycolysis, where glucose molecules are
broken down to create ATP in a cell’s
cytoplasm. Although the process consumes
two ATP molecules, it produces four more,
as well as two other substances:

pyruvate and NADH.

\

@ In the second stage, which occurs
in the mitochondria of a cell, pyruvate
is used to create acetyl coenzyme A
and carbon dioxide.

these processes do not produce as much ATP as
aerobic respiration.

Pyruvate

Glucose —> Lactate + 2ATP

Mitochondrion

® The third stage is known as the citric
acid cycle, or Krebs cycle. In this stage,
acetyl coenzyme A is used to create more
NADH, as well as FADH2, carbon dioxide,
and an additional ATP molecule.

'

@ In the final stage, NADH, FADH2, and
oxygen are used to create massive amounts of
ATP through electron transfer. This stage also
creates water molecules.

Glucose + Oxygen — Carbon Dioxide + Water + 30 or more ATP
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Cell metabolism

Obstruction or cessation of blood flow

Ischemia

Damage to electron transport chain

+

L ATP ||
1 Na* pump Dilation T Glycolysis 1 Ca?* pump
—| of endoplasmic
reticulum l
T Intracellular Na* L LGl
T Extracellular K* ycegen T Intracellular
T Intracellular Ca®* Detachment Ca2*
v of ribosomes v l
| 110 ‘ l | Lactate Calpain activation
l 1 Protein Phospholipase
- synthesis r A2 activation

T Acute cellular
swelling

B
)

!

| Loss of phospholipids ‘

I !

T Release of
Damage to cell and
organelle membranes lysosomal enzymes
l (hydrolases)

Paossible reperfusion injury Damage to mitochondria l
Production of reactive Mitochondrial pore transition Cellular digestion
oxygen species Calcium phosphate (autodigestion)
by damaged mitochondria deposition

Reperfusion |[———————*

Source: Howard M. Reisner
Patholegy: A Modern Case Study, Second Edition
Copyright © McGraw-Hill Education. All rights reserved.
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Organ Dysfunction

Oxygen Consumption Oxygen Delivery

$
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ARDS cause

Bacterial, Fungal, Viral Sepsis
Pneumonia

Aspiration of gastric content Trauma
Pulmonary contusion Drug overdose
Inhalation injury Acute pancreatitis

Fat embol Cardiopulmonary bypass
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Berlin Definition

Acute Respiratory Distress Syndrome
Timing Within 1 week of a known clinical insult or new or worsening
respiratory symptoms
Chest imaging Bilateral opacities-not fully explained by effusion, lobar/lung
collapse, or nodules

Origin of edema  Respiratory failure not fully explained by cardiac failure or fluid
overload. Need objective assessment (e.g., echocardiography) to
exclude hydrostatic edema if no risk factor present

Oxygenation
Mild 200mmHg<Pa02/Fi02<300mmHg with PEEP or CPAP =5cm H20
Moderate 100mmHg<Pa02/Fi02<200mmHg with PEEP =5cm H20
Severe Pa0O2/Fi02<100mmHg with PEEP =5cm H20

JAMA 2012;307:2526-2533
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ARDS mortality

ARDS Severity Mortality (%)

Mild 27
Moderate 32
Severe 45
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ARDS Pathology ‘

Diffuse alveolar damage with protein-rich pulmonary
edema, neutrophil, macrophages, and erythrocytes in
the alveolar spaces

* Alveolar epithelium: « Capillary endothelium:
disrupted and lined Injury of glycocalyx
by fibrin-rich « Capillary lumen:
hyaline membranes Microthrombi

Fibrosing alveolitis: Lung fibrosis
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Exudative
Phase

Proliferative
Phase

Fibroproliferative
Phase
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Diffuse Alveolar Damage
Loss of endothelial and epithelial cells
Protein rich alveolar edema

Hyaline membrane formation
Cellular alveolar infiltrates
Reduced lung compliance and gas exchange

Extracellular matrix deposition
Sqguamous metaplasia, thromboemboli
Dense fibrosis and honeycomb change
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ARDS Pathology

VEGF IL-8

* Released by vascular * Released by activate
endothelial cells, lung neutrophils
epithelium, platelets and « Trigger neutrophil
leukocytes chemotaxis and respiratory

« Enhanced angiogenesis burst/degranulation

* Microvascular permeabilit « Neutrophil migration,

angiogenesis

RAGE TGF-B

Increased epithelial and
« A marker of alveolar type | endothelial permeability
cell injury The persistence of
* Important determinant of pulmonary edema
outcomes Myofibroblast differentiatiog
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Endothelial Injury

« The damage of glycocalyx
Mechanical cellular stress
Atrial natriuretic peptide
Oxygen free radicals

Endotoxins

Inflammatory mediators
Ischemic-reperfusion injury
Hyperglycemia
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Endothelial Injury

Neutrophil Syndecans
Proteoglycans RBC Hyaluronan % e
Hyaluronan
y HS @ o ~ Thrombus formation
Leukocyte adhesion
~ Platelet y

Outer

Inner

e .. Glycocalyx
Basement membrane Q @ Albumin

VE cadherin Extravasation ©  Antithrombin

Endothelial cell | Adhesion molecule

KOREA J Thromb Haemost 2019:17:283-94
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Epithelial Injury

Epithelial barrier function
Endothelial barrier function
Fluid clearance - basolateral ENaC,
Na/KATPase
Alveclar  Macrophage  humoral
defence
Bronchial epithelium
Interstitium
Basement membrane

— Endothelial cell

Neutrophil - g -
~
e —,

Epithelial basement membrane

Type | Aleolar Epithelial

Alveclar macrophage cels
Red cell Type 11 Alveolar Epithelial Cells
Capillary
KOREA Respiration 2015;89:420-434
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Epithelial Injury
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epithelial cell Crit Care Clin 2011;27:525-559
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Exudative phase

o

Alveolar macrophage -

=5

Necrotic Type | Alveolar Epithelial Cell

Hyaline membrane

Protein rich oedema fluid
in alveolar space

Gap junction

Interstitial
edema

Phagocytosis
.of protein

Fibroblast (Cytokines and Chemokines \

BAL

¢ Increased IL-8, TGF-3, RAGE, MMPs,
S-VEGFR2

* Decreased VEGF

Plasma

! Increased VEGF, RAGE, s-VEGFR1 J

Red cell

Type Il Alveolar Epithelial Cell

Endothelial injury with disrupted
endothelial  barrier leading to
increased permeability

Alveolar damage:

Activated platelets * Increased permeability of epithelium cells

* Inactivation of surfactant

* Thick hyaline membranes disturb gas exchange
* Apoptotic and necrotic type | cells

KOREA Respiration 2015;89:420-434
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Recovery Phase

Repopulation of

bronchial
e epithelium
L Gradual
Protein rich oedema fluid resolution
in alveolar space Sp— of fibrosis

Proliferation and : e
differentiation of a3 e ; Alveolar macrophage
ATl cells _ ndocytosis . . N
of proteln \ i } '\
Diffusionof €7, ¢ Neutrophll ,;
proteins

hnso osis )\——Fibronectin
mteln ¢ “ig \\Y
/ / ' ' Collagen

) I’\- Fibroblast

& ) ? \’J"

Resorption of
alveolar oedema
fluid and protein

Type Il Alveolar Epithelial Cells ~ Na+/K+ATPase

Type | Alveolar Epithelial Cells

KOREA Respiration 2015;89:420-434
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Pulmonary vs. Extrapulmonary

Epithelium Basement membrane

Fluid tayer Interstitial / Endothelium
Type |l (surfactant- Type | cell
secreting) cell of alveolar wall /]
— Epithelial cell nucleus
Endothelial cell
nucleus
Capillary
Pulmonary
ARDS$
Macrophage Extra-pulmonary
ARDS
Respiratory
membrane
Alveoli (gas-filled Red blood cell \ Alveolar pores
airspaces)
KOREA https://veteriankey.com/gas-exchange/
MEDICAL CENTER https://www.researchgate.net/figure/Histology-of-the-alveolar-capillary-barrier-The-alveolar-

walls-are-lined-by-alveolar_fig26 331485670



Pulmonary vs. Extrapulmonary
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Histological and biochemical
and extrapulmonary acute respiratory distress synarome

alterations in pulmonary
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ARDSp ARDSexp

Alveoli

Alveolar epithelium 7T Damage Damage

Alterated type I and II cell 71 Damage Normal

Alveolar neutrophils Prevalent Rare

Apoptotic neutrophils Prevalent Rare

Fibrinous exudates Present Rare

Alveolar collapse 71T Increased Increased

Local interleukin Prevalent Rare
Interstitial space

Interstitial oedema Absent High

Collagen fibres 71 Increased Increased

Elastic fibres Normal Normal
Capillary endothelium Normal 71 Damage
Blood

Interleukin Increased 71 Increased

TNF-ao Increased 71 Increased

Eur Respir J 2003;22:48S-56S



Alveolar fluid clearance
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Normal alveolus Injured alveolus
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Va/Q abnormality

Table 1. Main Pathophysiologic Mechanisms of Impaired Gas Exchange in Acute
Respiratory Distress Syndrome

Disturbance Main Mechanisms
Hypoxemia Qs/Qr .
Low VA/Q
Low Pvg,
Intracardiac shunt (e.g., PFO)
Hypercapnia Increased Vo/VT

Inhomogeneous distribution of ventilation (high VA/Q)
Increased Vco,

Definition of abbreviations: PFO = patent foramen ovale; Pvp, = mixed venous O, partial pressure; Qs/
Qr = intrapulmonary right-to-left shunt.

KOREA

UNIVERSITY
MEDICAL CENTER

Am J Respir Crit Care Med 2017;196:964-984
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Ventilator Induced Lung Injury

Normal Alveolus Volutrauma and Atelectrauma

Necrotic

Ieell
Alveolar g

flooding

Denuded
basement
membrane

Surfactant
macrophage Inactivated Thickened fluid Neutrophil

surfactant filed interstitum influx

Intact endothelial cell layer Disrupted epithelial
and basement membrane and endothelial barrier

C Biotrauma

Activated neutrophils
and macrophages

Loss of
compartmentalisation
of LPS and bacteria

Denuded

basement

membrane
Stretch-injured
epithelial cells

Systemic organ
dysfunction

/l\

KOREA

UNIVERSITY
MEDICAL CENTER

Chest 2016;150:1109-17
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Patient Self-Inflicted Lung Injury

SUPRAPONTINE INPUT 4‘ INFLAMMATORY INPUT |

P suprapontine structures )
::;;yety, _______ AR (cortical centers, limbic respiratory
) T h | centers (pons
Aot system, hypotalamus) (pons)
respiratory inflammatory central
centers (pons) mediators chemoreceptors
(histamine, (medulla oblongata)
capital bradikinin,
chemoreceptors prostaglandis) | -
(medulla oblongata) IR 9
lung edema o \ chemoreceptors
NEURAL RESPIRATORY DRIVE
muscle
function *
LUNG
STRESS
MECHANICAL INPUT / A * BIOCHEMICAL INPUT
[ neuromechanical coupling
respiratory mechanics
respiratory L l respiratory
atelectasis/ R (pory Ly EFFORT centerm (pons)
derecruitment central central
chemoreceptors t PaCO2 chemoreceptors
(negative feedback (medulla oblongata) (dead space) (medulla oblongata)
inhibited by alveolar
collapse) } arterial pH
3 (acidosis) |
»——— lung (mechanoreceptors) +Pa02 pafiphel
(intrapulmonary chemoreceptors
shunt) (carotid body)
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Patient Self-Inflicted Lung Injury

Upward/Left Shift Downward/Right Shift
Brain curve Metabolic acidosis Metabolic alkalosis
Hypoxemia Hyperoxemia
Interstitial lung edema Sedation
Brain pathology (cortical) Brain pathology (brainstem)
Ventilation curve Mechanical ventilation Upper motor neuron disease
Partial or full recovery from disease that Diseases affecting nerve conduction (Guillain-
affects inspiratory—flow generation pathway Barré syndrome)
(upward shift from disease state, toward Diseases affecting neuromuscular junction
normal) (myasthenia gravis)

Respiratory muscle weakness/injury

Impaired diaphragm length—tension relationship
Increased airway resistance

Decreased respiratory system compliance

Upward Shift: Increased Vo/Vt Downward Shift: Decreased Vo/Vr
or Increased Vcoz or Decreased Vcoz
Metabolic hyperbola Low VT (Vb/ V) High VT (Vo/VT)
Rapid shallow breathing (Vo/ V1) Sedation (Vcoy)
Increased Vb: lung pathology (Vo/V7) Hypothermia (Vcoz)

Increased Vb: ventilator circuit (Vo/VT)
Agitation/shivering (Vcos)

Fever (Vco,)

Strenuous breathing (Vco,)

KOREA

UNIVERSITY

e Am J Respir Crit Care Med 2020;201:20-32
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Patient Self-Inflicted Lung Injury

HEALTHY LUNGS ARDS
hypoxemia
metabolic acidosis
40 - BRAIN __ VENTILATION 40 - inflammation/edema
CURVE — CURVE derecruitment/atelectasis + respiratory load
35 35 pain/anxiety/discomfort (+ compliance, air trapping)
+ respiratory muscle
30 | 30 | weakness
BRAIN
CURVE
- 25 3 25
E = - VENTILATION
% 50 | § 20 | CURVE
> S
S
15 4 15! 4
10 - 10 -
E—-
5 METABOLIC 5 METABOLIC
HYPERBOLA T — HYPERBOLA
O T ] T T 0 I L T T
20 30 40 50 60 20 30 40 50 60
PaCO, (mmHg) PaCO, (mmHg)
KOREA
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Patient Self-Inflicted Lung Injury |}

Paw
+30
Paw
+30
A A
I,""!Ih"'
N
F;P(') Interstitial
i Fluid
KOREA Sedation Spontaneous breathing
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Am J Respir Crit Care Med 2017;195:985-992



Patient Self-Inflicted Lung Injury

Expiration Inspiration

Pendelluft Phenomenon
KOREA

UNIVERSITY
MEDICAL CENTER

Ann Intensive Care 2020;10:39



Patient Self-Inflicted Lung Injury

Pes l:,pl
(Global) (Regional)

(emH,0) 5

 Esophageal

Pressure

(Sec.)  (Sec.)

= Sl

‘1000 ‘900 500 200 %100

KOREA Am J Respir Crit Care Med 2017;195:985-992
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Patient Self-
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Inflicted Lung Injury

N
<D

Pressure
(cm H,0)

LML Ul

50 ~

Flow
(L/min)

M{/ﬂﬁ/%ﬂ \ HJ

900

Double -Trigger V;
Am J Respir Crit Care Med 2017;195:985-992
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Patient Self-Inflicted Lung Injury

Initial Capil Lung
Lung ) ) Edema
Injury Leak

P-SILI Impaired

1 Palv Gas Exchange

TVt, Pendelluft Mechanics
Increased Pes swings
Increased

Respiratory Drive

KOREA
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COVID-19 lung injury vs. ARDS

KOREA
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Comparisons between pathophysiology of COVID-19 lung injury and acute respiratory
distress syndrome

COVID-19 Lung Injury

Acute Respiratory Distress
Syndrome

vasculature

hypertension
e Unknown whether HPV intact or
impaired
Vasculature responsive to
almitrine and inhaled NO

Onset 8-12d < 7 d (Berlin definition)
Cause SARS-CoV-2 (agent of COVID-19) Multiple pulmonary and
via direct viral and immune nonpulmonary (systemic)
response-mediated-injury causes, both infectious and
noninfectious
Histologic o DAD o DAD
features e Organizing pneumonia - Exudative phase
e More severe vasculopathy - Proliferative phase
- Thromboembolism - Fibrotic phase
- In situ microthrombi e Vascular changes
- Capillary dilatations - Thromboembolism
- Endothelial damage - In situ microthrombi
- Capillary dilatations
- Endothelial damage
Imaging e Peripheral and basilar ground- e Consolidations, often patchy
glass opacities in early disease and dependent
e Progression to typical
consolidation as in ARDS
Respiratory e Cgsrrange: 20-90 ml/cmH,0 e Csyrange: 10-78 mL/cmH,0
mechanics e Compliance and oxygenation e Compliance and oxygenation
often improved with increased often improved with increased
PEEP or prone positioning PEEP or prone positioning
Pulmonary e Mild-moderate pulmonary e Mild-moderate pulmonary

hypertension

HPV intact

e Vasculature responsive to
almitrine, calcium channel
blockers, nitrates, PDE-5
inhibitors, and inhaled NO

Gas exchange

VA/Q mismatching:

e Hypoxemia due to low VA/Q and
shunt

e No evidence for diffusion
limitation

e Hypercapnia due to permissive
hypoventilation, and all forms
of VA/Q mismatch

VA/Q mismatching:

e Hypoxemia due to low VA/Q and
shunt

« No evidence for diffusion
limitation

e Hypercapnia due to permissive
hypoventilation, and all forms
of VA/Q mismatch

Alveolar epithelial
fluid clearance

Likely reduced due to alveolar
type I and Il cell damage, but not
formally tested

Reduced due to alveolar type | and
Il cell damage; unresponsive to
beta-adrenergic therapy

OREA UNIVERSIT YRR TARUTITTY

Crit Care Clin 2021;37:749-776



Lancet Infect Dis 2020;20:1365-1366
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Biomarkers

A systematic review of biomarkers multivariately
associated with acute respiratory distress syndrome
development and mortality

c Records identified through initial search Additional records identified through
2 (n=8125) other sources
8 Updated search (n = 972) (n=0)
&
-
=
(7]
=
) 4 v
Records after duplicates removed
(n=5636)
oo
8
=
@
o Yy Records excluded after
3]
©u Records screened reviewing titles and abstracts
(n=5636) (n=5198)
NI
l
Full-text articles assessed for Full-text articles excluded
Z eligibility (n=352):
’u% (n=438) Insufficient data (n = 270)
g
Did not include population of
interest (n = 41)
N Studies included in
qualitative synthesis Did not include outcome of
) (n=86) interest (n = 29)
Conference abstract or
'g commentary (n=9)
T
KO REA % Studies included for ARDS Case report or series (n = 3)
= development (35)
UNIVERSITY .
MEDICAL CENTER - -
Studies included for ARDS Crlt Care 2020! 24' 243
mortality (53)
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Biomarkers

60 -
B ARDS mortality (n = 108) ARDS development (n = 91)
50 -
i
£ 40 -
T
£
o
2
‘s 30 -
@
Qo
3
c
(4]
2 20 -
[
o
10 -] I I
0 - ;  — ; : l ; l .  —
Endothelial Alveolar Oxidative  Inflammation Fibrotic Myocardial Coagulation Other
permeability  epithelial injury strain
injury
Biomarker role in ARDS pathophysiology
M S
KOREA Crit Care 2020;24:243
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Biomarkers

Data extraction and synthesis: We included 35 studies for ARDS development (10,667 patients at risk for ARDS)
and 53 for ARDS mortality (15,344 patients with ARDS). These studies were too heterogeneous to be used in a
meta-analysis, as time until outcome and the variables used in the multivariate analyses varied widely between
studies. After qualitative inspection, high plasma levels of angiopoeitin-2 and receptor for advanced glycation end
products (RAGE) were associated with an increased risk of ARDS development. None of the biomarkers (plasma
angiopoeitin-2, C-reactive protein, interleukin-8, RAGE, surfactant protein D, and Von Willebrand factor) was clearly
associated with mortality.

Conclusions: Biomarker data reporting and variables used in multivariate analyses differed greatly between studies.
Angiopoeitin-2 and RAGE in plasma were positively associated with increased risk of ARDS development. None of
the biomarkers independently predicted mortality. Therefore, we suggested to structurally investigate a
combination of biomarkers and clinical parameters in order to find more homogeneous ARDS phenotypes.

Angiopoletin-2: Increased endothelial permeability

RAGE: Alveolar epithelial injury

KOREA Crit Care 2020:24:243
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Prevention

CLIP Element Best Practice
Adequate empiric antimicrobial According to suspected site of infection, health
treatment and source control care exposure, and immune suppression
Lung-protective mechanical V1 < 6-8 ml/kg predicted body weight
ventilation Plateau pressure <25 cm H,O

PEEP =5 cm H,O,
Minimize Fip, (target Spo, = 88-92% after early shock

Aspiration precautions Rapid sequence intubation supervised by
experienced providers
Elevated head of the bed
Oral care with chlorhexidine
Gastric acid neutralization
Early reassessment of noninvasive ventilation
to prevent delayed intubation

Limiting fluid overload Modified ARDS Network FACTT protocol after
early shock
Restrictive transfusion Hemoglobin target > 7 g/dl
Male-predominant plasma donor pool
Assess readiness for Limit continuous sedation and perform spontaneous
extubation breathing trial as soon as feasible

KOREA

UNIVERSITY

MEDICAL CENTER Am J Respir Crit Care Med 2017;195:725-736
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Prevention

F— Risk modifiers that may raise the risk or accelerate progression of ARDS (2nd hit)

High tidal volume, delayed/inadequate resuscitation, inappropriate or delayed antibiotics and
source control, transfusion, excessive oxygen, recumbent position, aspiration, excessive fluid
administration, VAP and other health care acquired infections

ARDS
g

Patient at Risk
(1st hit)

* Pneumonia
» Toxic inhalation . Endothelial Epithelial
+ Pancreatitis dysfunction dysfunction
« Aspiration
« Trauma
* Sepsis
« Shock
« Alcohol
» Tobacco e |CU |BQQA[\@U0I’I
« High risk surgery | Systemic inflammatory response f Pulmonary inflammation || o | Alveolar clearance
« Preexisting lung stress

disease
« Radiation
« Chemotherapy -No AFIDS 5

P Home > ER P Hospital =e—— |CU
)

Disordered i
| . |
‘ Ry el | coagulation || APOPIOSiS | proliferation

Fibro-

6h

Window for Preventative Therapy
|

. | 1

Systemic Therapies Inhalational Therapies
Antiplatelet agents, steroids, statins, Inhaled steroids, inhaled B—agonists,
anticoagulant / thrombolytic therapy, inhaled heparin, inhaled hypertonic saline,

antioxidant, immune modulators inhaled N-Acetyl Cysteine
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