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B-thalassemia and Iron overload

* B-thalassemia: iron overload is one of the most common disease-related

complications
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1) Musallam KM, Rivella’S, Vichinsky E, et al. Haematologica. 2013 Jun;98(6):833-44. 2) Musallam KM, et al. Expert Rev Hematol. 2024 Sep;17(9):631-642.



The Change in Philosophy of Iron Chelation Therapy

/Iron chelation therapy

* The non-responder
* Drugintolerance and contraindication
* Slow iron clearance from organ deposition
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Iron overload monitoring
* Accessibility

\- Method variation and validation /
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Preventive strategy

Maintenance of safe iron body stores




The Change in Philosophy of Iron Chelation Therapy

Explore the new pathogenesis

/Iron chelation therapy

a Novel therapies * The non-responder
* Drugintolerance and contraindication

* Adjunctive treatment . .
* Slow iron clearance from organ deposition

[ Iron chelator ] [ Drug X ]

Iron overload monitoring (MRI)
* Accessibility

-1 * Method variation and validation
Iron Cell death
e Novel biomarkers

* Novel iron overload monitoring
* Predicting the organ damage




Ferroptosis: Novel Mechanism of Iron-induced Organ Dysfunction

Cell death > Accidental cell death » Necrosis
> Apoptosis

/ Apoptotic cell death
v
Regulated cell death \ — Necroptosis

Pyroptosis

Non-apoptotic cell death —_
[ Ferroptosis ]

— Autophagy

From several evidences: ferroptosis play a critical role in iron overload-related organ dysfunction

1) GalluzziL, et al. Cell Death Differ. 2018 Mar;25(3):486-541. 2) Dixon SJ, etal. Cell. 2012 May 25;149(5):1060-72.



Ferroptosis: Iron-Regulated Programmed Cell Death

* Non apoptotic form of iron-regulated programmed cell death

* Distinct characteristics compared to other programmed cell death
o Biochemical features, morphological features, and regulatory genes

S

Dysregulation of intracellular iron

Imbalance of antioxidant system
o GPX4, I GSH

Accumulation of lipid peroxides
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J

* Iron = essential part of driving lipid peroxidation and ferroptosis

o Associated with tissue damage driven by iron overload
o Specifically rescued using an iron chelator

Dixon SJ, etal. Cell. 2012 May 25;149(5):1060-72.



The Crosstalk of Ferroptosis, Apoptosis, Autophagy, and Pyroptosis

Extrinsic
lethal stimuli @

v

MIF Transferrin (Tf)
v on Gl o= _@ with two irons

: Intrinsic Mitochondrial outer membrane Xc | Transferrin o
 MEEDETRE  permesbiizaton (OM) / E'—C“";& ecentor (UK ) Clase
' Fe*® LEes-Il gemplex~

Pro-caspase-10 : sp3 Beclin 1

'BCL-2 BH3-only proteins STEAP3 ATG‘ 2\
1BCL-X, i SMAC Cytochrome c + Gly GSS - é Ferr |n s ( ‘ ATGSA/ ’\\
'MCL1 . e o " Ferriti (e wcail(N=)) ¢
& A°g‘g§°d Capasase1 DMT1 sFtZ’rgg: 822 —\ -,r_ ATG12 Q\ L
€ o i i T UAOH B )
==, A oligemerization Anontosome ° Y o))
Caspase-8 I Pop PUFA- OOH l °®"g00 o S
Caspase-10 .

¢ ,, o
Caspase-9 | Llpld |
| —

peroxidation |

Caspase-3 Caspase-3

Caspase-7 \ : / Caspase-7
Apoptosis PPARYy/
pop [ PRy PUFA) —»

[ Ve =
Phenethyl
isothiocyanate —
. (PEITC)

("Bax, Apaf 1, PUMA, \ ¥ ——(SLC7A11

p53AIP1, PIDD, and
L NOPX

7

Ru Q, et al. Signal Transduct Target Ther. 2024 Oct 14;9(1):271.



Ferroptosis: Iron-Regulated Programmed Cell Death

M Intracellular iron ‘ 1 Reative species ‘

L. Lipid peroxidation
Redox-active iron M Oxidative stress pidPp

[ Healthy cell J /\ Overwhelm antioxidant
' /\ defense mechanism

Intracellular iron concentration Equilibrium

(import/export/storage) Glutathione-dependent antioxidant

Ferroptosis s Loss of membrane permeability
Cell death



Ferroptosis: 1 Intracellular Iron and Oxidative Stress

NTBI
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Lipid Peroxidation: Non-Enzymatic Auto-Oxidation

PUFAs are the main substrate of lipid peroxidation during ferroptosis

—_— PL-PUFA-OOH e Ferroptosis

Lipid peroxides
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Lipid Peroxidation: Enzymatic Peroxidation

[ PUFA ] |
D
PUFA-CoA

LPCAT3 Ferroptosis
PE

* J{, Membrane barrier function
* Change of membrane permeabilization

PUFA-PE complex
- | J

PUFA-PE-OOH [ Lipid peroxides ]




Ferroptosis: Lipid Peroxidation and Ferroptosis
Where are lipid peroxides form?

Non-enzymatic reaction

Enzymatic reaction .
* lron: Fenton reaction

° L|poxyge nases Fe2+ + Hzoz 9 Fe3+ +OH" + OH
* Cycloxygenases
* P450 enzymes

ACSLA

LPCAT3 Lipoxygenase
PUEFA — > PUFA-PE > Lipid peroxides Loss of membrane
permeability

Cofactor: Fe2+

Toxic form l

[ Lipid alcohol K Glutathione Peroxidase 4
(GPX4)
Non-Toxic form

Cell death !




Ferroptosis: The Anti-Ferroptosis Pathway

Glutamate

e Glutathione-independent reaction

Glutathione-dependent reaction

System Xc

(SLC3A2 + SLC7A11)
Cystine . .
g ‘ M Antioxidants

. (e.g. SOD, catalase)
Cysteine

NADP+ -
GCLC Glutamate ,’

Glycine 1 GSH synthesis /

3
GSSG C NADP+ ( e

| e Other antioxidants /M Iron storage




.[ Pro-Ferroptosis
.[ Anti-Ferroptosis
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Adapted from: Xie et al. Cells. 2022 Sep 1;11(17):2726.
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Ferroptosis: Summary #1

[ " Ferroptosis: iron-regulated programmed cell death ]

Hallmarks

* Jron accumulation
 |Imbalance between oxidation and antioxidants
 Membrane lipid peroxidation

= Roles of Iron in the ferroptosis pathway
e Catalyze the reactions for ROS production via the Fenton reaction
* Serve as a cofactor for LOX enabling the enzyme to oxidize PUFAs

= |f lipid peroxidation overwhelm antioxidant defense mechanism

-



Toxic Aspects of Transfusional Iron Overload

From Molecular to Organ Damage

Free radical catalytic center (i ——————— ————— -
Labile iron

|

Free radical and oxidative stress
Superoxide, peroxide, hydrogen
peroxide, hydroxyl radical

Release of labile iron and stored
iron

Molecular damage Cell death Tissue damage

DNA, sugar, lipid, protein Ferroptosis, apoptosis Fibrosis, organ dysfunction

Kontoghiorghes GJ. Int J Mol Sci. 2023 Aug 18;24(16):12928.



Iron Overload, Ferroptosis, and Organ Dysfunction

F RAG I LE * Heart: one of the major target organs for iron deposition

* Myocardial hemochromatosis leading to morbidity and mortality in
patients with iron overload
o Cardiomyopathy
o Cardiac arrhythmias

* Ferroptosis has recently been implicated in iron
overload-induced cardiac cell death

* Myocardial dysfunction induced by ferroptosis
o Inhibited by iron chelators and antioxidants

HANDLE
WITH CARE

1) Xie LH, et al. Cells. 2022 Sep 1;11(17):2726. 2) Mancardi D, et al. Antioxidants (Basel). 2021 Nov 24;10(12):1864.



Mitochondrial

dysfunction

Fe? \’
* Ferrostatin-1
* Liproxstatin-1 1 J, ATP production
a4
Alterations in ion channels and
Ferroptosis < > mitochondrial depolarization
Structural remodeling Electrical remodeling

Arrhythmia
\% _ ( Abnormal Ca2* homeostasis
Cardiomyopathy

1) Shen J, et al. IntJ Cardiol Heart Vasc. 2024 Apr 26;52:101414. 2) Lakhal-Littleton S, et al. Proc Natl Acad SciU S A. 2015 Mar 10;112(10):3164-9. 3) Nattel S. etl al. Cardiovasc Res. 2016 Jun 1;110(3):295-7.



NTBI

SLC39A14 (ZIP14)

M Intracellular iron
(redox-active) |—— DFO

\9 e Ferritin

 Cell metabolism

Lipid ROS F—— Ferrostatin-1

\) Fibrosis

1) Wang H, et al. Hepatology. 2017 Aug;66(2):449-465. 2) Yu Y, et al. Blood. 2020 Aug 6;136(6):726-739.



* Fibrosis
* Pancreatitis

T

M Intracellular iron
(redox-active)

Iron-loading condition | DFX

1) Tian C, et al. IntJ Mol Med. 2023 Jan;51(1):9 2) DengL, et al. Peer J. 2023 Apr 18;11:e15206




L-citrulline

Ferritinophagy

I

Thymus injury

M Intracellular iron

(redox-active) D J, CD8+ T-cells

BaT, et al. Nutrients. 2022 Oct 28;14(21):4549.



Ferroptosis and Ineffective erythropoiesis in B-thalassemia

iron overload
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The close interplay between ineffective erythropoiesis, iron overload, and ferroptosis in B-thalassemia

Lin S, et al. Front Physiol. 2024 Feb 26;15:1346173.



Ferroptosis: Summary #2

Iron Overload Condition

Ferroptosis

Ferroptosis inhibitor

Iron chelator

Antioxidant ,



Knowledge Gaps and Limitations

Different cell types or different conditions = Different ferroptosis susceptibility

Fe Toxicity... . = 3U™°Tissue Reactive Iron X Genetics
tissue

e Cellular redox status
X Environmental Factors X ATime3.

 Disease & Chelation

* Crosstalk between ferroptosis and other forms of cell death in the context of iron overload
remains unclear

* Gold standard markers to detect ferroptosis are still lacking

e  Most studies = In vitro and in vivo studies

? The specificity of ferroptosis inhibitors:
o Target pathological cell death without physiologic disturbance

Coates TD. Free Radic Biol Med. 2014 Jul;72:23-40.



Future Perspectives

Novel biomarkers

* Novel biomarkers for detecting ferroptosis at tissue and systemic level
o Early detection of organ damage (prevention), prognosis, treatment strategy

* Precision medicine approaches: conventional investigation + novel biomarkers

Therapeutic approaches

* Novel targeted therapies

* Therapeutic strategy to mitigate iron overload-associated organ dysfunction
o Combination therapy: iron chelator, antioxidants, and ferroptosis inhibitors



Potential Roles of Antioxidants in Beta-Thalassemia

Antioxidant ‘ Outcomes

* Transfusion-dependent thalassemia (TDT)

Vitamin Cand E ™ Antioxidant status

Flavanoids J' Serum oxidative stress, I serum antioxidant capability

Curcuminoids with green tea J' Redox-active iron

NAC J Serum oxidative stress

Alpha-lipoic acid J, Oxidative stress

Fermented papaya preparation J ROS, { lipid peroxidation, |, PS externalization, > GSH levels

* Non-transfusion-dependent thalassemia (NTDT)

Vitamin E J Lipid peroxidation in thalassemic RBCs, |, hemolysis, and > RBC survival
Curcuminoids J Oxidative stress, and {, iron overload

Fermented papaya preparation J ROS, | lipid peroxidation, {, PS externalization, > GSH levels

Adapted from: Bou-Fakhredin R, et al. Antioxidants (Basel). 2022 May 13;11(5):967.



Take-Home Message

* Iron overload remains a major cause of multi-organ dysfunction in thalassemia

* Ferroptosis: non apoptotic form of iron-regulated programmed cell death
o Intracellular iron dysregulation
o Imbalance of antioxidant system
o Accumulation of lipid peroxides

* Ferroptosis may play a critical role in the pathogenesis of iron overload-
related organ dysfunction

* The discovery of ferroptosis as a central mechanism of iron-related toxicity organ
dysfunction
o Novel therapeutic targets
o Novel specific biomarkers
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