Ischemic conditions

- IscHemiA

Reduced blood flow (by whatever causes)

Cardiovascular diseases

Ischemic stroke Cardiac infarction




Mitochondrial oxidative phosphorylation and
respiratory chain

90% ATP comes
from oxidative
phosphorylation

98% oxygen is
consumed here!
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Myocardial infarction

Myocardial infarction

Global burden of IHD deaths (thousands).
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Myocardial infarction

GLOBAL HEART-DISEASE BURDEN el st
The rate of ischaemic heart disease among men varies around the deaths from cardiovascular
world, and similar variation exists for women. disease in 2030
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Myocardial infarction

DIAGNOSIS:

* Aphysical examination

» Blood tests to check for any damage to your
heart muscle — troponin in blood (takes time!)

+ ECGs

* Achest X-ray

* Acoronary angiogram

* An echocardiogram - Y3/

“Good news. The pain in your chest
wasn’t a heart attack. It was your
belt buckle.”




Angiogramm

aorta

femoral
artery.
catheter
© Mayfield Clinic -
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Figure 1. C y in the right anterior oblique (RAO) projecti
showing mid left anterior jing artery total on (red arrow).

Cardiac infarction

Normal heart

Cross-section
plane

Infarcted heart

Dilated ventricle ’U




Cellular changes during Ischemia

» Altered membrane potential

» Altered ion distribution (++ intracellular Ca**/Na*)

» Cellular swelling
* Decreased phosphocreatine

» Decreased ATP (and adenylates in general)

* Increased hypoxanthine

» Cellular acidosis — lactate from glycolysis

» Cytoskeletal disorgnization

Cardiac ischaemia/reperfusion

No oxidative phosphorylation = ATP/ADPY
Glycolysis activation = lactate production and
acidification ([H*]T) = activation of Na*/H* antiporter
= [Na'],, T = activation of Na*/Ca2* antiporter + not
enough ATP for Ca2*-ATPase = [Ca?'],, T

Reperfusion

Glucose—Pyruvate
Fat

Walters et al., 2012, Circ.Res

Ischemia Na+

Acid pH

Lactate

Glucose—~Pyruvate
[0 SRR

Increase in generation/emission of ROS

Depletion of GSH/thiol pool

Oxidative damage to many critical components
(Respiratory chain, ANT, aconitase, cardiolipin)

[Ca2*],, T = activation of proteases and
phospholipases

Loss of nucleotides
Energy failure

PTP-opening




Stone heart phenomenon

Ischemic myocardial contracture ("stone heart")

ventricular
prassure
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Reperfusion myocardial contracture ("stone heart")
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Mitochondrial permeability transition pore
mPTP




Cardiac ischaemia/reperfusion and mPTP opening

mPTP — mitochondrial permeability transition phenomenon
Cyclosporin A-sensitive — cyclophilin D (CypD) is involved

Size of a pore ~ 1.5 kDa

C-CsA

v s

mitochondria

10uM Ca pulse

opening .
\—._..-"/ i 2 5 _a
\; mPTP opening Wt mitochondria

Ca** uptake ) Bot g
Mitochondrial swelling/rupture

Log extramitochondrial [Ca**] (uM)

Time (min)

Gomez et al., 2005, Am.J.Physiol

Nature of mPTP
After ~50 years of research — molecular identity of mPTP is not known

Solutes §1.5 kD

ANT — ADP/ATP transporter

VDAC - voltage-dependent anion channel
PiC —phosphate carrier

Bax/Bak protein - pro-apoptotic factors
ATPase — FF, ATPase (recent)

CypD — peptidyl-prolyl cys/trans isomerase

Elrod , et al., 2013, Circulation




Nature of mPTP - ATPase??
Dimers of mitochondrial ATP synthase form the Iglﬁ“

permeability transition pore

Valentina Giorgio®, Sophia von Stockum®, Manuela Antoniel®, Astrid Fabbro®, Federico Fogolari®, Michael Forte®,
Gary D. Glick®, Valeria Petronilli®, Mario Zoratti®, lldiké Szabé', Giovanna Lippe"", and Paclo Bernardi™!

An uncoupling channel within the c-subunit ring of the

F1Fo ATP synthase is the mitochondrial permeability

transition pore

Kambiz N. Alavian™®, Gisela Beutner", Emma Lazrove®, Silvio Sacchetti®, Han-A Park®, Pawel Licznerski®, Hongmei Li®,
Panah Nabili®, Kathryn Hockensmith, Morven Graham?, George A. Porter, Ir.“"', and Elizabeth A. Jonas™'

ATPase dimer OR distorted ATPase OR  C-ring subunits barrel
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Biasutto et al., 2016, Biochim.Biophys.Acta\ Morciano et al, 2017, Cell.Death.Dis,
Persistence of the mitochondrial permeability I gn'l“
transition in the absence of subunit ¢ of @
human ATP synthase B WD A
Jiuya He®, Holly C. Ford®, Joe Carroll®, Shujing Ding®, lan M. Fearnley®, and John E. Walker™'
LN
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in the absence of peripheral stalk subunits of .
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Nature of mPTP — ANT?

SCIENCE ADVANCES | RESEARCH ARTICLE

CELL BIOLOGY
Inhibition of mitochondrial permeability transition
by deletion of the ANT family and CypD

Jason Karch™#*', Michael J. Bround '*, Hadi Khalil', Michelle A. Sargent’, Nadina Latchman®,
Naohiro Terada®, Pablo M. Peixoto®, Jeffery D. Molkentin'=*
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Karch et al, 2019, Sci.Adv

Cardiac ischaemia/reperfusion and mPTP opening

ROS, Ca®,
P, low AW

PiC “m” ANT “c” ANT

Inner mitochondrial
membrane

%oz CyP-D MPTP open

Cardiac stress

ROS and [Ca?*], increase

‘ MPTP-independent release

MPTP opening
of apoptotic proteins

Matrix swelling and
l pRs OMM rupture
Release of apoplotic
ATP synthesis is partially |4 plosne *
maintained

l ATP is depleted

v

Javadov et al., 2009, J.Pharm.Exp.Therap
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Respiratory chain

Cardiac ischaemia/reperfusion

E N Complex 1 ‘
E J Complex 111

%: ¥ Cardiolipin
g“‘ ¥ Complex IV

| Global Ischemia 37°C |
T T

30 45

i e |

Ischemia (minutes) 15

| Reversible Myocylci Injury

Complex I is the first one affected!

Lesnefsky et al., 2001, J Mol Cell Cardiol
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Succinate accumulation during ischemia

Purine nucleotide cycle cytosol
T AMP == inosine monophosphate

SDH
adenylosuccinate

aspartate AICAR _|¢ matrix (ﬁ}" a—
i ¢ ,
LA
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”'"I" fumarate %«
TNADH w
malate P ter
) succina
aabacststs l dicarboxylate

carrier malate H=|GTP/CoA

NAD*

malate

AOA —i
spartate | succinate

Activation of J

hypoxia inducible factor a

succinate succinylCoA

Chouchani et al., 2015, Cell. Met

Forward and reverse electron transfer in
mitochondria

2H*™+ %0, Forward:
el NADH:Q
oxidoreduction
(oxidation of
malate/pyruvate)

Reverse:
QH,:NAD* oxidoreduction
supported by potential
(oxidation of succinate)
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Reverse electron transfer after ischemia

Ischaemia ! INACTIVE

1A‘Um
(\‘NAD Succinate Matrix
NADH  Fumarate ATP = ADP
AN
PNC  MAS Tamp
Reperfusion
H '
QH
;5NZSQ)_ifaﬂb‘ ‘ y
A ol L
L - S A
o, HO
= (\‘NADH (\Fumarale . Matrix
NAD*  Succinate |aDp+#* ATP

)

Pell et al., 2016, Cardiovasc.Res.

Active/deactive transition of mitochondrial
complex I
If the enzyme is idle at physiological temperatures (>30°C) it spontaneously goes

to the catalytically incompetent, deactive, dormant D-form. The D-form of the
enzyme is able to convert back to the A-form as a result of slow turnover.

NADH NADH
\__NAD"
SH
Idle reagents
; enzyme o7 ?( ! g{ ;
y @% Stow . Qi1 ﬁ% %{
turnover
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Complex I in ischemia

Sensitivity of the active and dormant form of
complex I to SH-reagents

F
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D-form

5 o
2 o
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* Time,min

Galkin & Moncada, 2007, J.Biol.Chem
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De-activation in tissues

(cardiac arrest rat model, global ischemia)

Cardiac
arrest

% [ f + t\uba\ischiemia

Omin  10min  20min 30 min 40 min

Tisssue extraction

A HEART B BRAIN
60 60
® =
E E
£ 40 S 40 4
a o
o
g g
] c
g 20 8 20¢
& 4
0 10 20 30 0 10 20 30
Time, min Time, min

Time-course of de-activation of mitochondrial complex I
in rat heart and brain tissue after cardiac arrest

Babot et al., 2013, Biochem.Soc. Trans.

Isolation and separation of conformation-specific
labelled Complex |

Complex | was isolated by
preparative Blue Native gel
electrophoresis and subunits
were separated by 10% PAAG

kDa

70

50

30

20 10-12 candidates in the region
15-18 kDa

Galkin et al., 2008, J.Biol.Chem.
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Fluorescent signal from a doubled SDS gel of
complex | from active and de-active samples

10% acrylamide, 6 M urea ——»

10% acrylamide, 6 M urea ——»

A-form
(]
o
£
©
oy
[&]
©
2
e
Galkin et al., 2008, J.Biol.Chem.
Differential labeling: DIGE-like approach
. Cy3 SDS-PAGE 10% + 6M Urea
- Y ’_—1_
h i e
©
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ABHQ#S@” o
l 815 (/IJ
- ND3 D
-MLRQ (n
B9 MV:JFK"IELL
BN/2D-SDS PAGE
S,
88 * Reciprocal labelling of the A and the D-samples with
(I CyDye monoreactive NHS esters
Og + Combining samples
OCO§D + Separation of the subunits with doubled SDS-PAGE
— + Identification of the subunits with MS/MS

Babot et al., 2013, BBA




DIGE-analysis of the A- and D-forms of complex I
" Aform D-form
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Babot et al., 2014, Biochim.Biophys.Acta

Subunits involved into A/D transition of
mitochondrial complex I

ND3, ND1 and 39kDa subunits become exposed or change
conformation upon deactivation of complex I
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Subunits involved into A/D transition of
mitochondrial complex I GRBA

[ P4

ey
A-D_Grba.mp4

Grba&Hirst, 2020, Nat.Stuct.Mol.Biol.

Activity,

umol NADHxminxmg" protein

Complex I and NO-metabolites

S-Nitrosoglutathione Peroxynitrite
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Galkin & Moncada, 2007, J.Biol.Chem.
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Sensitivity of the A and the D-form to ROS

(ex vivo)

Activity, %

IRREVERSIBLE!

0 200 400 600 800 1000
Hy0,, uM

H202 Time, min
Dose dependence of the inhibition of NADH-

Effect of hydrogen peroxide on the A- and the D-
oxidase activity of the D-form by H,0,.

form of complex | in mitochondrial membranes.

Gorenkova et al., 2013, Antiox.Red.Signal.

How to protect complex I from I/R

damage
B
Normoxia Ischaemia Reperfusion
NADH
NADH 0 DT ONOO"
ROS it
Lack of O >/'
01— 1111
i A — i}
QH =i 1111 Reoxygenation 1111} il x

I‘ Nitrosothiols

Recovery of ND3 Cys-39 {111} i1t
by thiol reduction systems

Babot et al., 2015. Biochim. Biophys.Acta
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How to target complex I modifieing agent
into mitochondria?

A MitoSNO1 o
o
@ Ay, -70mV Plasma membrane
( Cyrop!asnz/ )
~15:
Y Ay, -140mv @
Matrix ANO :
FZOOK)W e
| Cytochrame GSHl gj
oxidase
NO*
SNO
\_ Mitochondrion \ J

Vasodilation <€¢——— NO*

Protection during
ischemia/reperfusion

Prime et al., 2009, PNAS

nature,,

medicine
Cardioprotection by S-nitrosation of a cysteine switch on
mitochondrial complex I

Edward T Chouchani'2, Carmen Methner?, Sergiy M Nadtochiy’, Angela Logan', Victoria R Pell?,
Shujing Ding!, Andrew M James', Helena M Cochemé!, Johannes Reinhold!, Kathryn § Lilley’,

Linda Partridge!, lan M Fearnley!, Alan ] Robinson?, Richard € Hartley®, Robin A ] Smith?, Thomas Krieg

Paul § Brookes® & Michael P Murphy!
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Chouchani et al., 2013, Nature
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Other roles of Reactive Oxygen Species

Including (O,7), (OH-), (HOCI), (H,0O,), and nitric NO—derived
peroxynitrite
Directly damage cellular membranes by lipid peroxidation.

» Stimulate leukocyte activation and chemotaxis by activating plasma

membrane phospholipase A, to form arachidonic acid
(thromboxane A, and leukotriene B,)

Increase leukocyte activation, chemotaxis, and leukocyte—
endothelial adherence after I-R

Ischemia at Endothelium

Express certain proinflammatory gene
products(leukocyte adhesion molecules,
cytokines) bioactive agents (endothelin,
thromboxane A,)

Repressing other “protective” gene
products (constitutive nitric oxide synthase,
thrombomodulin) and bioactive agents

( prostacyclin, nitric oxide).
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Role of Complement

* I/R results in complement activation and the
formation of several proinflammatory
mediators that alter vascular homeostasis

« C3a, Cha, iC3b, C5b9

* Most potent is C5a

« complement may compromise blood flow to

an ischemic organ by altering vascular
homeostasis and increasing leukocyte—

endothelial adherence.

Role of Leukocytes

* |/R results in leukocyte activation,
chemotaxis, leukocyte—endothelial cell
adhesion, and transmigration
— mechanical obstruction

— activated leukocytes release toxic ROS,
proteases, and elastases, resulting in
increased microvascular permeability, edema,
thrombosis, and parenchymal cell death

23



Postconditioning

Postconditioning is the phenomenon whereby
several brief coronary artery
reperfusion/reocclusion cycles at the end of a
long coronary artery occlusion (stuttering
reperfusion) reduces infarct size

+ Zhao, Z-Q et al. Am J Physiol 2003;285:1574
* Yang, X-M et al. JACC 2004;44:1103

How to treat?

- Blood thinning agents (aspirin =>{platelets
aggregation, heparin)

» Angioplasty — vessels widening

* Preconditioning

» Postconditioning

24



Remove clogging

Plasminogen

—— vati Plasmin
Circulating }—) [I-PA Plasminogen Acliitic % Fibrinogenolysis

tPA = tissue plasminogen activator

Hamsten, 1990, Semin. Thromb.Hemostat.

Aspirin

Aspirin

o

O <—— Cyclooxygenase-1

Pmsldblandm Gy/H>
ﬂ' hrnmhnxanp\_>
synthase

Thromboxane Ay

Platelet activation
and aggregation

Urinary 11-dehydrothromboxane B,
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Angioplasty

Uninflated
balloon
catheter

Dilated
balloon
catheter

= Angioplasty is a medical
technology used unblock blood
vessels, most commonly the
coronary artery.

= Angioplasty is an minimally
invasive medical procedure
that involves inserting a small
wire with a balloon at the end
into an blocked blood vessel.
Inflation of the balloon opens Dilated
up the blockage.

= Two types of angioplasty -

include balloon and balloon deployed
with a stent. !

Preconditioning

Postconditioning

26



Preconditioning

Preconditioning Reduces
Infarct Size

1 ‘
sion
h
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Pathophysiology of preconditioning (remote)

Stimulus > Signaling > Early phase > Delayed phase >

Neural pathway Humoral pathway

Cardiomyocyte

= Protection against oxidative
siress and apoptosis;

* Downregulation of
proinflammatory genes

* Greater resistance to ischemia;

Transient ischamia Opening Di KATP channels arrhythmias;
(skeletal muscie or R Closingict MRTE #+ Conserved left ventri . Antiini y effect
other organs) function on circulating leukocytes

Costa et al., 2013, J. Cardiol.

The ideal patient
+ About to undergo elective surgery with interruption

of coronary circulation;
* < Age <85 years, without diabetes, stable angina or

peripheral arterial disease;

Inflation of blood « Not taking drugs that interfere with the mechanisms

pressure cuff to
20 mmHg o ; .
above SBP of preconditioning, including sulfonylureas, nicorandil
and propofol.
2D XED D XD D XD D XD D
——— e e
5 min 5 min 5 min 5 min 5 min 5 min 5 min 5 min

. )

Y

Four cycles of limb ischemia-reperfusion

Costa et al., 2013, J. Cardiol.
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Postconditioning

Microembolization Reperfusion through
with reperfusion residual stenosis

Postconditioning
A
&
VPostC SPostC
B §
5 607
B
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g 407
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5 20 i
B 107 =
g 0

VPostC SPostC




Virus therapy

Infect with virus expressing
reprogramming factors

Injured ’ Repaired

Reprogramming
@ v factors E} -n:; @
Cardiac fibroblasts Cardiac muscle cells

Mechanism??

Boengler et al., 2018, Heart.Circul.Physiol

30



Brain ischemia/reperfusion

Stroke

Hemorrhagic Stroke Ischemic Stroke

Brain lesion
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Ischemic stroke (infarct in the brain tissue)

-

« x
i ey
l\‘ 4:‘:" 4

' (i
\ E
\ =

Stroke symptoms

BEFAST

Balance Eyes Face Arms Speech Time

BSE81SE

BisforBalance: EisforEye: FisforFace: AisforArm: SisforSpeech: Tis for Time:

Does the Has the Does the Isone arm Is the person’s  Call 911 now!
person have  person lost person’s face  hanging speech slurred?
asuddenloss visioninone look uneven? down? Does the person
of balance?  or both eyes? have trouble
speaking or
seem confused?
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Initial tissue injury in brain ischemia
Ischemia/reperfusion injury

Diffuse
hypoxic
ischemic
injury

Diffuse WM
+ Neonatal stroke

« Neonatal hypoxia-ischemia encephalopathy

Blockage of blood supply results in a decrease of

oxygen level in the brain (locally or globally)

Ischemia
B Energy failure (ATP |, phosphocreatine )
Blood - Impaired ion balance+excitotoxicity

Reperfusion or reoxygenation

e Burst of ROS / oxidative stress / MPTP

+ Secondary energy failure (ATP! again, mitochondria

are affected)
Neonatal hypoxic-ischemic encephalopathy (HIE) occurs in 1.5 per 1000 live full-term births.
Birth asphyxia causes 23 % of neonatal deaths worldwide.

HIE is the fifth leading cause of death worldwide in children under 5 years of age

Brain injury in ischemia/reperfusion

How does mitochondrial damage take place? (minutes Any connection between burst of ROS and
and hours after insult) mitochondria impairments?
e
e
\ 7’
\ P
\ . 7’
‘\ Mitochondrial L’
\ damage e
\ Resolutjen of inflammation
betermia \ Cellular |n|1rr]'nn3rt1|et cleafing of dead cells
ge Y _~ " cellular regrowth Chronic
\ Tissue Adaptive inflammation
\ < ; Deleyed development/maturation?
\ damage ,? immunity Y op
—-
Minutes | Hours | Days | Weeks [ Months | Years
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Stroke mechanism

STROKE

|
\

| Glutamate release and receptor activation I

A 4
| Ca?* influx i 1
] Ca? enzymes
| Membrane homeostatic imbalance and depolarization I (Phospholipases and
proteases)
F dical ;
|_|,| Freeradica Oxidative
JREPERFUSION |+ oo rciva! | of Oxidat PRAROPIDSIS
v }// » 7 \P %I,!'nhra
I Mitochondrial permeability transition L~ = \'}\c \
‘Core—

l’ NECﬁlS—"‘
| CwochrumeCreleasg' \ ATP

! =3 \\"\(
e

[copres savaton |
ell Death )«
DNA Damage —>

Glutamate excitotoxicity

Ischemia

| energy supply

radi
lipases

Newuron Glial cell Cell depolarization
Glucose
/L Glutamate release
=,
)

=G G

. _;_l, T receptor

Leighton P. Mark et al. AUNR Am J Neuroradiol 2001;22:1813-1824
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Treatment

tPA, the Gold Standard

The only FDA approved treatment for ischemic strokes is tissue plasminogen activator (tPA,
also known as IV rtPA, given through an IV in the arm). tPA works by dissolving the clot and
improving blood flow to the part of the brain being deprived of blood flow. If administered
within 3 hours (and up to 4.5 hours), tPA may improve the chances of recovering from a
stroke. A significant number of stroke victims don’t get to the hospital in time for tPA
treatment; this is why it's so important to identify a stroke immediately.

Endovascular Procedures

Another treatment option is an endovascular procedure* called mechanical thrombectomy,
strongly recommended, in which trained doctors try removing a large blood clot

by sending a wired-caged device called a stent retriever, to the site of the blocked blood
vessel in the brain. To remove the brain clot, doctors thread a catheter through an artery in
the groin up to the blocked artery in the brain. The stent opens and grabs the clot, allowing
doctors to remove the stent with the trapped clot. Special suction tubes may also be used.
The procedure should be done within six hours of acute stroke symptoms, and only after a
patient receives tPA.

*Note: Patients must meet certain criteria to be eligible for this procedure.

H . By dripping clot-busting drug tPA
Drug aldS SUWWHI directly onto a clot through a
from St(o ke catheter, it does not have to make

its way through the bloodstream.

tPA  Catheter feeds the
: clot-busting drug tPA

Catheter
is fed from the
femoral artery in the
groin to the clot in the brain.

SOURCE: American Heart Association AP
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Respiratory chain

Cerebral and peripheral

blood flow (%)

Cerebral and peripheral

blood flow (%)

Neonatal hypoxia-ischemia(HI) brain injury
(Rice-Vanucci neonatal I/R model)
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In vivo model

*Metabolomics (~300 »—
molecules) Histology

Globalprofing  Quanty & idensiy r
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(complexome profiling) spmans vt
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% @ Respiration, activity of individual

mitochondrial enzymes, ROS
production, Ca*+-transport

Naive

Mitochondrial respiratory chain

~95% oxygen is
consumed by
mitochondria

~90% ATP is
generated in
mitochondria by
ATP-synthase (V)

- -~

’ N ADP ATP
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Effect of HI/R on the activities of mitochondrial
complexes

*
NapH NAD'
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Mitochondrial Complex | is affected by ischemia/reperfusion

Structure of mitochondrial Complex I

NADH + H* + Q <> NAD* + QH, +4p

NADH NAD*

N-domain

Mammalian enzyme:
850 kDa

Q-domain 45 subunits,
FMN non-covalently bound
oA P g 8 FeS clusters

H T ,v.i."" The only enzyme oxidizing all NADH
A, generated in catabolism

Structure resolved only in 2016

Zhu et al., 2016, Nature
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Effect of I/R on complex I non-covalently
bound mitochondrial membrane FMN

Z *% -

s 30, —
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Flavoenzymes of mammalian proteome

Archives of Biochemistry and Biophysics 535 (2013) 150-162

Contents lists available at SciVerse ScienceDirect

3
A

e

Archives of Biochemistry and Biophysics

journal h www.alsevier. y

Review
The human flavoproteome
Wolf-Dieter Lienhart, Venugopal Gudipati, Peter Macheroux *

Graz University of Technology, Institute of Siochemistry. Petersgusse 12 A-8010 Graz, Austria

* 76 Flavoenzymes (FAD or FMN)
*  Only 12 contain FMN
* Only two are mitochondrial membrane proteins with non-covalently bound FMN:

» Dihydroorotate dehydrogenase (very low content in brain mitochondria)

+ no effect of I/R on activity

* Mitochondrial Complex | |

Why is mitochondrial Complex | loosing its flavin?
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Neonatal hypoxia-ischemia(HI) brain injury
(I/R model)

Permanent Hypoxia- .
CCA ischemia Reoxygenation

occtsion * *
| 90 min recovery _ Ambient air

Ambient air 8% oxygen * * * *

At different time points after reperfusion we isolated mitochondrial
membranes and perform the analysis

10 day old mice
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Infarct size Complex | is affected

Targeted metabolomics after HI-
reoxygenation
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Sahni et al., 2018,
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Substrates input into respiratory chain and
directions of electron transfer

NADH

/_\&%mp/ex II Complex III Complex IV
Juccnate g Q = Cytochrome ¢ —— 0,

Forward and reverse electron transfer in
mitochondria

Forward:
NADH:Q oxidoreduction
(oxidation of NADH)

2H*+ %0,
H,0

Reverse:
QH,:NAD*
2H*+ %0, oxidoreduction
H,0 supported by potential
(oxidation of succinate

+
H

@5 ‘ L. Y [N or glycerol 3-
- 0 ! L A ’ phosphate)
Ap A ~5% of e—flow
=RET
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What is hapening with mitochondria in RET?
H,O, release from intact brain mitochondria
oxidizing succinate at constant oxygen

H,0, release

o L = o

“O°HJo oy

—_—

Fluorescence, AU
UL/ |y ‘aseajal

0 5 10 15 20
Mito + )

succinate Time, min

Stepanova et al.,

Fluorecence intensity (a.u.)

s N W s S o NoDw®
o3 88385883888

(o]
H N
3Cj©: jkaH
R /g
HLC pl,| N [e]
FMN R

Decline in H,0, release rate and flavin
fluorescence in brain mitochondria

—— H,0, release rate

Bl
|

b2 of
o
2 nmol
Hz0; /min/mg

F + —— Flavin fluorescence

Bl
|

FMN

10 min

%
Fluorescence
3AU

FMNH During succinate oxidation H,0, release rate
2 decline coincides with kinetics of flavin

480

fluorescence emission

500 520 560 580 600

540
Wavelength (nm)
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Decline in H,0, release rate and Complex I
activity

— H,0, release rate

(=]
_E
o £
EE
NG
= 10 min The decline in H,0,
100 release during RET is
due to the inhibition of
; 751 Complex I
]é NADH:HAR
8 sl \\
>
2 N
E 250 “~a_  NADHAQ
O “‘_____—.-
0 " " " "
Mito + 0 5 10 15
suclc:)nateJ Time, min

Stepanova et al., 2019

FMN dissociated during RET can be released to
the outside of mitochondria

Mitochondria+succinat

0

iqu n —.,  AmplexUiraRed —#— Membrane bound FMN
Nqi:lnsnﬁke (=) F;:;%’:if;;‘;e 204 —O— Free FMN in the supernatant
Oz-electrode € -
2 uj
Z = =
Se 140 §
L 210 23
= - = 32
— g2 F13 > §
). €55 C 3
[ L12
=
Flavin measurements in the 0 4 8 12 16
supernatant and in the 4 Time, min
membrane Succinate
Flavin released from complex | can come out of mitochondria =
inner mitochondrial membrane is permeable for the FMN (or
riboflavin) Stepanova et al., 2019

43



NADH:Q reductase, %
(42
o

Prevention of complex I inactivation during RET?

Exogenous FMN can only partially
prevept Complex | activity decline

-
o
o

~
o

RET+10 uM FMN

25
RET
yo 5 10 15
Succinate Time, min

What if FMN dissociation is due to the partial

disintegration of complex I?

Complexome profiling UNIVERSITAT

FRANKFURT AM MAIN

Heat map Migration profile of separate

LC-MS/MS + data processing A subunits
[ e /\
; (08 S A
g L] c e
H| — e A /
e [] d |

a
« _ N
! [e]
Al BN
3
Molecular weight

‘ Subunit content
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What if complex I head (N-module) is falling apart? ;o ods

Com plexome prOfI”ng . FRANKFURT AM MAIN
[ | 4

.l | | relbeanilie 94
Hit

N-module

P-module
TR HHTTE

i
i

WAV, i, 1 VLAV, 1, 1 protein abundance

SO | — v e

v, Ull\, 1
g w N r
g on \
B o Samples before and after
=l Entire Complex!  jncubation with succinate
No effect on s ! ‘ ‘ ‘ in RET conditions

supercomplexes stability or

08
os
ot
bt N-module

integrity of complex I

Abundance Abundance

20 0z 008

Molecular weight, MDa Stepanova et al., 2019

Redox proteomics — what is the state of amino acid
residues around FMN-binding site?

Several cysteines of 51kDa FMN-
binding subunit are oxidized

UNIVERSITAT
FRANKFURT AM MAIN

Kang et al., 2018
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What is the rate of FMN release at various
oxygen concentration

S 40}
& E
£ =35}
ol od
Z o I %' e
Z £ }
L=
5 o 3.0 I
o (3]
Ft L
0 50 100 150 200

Oxygen, UM

The oxygen concentration during RET does not affect the rate of
FMN loss => RET can be active at very low oxygen (~10uM)
FMN can dissociate during tissue ischemia!

Links with clinical studies

European Jourmal |<| mlmum U7 61, 1237-1240
uropeen ) " (2007) 61 v s000 @

www.mlure‘cumle]:n

SHORT COMMUNICATION

Riboflavin status in acute ischaemic stroke

S Gariballa"? and R Ulle ega addi’

'She fT ield Ins H‘rl e for Studie: Av g, Comm mitys ces Centre, The University of Sheffield, Sheffield, UK and *Department of
Internal Medicire, Faculty ,!M ledicine & H m Scie UAE University, Al-Ain, UAE

3

2 Vit B2
f | _ . }deficient
: Uk | it itk et

NIl |||||| i I

IR LAY

A high proportion of acute stroke patients were biochemically deficient of riboflavin immediately post-infarct.
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da Silva-Candal et al., 2018 Annals of e et

NEUROLOGY St

Clinical Validation of Blood/Brain
Glutamate Grabbing in Acute Ischemic
Stroke

0 Analysis of the clinical improvement in the placebo
and treated groups determined at discharge and at
s 3 months([National Institutes of Health Stroke

Scale (NIHSS)]

95% C1 Percentage of improvement on the NIHSS

T T
Placebo Riboflavin

B A discharge

B At the third month

Negative geotaxis reflex, s

Brain fiavin content,

Riboflavin administration is
neuroprotective during I/R in vivo

5 mg/kg x Riboflavin injections before I/R

— —x « Increase flavin content in the brain
. . ) .
50 s . . « Decrease infarct size
40 ) ®ee 0" % « Improve reflex performance
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Stepanova et al.,
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FMN release from complex I during liver
transplantation

A Perfusion circuit

Temperature control (1

A Perfusate during perfusion (HOPE) B
of human livers
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Andrea Schlegel abed | Xavier Muller™’, Matteo Mueller™’, Anna Stepanova 4 Philipp Kron®,
Olivier de Rougemont?, Paolo Muiesan®<, Pierre-Alain Clavien?, Alexander Galkind, David Meierhofer®,

Department of Surgery and Transplantation, University Hospital Zurich, Switzerland

FMN release from complex I during kidney
transplantation

Transplantation oiIRECT B 2020

Flavin Mononucleotide as a Biomarker of Organ
Quality—A Pilot Study

Lu Wang, MRCS,' Emily Thompson, MRCS,' Lucy Bates, BSc,' Thomas L. Pither, BSc,!
Sarah A, Hosgood, PhD,? Michael L. Nicholson, DSc,? Christopher J.E. Watson, MD,?
Colin Wilson, PhD,' Andrew J. Fisher, PhD," Simi Ali, PhD,' and John H. Dark, FRCS'

! Translational and Ciinical Research Institute, Newcastle University, Newcastle
upan Tyne, United Kingdom.
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Brain injury in ischemia/reperfusion

In clinical settings — not only mitochondria are
affected — stroke is a complex pathology

7
e
\ 7’
\ ’ 7
\ L’
\ Mitochondrial L7
\ damage e
\ Resolutien of inflammation
ischemia \ Celluiar m'q'r‘n”ﬁ;?t gle:arging of dead cells
damage Y ~ " cellular regrowth Chronic
\ Tissue Acaniive inflammation ‘
\\ damage ; < immunity Deleyed development/maturation?
s e ————————————

\_

Minutes | Hours | Days | Weeks [ Months | Years

Immune response in stroke - acute

Acute stroke

Il

Steroids
Catecholamines  adrenal

Meninges
Inflammatory cells

Munucyle Macrophage Tcell Mastcell Neutrophil

@ @& ©

Vascular damage [

Artery

e @0 @@

Brain parenchyma Arteriole/ Neutrophil
capillary/ @ invasion | glands
venule \Q . 2
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Hypothalamic
hormones
DAMPs

MMPs

ROS

Cytokines,
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erforin

Mlcrogllal TNF
) ap }é —J

'Cmp-

N » Lympholdorgans/ ____ J
bone marrow

» Gt (increased
permeability)

Neuron/astrocyle damage

ladecola et al., J.Clin.Invest. 2020
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Immune response in stroke - chronic

Mendes Autoreactive T and B cells
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Chronic stroke

Antigens Autoreactive
T and B cells

APCs

Lymphoid
organs

He@- @,

Autoreactive
APC T and B cells
presenlallon @

Clonal
expansion

ladecola et al., J.Clin.Invest. 2020

MCAO model of stroke

Surgical procedure (Supine position)
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Blood substitution therapy rescues the brain of
mice from ischemic damage i v

nature \
COMMUNICATIONS

Xuefang Ren® 234%™ Heng Hu'35, Imran Farooqi"® & James W. Simpkins"/*
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Immune cells infiltrated into the brain
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Idea is not new, but...

& ambrosiaplasma.com

Ambrosia

Ambrosia

currently treating patients in all 50

Since 2016, Ambrosia is providing innovation in healthcare. W
states.

" ® S gk
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Idea is not new, but...

‘Young blood' company Ambrosia halts
patient treatments after FDA warning

The FDA warned consumers against infusions of plasma from young donors, saying there is no
evidence that they slow aging or memory loss, and can be dangerous.

FDA warns consumers against blood infusions from young donors

FEB. 19, 2018 / 01:12

Reviews to read

Review

Mitochondria in acute myocardial infarction and cardioprotection

Chrishan J.A. Ramachandra™”, Sauri Hernandez-Resendiz™"¢, Gustavo E. Crespo-Avilan"‘“‘",
Ying-Hsi Lin™", Derek J. Hausenloy* <&+

https://www.thelancet.com/journals/ebiom/article/P11S2352-3964(20)30259-0/fulltext

Succinate metabolism: a new therapeutic target
for myocardial reperfusion injury

Victoria R. Pell!, Edward T. Chouchani®3, Christian Frezza®, Michael P. Murphy?, and
Thomas Krieg'

https://academic.oup.com/cardiovascres/article/111/2/134/2237248

Mechanism of mitochondrial complex I damage in brain ischemia/
reperfusion injury. A hypothesis

Vadim Ten, Alexander Galkin

Division of Neonarology, Depariment of Pediarics, Columbia Untversity, Williom Block Building. 650 W 168ch Se, New York, NY 10032, United Siates of America

https://https://www.sciencedirect.com/science/article/abs/pii/S1044743119301022

The journal of Clinical Investigation

Immune responses to strole: mechanisms,
modulation, and therapeutic potential

Costanting ladecols,' Marion S. Buckwalter and Josef Anrather'

etk U4 s,

Stk Gabforia UL

https://www.jci.org/articles/view/135530
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