ION AND WATER TRANSPORT
IN CELL DEATH

EDITED BY: Markus Ritter, Yasunobu Okada, Alexander A. Mongin and
Giovanna Valenti
PUBLISHED IN: Frontiers in Cell and Developmental Biology

,frontiers Research Topics


https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death
https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death
https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death
https://www.frontiersin.org/journals/cell-and-developmental-biology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-558-9
DOI 10.3389/978-2-88971-558-9

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Cell and Developmental Biology 1

October 2021 | lon Transport in Cell Death


https://www.frontiersin.org/journals/cell-and-developmental-biology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact
https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death

Topic Editors:

Markus Ritter, Paracelsus Medical University, Austria

Yasunobu Okada, National Institute for Physiological Sciences (NIPS), Japan
Alexander A. Mongin, Albany Medical College, United States

Giovanna Valenti, University of Bari Aldo Moro, ltaly

Citation: Ritter, M., Okada, Y., Mongin, A. A., Valenti, G., eds. (2021). lon and
Water Transport in Cell Death. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88971-558-9

Frontiers in Cell and Developmental Biology 2 October 2021 | lon Transport in Cell Death


https://www.frontiersin.org/journals/cell-and-developmental-biology
http://doi.org/10.3389/978-2-88971-558-9
https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death

Table of Contents

05

08

17

33

42

56

68

71

79

90

101

121

137

151

165

Editorial: lon and Water Transport in Cell Death

Markus Ritter, Alexander A. Mongin, Giovanna Valenti and Yasunobu Okada
lon Transport in Eryptosis, the Suicidal Death of Erythrocytes

Michael Foller and Florian Lang

Ferroptosis in Acute Central Nervous System Injuries: The Future
Direction?

Lesang Shen, Danfeng Lin, Xiaoyi Li, Haijian Wu, Cameron Lenahan,

Yuanbo Pan, Weilin Xu, Yiding Chen, Anwen Shao and Jianmin Zhang
Plasma Membrane Pores Drive Inflammatory Cell Death

Benedikt Kolbrink, Theresa Riebeling, Ulrich Kunzendorf and Stefan Krautwald
Iron Metabolism in Ferroptosis

Xin Chen, Chunhua Yu, Rui Kang and Daolin Tang

Comparison of Anti-oncotic Effect of TRPM4 Blocking Antibody in
Neuron, Astrocyte and Vascular Endothelial Cell Under Hypoxia

Shunhui Wei, See Wee Low, Charlene Priscilla Poore, Bo Chen, Yahui Gao,
Bernd Nilius and Ping Liao

lon Transport in Plant Cell Shrinkage During Death

Francois Bouteau, David Reboutier, Daniel Tran and Patrick Laurenti

A Reverse-Osmosis Model of Apoptotic Shrinkage

Priyanka S. Rana and Michael A. Model

The Relationship Between Actin Cytoskeleton and Membrane
Transporters in Cisplatin Resistance of Cancer Cells

Takahiro Shimizu, Takuto Fujii and Hideki Sakai

Balance of Na*, K*, and Cl- Unidirectional Fluxes in Normal and Apoptotic
U937 Cells Computed With All Main Types of Cotransporters

Valentina E. Yurinskaya, Igor A. Vereninov and Alexey A. Vereninov

Acid- and Volume-Sensitive Chloride Currents in Human Chondrocytes
Michael Kittl, Martina Winklmayr, Katharina Helm, Johannes Lettner,

Martin Gaisberger, Markus Ritter and Martin Jakab

lons, the Movement of Water and the Apoptotic Volume Decrease

Carl D. Bortner and John A. Cidlowski

Ca?* Dependence of Volume-Regulated VRAC/LRRC8 and TMEM16A

Cl- Channels

Raquel Centeio, Jiraporn Ousingsawat, Rainer Schreiber and

Karl Kunzelmann

The Role of Eryptosis in the Pathogenesis of Renal Anemia: Insights From
Basic Research and Mathematical Modeling

Gabriela Ferreira Dias, Nadja Grobe, Sabrina Rogg, David J. Jorg,

Roberto Pecoits-Filho, Andréa Novais Moreno-Amaral and Peter Kotanko
Voltage-Gated Potassium Channels as Regulators of Cell Death
Magdalena Bachmann, Weiwei Li, Michael J. Edwards, Syed A. Ahmad,
Sameer Patel, Ildiko Szabo and Erich Gulbins

Frontiers in Cell and Developmental Biology

3 October 2021 | lon Transport in Cell Death


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death

182

192

212

227

235

242

258

267

304

Mitochondrial lon Channels of the Inner Membrane and Their Regulation
in Cell Death Signaling

Andrea Urbani, Elena Prosdocimi, Andrea Carrer, Vanessa Checchetto and
[ldiko Szabo

Cell Death Induction and Protection by Activation of Ubiquitously
Expressed Anion/Cation Channels. Part 1: Roles of VSOR/VRAC in Cell
Volume Regulation, Release of Double-Edged Signals and
Apoptotic/Necrotic Cell Death

Yasunobu Okada, Ravshan Z. Sabirov, Kaori Sato-Numata and
Tomohiro Numata

Intracellular Ca?* Imbalance Critically Contributes to Paraptosis
Eunhee Kim, Dong Min Lee, Min Ji Seo, Hong Jae Lee and Kyeong Sook Choi

Positive Inotropic Effects of ATP Released via the Maxi-Anion Channel in
Langendorff-Perfused Mouse Hearts Subjected to Ischemia-Reperfusion
Hiroshi Matsuura, Akiko Kojima, Yutaka Fukushima, Yu Xie, Xinya Mi,
Ravshan Z. Sabirov and Yasunobu Okada

The Role of pH. in Intestinal Epithelial Proliferation—Transport
Mechanisms, Regulatory Pathways, and Consequences

Mahdi Amiri, Ursula E. Seidler and Katerina Nikolovska
Neurodegeneration Upon Dysfunction of Endosomal/Lysosomal CLC
Chloride Transporters

Shroddha Bose, Hailan He and Tobias Stauber

Roles of lon and Water Channels in the Cell Death and Survival of Upper
Gastrointestinal Tract Cancers

Atsushi Shiozaki, Yoshinori Marunaka and Eigo Otsuiji

From Pinocytosis to Methuosis—Fluid Consumption as a Risk Factor for
Cell Death

Markus Ritter, Nikolaus Bresgen and Hubert H. Kerschbaum

Transient Receptor Potential (TRP) lon Channels Involved in Malignant
Glioma Cell Death and Therapeutic Perspectives
Florence Lefranc

Frontiers in Cell and Developmental Biology

4 October 2021 | lon Transport in Cell Death


https://www.frontiersin.org/research-topics/13260/ion-and-water-transport-in-cell-death
https://www.frontiersin.org/journals/cell-and-developmental-biology

l‘ frontiers

in Cell and Developmental Biology

EDITORIAL
published: 09 September 2021
doi: 10.3389/fcell.2021.757033

OPEN ACCESS

Edited and reviewed by:
You-Wen He,
Duke University, United States

*Correspondence:
Markus Ritter
markus.ritter@pmu.ac.at

Specialty section:

This article was submitted to

Cell Death and Survival,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 11 August 2021
Accepted: 13 August 2021
Published: 09 September 2021

Citation:

Ritter M, Mongin AA, Valenti G and
Okada Y (2021) Editorial: lon and
Water Transport in Cell Death.
Front. Cell Dev. Biol. 9:757033.
doi: 10.3389/fcell.2021.757033

®

Check for
updates

Editorial: lon and Water Transport in
Cell Death

Markus Ritter2%*, Alexander A. Mongin®, Giovanna Valenti® and Yasunobu Okada”8°

" Center for Physiology, Pathophysiology and Biophysics, Institute for Physiology and Pathophysiology, Paracelsus Medical
University, Salzburg, Austria, 2 Kathmandu University, Dhulikhel, Nepal, ° Ludwig Boltzmann Institute for Arthritis and
Rehabilitation, Salzburg, Austria, * Gastein Research Institute, Paracelsus Medical University, Salzburg, Austria, ° Department
of Neuroscience and Experimental Therapeutics, Albany Medical College, Albany, NY, United States, ° Department of
Biosciences, Biotechnologies and Biopharmaceutics, University of Bari Aldo Moro, Bari, Italy, ” Division of Cell Signaling,
National Institute for Physiological Sciences (NIPS), Okazaki, Japan, ¢ Department of Physiology, School of Medicine, Aichi
Medical University, Nagakute, Japan, ° Department of Physiology, Kyoto Prefectural University of Medicine, Kyoto, Japan

Keywords: cell death, ion transport, water transport, apoptosis, necrosis, cell volume regulation, cell hydration

Editorial on the Research Topic
Ion and Water Transport in Cell Death

The flow of water across cellular membranes determines the dynamics of cellular hydration and
volume, both of which govern a plentitude of fundamental functions, including cell death (CD)
(Lang et al., 1993, 1998, 2007; Haussinger, 1996; Hoffmann et al., 2009; Okada et al., 2021; Okada
et al.). The aforementioned reviews suggest that changes in the directionality of water transport
involve a variety of mechanisms; they can be osmotically obligated in their nature and coupled to
the movement of ions and organic osmolytes, driven by hydrostatic pressure, or determined by
“ingestion” and “excretion” during endo/exocytotic processes.

The significance of water transport and cell volume in CD has been recognized for a long
time. Injurious cell swelling, which was initially described as oncosis (from Greek Oykog,
ie. tumor/swelling), represents a hallmark of the unregulated form of CD—necrosis (von
Recklinghausen, 1910; Majno and Joris, 1995; Weerasinghe and Buja, 2012). Similar increases
in cell volume are prominent in several other related modes of CD, such as secondary necrosis
(aponecrosis), pyroptosis, and ferroptosis (Formigli et al., 2000; Zong and Thompson, 2006; Silva,
2010; D’Arcy, 2019; Okada et al., 2019; Nirmala and Lopus, 2020; Riegman et al., 2020). While
necrosis was initially considered to be a result of uncontrolled water accumulation, recent studies
suggest that this form of CD starts with tightly controlled normotonic cell swelling, termed necrotic
volume increase (NVI) (Barros et al., 2001; Okada et al., 2001, 2021; Orlov and Hamet, 2004; Lang
and Hoftmann, 2013a,b; Orlov et al,, 2013a,b; Bortner and Cidlowski, 2014; Model, 2014; Bortner
and Cidlowski). In contrast, the highly regulated mode of CD, apoptosis, is generally associated
with cell volume decrease (Majno and Joris, 1995; Lang et al., 1998; Maeno et al., 2000; Hoffmann
et al., 2009). Apoptosis is initiated by the early and precisely regulated normotonic cell shrinkage,
termed apoptotic volume decrease (AVD), which is driven by activation of distinct ion channels
and transporters (Maeno et al., 2000; Okada et al., 2001). Additionally, the emerging research
indicates that the precise regulation of ion and water transport across organellar membranes is also
indispensable for normal cell function, and its disturbances may cause CD and disease (Maltese
and Overmeyer, 2014; Li et al., 2020; Saric and Freeman, 2020; Chadwick et al., 2021; Bouteau et al ;
Ritter et al.; Urbani et al.). Apart from the two major types of CD, apoptosis and necrosis, numerous
additional (sub)forms of CD have been identified. These include aponecrosis, oncosis, necroptosis,
parthanatos, anoikis, entotic CD, NETotic CD, immunogenic CD, lysosome-dependent CD,
ferroptosis, oxeiptosis, sarmoptosis, autosis, autolysis, paraptosis, pyroptosis, alkaliptosis,
phagoptosis, eryptosis, chondroptosis, autophagic CD, mitoptosis, methuosis, and the mitotic
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catastrophe-driven CD (Galluzzi et al., 2018). Although all these
forms of CD involve very diverse and distinct mechanisms
(Green and Llambi, 2015; Galluzzi et al., 2018; Nirmala and
Lopus, 2020), their successful execution relies on tightly regulated
transport of ions, organic solutes and water across the plasma
membrane and/or organelle membranes (Lang et al., 1998; Okada
and Maeno, 2001; Chen et al., 2008; Hoffmann et al., 2009; Orlov
etal., 2013¢; Maltese and Overmeyer, 2014; Mongin, 2016; Okada
etal,, 2019, 2021; Okada et al.). Understanding these mechanisms
is crucial for our comprehension of the basic principles of normal
and abnormal biological processes.

The objective of this Research Topic was to collect state-
of-the-art Reviews and cutting-edge original research articles
exploring ions and water transport in cell death. This timely
subject has attracted significant enthusiasm of the scientific
community. The initial Call for Contributions resulted in 23
accepted manuscripts covering various aspects of the pivotal
roles of ion and water transport in cell death. The collection
encompasses four Original Research papers (Centeio et al.; Kittl
et al.; Wei et al; Yurinskaya et al.), two Brief Research Reports
(Rana and Model; Matsuura et al.), 11 Reviews (Bachmann et
al.; Bortner and Cidlowski; Bose et al.; Chen et al; Dias et
al; Foller and Lang; Kim et al; Lefranc; Ritter et al.; Okada
et al; Shimizu et al.), four Mini Reviews (Kolbrink et al;
Urbani et al; Amiri et al; Shiozaki et al.), one Hypotheses
article (Shen et al.), and one Opinion article (Bouteau et al.)
These publications are contributed by 98 authors. While in
the production, the Research Topic was met with high interest
within the scientific community; it accumulates the steadily
increasing number of views and downloads from all parts
of the world (https://www.frontiersin.org/research-topics/13260/
ion-and-water-transport-in-cell-death#impact).

The articles in this Research Topic cover a large variety of
types of CD, including apoptosis (Bachmann et al; Bortner
and Cidlowski; Okada et al.; Rana and Model; Shimizu et
al; Urbani et al; Yurinskaya et al.; Shiozaki et al; Lefranc),
necrosis (Bouteau et al.; Kittl et al.; Okada et al.; Lefranc),
aponecrosis (Wei et al.), necroptosis and pyroptosis (Kolbrink
et al; Okada et al), ferroptosis (Chen et al; Okada et al;
Shen et al; Lefranc), paraptosis (Kim et al.), eryptosis (Dias
et al; Foller and Lang), methuosis (Ritter et al.) as well
as plant vacuolar CD (Bouteau et al.). From the standpoint
of the mechanisms of CD-inducing processes, the Topic
contributors discuss the functional significance of numerous
specific anion channels, cation channels, and ion transporters
(Bachmann et al.; Bortner and Cidlowski; Bouteau et al.; Kim
et al; Kittl et al; Kolbrink et al; Okada et al; Rana and
Model; Shen et al.; Shimizu et al; Urbani et al.; Wei et al;
Yurinskaya et al; Amiri et al; Lefranc; Ritter et al.; Shiozaki
et al.). To facilitate reading of this collection, we provide
cross-references to the related ion transport mechanisms in
Supplementary Tables 1-3 (referring to anion channels, cation
channels, and transporters, respectively). Additionally, this
collection discusses the important roles in CD for the water
channels, aquaporins (AQPs) (Bortner and Cidlowski; Shiozaki
et al.), and mechanistic contributions for some organic signaling

molecules (such as ATP, glutamate and glutathione) which are
released via anion channels (Okada et al.; Matsuura et al.).

It is also important to place each CD type in the
context of the pathogenesis of different human diseases. The
contributors discuss the role of apoptosis in ischemia/reperfusion
(I/R) injury, including excitotoxicity (Okada et al.), chronic
neurodegenerative disorders, including Alzheimer’s disease
(Bachmann et al.), cancer (Shiozaki et al.), and chemoresistance
of cancer (Bachmann et al; Okada et al; Shimizu et al.);
necrosis in I/R injury including lactacidotoxicity (Okada et al.),
osteoarthritis (Kittl et al.), and cancer (Lefranc); aponecrosis
in I/R injury (Wei et al); necroptosis and pyroptosis in
I/R injury, neurodegeneration, cancer, skin inflammation, and
crystallopathies (Kolbrink et al.); ferroptosis in I/R injury (Chen
et al; Shen et al.), neurodegeneration (Chen et al; Rana and
Model), cancer (Chen et al.), and acute CNS injury (Shen et al.);
paraptosis in I/R injury and chemoresistance of cancer (Kim et
al.); as well as eryptosis in anemia and chronic kidney disease
(CKD) (Dias et al; Foller and Lang). There is a hope in the
field that further elucidation of molecular mechanisms of ion
and water transport underlining these CD processes is likely to
provide accurate targets for therapy of CD-associated diseases
and for the treatment of chemo-resistant cancer.

Collectively, the contributions from the Research
Topic  emphasize the progress in the field of
physiological/pathophysiological mechanisms of cell death
and their roles in the pathogenesis of various diseases.
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Suicidal Death of Erythrocytes

Michael Féller™ and Florian Lang?

" Department of Physiology, University of Hohenheim, Stuttgart, Germany, 2 Department of Physiology Institute of Physiology,
University of Tubingen, Tubingen, Germany

Erythrocytes are among the most abundant cells in mammals and are perfectly
adapted to their main functions, i.e., the transport of O, to peripheral tissues and the
contribution to CO», transport to the lungs. In contrast to other cells, they are fully
devoid of organelles. Similar to apoptosis of nucleated cells erythrocytes may enter
suicidal death, eryptosis, which is characterized by the presentation of membrane
phosphatidylserine on the cell surface and cell shrinkage, hallmarks that are also
typical of apoptosis. Eryptosis may be triggered by an increase in the cytosolic Ca?+
concentration, which may be due to Ca?* influx via non-selective cation channels of the
TRPC family. Eryptosis is further induced by ceramide, which sensitizes erythrocytes to
the eryptotic effect of Ca?*. Signaling regulating eryptosis further involves a variety of
kinases including AMPK, PAK2, cGKI, JAK3, CK1a, CDK4, MSK1/2 and casein kinase.
Eryptosis-dependent shrinkage is induced by Kt efflux through Ca?*-activated K*
channel Kz53.1, the Gardos channel. Eryptotic cells are phagocytosed and may adhere
to endothelial cells. Eryptosis may help prevent hemolysis since defective erythrocytes
usually undergo eryptosis followed by rapid clearance from circulating blood. Excessive
eryptosis stimulated by various diseases and xenobiotics may result in anemia and/or
impaired microcirculation. This review focuses on the significance and mechanisms of
eryptosis as well as on the ion fluxes involved. Moreover, a short summary of further ion
transport mechanisms of the erythrocyte membrane is provided.

Keywords: phosphatidylserine, Ca2*, shrinkage, gardos channel, apoptosis

INTRODUCTION

The number of erythrocytes or red blood cells (RBCs) exceeds the numbers of most other cells
in the human body and amounts to 4-6 X 10° per pl of blood (Nemkov et al., 2018). With a
total of approx. 5 1 of blood, every human being has about 25 x 10'? circulating erythrocytes.
The main function of erythrocytes is the transport of O, from the lung to organs, tissues, and
cells which they need for oxidative phosphorylation. Erythrocytes are perfectly adapted to this task
in that they are full of hemoglobin, the O;-carrying molecule, without having any cell organelles
such as mitochondria, ribosomes, or a nucleus. Therefore, the metabolism of erythrocytes is
restricted to degradation of glucose without O,. They cannot utilize energy-rich fatty acids at all.
Moreover, mature erythrocytes do not have RNA or DNA and cannot synthesize proteins. Owing
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to these limitations, they have
as  “bags of hemoglobin” rather
(D’Alessandro and Zolla, 2017).

Normal cells can undergo apoptosis, a form of programmed
cell death (D’Arcy, 2019). It allows cells to die in a controlled
sequence of events that affect the cytosol and different
organelles. For example, it comprises the breakdown of
the mitochondrial potential, karyopyknosis (shrinkage of the
nucleus and chromatin condensation) with subsequent DNA
degradation, Ca?" influx and Ca?*-dependent enzymatic
digestion of intracellular proteins as well as breakdown
of the phosphatidylserine asymmetry of the cell membrane
(Guo et al, 2009; D’Arcy, 2019). The latter results in the
appearance of phosphatidylserine in the outer membrane
leaflet whereas it can only be found in the inner leaflet in
non-apoptotic cells (Segawa and Nagata, 2015). Apparently,
apoptosis as such is not possible in erythrocytes due to
the lack of organelles. However, it has become clear that
also erythrocytes, the lifespan of which has a median of
120 days in human beings, can actively undergo a controlled
suicidal death program which is in many aspects comparable
to apoptosis of nucleated cells (Foller et al, 2008b; Lang
et al., 2008). Hence, it has been called eryptosis and is
mainly characterized by two hallmarks that are also typical
of apoptosis (Repsold and Joubert, 2018): The externalization
of membrane phosphatidylserine at the cell surface and the
loss of cell volume, ie., cell shrinkage (Foller et al., 2008b;
Lang et al, 2008). The Nomenclature Committee on Cell
Death 2018 did not recommend use of the term “eryptosis”
despite its “unquestionable relevance” for the reason that it is
“extremely complex [...] to define the death of entities that—
in physiological conditions—exist in a debatable state between
life and death (such as erythrocytes and viruses)” (Galluzzi
et al.,, 2018). Nevertheless, we use the term “eryptosis” in this
review because we believe that it well reflects the similarities
to apoptosis of nucleated cells and at the same time points to
the obvious limitations associated with erythrocytes being cells
without organelles.

simply been described
than real cells

SIGNIFICANCE OF ERYPTOSIS

Erythrocytes may become damaged during their lifetime such
that they are lysed and release hemoglobin (hemolysis) (Foller
et al., 2008b). Although plasma protein haptoglobin binds free
hemoglobin with high affinity, the lysis of a great number
of erythrocytes can exceed its binding capacity (Shih et al.,
2014). If so, plasma hemoglobin can freely be filtered in the
kidney and may precipitate in kidney tubules resulting in kidney
damage and ultimately in acute kidney injury (AKI), a condition
with high mortality often requiring intensive care treatment
(Qian et al., 2010). Eryptosis may be a mechanism to prevent
this potentially life-threatening complication of hemolysis by
initiating a suicidal death program in damaged red blood
cells that provides for the controlled removal of the affected
cell before the damage may cause uncontrolled hemolysis
(Foller et al., 2008b). Along these lines, eryptosis is triggered

by a broad spectrum of endogenous and exogenous noxious
insults including (bacterial) toxins, pharmaceutical drugs, several
clinical conditions and acute and chronic diseases, as well as
further biotic and abiotic stressors including oxidative stress or
hyperthermia (Lang and Lang, 2015).

Cells of the mononuclear phagocyte system (MPS) such as
macrophages recognize phosphatidylserine on the surface of
eryptotic cells by means of specific receptors (Bonomini et al.,
2001; Mandal et al, 2002; Segawa and Nagata, 2015). This
interaction prompts the phagocytosis of the dying erythrocytes,
resulting in its engulfment and intracellular degradation. Hence,
phosphatidylserine exposure in eryptosis serves as an “eat-
me” signal (Bonomini et al., 2001; Mandal et al., 2002;
Segawa and Nagata, 2015).

PATHOPHYSIOLOGY OF ERYPTOSIS

The presentation of phosphatidylserine on the surface of
eryptotic cells can have two major pathophysiological
implications: On the one hand, it initiates phagocytosis of
erythrocytes (Mandal et al., 2002), on the other hand it mediates
the adherence of erythrocytes to vascular endothelium cells
which also express phosphatidylserine receptors (Setty and Betal,
2008; Wautier et al., 2011).

Excessive eryptosis initiating the phagocytosis of many red
blood cells may therefore result in an acute loss of erythrocytes,
i.e, anemia (Lang F. et al, 2017). In line with this, many of
the aforementioned stimulators of eryptosis are associated with
anemia, i.e., the pharmaceutical drugs triggering eryptosis are
known to cause anemia as an adverse effect and the eryptosis-
associated diseases are paralleled or even characterized by anemia
(Lang and Lang, 2015).

The adherence of eryptotic erythrocytes to vascular
endothelium cells also mediated by the phosphatidylserine
receptor may impair microcirculation. Hence, stimulators
of eryptosis may not only cause anemia, but also
cardiovascular complications due to impeded microcirculation
(Pretorius, 2018).

The induction of eryptosis may, however, have beneficial
consequences, too: Malaria, a tropical disease threatening
hundreds of million people world-wide and responsible for
several hundred thousand deaths every year, is caused by
protozoan Plasmodium falciparum, an unicellular eukaryote
(Foller et al., 2009a; Boulet et al., 2018). During the infection, the
pathogen invades erythrocytes and matures in the red cell, finally
causing its lysis thereby releasing new parasites that can infect
further erythrocytes. The lysis causes cyclical periods of fever, the
hallmark of malaria (Foller et al., 2009a; Boulet et al., 2018). Given
the dependence of the parasite on intraerythrocytic maturation,
the early induction of eryptosis appears to be a promising
therapeutic strategy as it could result in the phagocytosis of the
affected erythrocyte and the inside parasite, thus in the clearance
of the pathogen (Foller et al., 2008; Boulet et al., 2018). A big
flaw of most common therapeutic approaches in malaria that
target the parasite is the development of resistance. Therefore,
the stimulation of eryptosis, a therapeutic strategy aiming at the
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host, could be helpful to prevent resistance (Foller et al., 2008;
Boulet et al., 2018).

PHOSPHATIDYLSERINE
EXTERNALIZATION IN ERYPTOSIS

In erythrocytes, the activities of the enzymes scramblase
and flippase (aminophospholipid translocase) determine the
distribution of phosphatidylserine among the inner and outer
membrane leaflet (Pretorius et al., 2016): Flippase translocates
phosphatidylserine from the outer leaflet to the inner leaflet,
thereby maintaining phosphatidylserine asymmetry in non-
eryptotic cells (Pretorius et al., 2016). Conversely, scramblase
shifts phosphatidylserine from inside to outside (Pretorius et al.,
2016). Both enzymes are Ca*>*-regulated with Ca?>* inhibiting
flippase and activating scramblase (Weiss et al., 2012). Upon
induction of eryptosis, an increase in the cytosolic Ca?™
concentration inhibits flippase and activates scramblase resulting
in the appearance of phosphatidylserine on the surface of the
dying erythrocyte.

In patients with sickle cell disease, phosphatidylserine
externalization is found in subsets of reticulocytes, young
cells, and partly also in mature erythrocytes (Jong et al,
2001). Interestingly, phosphatidylserine exposure can be reversed
in sickle cell disease, particularly in young erythrocytes
(Yasin et al., 2003).

CELL SHRINKAGE IN ERYPTOSIS

Apart from externalization of phosphatidylserine, cell shrinkage
is another hallmark of eryptosis (Foller et al., 2008b). The loss of
cell volume is due to the efflux of K* ions which is paralleled by
efflux of ClI~ and osmotically obliged water (Foller et al., 2008b).
Human erythrocytes express Ca?*-regulated inwardly rectifying
K™ channels which are also known as Gardos channels (Kc,3.1)
encoded by KCNN4 (Hoffman et al., 2003). The increase in the
cytosolic Ca?* concentration as an intitial event in eryptosis leads
to the formation of Ca?™/calmodulin that is associated with the
Gardos channel thereby activating it (Olivan-Viguera et al., 2013).
At 2 pM Ca’T, Gardos channel activity is maximal (Thomas
et al,, 2011). Gardos channel-mediated K™ efflux hyperpolarizes
the cell membrane. As a consequence, hyperpolarization drives
anion exit through CI™ channels (Dyrda et al., 2010). The cell
volume loss upon Gardos channel activation is in large part rate-
limited by efflux of CI~ following K efflux (Thomas et al.,
2011). In unstimulated erythrocytes, the Gardos channel as well
as most other cation channels are closed resulting in a low
cation leakage. A certain mutation of the KCNN4 gene enhances
the Ca?* sensitivity of the Gardos channel and accounts for
hereditary xerocytosis, an autosomal-dominant disease (Rapetti-
Mauss et al., 2015). It is characterized by dehydrated erythrocytes
and hemolytic anemia (Rapetti-Mauss et al., 2015).

The activation of Gardos KT channels with subsequent cell
shrinkage is not only a hallmark of eryptosis but also enhances
erythrocyte phosphatidylserine exposure stimulated by energy

depletion or Ca?™ ionophore ionomycin (Lang P. A. et al., 2003).
Hence, Gardos channel-mediated K* loss is itself a trigger of
eryptosis (Lang K. S. et al., 2003).

Patients with sickle cell disease have a subfraction of
erythrocytes (app. 4%) that exhibit a relatively high intracellular
Nat and low intracellular KT concentration (Bookchin et al.,
2000). Such erythrocytes are also found in healthy humans
(<0.03%) and do not dehydrate (“valinomycin-resistant”) when
exposed to K™ ionophore valinomycin or a Ca?>* ionophore
(Bookchin et al., 2000).

Ca?t ENTRY INTO ERYTHROCYTES

An increase in the cytosolic Ca?* concentration is an early
event in the orchestration of eryptosis and initiates hallmarks of
eryptosis, phosphatidylserine externalization and cell shrinkage
(Foller et al., 2009b). Under resting conditions in non-stimulated
erythrocytes the cytosolic free Ca?T concentration is in the range
of 50 nM (Bogdanova et al., 2013), a value several orders lower
than the free plasma Ca?>™ concentration (around 1.5 mM) and
comparable to the free cytosolic Ca?™ concentration in nucleated
cells. Total cytosolic Ca®* also includes Ca** ions bound by
Ca’*-binding proteins such as calmodulin and amounts to 5-
6 WM (Bookchin and Lew, 1980; Bogdanova et al., 2013).

Ca’™ entry into erythrocytes is incompletely understood.
Clearly, the low basal Ca’* conductance of unstimulated
erythrocytes can be increased, suggesting the presence of
Ca’t channels in the membrane. These Ca?*-permeable
channels exhibit a low conductance in non-stimulated
erythrocytes (Duranton et al, 2002). They are regulated by
the Cl™ concentration, as replacement of extracellular Cl™
by gluconate or other anions such as Br~, SCN~, or I~
strongly up-regulates their conductance (Duranton et al., 2002).
Moreover, these Ca’*-permeable channels are activated by
oxidative stress (Duranton et al, 2002) and hyperosmotic
shock (extracellular osmolarity of 850 mOsm) and can be
inhibited by ethylisopropylamiloride (Lang K. S. et al., 2003) and
erythropoietin (Myssina et al., 2003). They have a permselectiviy
of Cst > KT > NaT =Li* >> NMDG" (Duranton et al., 2002).

Activators of the cation channels include prostaglandin
E, (PGE;) (Lang et al, 2005). Phospholipase A2 cleaves
phospholipids in the cell membrane, releasing arachidonic
acid. Cyclooxygenase is the key enzyme for the generation of
prostaglandins from arachidonic acid. Prostaglandin E; (PGE;)
is an important eicosanoid, contributing to pain by sensitizing
peripheral nociceptors, to fever and local inflammation (Ricciotti
and FitzGerald, 2011). The isosmotic replacement of extracellular
ClI™ and hyperosmotic shock induce PGE, synthesis in
erythrocytes which in turn activates Ca?* influx through the
Ca2+-permeable cation channel (Lang et al., 2005). Hence,
PGE, is a major regulator of eryptosis by inducing Ca" influx
(Lang et al., 2005).

Interestingly, ionotropic glutamate NMDA receptors
permeable to Ca?t contribute to Ca’™ homeostasis in
erythrocytes (Makhro et al, 2013; Kaestner et al, 2020).
Furthermore, human erythrocytes express GluAl, a subunit
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of ionotropic glutamate AMPA receptors that are also Ca?™
permeable if devoid of subunit GluA2 (Foller et al., 2009b).
AMPA receptor antagonists attenuate the increase in cytosolic
Ca’t following removal of extracellular CI~ or glucose,
maneuvers inducing eryptosis by stimulating Ca?* entry
(Foller et al., 2009b).

TRP channels are a large family of cation channels permeable
to different cations, expressed in many different cell types,
and having a broad spectrum of physiological functions
(Ramsey et al., 2006). TRPC2, TRPC3 and TRPC6 are Ca’*-
permeable members of the TRPC family of channels expressed
in erythrocyte precursor cells (Hirschler-Laszkiewicz et al., 2011,
2012). Erythropoietin induces Ca?* entry into these cells through
TRPC3 (Hirschler-Laszkiewicz et al., 2011). In mature human
erythrocytes, TRPC6 may contribute to Ca>™ entry in eryptosis
(Foller et al., 2008) whereas TRPC4/5 may be more relevant in
mature murine erythrocytes (Danielczok et al., 2017).

Ca’* entry into erythrocytes is also induced by shear stress
(Larsen et al., 1981; Johnson and Gannon, 1990; Thomas et al.,
2011). Erythrocytes express the mechanosensitive cation channel
PIEZOL1 (see below) permeable to Ca?* (Cahalan et al., 2015).
Indeed, mechanical stress induces PIEZO1-dependent Ca’*
influx into erythrocytes that, in turn, stimulates Gardos channel-
mediated KT efflux and shrinkage (Cahalan et al., 2015).

Human erythrocytes also express voltage-dependent Ca,2.1
Ca%* channels as confirmed by Western Blotting (Andrews et al.,
2002). Pharmacological inhibition of Ca, 2.1 with w-agatoxin-TK
suppresses Ca® ™ influx into erythrocytes induced by phorbol 12-
myristate 13-acetate (PMA) (Andrews et al., 2002). According
to this study, PKC regulates Ca,2.1-mediated Ca®" entry into
erythrocytes (Andrews et al., 2002). This view is challenged by
another study postulating that at least two different Ca®* influx
pathways exist in erythrocytes with one being independent of
Ca,2.1 and another indirectly activated by PKCa (Wagner-Britz
et al,, 2013). PKCua also regulates eryptosis induced by energy
depletion (Klarl et al., 2006).

Ca2t ATPASE

The plasma membrane P-type Ca?™ ATPase (PMCA) is
expressed in human erythrocytes (Bogdanova et al., 2013). It is
equipped with a Ca?*/calmodulin binding site interacting with
Ca’*/calmodulin and enabling it to sense an elevation of the
cytosolic Ca?* concentration (Bogdanova et al., 2013). In this
case, it pumps Ca?* out of the cell at the expense of ATP which
is degraded by the enzyme (Bogdanova et al., 2013). Ceramide
or arachidonic acid induce the activity of the Ca?™ ATPase
(Bogdanova et al., 2013).

ROLE OF CERAMIDE AND KINASES IN
ERYPTOSIS

Apart from intracellular Ca*, ceramide is a major cellular
initiator of eryptosis (Lang et al., 2004). Ceramide is generated by
sphingomyelinase, a phosphodiesterase that cleaves membrane

sphingolipid sphingomyelin (Zeidan and Hannun, 2010).
Ceramide is involved in apoptosis of nucleated cells mediated
by the death receptor CD95 (Gulbins et al., 1995). It triggers
eryptosis by sensitizing the cell to Ca?T, but it does not induce
Ca’t influx (Lang et al, 2004). Moreover, hyperosmotic
shock induces eryptosis also by stimulating sphingomyelinase-
dependent ceramide formation in erythrocytes, an effect
explaining why hyperosmotic shock-stimulated eryptosis is also
observed in the absence of extracellular Ca%™ (Lang et al., 2004).

Regulators of eryptosis further include diverse kinases
including AMP-activated protein kinase AMPK (Foller et al.,
2009¢; Zelenak et al., 2011), p21-activated kinase PAK2 (Zelenak
etal., 2011), cGMP-dependent protein kinase type I cGKI (Foller
et al., 2008a), Janus kinase JAK3 (Bhavsar et al., 2011), casein
kinase CKla (Kucherenko et al., 2012; Zelenak et al., 2012),
cyclin-dependent kinase CDK4 (Lang et al., 2015b), and mitogen-
and stress-activated kinase MSK1/2 (Lang et al., 2015a) as
suggested by pharmacological approaches and/or experiments
with knockout mice.

ROLE OF OXIDATIVE STRESS IN
ERYPTOSIS

Erythrocytes are permanently challenged by oxidative stress
(Cimen, 2008). Despite having powerful reactive oxygen species
(ROS) scavengers including glutathione, superoxide dismutase,
or catalase, ROS is an important trigger of eryptosis in vivo,
especially in certain clinical conditions (Lang et al., 2014). In mice
deficient for the modifier subunit of glutamate—cysteine ligase
(gclm =/~ mice), the erythrocyte glutathione level is only 10% of
the normal value (Foller et al., 2013). Nevertheless, no enhanced
eryptosis is observed in unchallenged mice. Upregulated catalase
may contribute to this effect (Féller et al., 2013). If the mice are,
however, exposed to additional oxidative stress in the form of
phenylhydrazine, eventually fatal hemolysis is the consequence
(Foller et al., 2013).

Ca?*-permeable cation channels initiating eryptosis are
activated by ROS (Duranton et al., 2002), and higher in vitro
susceptibility of erythrocytes from gclm =/~ mice to eryptosis can
be blocked by antioxidant Trolox (Foller et al., 2013). In addition,
erythrocyte Cl~ channels contributing to shrinkage in eryptosis
are also sensitive to ROS (Huber et al., 2002).

Oxidative stress may contribute to enhanced eryptosis in
several clinical conditions including diabetes, chronic kidney
disease, Wilson’s disease, malaria, and iron deficiency (Lang et al.,
2014). In erythrocytes from patients with sickle cell anemia,
antioxidants inhibit K+, Cl~ cotransport, and Gardos channel-
mediated K efflux as well as phosphatidylserine exposure (Al
Balushi et al., 2019). Hence, also the erythrocyte K permeability
is dependent on ROS, at least in erythrocytes from patients with
sickle cell disease (Al Balushi et al., 2019).

A recent study uncovered that lysates of erythrocytes contain
a vast number of pro-inflammatory and anti-inflammatory
cytokines, chemokines, and mediators including C-C chemokines
(CTACK, Eotaxin, MCP-1, MCP-3, MIP-1a, MIP-1f3, RANTES),
members of the CSF family (G-CSE, GM-CSFE, M-CSF), C-X-C
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chemokines (GRO-a, IL-8, IP-10, MIG, SDF-1a), FGF growth
factors (bFGF), IL-3, IL-5, IFNa2, IFNy, members of the IL-1
family, LIF, IL-12(p40), IL-12(p70), IL-17, MIF, PDGF-bb, VEGE,
TNFa, TNEB, and TRAIL (Karsten et al., 2018). Whether or not
these mediators are involved in the regulation of eryptosis should
be addressed in future investigations.

A selection of important mechanisms of eryptosis is
summarized in Figure 1.

FURTHER Ca2t-DEPENDENT
PROCESSES IN ERYTHROCYTES

An elevation of the cytosolic Ca?T concentration results in lower
O, affinity of hemoglobin (Bogdanova et al., 2013; Makhro et al.,
2013).

Endothelial NO synthase (eNOS)-dependent NO production
is stimulated by an increase in the cytosolic Ca?™ concentration
(Ulker et al., 2011; Bogdanova et al., 2013). By the same token,
NO inhibits eryptosis (Nicolay et al., 2008).

Calpain 1 (p-calpain) is a cysteine protease that is activated by
an elevation of the intracellular Ca?* concentration (Bogdanova
et al., 2013). It is expressed in human erythrocytes (Hatanaka
et al, 1984) and degrades membrane-associated proteins

(Bogdanova et al., 2013). Calpain is likely to contribute to the
breakdown of proteins in eryptosis (Lang et al., 2006).

FURTHER ION TRANSPORT
MECHANISMS IN ERYTHROCYTES

Erythrocytes express the mechanosensitive non-selective cation
channel PIEZO1 which is stretch-activated (Zarychanski
et al., 2012; Bae et al, 2013) and opens upon mechanical
stress also allowing cell volume loss (Badens and Guizouarn,
2016). Mutations of the FAM38A gene encoding PIEZO1 are
responsible for hereditary xerocytosis (Zarychanski et al., 2012;
Bae et al., 2013).

The anion exchanger 1 (AE1 or SLC4A1) is encoded by the
SLC4A1 gene and is also known under the name Band 3 (Abbas
et al., 2018). The two different names hint at distinct functions:
It is the most abundant protein of the erythrocyte membrane
and part of its cytoskeleton by interacting with ankyrin or band
4.2, other cytoskeleton proteins (Kiimpornsin et al., 2011). As
an anion exchanger, it mediates the electroneutral exchange of
Cl™ ions for HCO3;™~ ions which is part of the mechanism of
CO; transport from peripheral tissues and organs to the lung
(Abbas et al., 2018). In this respect, it is also known as Hamburger

® phosphatidylserine

FIGURE 1 | A selection of signaling pathways relevant for eryptosis. AA, arachidonic acid; AMPK, AMP-activated kinase; casp, caspases; cGK, cGMP-dependent
protein kinase 1; CK1, casein kinase 1; COX, cycloxygenase; JAKS, janus kinase 3; MSK, mitogen- and stress- activated kinase; PAK2, p21-activated kinase 2; p38
MAPK; p38 mitogen-activated protein kinase; PAF, platelet activating factor; PGE2, prostaglandin E2; PKC, protein kinase C; PLA, phospholipase A; SCR,
scramblase; SM, sphingomyelinase. The figure was taken from the review by Lang E. et al. (2017).
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phenomenon or chloride shift (Colombo et al., 2020). Several
mutations of the SLC4A1 gene are described which result in
Na' and/or KT leakage (Guizouarn et al., 2007; Ellory et al.,
2009; Barneaud-Rocca et al., 2013; Reithmeier et al., 2016). This
phenomenon is not fully explained and may be due to the
mutation changing AE1 into a cation channel or activating other
cation channels in the erythrocyte membrane (Guizouarn et al.,
2007; Ellory et al., 2009; Barneaud-Rocca et al., 2013).

In erythrocytes infected with P. falciparum endogenous
inwardly and outwardly rectifying Cl~ channels are activated
(Huber et al., 2002). Moreover, similar anion conductances
can be induced by oxidative stress (Huber et al., 2002).
Hyperpolarization-activated CLCN2 chloride channels in the
erythrocyte membrane contribute to this anion conductance of
Plasmodium berghei-infected mouse erythrocytes and participate
in cell volume regulation (Huber et al., 2004). These channels
exhibit a 5 pS conductance and are inhibited by Zn?* (Thomas
etal., 2011). They are small conductance chloride channels (SCC)
characterized by alternating long-lasting phases of opening and
closing (Thomas et al., 2011).

Maxi-anion channels with a conductance of several hundred
pS up to the nS range have been suggested to be involved in anion
transport across the erythrocyte membrane (Glogowska et al.,
2010). According to this study, they are not active per se, but can
be induced by serum components and exhibit multifaceted gating
mechanisms and kinetics (Glogowska et al., 2010).

An erythrocyte anion channel with particular relevance in
malaria infection is part of the family of voltage-dependent anion
channels (VDAC), presumably VDAC3 (Thomas et al., 2011).
In the erythrocyte membrane, VDAC is part of a peripheral-
type benzodiazepine receptor complex which is in addition made
up by adenine nucleotide transporter (ANT) and a translocator
protein (TSPO) (Thomas et al, 2011). This peripheral-type
benzodiazepine receptor complex may be the molecular correlate
for the maxi-anion channel suggested by a previous study
(Glogowska et al., 2010). However, whether or not maxi anion
channels are identical to VDACs is controversially discussed
(Pinto et al., 2010). In Plasmodium-infected erythrocytes, the
peripheral-type benzodiazepine receptor complexes involving
VDAC are up-regulated and may contribute to the “new
permeability pathways” that are induced in erythrocytes by
the malaria pathogen and required for their intraerythrocytic
survival (Bouyer et al.,, 2011). In line with this, pharmacological
inhibition of the peripheral-type benzodiazepine receptor
compromises the growth of the pathogen (Bouyer et al., 2011).

Also the gene encoding glucose carrier GLUT1 which
accomplishes glucose uptake by erythrocytes can be affected by
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PERSPECTIVES
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Acute central nervous system (CNS) injuries, such as stroke, traumatic brain injury
(TBI), and spinal cord injury (SCI) present a grave health care challenge worldwide
due to high morbidity and mortality, as well as limited clinical therapeutic strategies.
Established literature has shown that oxidative stress (OS), inflammation, excitotoxicity,
and apoptosis play important roles in the pathophysiological processes of acute
CNS injuries. Recently, there have been many studies on the topic of ferroptosis,
a form of regulated cell death characterized by the accumulation of iron-dependent
lipid peroxidation. Some studies have revealed an emerging connection between
acute CNS injuries and ferroptosis. Ferroptosis, induced by the abnormal metabolism
of lipids, glutathione (GSH), and iron, can accelerate acute CNS injuries. However,
pharmaceutical agents, such as iron chelators, ferrostatin-1 (Fer-1), and liproxstatin-1
(Lip-1), can inhibit ferroptosis and may have neuroprotective effects after acute CNS
injuries. However, the specific mechanisms underlying this connection has not yet been
clearly elucidated. In this paper, we discuss the general mechanisms of ferroptosis
and its role in stroke, TBI, and SCI. We also summarize ferroptosis-related drugs
and highlight the potential therapeutic strategies in treating various acute CNS injuries.
Additionally, this paper suggests a testable hypothesis that ferroptosis may be a novel
direction for further research of acute CNS injuries by providing corresponding evidence.

Keywords: ferroptosis, iron metabolism, lipid metabolism, stroke, traumatic brain injury, spinal cord injury,
therapy

INTRODUCTION

Acute CNS injuries, including stroke, TBI, and SCI, are a major burden of morbidity and mortality
worldwide (GBD, 2016, 2019). Each year, approximately 80 million individuals in the United States
suffer a stroke. Moreover, deaths caused by stroke contribute to nearly 5% of all deaths in the
United States. Ischemic stroke accounts for 87% of all strokes, with ICH comprising the remaining
10% (Benjamin et al., 2019). Another neurological disease worth mentioning is TBI, which has
a global incidence of more than 50 million cases annually (Maas et al., 2017; Jiang et al., 2019).
Regarding the mechanisms associated with acute CNS injuries, previous literature has shown that
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various mechanisms, including OS, inflammation, excitotoxicity,
and apoptosis, play important roles in the pathophysiological
processes of acute CNS, and targeting these mechanisms may
provide neuroprotection (Roth et al., 2014; Chamorro et al., 2016;
Duan et al.,, 2019; Nazemi et al., 2020). However, there is a
lack of effective therapeutic strategies in treating long-term CNS
injuries. Patients who survive CNS injuries often have long-term
disabilities due to substantial neurological deficits and impaired
tissue function, therefore requiring subsequent lifelong care.
New therapeutic approaches are urgently required to improve
outcomes of patients with acute CNS injuries. In recent years,
there has been increasing interest in ferroptosis, suggesting
a potential role of ferroptosis in acute CNS injuries and
offering opportunities for novel pharmacological interventions,
as ferroptosis can be modulated by small molecules (Friedmann
Angeli et al., 2014; Lewerenz et al., 2018; Alim et al., 2019).
Ferroptosis, first observed in response to treatment of tumor
cells via small-molecule chemical probes, is a newly identified
form of regulated cell death characterized by the accumulation
of iron-mediated lipid peroxides (Dixon et al., 2012). It differs
from other programmed cell deaths (e.g., apoptosis, necrosis, and
autophagy) at the morphological, biological, and genetic levels
(Dixon et al., 2012). Regarding the function of ferroptosis within
the tumor, it is associated with malignant transformation, cancer
progression, and drug resistance [for review see Su et al. (2020)].
Moreover, ferroptosis regulation may be useful for anti-cancer
therapy (Guo et al,, 2019; Su et al., 2020). Although ferroptosis
was first defined in cancer cells and has potential in cancer
treatment, the latest experimental results have identified its role
in the pathophysiology of acute organ injuries, such as acute
kidney, lung, and brain injuries (Dixon et al., 2012; Friedmann
Angeli et al., 2014; Kenny et al., 2019; Hu et al., 2020; Li Y.C.
et al., 2020). More importantly, ferroptosis can cause neuronal
cell death and neurological deficits in CNS injuries and human
neurodegenerative diseases (Dixon et al., 2012; Morris et al,
2018). Therefore, targeting ferroptosis through effective anti-
ferroptotic agents may provide direction for treating acute CNS
injuries (Tuo et al., 2017; Zille et al., 2017; Kenny et al., 2019).

Abbreviations: 4-HNE, 4-hydroxy-2-nonenal; AA, arachidonic acid; ACSL4,
acyl-CoA synthetase long-chain family member 4; AdA, adrenic acid;
ALOXS5, arachidonate 5-lipoxygenase; BBB, blood-brain barrier; BMSC,
bone marrow mesenchymal stem cells; BPS, bathophenanthrolinedisulfonic
acid; BSO, buthionine sulfoximine; CCI, cortical impact injury; CNS, central
nervous system; CoQ10, coenzyme QI10; COX-2, cyclooxygenase-2; DFO,
deferoxamine; DFP, deferiprone; DMTI, divalent metal transporter 1; EC,
(-)-epicatechin; Fe?*, ferrous iron; Fe’t, ferric iron; Fer-1, ferrostatin-1;
FPN, ferroportin; FSP1, ferroptosis suppressor protein 1; FTHI, ferritin heavy
chain 1; FTL, ferritin light chain; GPX4, glutathione peroxidases 4; GSH,
glutathione; Hb, hemoglobin; HIF-1a, hypoxia-inducible factor lo; HIF-
PHD, hypoxia-inducible factor prolyl hydroxylase; I/R, ischemia/reperfusion;
ICH, intracerebral hemorrhage; IREB2, iron metabolism essential factor iron
response element binding protein 2; Lip-1, liproxstatin-1; LOX, lipoxygenases;
LPCAT3, lysophosphatidylcholine acyltransferase 3; MCAO, middle cerebral
artery occlusion; MDA, malondialdehyde; NAC, N-acetylcysteine; NACA,
N-acetylcysteine amide; Nrf2, nuclear factor erythroid 2-related factor; OS,
oxidative stress; PEBP1, phosphatidylethanolamine-binding protein 1; PTGS2,
prostaglandin-endoperoxide synthase 2; PUFA, polyunsaturated fatty acid; ROS,
reactive oxygen species; RSL3, RAS synthetic lethal 3; SBI, secondary brain injury;
SCI, spinal cord injury; Se, selenium; STEAP3, six-transmembrane epithelial
antigen of the prostate 3; TBI, traumatic brain injury; TEM, transmission electron
microscopy; T, transferrin; TER, transferrin receptor.

So, what is the underlying mechanism of ferroptosis, and how
does it affect acute CNS injuries?

DISCOVERY AND MECHANISMS OF
FERROPTOSIS

Small-molecule probes are valuable tools for studying different
types of regulated cell death (Gangadhar and Stockwell, 2007).
During the identification of ferroptosis, there were two important
chemical probes. Ferroptosis inducers, erastin, and RSL3, were
discovered in a phenotypic small molecule-screening study
(Dolma et al, 2003; Yang and Stockwell, 2008). Erastin, a
synthetic compound, was capable of inducing non-apoptotic cell
death to selectively kill HRAS-mutant engineered cancer cells,
and in this process, there was no evidence of caspase activation
or apoptotic hallmarks (Dolma et al., 2003; Yagoda et al., 2007).
Another compound was RSL3, found in 2008, and capable of
triggering a similar form of non-apoptotic and iron-dependent
oxidative cell death (Yang and Stockwell, 2008). This erastin- and
RSL3-induced cell death did not exhibit the morphological or
biochemical features of apoptosis, and inhibition of necroptosis
or autophagy had no effect on this mode of cell death (Wolpaw
et al,, 2011; Dixon et al., 2012; Yang et al., 2014). However, this
manner of cell death could be prevented by the iron chelator,
DFO, and antioxidants (e.g., Vitamin E) (Dolma et al.,, 2003;
Yagoda et al., 2007; Yang and Stockwell, 2008). Therefore, the
term “ferroptosis” was first proposed in 2012 to describe this
novel iron-dependent non-apoptotic cell death (Dixon et al.,
2012). Hallmark contributions of ferroptosis were well-displayed
by Hirschhorn and Stockwell (2019) and Li J. et al. (2020) [for
review see Hirschhorn and Stockwell (2019); Li J. et al. (2020)].
Hadian and Stockwell (2020) drew a SnapShot to provide an
overview of ferroptosis-related pathways. Although the exact
mechanisms of ferroptosis are still being explored, the initiation
and execution of ferroptosis involve several biological processes,
including lipid, GSH, and iron metabolism, as well as other
regulatory processes (Dixon et al., 2012; Figure 1).

Lipid Metabolism Related to Ferroptosis

Lipid metabolism is closely linked to the regulation of ferroptosis.
The accumulation of lipid peroxidation seems to be a key
process in the execution phase, in which PUFAs play an
important role (Stockwell et al., 2017; Wenzel et al., 2017; Yamada
et al.,, 2020). Usually, free PUFAs, especially AA and AdA are
esterified to membrane phospholipids [mainly PUFA-containing
phosphatidylethanolamines (PEs)]. With the presence of two
lipid-metabolic enzymes, ACSL4 and LPCAT3, these membrane
phospholipids undergo oxidation to drive ferroptosis (Doll et al.,
2017; Kagan et al, 2017). The knockout of ACSL4 or loss
of LPCAT3 resulted in significant resistance of certain non-
neuronal cells to ferroptosis (Dixon et al., 2015; Yuan et al., 2016;
Doll et al,, 2017; Kagan et al,, 2017). Following the generation
of AA/AdA-PE, activated LOXs catalyze AA/AdA-PE into pro-
ferroptotic lipid peroxidation AA/AdA-OOH-PE (Yang et al,
2016; Lei et al, 2019). The role of the LOXs in ferroptosis
is also supported by a study indicating that genetic depletion
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FIGURE 1 | General mechanism of ferroptosis associated with lipid, amino acid, and iron metabolism. The inactive Fe®* is delivered into the cell by TFR1 and
reduced to Fe?* in the endosome. Then, DMT1 transports Fe2™* to the labile iron pool (LIP). Autophagic degradation of ferritin (ferritinophagy) releases Fe2+ from
ferritin, which is mediated by NCOA4. Fe?+ produces lipid ROS via the Fenton reaction and through the LOX pathway. Moreover, ACSL4 is required to activate
polyunsaturated fatty acid, especially AA and AdA, to AA/AJA-CoA, then LPCATS catalyzes these derivatives and membrane PEs to form AA/AdA-PE, which are
further converted into pro-ferroptotic lipid peroxidation under the activity of iron-containing LOXs. In conclusion, the Fenton reaction and oxidation of lipids facilitate
the generation of lipid ROS, thus leading to ferroptosis. The system xc- is a cystine/glutamate antiporter. Intracellular cystine is reduced to cysteine for the
biosynthesis of GSH. GPX4 converts two GSH molecules to GSSG each catalytic cycle to reduce lipid hydroperoxides, and then GSSG can be recycled back via
GSH reductase in an NADPH-dependent manner. Ferroptosis inducers inhibit the GPX4-GSH-cysteine axis, thus inhibiting the reduction of lipid ROS. AA/AdA,
arachidonic acid or adrenic acid; AA/AdA-CoA, arachidonic acid or adrenic acid coenzyme A; AA/AJA-PE, arachidonic acid or adrenic
acid-phosphatidylethanolamine; AA/AdA-OOH-PE, arachidonic acid or adrenic acid-hydroperoxides-phosphatidylethanolamine; AA/AdA-OH-PE, arachidonic acid or
adrenic acid-hydroxides-phosphatidylethanolamine; ACSL4, acyl-CoA synthetase long-chain family member 4; BSO, buthionine sulfoximine; CoA, coenzyme A; Cp,
ceruloplasmin; Cys, L-cysteine; DMT1, divalent metal transporter 1; Fer-1, ferrostatin-1; FPN, ferroportin; y-GC, gamma-glutamylcysteine; y-GCS,
gamma-glutamylcysteine synthetase; Glu, L-glutamate; GPX4, glutathione peroxidase 4; GR, glutathione reductase; GS, glutathione synthetase; GSH, reduced
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TFR1, transferrin receptor 1.

or inhibition of LOXs by inhibitors [e.g., zileuton (Liu et al.,
2015) and Vitamin E hydroquinone (Hinman et al., 2018)] could
protect against ferroptosis in some cell types (Seiler et al., 2008;
Yang et al., 2016). Recently, PEBP1 was shown to bind 15-
LOX and alter the substrate specificity, changing it from free
fatty acid to AA-PE, thereby promoting lipid oxidation (Wenzel
et al., 2017). Furthermore, lipid peroxidation is thought to play
a role in the final phase of ferroptosis, although the downstream
mechanisms remain unclear (Lei et al., 2019). In one hypothesis,
lipid peroxides may decompose into reactive toxic aldehydes,
such as MDA or 4-HNEs. These decomposed substances react
with proteins, nucleic acids, and membrane lipids to initiate
ferroptosis (Domingues et al., 2013; Zhong and Yin, 2015). Dixon
et al. also favored the hypothesis that showed that increased
expression of AKRFIC genes could suppress ferroptosis by
encoding aldoketoreductases to detoxify the end-products of
lipid peroxidation (Dixon and Stockwell, 2014; Stockwell et al.,
2017). As for inhibitors of lipid peroxidation, ferrostatins are the
novel synthetic antioxidants that specifically trap lipid radicals

and exert anti-ferroptotic function. Fer-1, the first-generation
ferrostatin, prevents ferroptosis induced by erastin and RSL3
in HT1080 cells (Dixon et al., 2012). Lip-1 is another recently
discovered ferroptosis inhibitor. It can prevent the accumulation
of lipid ROS and inhibit erastin- or RSL3- induced ferroptosis
in vitro (Friedmann Angeli et al., 2014). In conclusion, AA/AdA-
related lipid metabolism can induce ferroptosis, and inhibiting
LOXs or lipid peroxidation may have protective effects.

Glutathione Metabolism Related
to Ferroptosis

Previous studies have identified that two major mechanisms, the
Se-dependent GPX4-GSH-cysteine axis (Friedmann Angeli et al.,
2014; Yang et al., 2014; Friedmann Angeli and Conrad, 2018;
Ingold et al., 2018) and the FSP1-ubiquinone (CoQ10)-NAD(P)H
pathway (Bersuker et al., 2019; Doll et al., 2019), were associated
with lipid peroxidation and ferroptotic cell death. Additionally,
the FSP1-CoQ10-NAD(P)H pathway is a complementary system
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to the GPX4-GSH-cysteine axis for controlling ferroptosis. In this
axis, key steps include cystine uptake via system xc-, reduction
of cystine to cysteine, GSH biosynthesis, and GPX4-mediated
reduction of phospholipid hydroperoxides to lipid alcohols.
During the process, the cystine/glutamate antiporter (system xc-
) which consists of the light-chain subunit xCT (SLC7A11) and
the heavy-chain subunit CD98 (SLC3A2) exchanges intracellular
glutamate for extracellular cystine at a ratio of 1:1. Cystine is
then reduced to cysteine for GSH synthesis [for review see Xie
et al. (2016)]. In this regard, several agents [e.g., glutamate and
erastin (Dixon et al., 2012), sulfasalazine (Gout et al., 2001),
and sorafenib (Dixon et al., 2014)] can inhibit the system xc- to
cause the decreased acquisition of precursors and GSH depletion,
ultimately leading to ferroptosis. Other agents, including BSO
(Sun et al, 2018) and acetaminophen (Lorincz et al, 2015),
were observed directly blocking GSH synthesis. Conversely,
ferroptosis induced by cystine deprivation can be reversed by
reagents that increase the level of intracellular cysteine/cystine.
For example, an in vitro study showed that when in the presence
of B-mercaptoethanol, the cells were able to constantly utilize
cystine through a mixed disulfide of B-mercaptoethanol and
cysteine (Ishii et al., 1981). In addition, the loss of cysteinyl-
tRNA synthetase, as Hayano et al. (2016) indicated, could trigger
the transsulfuration pathway and lead to inhibition of ferroptosis
induced by cystine deprivation.

Glutathione peroxidases 4 is a type of selenoprotein that
contains one selenocysteine at the active site and seven
cysteines. It plays an important role in regulating ferroptosis,
and its inhibition promotes ferroptosis (Yang et al., 2016).
Regarded as the only GPX that can eliminate biomembrane lipid
peroxidation, GPX4 has a unique ability in ferroptosis. It is
capable of reducing the toxic, membranous lipid hydroperoxides
into non-toxic lipid alcohols (Brigelius-Flohé and Maiorino,
2013; Yang et al., 2014). Increasing GPX4 has been shown to be
beneficial in many models of disease by inhibiting ferroptosis
(Lan et al,, 2020; Shen et al., 2020). However, knockdown or
inactivation of GPX4 contributes to the accumulation of lipid
peroxidation and initiation of ferroptosis (Park et al., 2019; Ye
et al., 2020). For example, RSL3 directly inactivated GPX4 by
covalently binding to selenocysteine to trigger ferroptosis (Yang
et al,, 2014, 2016), and FIN56 promoted degradation of GPX4
(Shimada et al., 2016).

Iron Metabolism Related to Ferroptosis

Besides lipid and GSH metabolism, the essential trace element
for life, iron, is indispensable for the execution of ferroptosis
(Dixon and Stockwell, 2014). The circulating Fe’* and TF
complex are endocytosed into cells by the membrane protein
transferrin receptor 1 (TFR1). In the endosome, Fe>* is reduced
to Fe’™ by STEAP3, and Fe? is then released into unstable
iron pools mediated by DMT1, or stored in ferritin, which is
composed of FTL and FTHI1 (Yang and Stockwell, 2008; Dixon
et al,, 2012). Excessive Fe>* is exported through the membrane
protein FPN and oxidized by ferroxidases, such as ceruloplasmin
(Bogdan et al., 2016; Shang et al, 2020). In this process,
iron accumulation (Shang et al., 2020) and administration of
iron-bound, rather than iron-free TE, promote erastin-induced

ferroptosis (Gao et al., 2015). On the contrary, using some iron
chelators [e.g., DFP (Wu et al,, 2020), DFO (Wu et al., 2018;
Chen et al., 2020), and BPS (Codenotti et al., 2018)] may suppress
ferroptosis and provide a potential therapeutic approach for
diseases. In fact, there are some iron-chelating agents under
clinical development for the treatment of cancers [for review see
Brown et al. (2020)]. Moreover, inhibition of the IREB2 increases
the expression of FTL and FTHI, thus decreasing sensitivity to
ferroptosis (Gammella et al., 2015).

Although the importance of intracellular free iron in
ferroptosis is confirmed, the regulatory mechanism of iron
remains unknown. To date, the evidence has shown that the
non-enzymatic free radical chain reaction involving Fenton
Chemistry, in which Fe?T is converted to Fe>* with increased
ROS (Winterbourn, 1995; He et al, 2020), and enzymatic
processes (most notably the lipoxygenase pathway, LOXs),
contributed to the formation of lipid peroxides in ferroptosis.
Moreover, iron may promote ferroptosis through other iron-
dependent enzymes, such as HIF-PHDs (Siddiq et al., 2009).
Therefore, iron metabolism is one of the mechanisms of
ferroptosis, and utilizing iron chelators to decrease iron may be
useful for treating diseases.

THE ROLE AND MECHANISM OF
FERROPTOSIS IN ACUTE CNS INJURIES

As described above, ferroptosis is an iron-dependent cell death
that involves abnormal metabolism of lipids, GSH, and iron.
The methods of measurement in evaluating ferroptosis in diverse
diseases mainly depend on monitoring the levels of iron and
lipid peroxidation, the activity of GPX4, as well as the ability of
ferroptosis inhibitors (e.g., iron chelators, LOX inhibitors, and
ferrostatins) to reduce cell death [for review see Xie et al. (2016)].
Observations of typical morphological features under a TEM
also contribute to the distinguishing characteristics of ferroptosis
compared to other cell deaths, both in vitro and vivo (Friedmann
Angeli et al., 2014; Alim et al., 2019; Li et al., 2019d). Recently,
numerous studies have confirmed the hypothesis of ferroptosis
in the pathophysiology of acute CNS injuries, including stroke
(Alim et al., 2019; Guan et al,, 2019), TBI (Kenny et al., 2019;
Xiao et al., 2019; Xie et al., 2019), and SCI (Dinc et al., 2013; Hu
et al., 2017). More studies are included in the following text and
Figure 2 is a brief summary of ferroptosis in acute CNS injuries.

The Role and Mechanism of Ferroptosis

in Ischemic Stroke

Ischemic stroke occurs when the blood flow to a certain portion
of the brain is obstructed secondary to occlusion of cerebral
arteries. The following deprivation of oxygen and energy triggers
an ischemic cascade, such as OS and inflammation, resulting in
neuronal excitotoxicity and cell death (Khoshnam et al., 2017; Li
etal,, 2019a; Zhang K. etal., 2019). Before ferroptosis was defined,
iron accumulation [for review see Selim and Ratan (2004)] had
been found in lesioned regions, such as the basal ganglia and the
hippocampal area of the brain, and iron overload exaggerated
neuronal damage during reperfusion (Dietrich and Bradley, 1988;
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Ischemic Stroke

Increased iron accumulation in lesioned regions
of animals and patients

Increased lipid peroxidation with reduced GSH
levels in ischemic animal brain

Attenuated ischemic-reperfusion injury in
MCAO mice by Fer-1 and Lip-1

Traumatic Brain Injury

Increased iron levels around impaired tissue as
early as 3 days after TBI

Increased 15-LOX products with decreased
GPX4 levels in injured cortex and hippocampus
Reduced iron accumulation and neuronal

degeneration by Fer-1 in mice after CCI

FIGURE 2 | An overview of ferroptosis-associated mechanism and potential therapy in acute CNS injuries.
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transferrin receptor in rat brain after ICH
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exacerbated brain injury after ICH in vivo
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neurologic function by Fer-1 in ICH model

Spinal Cord Injury

® [ncreased iron and accumulated ROS at the
injury site in rat SCI models

® |nduced motor neuron degeneration and
paralysis by GPX4 ablation

® Improved neuronal survival and locomotor

recovery by SRS 16-86 in rat SCl models

Kondo et al., 1995; Lipscomb et al., 1998; Park et al., 2011).
In MCAO animals, the iron intake was positively associated
with the infarct volume (Castellanos et al., 2002; Garcia-Yébenes
et al, 2012). Consistently, one in vitro study demonstrated
that holo-transferrin increased ROS production, and caused
neuronal cell death induced by deprivation of oxygen and glucose
(DeGregorio-Rocasolano et al., 2018). The experimental results
also illustrated that administration of exogenous apotransferrin
reduced brain damage and improved neurological outcomes
with decreased lipid peroxidation, supporting the involvement
of ferroptosis in ischemia (DeGregorio-Rocasolano et al., 2018).
What’s more, the iron levels in the brain increased as humans
age (Ward et al., 2014), which may exacerbate ischemic stroke.
Recently, the tau-iron interaction has been proposed as an
effective modulator of ferroptosis in ischemic stroke. The tau
knockout mice were found to have increased protection from
ferroptotic cell death following I/R injury, and the benefit of
tau knockout was reinstated in older mice using iron-targeting
interventions (Tuo et al., 2017). In this regard, iron chelation
therapy reduced ischemic damage and improved outcome in
mammals after ischemic stroke (Freret et al., 2006; Hanson
et al., 2009). Consistently, Speer et al. (2013) found that the
iron-dependent HIF-PHDs served as a target of metal chelators
in ferroptosis, and the administration of iron chelators could
inhibit HIF-PHDs, rather than suppress Fenton’s Reaction or
ROS production, providing beneficial effects on subjects.
Additionally, other ferroptosis-associated mechanisms, such
as LOXs-mediated pathology (Yang et al., 2016) and the GPX4-
GSH-cysteine axis (Cho et al.,, 2007; Guan et al., 2019), were
found to be involved in brain ischemia. MDA, a marker

of oxidized lipids, was noticeably elevated, and this change
correlated with increased activity of LOXs in an ischemic animal
brain (Yigitkanli et al., 2013; Guan et al., 2019). Treatment with
12/15-LOX inhibitor (ML351) was shown to reduce infarct sizes
and reperfusion damage in a mouse model (Rai et al., 2014).
Moreover, Tuo et al. (2017) observed that brain damage was
significantly attenuated by ferroptosis inhibitors, Lip-1, and Fer-
1, in an MCAO model. As for the GPX4-GSH-cysteine axis,
various groups provide direct evidence supporting that inhibition
of system xc- induces ferroptosis and aggravates ischemia.
Lan et al. (2020) found that acute cerebral ischemia-induced
neuronal ferroptosis and treatment with Naotaifang increased the
expression levels of xCT, GPX4 and GSH, and the number of
Nissl bodies in MCAO rats. These data suggested that Naotaifang
may rescue ischemic stroke by inhibiting ferroptosis through the
xCT/GPX4 pathways (Lan et al., 2020). Huang et al. (2019) also
observed that inhibition of system xc- with erastin aggravated
ferroptosis and augmenter of liver regeneration protected the
kidney from ischemia-reperfusion injury in ferroptosis through
GSH/GPX system. Guan et al. (2019) and Cho et al. (2007)
identified reduced levels of GSH and decreased activities of
GPX4 in ischemia. However, many researchers hold opposing
views and state that activated system xc- can exacerbate ischemic
cerebral injury due to increased glutamate. In their studies,
xCT was expressed in significant concentrations in astrocytes
in the mouse brain (Jackman et al., 2012; Thorn et al., 2015;
Ottestad-Hansen et al., 2018). Increased activity of system xc-
(Soria et al., 2014) promoted the release of glutamate which
may contribute to excitotoxicity in pathological situations (e.g.,
oxygen and glucose deprivation), leading to neuronal death
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(Thorn et al., 2015; Ottestad-Hansen et al., 2018). Hsieh et al.
(2017) used both in vitro and in vivo models to reveal that HIF-
la triggered long-lasting glutamate excitotoxicity via activation
of system xc- dependent glutamate outflow. HIF-1a conditional
knockout mouse had reduced extracellular glutamate in cerebral
ischemia-reperfusion, suggesting that system xc- was a promising
therapeutic target (Hsieh et al., 2017). Therefore, inhibition of
system xc- can induce ferroptosis to promote neuronal death due
to GSH depletion and activation of system xc- can also increase
neuronal death because of glutamate-associated excitotoxicity.
Whether induction of system xc- activity is beneficial or
detrimental might depend on the pathway of induction and
whether inhibition of system xc-or induction of xCT is the more
promising neuroprotective strategy remains to be explored.
Other studies have confirmed the benefits of the necroptosis
inhibitor, necrostatin-1, indicating that alternative forms of
regulated cell death were involved in ischemic brain injury
(Degterev et al., 2005). However, necrostatin-1 was later found
to protect against ferroptosis through an unknown target
(Friedmann Angeli et al., 2014). These results suggest that there
is the direct involvement of ferroptosis in the pathogenesis of
ischemic stroke. What about ferroptosis in hemorrhagic stroke?

The Role and Mechanism of Ferroptosis
in ICH

After ICH, there is a consequent physical disruption of the
neurovascular architecture due to the mass effects and elevated
pressure surrounding hemorrhagic sites, inducing primary brain
injury. Subsequently, iron accumulates as a result of the
degradation of Hb and its metabolite, hemin, which contributes
to SBI (Hu et al., 2016). Previous data have identified multiple
forms of cell death after ICH, including necrosis, apoptosis,
and autophagy (Qureshi et al., 2001, 2003; Wang et al., 2015;
Li et al, 2018). To date, multiple laboratories have provided
converging lines of evidence that support the role of ferroptosis
in ICH with the presence of observed molecular markers and
morphological features (Li et al., 2017; Zille et al., 2017; Zhang
etal., 2018; Alim et al., 2019), and the underlying mechanisms of
ferroptosis in ICH are analogous to those of ischemic stroke. It
was identified that iron overload stimulated neuronal ferroptosis,
which aggravated brain damage (Wu et al., 2003, 2011). Besides,
as one of the major upstream regulators of ferroptosis, GPX4
inactivation also contributes to ICH (Forcina and Dixon, 2019).
It was found that levels of GPX4 were reduced and brain injury
was exacerbated in a rat model of ICH induced by autologous
blood injection, whereas overexpression of GPX4 was able to
alleviate SBI and improve neurological outcomes (Zhang et al.,
2018). Li et al. (2017) also indicated that administration of Fer-
1 reduced Hb-induced cell death and iron deposition, prevented
impairment of GPX4 activity in vitro, and improved neurologic
function in collagenase-induced ICH models.

Many recent studies have suggested potential approaches to
reduce brain damage. Zille et al. (2017) revealed that several
ferroptosis inhibitors, including Fer-1, DFO, Trolox (a lipid
peroxidation inhibitor), and NAC (a cell-permeable cysteine
analog), were able to alleviate Hb- and hemin-induced cell death

in vitro. Alim et al. (2019) also supported the role of Fer-1 by
showing that inhibition of ferroptosis by Fer-1 exerted a long-
term cerebroprotective effect in in vitro and in vivo ICH models.
Dharmalingam et al. (2020) synthesized a multifunctional
nanoparticle that protected cells from both senescence and
ferroptosis, leading to a reduction of hemin/iron-induced toxicity
in experimental ICH. In addition, Karuppagounder et al. (2018)
found that ALOXS5 inhibition could protect against ICH- or
hemin-induced ferroptosis in vivo following ICH.

Furthermore, the role of ferroptosis in ICH is supported by
altered levels of other ferroptosis-related molecules. For example,
phospho-ERK1/2, regarded as a molecular feature of ferroptosis
(Yagoda et al., 2007), was significantly increased in mice with
ICH, but the MEK inhibitor, U0126, inhibited this type of cell
death (Zille et al., 2017). In addition, the expression levels of
PTGS2 were also significantly increased in in vitro and in vivo
ICH models (Li et al., 2017; Alim et al., 2019). Moreover, PTGS2
has been revealed as part of the downstream signaling pathway
of ferroptosis in cancer cells (Yang et al., 2014). Notably, a gene
product of PTGS2, known as COX-2, was substantially increased
in neurons after ICH, and treatment with Fer-1 could reduce its
expression and ICH-induced SBI, implying that COX-2 might be
used as a biomarker of ferroptosis (Zhao et al., 2007; Li et al,,
2017; Alim et al., 2019). Thus far, there is little evidence that
shows the relationship between ferroptosis and subarachnoid
hemorrhage. More studies are warranted to investigate this
promising topic.

The Role and Mechanism of Ferroptosis
in TBI

The previous literature has shown that TBI shares many
mechanisms (e.g., OS, inflammation, mitochondrial dysfunction,
and neuronal cell death) with stroke (Blennow et al., 2016).
In addition to these mechanisms, multiple studies have
demonstrated that ferroptosis may contribute to the neuronal
cell death and functional outcome in TBI (Ayton et al., 2014;
Stockwell et al., 2017). The altered levels of various ferroptosis
biomarkers provide evidence of ferroptosis in TBI. Studies have
detected elevated iron concentrations around the impaired tissue
as early as 3 days after injury, occurring in adult and aged
mice models of controlled CCI (Portbury et al., 2016, 2017; Xie
et al., 2019). The evidence also suggested that increased iron
accumulation was negatively associated with cognitive outcomes
in chronic TBI patients (Lu et al., 2015), while iron chelators
exhibited neuroprotective effects by diminishing iron-mediated
brain damage (Zhang et al., 2013; Khalaf et al., 2018). According
to recent studies, ferroptosis was identified in TBI through the
detection of ferroptosis-associated molecules, such as 15-LOX
and GPX4. For instance, there were enhanced levels of 15-
HpETE-PE and 15-LOX2 in the injured cortex and ipsilateral
hippocampus, and decreased levels of GPX4 in a pediatric rat
CCI model, suggesting that ferroptosis might occur within the
first hour after TBI (Wenzel et al, 2017). Researchers also
showed a preponderance of 15-LOX products in CCI-injured
adult mice, and increased ACSL4 and 15-LOX2 expression in
TBI, when compared with naive groups (Kenny et al., 2019).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 594


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shen et al.

Ferroptosis in Acute CNS Injuries

Moreover, numerous experimental and clinical studies observed
the increased levels of MDA and 4-HNE in either the injured
brain or serum following TBI (Hall et al., 2004; Readnower et al.,
2010; Lorente et al., 2015; Xiao et al., 2019; Xie et al., 2019). As
for the morphological features, Xie et al. (2019) first verifiably
identified the ferroptotic features around brain injury lesions
of TBI models at 3 days after CCI. As ferroptosis was shown
to participate in TBI by the above work, inhibiting ferroptosis
may be useful in treating TBI. For example, treatment with Fer-
1 significantly diminished iron accumulation, reduced neuronal
cell death, and attenuated neuronal degeneration (Kenny et al.,
2019; Xie et al., 2019). More details regarding therapy can be
found in the next section.

The Role and Mechanism of Ferroptosis
in SCI

In traumatic SCI, the primary injury causes immediate cellular
damage and initiates a continuous secondary injury cascade to
induce ischemia, inflammation, and cell death [for review see
Ahuja et al. (2017)]. Notably, following the rupture of the blood-
spinal cord barrier and blood vessels, hemorrhage occurs in the
acute phase of SCI and may last for days (Tran et al, 2018).
Like other acute CNS diseases, ferroptosis occurs in SCI, and
is accompanied by increased iron and accumulated ROS at the
site of injury (Liu et al., 2011; Visavadiya et al., 2016; Hao et al.,
2017), as well as excessive lipid peroxidation (Dinc et al., 2013;
Hu et al, 2017). This phenomenon is more apparent during
the first several hours (Liu et al., 2004). In adult mouse models,
Chen et al. (2015) observed that conditional ablation of Gpx4
in neurons could induce motor neuron degeneration and cause
rapid paralysis, but this result was delayed by supplementation
with vitamin E, suggesting that ferroptosis accelerated SCI.
Therefore, anti-ferroptotic seems to have potential in SCI, though
there are few studies. Feng et al. (2019) established a rat model
of DFO and confirmed the positive role of DFO in treating
SCL In the DFO group, there were lower iron concentrations,
markedly increased GPX4 expression, and increased neuronal
survival (Feng et al,, 2019). In the study conducted by Zhang
Y. et al. (2019) treatment with the third-generation ferrostatin,
SRS 16-86, increased neuronal survival and promoted locomotor
recovery in the SCI model, providing potential therapeutic
strategies for SCI. Indeed, it is well-known that the excitotoxicity
caused by glutamate accumulation preceded neuronal death and
reuptake failure of astrocytes, and also induced ferroptotic cell
death to stimulate secondary injury after SCI (Dixon et al.,
2014; Ahuja et al., 2017). The relationship between ferroptosis or
excitotoxicity in SCI requires further studies.

POTENTIAL AND EMERGING THERAPY
TARGETING FERROPTOSIS IN ACUTE
CNS INJURIES

As ferroptosis may be a significant pathogenic pathway in acute
CNS injuries, its therapeutic potential should be taken into
consideration. Ferroptosis inhibitors (including iron chelators,

ferrostatins, liproxstatins, LOX inhibitors, and antioxidants) may
prevent iron accumulation or lipid peroxidation, thus offering
therapeutic options for treating acute CNS injuries (Table 1).

Targeting Ferroptosis Therapy in
Ischemic Stroke

The mainstay of treatment for acute ischemic stroke is rapid
recanalization by mechanical thrombectomy or recombinant
tissue plasminogen activator, the only approved thrombolytic
agent. It is important to salvage the penumbra, which surrounds
the region of the infarct and promotes functional recovery.
However, the overall efficacy is limited due to the narrow
window of opportunity (Sandercock et al., 2012), but even after
timely recanalization, infarct volume often continues to increase
in I/R injury (Nour et al, 2013). As previous methods have
failed in clinical use, such as blocking excitotoxicity, the role of
ferroptosis has been highlighted (Khoshnam et al., 2017; Tuo
etal,, 2017), and new therapeutic approaches targeting ferroptosis
or combined therapies are highly desirable.

As mentioned above, Lip-1 and Fer-1 are both compounds
with specific anti-ferroptotic activity. Intranasal administration
of Lip-1 and Fer-1, either immediately or 6 h after reperfusion,
significantly reduced neuronal damage and functional deficits in
MCAO mice, indicating the possible translational value of special
exogenous ferroptosis inhibitors (Tuo et al., 2017).

In addition, CoQ10 is an endogenous lipid-soluble antioxidant
with established efficacy in suppressing the initiation and
amplification of lipid peroxidation (Morris et al, 2013;
Viswanathan et al., 2017), presenting a promising candidate for
ferroptosis inhibition. Intriguingly, in vivo studies have reported
that oral CoQ10 administration markedly improved neurological
outcomes in both rat MCAO models and acute ischemic stroke
patients (Ramezani et al, 2018; Nasoohi et al., 2019). This
neuroprotective benefit of CoQ10 was associated with its anti-
apoptotic effect, as the levels of peroxidation products were not
altered (Nasoohi et al., 2019). The authors attributed this to
a relatively higher dose and multiple potential mechanisms of
CoQ10. Of note, it is worth considering whether inhibition of
ferroptosis is involved.

Recently, Guan et al. (2019) found that carvacrol, a plant-
derived monoterpenic phenol, inhibited hippocampal neuronal
damage and reduced functional deficits in gerbils following
I/R injury. Furthermore, treatment with carvacrol (100 mg/kg,
intraperitoneally) for two consecutive weeks after reperfusion
was associated with decreased ROS, reduced iron overload, and
increased levels of GPX4, suggesting a possible neuroprotective
role of carvacrol via ferroptosis inhibition (Guan et al., 2019).
Carvacrol is thought to easily cross the BBB because of the small
molecular weight and the lipophilic profile (Savelev et al., 2004).
A previous study has proven the benefits of carvacrol when
administered intraperitoneally at 2 h after reperfusion. When
administered intracerebroventricularly, the treatment window
was prolonged to 6 h (Yu et al., 2012). When administered safely,
carvacrol may be regarded as a potential therapeutic agent.

Edaravone is an effective radical scavenger that inhibits lipid
oxidation by scavenging chain-initiating water-soluble radicals
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TABLE 1 | Ferroptosis-associated drugs in treating the acute CNS injuries.

Disease Drug Type Administration Route Function and Mechanism

Ischemic Liproxstatin-1 Lipid peroxides Intranasal Attenuated motor function deficits, cognitive impairment;

stroke (Lip-1) inhibitor improved neuroscores; reduced infarct volumes in middle
cerebral artery occlusion (MACO) mice.

Ferrostatin-1 (Fer-1) Lipid peroxides Intranasal Attenuated neurological deficits and infarct volumes in MACO
inhibitor mice.

ML351 Inhibitor of Intravenous Reduced neurological impairment and infarct volume in MACO
15-lipoxygenase-1 mice.

Amyloid precursor Protein stabilizing Intravenous Improved neuroscores and infarct volume; prevented iron

protein ectodomain ferroportin to export accumulation in the lesioned hemisphere in MACO mice.
iron

Ceruloplasmin Copper regulating Intraperitoneal Suppressed ischemia-induced hippocampal iron elevation in
iron-mediated the lesioned hemisphere in MACO mice.
transport

Carvacrol Monoterpenic Intraperitoneal Reduced neuronal cell death, increased GPx4 expression in
phenol gerbils I/R hippocampal neurons (in vitro); decreased the level

of lipid peroxide and MDA, TFR, increased the Fpn1
expression; alleviated neuronal degeneration and memory
deficits in I/R gerbils.

Deferoxamine Iron chelator Intraperitoneal Suppressed the level of MDA.

Edaravone Free radical Not applicable Suppressed the accumulation of lipid peroxidation and ROS
scavenger; A production; inhibited ferroptosis induced by cystine deprivation,
clinically erastin and RSL3 by scavenging radical species in
approved drug non-neuronal cells (in vitro).
for treating acute
ischemic stroke

Tat-linked SelP BBB-permeable Intraperitoneal Reduced infarct volume in rodent MCAO model.

Peptide peptide containing
selenocysteine

ICH Ferrostatin-1 Lipid peroxides Intracerebroventricular Prevented lipid ROS, MDA and GPx activity deficit (in vitro);

Liproxstatin-1

Zileuton/BW
B70/BW A4C

Compound 968

Deferoxamine

N-acetylcysteine
(NAC)

Trolox

uo126

(-)-Epicatechin

inhibitor

Lipid peroxides
inhibitor

Arachidonate
5-lipoxygenase
(ALOX5) inhibitors
Glutaminase
inhibitor

Iron chelator
Glutathione
prodrug;
Thiol-containing
redox modulatory
compound

Water soluble lipid
peroxidation
inhibitor
Extracellular-
signaling kinase 1/2
(ERK1/2) inhibitor
Brain-permeable
flavanol

or intraperitoneal

Intraperitoneal

Not applicable

Intraperitoneal

Intraperitoneal

Not applicable

Not applicable

Orally

inhibited Hb/ferrous-induced and hemin/hemoglobin-induced
neuronal death (in vitro); reduced iron deposition and lipid ROS;
diminished injury volume; rescued degenerating neurons, and
corrected neurologic deficit in collagenase-induced ICH model;
suppressed the level of GPX4; alleviated neuronal dysfunction;
moderated brain atrophy and exerted long-term neuroprotective
effects in autologous blood infusion model of ICH.

Inhibited Hb-induced cell death; decreased neurologic deficits
and lesion volume; rescued neuronal cells in
collagenase-induced ICH model.

Inhibited Ho/hemin-induced cell death (in vitro).

Decreased degenerating neurons.

Inhibited hemin/hemoglobin-induced neuronal death.
Inhibited hemin/hemoglobin-induced neuronal death (in vitro);
increased glutathione, deceased nuclear ALOX5-derived
reactice lipid species, reduced neuronal death, improved
functional recovery in collagenase-induced mouse model of
ICH.

Inhibited hemin/hemoglobin-induced neuronal death (in vitro).

Inhibited hemin/hemoglobin-induced neuronal death (in vitro).

Diminished heme oxygenase-1 expression and brain iron
deposition via an Nrf2-independent pathway, reduced lesion
volume and ameliorated neurologic deficits in
collagenase/autologous blood/thrombi-induced ICH model.

(Continued)

Frontiers in Cell and Developmental Biology | www.frontiersin.org

24

July 2020 | Volume 8 | Article 594


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shen et al.

Ferroptosis in Acute CNS Injuries

TABLE 1 | Continued

Disease Drug Type Administration Route Function and Mechanism
Loxothiazolidine-4- Cysteine prodrug Not applicable Inhibited hemin-induced neuronal death (in vitro).
carboxylate
(OTC)
Glutathione ethyl Membrane Not applicable Inhibited hemin-induced neuronal death (in vitro).
ester permeable form of
glutathione
Tat SelPep BBB-permeable Intraperitoneal Increased GPX4 expression; prevented hemin-induced
peptide containing ferroptosis and preserved cell bodies and neurites of neurons
selenocysteine (in vitro); unregulated transcriptional expression of GPX4;
inhibited cell death and improved function in
collagenase-induced ICH model.
Selenium Essential Intracerebroventricular Diminished cell death and improved functional recovery in a
micronutrient mouse model of ICH.
TBI Ferrostatin-1 Lipid peroxides Intracerebroventricular Reduced neuronal death in mechanical stretch-elicited TBI
inhibitor model (in vitro); reduced iron accumulation, neuron
degeneration and lesion volume; ameliorated cognitive and
motor function deficits in the adult controlled cortical impact
injury (CCI) mouse model.
Triacsin C Acyl-CoA Not applicable Reduced neuronal cell death in mechanical stretch-elicited TBI
synthetase model (in vitro).
long-chain family
member 4 (ACSL4)
inhibitor
Liproxstatin-1 Lipid peroxides Not applicable Reduced neuronal cell death in mechanical stretch-elicited TBI
inhibitor model (in vitro).
Baicalein 12/15-lipoxygenase Intraperitoneal Reduced neuronal cell death in mechanical stretch-elicited TBI
inhibitor model (in vitro); attenuated phosphatidylethanolamine oxidation
and improved function in CCl mouse model.
miR-212-5p agomir MicroRNAs agomir Intracerebroventricular Improved memory and learning in CCI mice.

SCI Deferoxamine Iron chelator Intraperitoneal Increased xCT, GSH, and GPX4 levels; protected neurons and
promoted long-term functional recovery in rat contusion SCI
model.

SRS 16-86 Small molecule Intraperitoneal Upregulated GPX4, GSH and XCT levels; down-regulated the

ferroptosis specific
inhibitor

expression of 4HNE; increased neuronal survival and promoted
functional recovery in rat contusion SCI model.

and chain-carrying lipid peroxyl radicals due to its amphiphilicity
(Watanabe et al., 2018). There are several papers describing its
alleviatory effects on neurological symptoms in ischemia models,
and its effective treatment window of at least 3 h after embolism
(Nishi et al., 1989; Kawai et al., 1997; Lapchak and Zivin, 2009).
In the clinical setting, the appropriate dosage and course of
edaravone use for patients suffering from acute ischemic stroke
include intravenous administration of 60 mg daily for up to
14 days (Fengetal., 2011). Homma et al. (2019) recently indicated
that edaravone participates in rescuing ferroptotic cell death
induced by cystine deprivation, erastin, and RSL3 (Homma et al,,
2019). In addition, edaravone was confirmed to suppress the
accumulation of Fe?* and lipid peroxidation in vitro, which are
known as the metabolic characteristics of ferroptosis.

Targeting Ferroptosis Therapy in ICH

Currently, there are no proven medical or surgical treatments
that substantially improve the neurological outcomes in patients
with ICH because of multiple underlying mechanisms, including
inflammation, excitotoxicity, and OS (Keep et al, 2012). As
emerging studies suggest that ferroptosis is involved in SBI after

ICH, and contributes to 80% of whole-cell death in vitro (Li et al.,
2017; Zille et al., 2017), ferroptosis-based treatments could be
highly considered.

Li et al. demonstrated the neuroprotective effects of Fer-
1 by striatum injection immediately after and by cerebral
ventricular injection 2 h after collagenase-induced ICH [for
review see Li et al. (2017)]. Intraperitoneal administration of
Fer-1 (a 3-h delay and then once daily) in the autologous
blood infusion model of ICH was also shown to improve long-
term neurological function (Alim et al., 2019). Moreover, when
combined with other inhibitors of either apoptosis or necrosis,
Fer-1 was found to be more effective at reducing Hb-induced
cell death, which should be further investigated in in vivo models
(Lietal., 2017).

Various evidence has shown that iron chelators reduce Hb-
and iron-induced neurotoxicity attenuates brain edema, and
improve functional neurologic outcomes after ICH (Nakamura
et al., 2004; Wu et al.,, 2012; Hatakeyama et al., 2013). A meta-
analysis of 20 studies involving animal models of ICH revealed
that DFO was neuroprotective, particularly when administered
2-4 h after ICH induction (Cui et al., 2015), whereas there

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 594


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shen et al.

Ferroptosis in Acute CNS Injuries

remains a lack of conclusive clinical evidence regarding iron
chelators (Zeng et al., 2018).

N-acetylcysteine (Gilbert et al., 1991; Leslie et al., 1992;
Varga et al., 1997) is an FDA-approved cysteine prodrug capable
of regulating the activity of system xc- and the biosynthesis
of GSH [for review see Berk et al. (2013)]. Interestingly, a
recent study reported that systemic administration of NAC
post-injury reduced neuronal death and improved behavior
following ICH in mice (Karuppagounder et al., 2018). They
further pointed out that NAC inhibited hemin- and ICH-
induced ferroptosis by neutralizing nuclear ALOX5-derived toxic
lipid species (Karuppagounder et al., 2018). This process relied
on increased GSH and enhanced activity of GSH-dependent
antioxidant enzymes. Considering the poor absorption of direct
GSH administration and the insufficient capacity of GSH to cross
the BBB (Witschi et al., 1992), NAC may be treated as an adjuvant
therapy candidate capable of penetrating the BBB to enter the
brain (Farr et al., 2003).

In addition, EC, a brain-permeable flavanol, was shown to
reduce early brain injury and improve neurologic deficits in
multiple experimental ICH models when administered orally at
3 h post-treatment and subsequent daily administration (Chang
et al., 2014). The neuroprotective effects of EC were partially
associated with decreased iron deposition and modulation
of ferroptosis-related gene expression, indicating the possible
ability of EC to inhibit ICH-induced ferroptotic cell death
(Chang et al., 2014).

Se is indispensable for the ferroptosis-resistant function of
GPX4 (Ingold et al., 2018). It was recently uncovered that Se
could amplify an adaptive transcriptional program response to
neuronal ferroptosis (Alim et al., 2019), making it a potential
therapeutic strategy. Further studies discovered that injection
of Se directly into the mouse cerebral ventricle following
ICH was associated with elevated GPX4 levels, diminished
ferroptotic death, as well as improved functional recovery.
Moreover, the researchers developed a peptide (Tat SelPep),
which contained a Tat transduction domain combined with
selenoprotein P. Intraperitoneal injection of Tat SelPep showed
similar effects compared to Se, but with reduced toxicity and
a wider treatment window, with benefits shown even at 6 h
post-injury (Alim et al., 2019).

Targeting Ferroptosis Therapy in TBI

When contemplating feasible treatments for TBI, researchers
focus on secondary events, which cause delayed damage,
to provide applicable therapeutic windows for interventions
[for review see Lozano et al. (2015)]. Given that there
are currently no effective treatments approved by clinical
trials for TBI patients (Pearn et al, 2017), there exists
a pressing need for developing more innovative methods,
such as targeting ferroptotic cell death in a highly regulated
manner. The ferroptosis signaling molecules can be prevented
as a result of reducing PE oxidation by inhibiting the
ability of 15LOX/PEBP1 complexes to produce 15-HpETE-PE,
administrating 15LOX inhibitors, or augmenting the GPX4/GSH
system to remove oxidized PE products (Wenzel et al., 2017;
Kenny et al., 2019).

Baicalein is a polyphenolic antioxidant 12/15-LOX inhibitor
and is well-known to exert neuroprotective effects in cerebral
ischemia [for review see Liang et al. (2017)]. Recently, Kenny et al.
(2019) demonstrated that baicalein decreased the accumulation
of pro-ferroptotic PE oxidation, but not pro-apoptotic cardiolipin
oxidation after CCI, indicating that the 15-LOX inhibitory
effects of baicalein may have an anti-ferroptotic role in TBI.
Several studies have also revealed a reduction of functional
and histological damage with the immediate administration of
baicalein post-injury (Chen et al., 2008; Kenny et al., 2019). With
low levels of toxicity and the ability to cross the BBB (Tsai et al,,
2002), baicalein offers great promise in clinical settings if the
effect of delayed drug delivery is evaluated.

As mentioned above, NAC is a precursor for GSH, and it has
been shown to confer antioxidant and neuroprotective effects
after pre-clinical TBI (Eakin et al., 2014; Senol et al., 2014).
As for adult patients, a double-blinded and placebo-controlled
study indicated that supplementation of oral NAC had significant
short-term benefits on neurological symptoms and sequelae
resolution after blast-induced mild TBI (Hoffer et al., 2013).
Due to the low bioavailability of NAC, the compound, NACA,
was developed with increased membrane permeability, and its
neuroprotection was associated with the activation of the Nrf2-
antioxidant response elements signaling pathway in a mouse
model of TBI (Zhou et al., 2018). It is well-established that Nrf-
2 regulates xCT and GPX4, whose inhibition initiates ferroptosis
and promotes target genes that mediate the antioxidant and iron
metabolic status of cells (Zhou et al., 2018), suggesting another
anti-ferroptotic mechanism of NACA.

In a mouse CCI model of TBI, Fer-1 treatment had
been injected directly into the cerebral ventricle 0.5 h after
injury, causing a reduction in neuronal death and other
associated functional defects (Xie et al., 2019). However, more
research should be implemented to uncover feasible drug-
delivery methods.

Moreover, a recent study demonstrated the role of miR-
212-5p in suppressing ferroptosis after TBI, partially by
targeting PTGS2 (Xiao et al, 2019). Further results showed
that intracerebroventricular injection of miR-212-5p agomir
improved spatial memory and learning in CCI mice, suggesting
that miR-212-5p may serve as a potential ferroptosis inhibitor to
be used in treating TBI. As previously discussed, the oxidation of
AA/AdA-PE is a critical step in ferroptosis execution. Therefore,
inhibition of ACSL (such as triacsin C and thiazolidinedione)
and formation of AA/AdA-esterified PE may also protect against
ferroptosis after TBI (Doll et al., 2017; Kagan et al, 2017;
Kenny et al., 2019).

Targeting Ferroptosis Therapy in SCI

There are no neuroprotective or neurodegenerative strategies
currently approved for acute traumatic SCI, but several are
currently undergoing clinical trials (Badhiwala et al., 2018).
The concept of “time is spine” is commonly applied in
the management of patients with SCI. Since ferroptosis
is likely involved in the acutes phases of SCI, therapies
targeting ferroptosis are promising (Badhiwala et al, 2018;
Zhang Y. et al,, 2019).
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Targeting iron is one of the treatment strategies. The iron
chelator, DFO, reportedly reduced iron accumulation and lipid
peroxidation, while modulating the inflammatory response in
SCI (Paterniti et al., 2010; Liu et al., 2011; Dinc et al., 2013; Hao
etal., 2017). Experimental evidence indicated that DFO improved
motor function recovery when injected intraperitoneally post-
SCI (Paterniti et al., 2010; Liu et al., 2011; Hao et al., 2017).
Moreover, DFO showed neuroprotective effects comparable
with methylprednisolone, an effective antioxidant agent that is
contentious for the treatment of SCI because of harmful side
effects (Dinc et al., 2013; Silva et al., 2014). However, oral
treatment of deferasirox, another FDA-approved iron chelator,
failed to remove iron from the injured spinal cord, but markedly
depleted the systemic iron (Sauerbeck et al., 2013). Considering
the detrimental side effects (e.g., anemia) and the absence of
potent neuroprotection, systemic administration may not be
the ideal approach of iron chelators (Grossman et al., 2012;
Sauerbeck et al., 2013).

Besides, previous studies have demonstrated that NAC
administration suppressed OS, attenuated neuroinflammation,
and improved neuronal survival and neurological recovery
following SCI in rodent models (Karalija et al, 2012, 2014;
Guo et al,, 2015). When administered immediately after SCI,
NACA, an amide derivative of NAC, improved mitochondrial
function, antioxidant GSH levels, and functional recovery in SCI
mice (Patel et al., 2014). These two GSH precursors facilitate
the biosynthesis of intracellular GSH. In addition, the GSH
antioxidant system plays a pivotal role in the regulation of
ferroptosis (Lv et al., 2019).

Recently, Li et al. (2019b) observed that CoQ10, a promising
ferroptosis inhibitor previously mentioned, exerted protective
effects by decreasing OS partly through activation of the
Nrf-2 signaling pathway after SCI. Moreover, Nrf-2 is
regarded as a significant mitigator of lipid peroxidation
and ferroptosis [for review see Dodson et al. (2019)].
Furthermore, CoQ10 was shown to protect BMSCs from
OS, and improved the therapeutic efficacy in combination with
BMSC transplantation, suggesting a promising therapy for SCI
(Liet al., 2019¢).

Besides, post-injury intraperitoneal injection of SRS 16-86
proved to be more potent and stable than Fer-1. It also attenuated
the ferroptotic mitochondrial morphology in damaged areas,
and improved neurological deficits in SCI model, suggesting the
role of ferroptosis-specific inhibitors in the treatment of SCI
(Zhang Y. et al., 2019).

DISCUSSION AND PERSPECTIVE: WILL
FERROPTOSIS BE THE FUTURE
DIRECTION?

In this article, we primarily focus on the roles and therapeutic
potential of ferroptosis in various acute CNS injury processes,
including stroke, TBI, and SCI. Pharmacological effects of
multiple inducers and inhibitors of ferroptosis lie at the
intersection of lipid, amino acid, and iron metabolism. Although
some progress has been made in ferroptosis, there are still

controversial questions that have not been fully studied.
First, the relationship between ferroptosis and other forms
of cell death remains unknown. For example, p53 is an
important regulator, both in apoptosis and ferroptosis, while
autophagy plays a role in the process of ferroptosis via
ferritinophagy. As ferroptosis is involved in acute CNS
injuries complicated by necrosis, apoptosis, and autophagy, a
head-to-head comparison of individual inhibitors or various
combinations of inhibitors is required in further studies.
Second, the special molecular markers (e.g., caspase activation
for apoptosis or the autophagosome marker, LC3-II, for
autophagy) for identifying ferroptosis are still lacking. While
the increased mRNA levels of PTGS2 were found in cells
undergoing ferroptosis, it did not affect ferroptosis progress
(Yang et al., 2014). The specificity of PTGS2 expression or its
gene product, COX-2, for ferroptosis needs to be explored in
the context of different pathophysiologic processes. Actually,
there is copious evidence for the role of COX-2 in several
acute neurological disorders (e.g., ischemic and hemorrhagic
strokes) (Gong et al., 2001; Tomimoto et al., 2002). The research
of additional ferroptosis markers is of great importance for
in vivo studies in the future. Moreover, the exact role of
iron and the final molecular executor in ferroptosis remains
unclear. Considering the complexity of the CNS, the biochemical
regulation, as well as the sensitivity of ferroptosis in different cell
types (neurons, astrocytes, microglia, or oligodendrocytes), also
requires explication.

Potential treatment options targeting ferroptosis (e.g.,
iron chelators, ferrostatins, NAC, and CoQ10) have shown
neuroprotective effects in acute CNS injuries. However, these
benefits are largely based on animal models and have not
yet translated into clinical application. Furthermore, studies
are necessary to clarify the appropriate therapeutic window,
clinically feasible routes of administration, and BBB penetration
ability of anti-ferroptotic agents. Among the above-mentioned
agents, edaravone is the only approved drug with proven clinical
efficacy and safety, while others should be explored in further
clinical studies. More in-depth and comprehensive research
on ferroptosis should be conducted to develop therapeutic
methods and eventually alleviate the burden of acute CNS
injuries in the future.
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Necroptosis and pyroptosis are two forms of regulated cell death. They are executed
by the proteins mixed-lineage kinase domain-like (MLKL) and gasdermin D (GSDMD),
respectively. Once activated by numerous pathways, these proteins form membrane
pores that allow the influx and efflux of various ions, proteins, and water, ultimately
resulting in the death of the cell. These modalities of cell death are considered highly
inflammatory because of the release of inflammatory cytokines and damage-associated
molecular patterns, and are thereby not only deleterious for the dying cell itself, but
also its environment or the entire organism. The relevance for these processes has
been observed in various physiological and pathophysiological conditions, ranging from
viral and bacterial infections over autoimmune and chronic inflammatory diseases to
ischemic organ damage. In recent years, initial in vitro experiments have shed light
on a range of connections between necroptosis and pyroptosis. Initial in vivo studies
also indicate that, in many disease models, these two forms of cell death cannot
be considered individually, as they demonstrate a complex interaction. In this article,
we provide an overview of the currently known structure, pathways of activation,
and functions of MLKL and GSDMD. With emerging evidence for an interconnection
between necroptosis and pyroptosis in not only in vitro, but also in vivo models of
disease, we highlight in particular the clinical relevance of the crosslinks between
these two forms of inflammatory cell death and their implications for novel therapeutic
strategies in a variety of diseases.

Keywords: necroptosis, pyroptosis, MLKL, GSDMD, regulated cell death, necroinflammation

INTRODUCTION

In recent years, a variety of different forms of regulated cell death (RCD) has been discovered,
and many of the underlying molecular mechanisms have been deciphered (Galluzzi et al., 2018;
Tang et al., 2019). The permeabilization of the plasma membrane by pore-forming proteins plays
a crucial role in only two distinct necrotic forms of RCD, namely necroptosis and pyroptosis.
Both are considered inflammatory RCD, as the dying cells release miscellaneous damage-associated
molecular patterns (DAMPs) and pro-inflammatory cytokines that induce profound inflammation
of the surrounding tissue (Bergsbaken et al., 2009; Pasparakis and Vandenabeele, 2015). Apart from
the obvious similarities, however, there are also subtle and less subtle differences, cross-links, and
cooperation in the development of diseases between necroptosis and pyroptosis. Herein, we focus
on the executing proteins mixed-lineage kinase domain-like (MLKL) and gasdermin D (GSDMD),
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and provide an overview of their known mechanisms of
activation and membrane permeabilization and the clinical
relevance of understanding their interconnections.

NECROPTOSIS AND MLKL

Mixed-lineage kinase domain-like is the most terminal known
indispensable effector protein of necroptosis. It is a 54 kDa
protein that consists of an N-terminal four-helix bundle (4HB)
and the C-terminal pseudokinase domain (PKD), which are
connected by a two-helix linker brace (Petrie et al, 2017).
In necroptosis, MLKL is activated by receptor-interacting
serine/threonine protein kinase 3 (RIPK3) via phosphorylation
of the residues T357/S358 in humans or S345 in mice (Sun
et al, 2012; Murphy et al., 2013; Rodriguez et al, 2016).
To date, three different activation pathways of MLKL in the
context of necroptosis have been described: the first and best
characterized begins by death receptor signaling via TNFRI,
TRAIL or Fas ligand, and is mediated by RIPK1. The second
pathway follows the activation of toll-like receptor (TLR) 3
and 4 and is mediated via the adaptor protein TRIF (also
known as TICAM1), whereas the third characterized pathway
follows activation of the cytosolic RNA sensor ZBP1 (also
known as DAI). Common to all these pathways is that, in
the absence or impairment of caspase function, the RHIM
domain-containing proteins RIPK1, TRIF, or ZBP1 bind RIPK3
via their respective RHIM domains to form the so-called
necrosome, which is followed by RIPK3 autophosphorylation
and consecutive activation of MLKL (Weinlich et al., 2017; Shan
et al., 2018; Malireddi et al, 2019). Whether necroptosis is
dependent on the generation of mitochondrial reactive oxygen
species (ROS) has also been discussed, but more recent data have
challenged this hypothesis. The evidence for and against this
idea is described in detail (Marshall and Baines, 2014). Recently,
it was shown that, at least for RIPK1-dependent necroptosis,
ROS enhance the activation of RIPK1 by autophosphorylation
in a positive feedback loop (Zhang et al., 2017). However, the
exact mechanism of how MLKL is phosphorylated by RIPK3
and hence activated differs among species and has not been
resolved. In human cells, RIPK3 needs to bind MLKL via its
PKD to phosphorylate and activate it (Sun et al.,, 2012; Petrie
et al., 2018), whereas in murine cells, MLKL is not recruited
to RIPK3, and phosphorylation alone is sufficient for inducing
necroptosis (Murphy et al, 2013; Hildebrand et al., 2014;
Jacobsen et al., 2016). For different vertebrates, it was shown
recently that varying conformations of the PKD in particular
play an important role in species-specific activation of MLKL
(Davies et al., 2020).

The structure of the membrane pore formed by MLKL has not
been resolved to date. It is generally agreed that phosphorylation
of the PKD leads to a conformational change that exposes the
4HB, which results in MLKL oligomerization in the cytoplasm,
traffic to the cell periphery via Golgi-microtubule-actin-
dependent mechanisms and subsequent membrane translocation
by binding phosphatidylinositol phosphates (PIPs), but there is
disagreement about whether MLKL forms trimers, tetramers, or

hexamers (Cai et al., 2014; Chen et al., 2014; Dondelinger et al,,
2014; Wang H. et al,, 2014; Samson et al., 2020). Recently, we
visualized necroptotic cell death in the presence of polyethylene
glycols (PEGs) of different sizes and were able to estimate that
the membrane pores executing necroptosis had inner diameters
of around 4 nm (Ros et al., 2017). Once inserted into the plasma
membrane, MLKL oligomers increase membrane permeability to
cations, which leads to calcium and sodium influx and potassium
efflux from the cell along the concentration gradients. This is
followed by the influx of water into the cell along the osmotic
gradient, and results in a unique morphology of the dying
necroptotic cell, that is described as explosion-like (Chen et al.,
2016; Xia et al., 2016).

The relevance for necroptosis has been shown in the
pathophysiology of various diseases, both infectious and non-
infectious. From a historical perspective, the concept of
necroptosis was originally discovered in that small molecules,
the so-called necrostatins, could suppress necrotic cell death
in certain settings (Degterev et al., 2005). The next step was
the discovery of RIPKI1 as the target molecule of necrostatins
and the subsequent identification of the other proteins involved
in necroptosis, which then enabled investigations in knockout
animals and animal models of specific diseases (Degterev et al.,
2008; Silke et al., 2015). In an infectious context, necroptosis is a
double-edged sword. It is of particular importance in the defense
against viral pathogens and intracellular bacteria, although the
mechanisms vary and have not been definitively elucidated.
For specific infections, necroptosis has positive effects on the
removal of pathogens, as shown in murine models of herpes
simplex virus, cytomegalovirus, vaccinia virus, and influenza A
virus (Cho et al,, 2009; Upton et al, 2012; Wang X. et al,
2014; Nogusa et al., 2016). Remarkably, the clearance of Listeria
monocytogenes also relies on RIPK3 and MLKL, which in this
case does not lead to the death of the host cell, but inhibits
bacterial growth by direct binding of MLKL to the bacteria (Sai
et al., 2019). However, there are adverse effects of necroptosis
in infections. In mouse models of infection with Salmonella
enterica or Staphylococcus aureus, triggering of necroptosis by
the pathogens is a deleterious process for the host (Robinson
etal., 2012; Kitur et al., 2015). Apart from infections, necroptosis
also has a function in sterile pathologies. Genetic deletion or
pharmacological inhibition of RIPK1/3 and MLKL improve the
outcome in models of systemic inflammatory response syndrome
(Zelic et al., 2018; Moerke et al., 2019), and ischemia-reperfusion
injury of the kidney (Miiller et al., 2017), brain (Naito et al., 2020),
and heart (Luedde et al., 2014). The RIPK3-MLKL axis is also
involved in crystallopathies induced by cytotoxic crystals (Mulay
et al, 2016). Cancer metastasis also depends on necroptosis
(Strilic et al., 2016). As shown recently, necroptosis also plays a
role in inflammatory skin diseases. In a mouse model of psoriasis,
it was shown that inhibition of the RIPK1-RIPK3-MLKL axis has
a protective effect (Duan et al., 2020), and that, in the absence
of RIPKI in keratinocytes, ZBP1-induced necroptosis leads to
massive inflammation of the skin (Devos et al., 2020). The fact
that two very different stimuli can trigger necroptosis via different
pathways underlines the complexity of this topic, especially with
regard to possible therapeutic interventions. A function of the
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necroptosis signaling pathway has also been demonstrated in a
broad range of other disease models, which is reviewed elsewhere
in greater detail (Weinlich et al., 2017). Most recently, certain
homozygous mutations in the MIkl gene that lead to a lethal
inflammatory phenotype in mice were described for the first
time. For unknown reasons, this phenotype seems to be caused
by hyperinflammation of the mediastinum and salivary glands.
In heterozygous human individuals, however, these mutations
are associated with increased incidence of the autoimmune
disease chronic recurrent multifocal osteomyelitis (Hildebrand
et al., 2020). Taken together, there is ever growing evidence for
necroptosis as a promising target for therapeutic efforts in a
multitude of highly relevant diseases, although the mechanisms
require further clarification.

PYROPTOSIS AND GSDMD

Pyroptosis is executed by the proteins of the gasdermin family.
This chapter focuses on GSDMD, as it is so far the best
characterized of these homologous pore-forming proteins and is
conserved in humans and mice. GSDMD is a cytosolic 53 kDa
protein expressed in immune cells and epithelia, and consists
of a cytotoxic N-terminal domain (GSDMD-N), a linker region,
and an inhibitory C-terminal domain (GSDMD-C) (Kuang et al.,
2017). Although structurally similar at first glance, GSDMD is,
in contrast to MLKL, not activated via phosphorylation but
through proteolytic cleavage (Kayagaki et al., 2015; Shi et al,,
2015). Two major pathways of GSDMD activation have been
described. The so-called canonical pathway is dependent on
the formation of multiprotein complexes called inflammasomes.
Inflammasomes are formed by cytosolic pattern recognition
receptors (PRRs) termed nucleotide-binding oligomerization
domain (NOD) and leucine-rich repeat (LRR) receptors (NLRs),
absent in melanoma 2 (AIM2)-like receptors, and retinoic
acid-inducible gene I (RIG I)-like receptors. One of the best
studied of these is the NLR protein 3 (NLRP3) inflammasome
(Broz and Dixit, 2016). Canonical activation of the NLRP3
inflammasome requires two steps: in the first priming step,
DAMPs or pathogen-associated molecular patterns (PAMPs)
activate various PRRs such as TLRs, which leads to upregulation
in the synthesis of critical inflammasome components such as
NLRP3 itself, apoptosis-associated speck-like protein containing
a caspase recruitment domain (ASC), procaspase-1, and the
inactive precursor cytokines pro-interleukin (IL)-1p and pro-
IL-18. A second step is needed for inflammasome activation.
A critical element of this activation step are changes in
intracellular potassium and chloride concentrations, the function
of which we have gained better understanding in recent years.
To assemble the NLRP3 inflammasome, cytosolic ASC oligomers
or specks must first be formed, and this process is dependent
on chloride efflux from the cell. This chloride efflux relies on
the translocation of chloride intracellular channels (CLICs) to
the plasma membrane and is an indispensable upstream event
of NLRP3 inflammasome activation (Tang et al., 2017; Green
et al., 2018). Besides the CLICs, chloride outflow from the
volume-regulated anion channel (VRAC) is also described in this

context, which can be inhibited by certain non-steroidal anti-
inflammatory drugs (Daniels et al., 2016). In addition to chloride,
potassium efflux is also necessary for inflammasome activation,
and can be triggered by various mechanisms. Ionophores and
bacterial toxins such as nigericin or streptolysin O can facilitate
potassium efflux, making the NLRP3 inflammasome a sensor of
deleterious microorganisms (Petrilli et al., 2007; Greaney et al.,
2015). In addition, cell damage in the surrounding tissue, through
which ATP enters the extracellular space, can be sensed by the
ligand-gated purinergic P2X7 ion channel receptor (P2X7R).
Thus, the cell membrane is permeabilized for cations, and
potassium efflux becomes possible (Alves et al., 2014). The
potassium efflux then leads to the association of NIMA-related
kinase 7 (NEK7) with NLRP3 and subsequent inflammasome
activation, which is followed by the cleavage of procaspase-1
into its active form and the processing and release of IL-1P
and IL-18 (Munoz-Planillo et al., 2013; He et al., 2016). As
with the execution of necroptosis, the influence of disturbances
in the redox homeostasis of the cell and ROS generation
from several sources on NLRP3 inflammasome activation has
also been discussed, although the underlying mechanisms are
not fully understood (reviewed in Abais et al, 2015). The
further details of canonical inflammasome activation exceed the
scope of this review, and are described excellently elsewhere
(Schroder and Tschopp, 2010; Broz and Dixit, 2016). Besides
the canonical pathway, there are other means of initiating
pyroptosis. The non-canonical pathway is a “shortcut” for
the activating GSDMD. Upon sensing intracellular bacterial
lipopolysaccharide (LPS), the inflammatory caspases-4/5 (in
humans) and caspase-11 (in mice) can directly cleave GSDMD
and initiate pyroptosis (Shi et al., 2014). GSDMD can also be
activated directly by caspase-8 when transforming growth factor
B-activated kinase 1 (TAKI1), a central regulator of cell death
and survival in a variety of settings, is inhibited, as described
in the case of Yersinia pseudotuberculosis infection (Orning
et al, 2018; Sarhan et al., 2018). Apart from this, GSDMD
activation by the proteases cathepsin G and neutrophil elastase
has been reported in myeloid cells (Sollberger et al., 2018;
Burgener et al., 2019).

Common to all these pathways initiating pyroptosis is the
proteolytic cleavage of GSDMD in the linker region, which
releases GSDMD-N from its autoinhibition by GSDMD-C.
GSDMD-N forms oligomers that create membrane pores.
Therefore, GSDMD-N translocates exclusively to the inner leaflet
of cell membranes by binding PIPs, phosphatidic acid, and
phosphatidylserine (Ding et al., 2016; Liu et al., 2016). The
nanostructure of the gasdermin pore has been described for
mouse gasdermin A3 via cryo-electron microscopy. It appears
to be a 26-28-fold symmetric, anti-parallel B-barrel pore with
an inner diameter of 18 nm (Ruan et al.,, 2018). The size of
the human GSDMD-N pore is estimated to be 10-20 nm (Ding
et al., 2016; Sborgi et al., 2016). GSDMD-N also has the ability
to bind cardiolipin, and there are reports of gasdermin-mediated
permeabilization of mitochondria contributing to pyroptotic cell
death (de Vasconcelos et al, 2019; Rogers et al., 2019). The
GSDMD-N pore is structurally and functionally different from
the MLKL pore. Intracellular osmolality is unchanged during
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pyroptosis, as the GSDMD-N pore is unselective and allows free
diffusion of ions and water as well as the release of processed
cytokines, the first and foremost being IL-18 and IL-18 (Heilig
etal,, 2018). This difference also finds its expression in the varying
morphology between necroptosis and pyroptosis. In pyroptosis,
there is no swelling or explosive rupture of the cells, but a
flattening of the cytoplasm, as cytoplasmic fluid leaks through the
pores (Chen et al.,, 2016).

Analogous to necroptosis, most of the understanding of
the (patho-)physiological role of pyroptosis has been generated
through the utilization of animal models deficient for the
inflammatory caspases, inflammasome components, IL-1 and
IL-18, or GSDMD. Countering infections is doubtless one of
the most crucial roles of pyroptosis. The clearance of viral,
bacterial, fungal, and protozoan infections relies on it to differing
extents, depending on the underlying microorganism and context
(Man et al, 2017). Direct lysis of bacteria through its ability
to bind cardiolipin in the bacterial cell wall has been described
for GSDMD-N (Liu et al, 2016). Counterintuitively, and all
the more surprising, is the fact that Gsdmd-deficient mice
showed improved survival in a model of infectious peritonitis
by Escherichia coli, as Gsdmd deficiency in this case prolonged
neutrophil survival and therefore improved bacterial clearance
(Kambara et al., 2018). These findings once again underscore
the complexity of RCD in disease. Besides infectious diseases,
there is also evidence that pyroptosis has a role in sterile diseases,
and these largely overlap those in which necroptosis has also
shown relevance, such as in ischemia-reperfusion injury of the
heart (Qiu et al., 2017), brain (Yang F. et al., 2014), and kidney
(Yang J.R. et al., 2014), crystallopathies (Ludwig-Portugall et al.,
2016; Goldberg et al., 2017), Alzheimer’s disease (Han et al,
2020), and other neurodegenerative pathologies (McKenzie et al.,
2020) and a multitude of other inflammatory diseases (Goldberg
et al., 2017). Of particular note in this context is the recent
discovery that ticagrelor - a substance usually administered
in coronary heart disease due to its inhibitory properties on
platelet aggregation - also inhibits the NLRP3 inflammasome and
therefore pyroptosis by blocking the CLIC-dependent chloride
efflux (Huang et al., 2020). This interesting double effect could
explain part of the good efficacy after coronary interventions.
However, much of this research has been conducted through
genetic ablation or pharmacological inhibition of the NLRP3
inflammasome, and requires future testing of the models in
specific Gsdmd knockout mice to clearly discriminate the exact
contribution of pyroptosis itself from other inflammasome-
driven effects.

CROSSLINKS BETWEEN NECROPTOSIS
AND PYROPTOSIS

Although it was and still is necessary to consider the different
forms of RCD in isolation to decipher their molecular pathways,
there is emerging evidence for combined action of specific forms
of RCD in particular diseases. We ourselves first demonstrated
that ischemia-reperfusion injury of the kidney was not only
mediated by necroptosis (Linkermann et al, 2012), but also

by the combination of necroptosis and ferroptosis, an iron-
dependent form of regulated cell death driven by phospholipid
peroxidation (Miiller et al., 2017), and was greatly ameliorated
by combined targeting of necroptosis and the RCD cyclophilin
D-mediated mitochondrial permeability transition (Linkermann
et al., 2013). Other authors have reported the cooperation of
apoptosis and necroptosis in the pathology of ischemic stroke
(Naito et al., 2020).

Recently, such an interaction has also become apparent
between necroptosis and pyroptosis. Initial in vitro studies have
shown RIPK3-dependent processing of IL-1 in the absence
of the inhibitors of apoptosis proteins (IAPs), which play a
critical role in several RCD pathways and human disease (Vince
et al, 2012). The refined and complex mechanism of this
process has been elucidated in further excellent research (Yabal
et al,, 2014; Lawlor et al., 2017). At the same time, a role for
MLKL has been brought into play, and inflammasome activation
dependent on the RIPK1-RIPK3-MLKL axis in dendritic cells has
been reported (Kang et al., 2013) as well as MLKL-dependent
and -independent RIPK3-mediated inflammasome activation
(Kang et al., 2015; Lawlor et al,, 2015). In 2017, it was shown
that the activation of MLKL is sufficient for inflammasome
assembly and the release of mature IL-1B even in absence of
GSDMD, a prime example of how different forms of RCD can
compensate for each other (Gutierrez et al., 2017). Only weeks
later, a second group similarly reported a cell-intrinsic activation
of the NLRP3 inflammasome by MLKL during the induction of
necroptotic cell death (Conos et al., 2017). These two studies also
clearly identified the underlying mechanism: MLKL-mediated
potassium efflux from the cell is the indispensable activation
step analogous to the canonical pathway of inflammasome
activation (Figure 1).

The first strong indications of an in vivo connection have been
reported in a mouse model of S. aureus pneumonia, in which the
inhibition of MLKL-dependent necroptosis decreased caspase-
1 activation and IL-1p processing (Kitur et al., 2015). Second,
in a mouse model of oral infection with Salmonella enterica
serovar Typhimurium, MLKL-dependent initiation of pyroptosis
in the caecum was needed for effective clearance of the pathogen,
whereas MIkl-deficient mice died significantly faster than their
wild-type counterparts (Yu et al., 2018). Especially interesting
in this case is the fact that Yu and colleagues showed, via the
generation of bone marrow chimeras, that MLKL and therefore
pyroptosis in non-hematopoietic cells conferred the protective
effect against infection. Up to that point, a connection between
MLKL and inflammasome activation had, to our knowledge,
only been reported in cells of myeloid heritage. Another
noteworthy connection between necroptosis and pyroptosis was
found in the effect of the small molecule necrosulfonamide
(NSA). NSA was initially described in a groundbreaking work
by Xiaodong Wang’s group (Sun et al, 2012). It covalently
binds to human MLKL via the Cys86 residue, inhibiting its
activation by RIPK3 and consequently necroptosis. Surprisingly,
NSA is also capable of binding GSDMD via Cys191, inhibiting
pyroptotic cell death not only in vitro in human and mouse cell
lines but also in vivo in murine sepsis models (Rathkey et al.,
2018). Most recently, a mouse model of combined Ripk3/Gsdmd
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FIGURE 1 | MLKL and GSDMD: partners in crime. A wide array of extracellular stimuli such as bacteria, viruses, and toxins serve as cellular stressors that activate
NLRP3. The latter activates caspase-1 via the adaptor protein ASC. Caspase-1 processes and activates IL-1p and IL-18 and cleaves GSDMD to release the
membrane pore-forming GSDMD-N domain. Necroptosis is induced by ligand binding to TNF family death domain receptors, PRRs, and virus sensors, which
promote the assembly of RIPK3-MLKL complex. RIPK3-mediated phosphorylation of MLKL results in MLKL oligomerization followed by translocation to the plasma
membrane to induce membrane rupture. Notably, both signaling pathways cause potassium efflux, accompanied by water influx, cell swelling, and osmotic lysis,

propagating the pro-inflammatory responses triggered by NEK7 binding to NLRPS.
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and Mikl/Gsdmd knockout was reported. The double knockout
showed significantly better protection in a mouse model of
polymicrobial sepsis, and by generating bone marrow chimeras,
the relevance of hematopoietic as well as non-hematopoietic
cells in the model could be documented (Chen et al., 2020).
Latterly, a connection between the three different forms of RCD

pyroptosis, apoptosis, and necroptosis (PAN) has been shown
in vitro. Evidence that these three forms of cell death may
be linked has been found in specific settings. In influenza A
virus infection, ZBP1 is a central regulator of PAN (Kuriakose
etal., 2016; Kesavardhana et al., 2017). Additionally, the genetic-
or pathogen-induced loss of TAK1 can also trigger pyroptosis,
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apoptosis, and necroptosis (Malireddi et al., 2018; Orning et al,,
2018; Podder et al., 2019). This threefold activation of the cell
death pathways was eventually termed PANoptosis (Malireddi
et al.,, 2019). The most recent research in this field shows that
this process is under the control of a master protein complex
termed the PANoptosome (Christgen et al., 2020). Despite all this
excellent work, our mechanistic understanding of these processes
in vivo remains very vague. Based on the available data, it can
be assumed that necroptosis and pyroptosis in particular play a
common role not only in sepsis, but in a variety of other diseases,
and we eagerly await further research in this area.

CONCLUSION AND CLINICAL
RELEVANCE

Over the last few vyears, it has become clear that the
forms of inflammatory RCD have a critical position in the
pathophysiology of almost all known diseases. Membrane pores
and ion fluxes play a central role in these cell death processes
and are already promising targets for therapeutic approaches.
However, it is becoming equally clear that different cell death
pathways have context-dependent positive or negative impacts
in that they can compensate for each other and have synergistic
or antagonistic effects. Therefore, their therapeutic applications
in humans must be tested with great care, and it must
be clarified beyond doubt whether and to what extent the
different forms of RCD are advantageous or disadvantageous
in the respective disease and how they are interconnected.
A further complicating factor is that an attempt at therapeutic
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Ferroptosis is a form of regulated cell death that is characterized by iron-dependent
oxidative damage and subsequent plasma membrane ruptures and the release of
damage-associated molecular patterns. Due to the role of iron in mediating the
production of reactive oxygen species and enzyme activity in lipid peroxidation,
ferroptosis is strictly controlled by regulators involved in many aspects of iron
metabolism, such as iron uptake, storage, utilization, and efflux. Translational and
transcriptional regulation of iron homeostasis provide an integrated network to
determine the sensitivity of ferroptosis. Impaired ferroptosis is implicated in various
iron-related pathological conditions or diseases, such as cancer, neurodegenerative
diseases, and ischemia-reperfusion injury. Understanding the molecular mechanisms
underlying the regulation of iron metabolism during ferroptosis may provide effective
strategies for the treatment of ferroptosis-associated diseases. Indeed, iron chelators
effectively prevent the occurrence of ferroptosis, which may provide new approaches for
the treatment of iron-related disorders. In this review, we summarize recent advances
in the theoretical modeling of iron-dependent ferroptosis, and highlight the therapeutic
implications of iron chelators in diseases.

Keywords: ferroptosis, cell death, iron, lipid perioxidation, disease

INTRODUCTION

Despite its essential role in life, excessive iron is toxic due to its ability to generate reactive oxygen
species (ROS) and to even trigger cell death. There are two main distinct categories of cell death,
namely accidental cell death (ACD) and regulated cell death (RCD) (Galluzzi et al., 2018). ACD is
usually due to irreparable damage after external or internal physical and chemical stimulation, and
it occurs in an uncontrollable way, whereas RCD involves a precise signaling pathway controlled
by designated cellular machinery. Compared with ACD, RCD has received extensive attention due
to it being closely related to pathologic conditions and human diseases, which can be targeted by
small molecule compounds or drugs. A growing number of RCD types have been proposed, such as
necroptosis, pyroptosis, ferroptosis, and alkaliptosis. They may share similar necrotic morphology,
but their molecular mechanisms are different (Tang et al., 2019).

Ferroptosis is a type of oxidative cell death that is induced by the accumulation of iron-mediated
lipid peroxidation (Xie et al., 2016a; Stockwell et al., 2017). Its name was coined in 2012 as the
discovery of small molecules (e.g., erastin and RSL3) selectively induced a non-apoptotic form of
RCD in cancer cells that can be blocked by iron chelators or lipophilic antioxidants (e.g., vitamin
E/a-tocopherol and ferrostatin-1) (Dixon et al., 2012). The morphological features of ferroptosis
are distinct from apoptotic cell death. Apoptotic cells are characterized by membrane blebbing,
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cellular shrinkage, nuclear fragmentation, and chromatin
condensation, whereas ferroptotic cells show typical necrotic
morphology, such as an incomplete plasma membrane and the
release of intracellular contents, especially damage-associated
molecular patterns (DAMPs) (Wen et al., 2019). Ultrastructural
analysis further revealed that the mitochondria of ferroptotic
cells show a loss of structural integrity and smaller size (Dixon
et al, 2012), whereas mitochondria are usually swollen in
apoptotic cells (Tang et al., 2019).

Autophagy is a lysosome-dependent degradation system
through which cells break down various cargos, such as organelles
and proteins. There is a complex interaction between autophagy
and lipid metabolism (Xie et al., 2020). Although an early study
showed that ferroptosis is unrelated to autophagy, increased
autophagy flux is indeed widely observed in the ferroptotic
response (Zhou et al., 2019; Liu J. et al., 2020). While autophagy
plays an adaptive role in protecting cells from environmental
stress, it can promote ferroptosis in many cases (Zhou et al,
2019; Liu J. et al, 2020). Specifically, selective autophagy
(e.g., ferritinophagy, lipophagy, and clockophagy) is involved in
mediating ferroptotic cell death through the degradation of anti-
ferroptosis regulators (Gao et al., 2016; Hou et al., 2016; Bai et al.,
2019; Yang et al., 2019). Autophagy regulators, such as beclin 1
(BECN1) (Song et al., 2018), mechanistic target of rapamycin
kinase (MTOR) (Liu Y. et al., 2020), and a lysosomal protease
cathepsin B (CTSB) (Gao et al., 2018) contribute to ferroptotic
cell death through affecting lipid peroxidation. Since there are
many different types of selective autophagy, the relationship
between autophagy and ferroptosis in regulating cell fate needs
further investigation (Kang and Tang, 2017).

In this review, we first introduce the molecular mechanisms
of ferroptosis and then focus on a discussion of regulators of
iron metabolism in ferroptosis (Table 1). Finally, we describe
the therapeutic implications of iron chelators in the damage and
diseases associated with ferroptosis.

CORE MOLECULAR MECHANISMS OF
FERROPTOSIS

The central role of lipid peroxidation in driving ferroptotic
cell death indicates that ferroptosis can be caused by the
collapse of the glutathione (GSH)-glutathione peroxidase 4
(GPX4) antioxidant systems (Figure 1). System xc~ is a
heterodimeric transmembrane complex composed of light chain,
solute carrier family 7 member 11 (SLC7A11/xCT), and heavy
chain, solute carrier family 3 member 2 (SLC3A2). After
entering the cells by system xc™, cystine is quickly reduced
to cysteine, which is mainly utilized for the synthesis of
GSH. As a potent low molecular weight antioxidant in cells,
GSH is utilized by GPX4, which uses highly nucleophilic
selenocysteine to reduce lipid peroxides into lipid alcohols. The
pharmacological inhibitors of system xc~ (e.g., erastin) and
GPX4 (e.g., RSL3) are the classical two ferroptosis inducers. In
addition, several GPX4-independent anti-ferroptosis pathways
have recently been identified, such as the apoptosis-inducing
factor mitochondria-associated 2 (AIFM2)-mediated CoQ10
production pathway (Bersuker etal., 2019; Doll et al, 2019),

and the endosomal sorting complex required for transport-III
(ESCRT-III)-dependent membrane repair pathway (Dai et al.,
2020). These findings indicate that multiple antioxidants and
membrane repair pathways limit the oxidative damage caused by
ferroptosis, although their selectivity and specificity in ferroptosis
are still unclear.

Lipid peroxidation results in the oxidation of polyunsaturated
fatty acid (PUFA) of the membrane lipids. An impaired
antioxidant system can cause or accelerate lethal lipid
peroxidation, which is inhibited by various synthetic
antioxidants (e.g., ferrostatin-1 and liproxstatin-1). Acyl-
CoA synthetase long-chain family member 4 (ACSL4) is a
crucial pro-ferroptotic regulator by catalyzing the synthesis of
long-chain polyunsaturated CoAs, especially arachidonic acid,
thus enriching cellular membranes with PUFA (Yuan et al,
2016b; Doll et al., 2017; Kagan et al., 2017). Several hypotheses
have been proposed to explain the subsequent oxidation of
PUFA after ACSL4-mediated PUFA synthesis (Figure 1).
First, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (NOXs), a class of membrane-bound enzyme complexes
that catalyzes the production of superoxides, contributes to
iron-dependent accumulation of lipid peroxidation during
ferroptosis (Dixon et al,, 2012; Xie et al., 2017; Yang et al,
2020). Second, lipoxygenases (ALOXs) drive ferroptosis
through directly catalyzing the oxygenation of PUFA (Yang
et al, 2016; Kagan et al, 2017). Third, cytochrome P450
oxidoreductase (POR) coupled to cytochrome P450 (CYP)
monooxygenases represents an alternative source of ROS for
the induction of ferroptosis-related lipid peroxidation (Zou
et al,, 2020). Fourth, ROS generated by the electron leakage
of the mitochondrial electron transport chain (ETC) may be
another factor leading to lipid peroxidation in the process of
ferroptosis in some cases (Gao et al., 2019). However, since
NOXs, ALOXs, and CYP are all large family enzymes, it is
difficult to determine which member of these enzymes is
responsible for the ferroptosis.

REGULATORS OF IRON METABOLISM IN
FERROPTOSIS

Although the exact mechanisms related to iron in ferroptosis
remain obscure, there is no doubt about the key role of iron
metabolism in the process of ferroptosis, because (1) Iron
chelators block ferroptotic cell death in vitro and in vivo
(Dixon et al., 2012); (2) Increased cellular labile iron is usually
observed during the induction of ferroptosis (Hou et al., 2016);
(3) An exogenous supplement of iron increases the sensitivity of
cells to ferroptosis inducers (e.g., erastin) (Dixon et al., 2012);
(4) Excessive heme and non-heme iron can directly induce
ferroptosis (Li et al., 2017); (5) Several heme and non-heme
iron-containing enzymes, such as ALOXs, NOXs, and CYP, are
responsible for the production of lipid peroxidation (Dixon et al.,
2012; Yang et al, 2016; Kagan et al, 2017; Xie et al., 2017;
Yang et al.,, 2020; Zou et al., 2020); and (6) Iron-mediated ROS
production by Fenton reaction promotes lipid peroxidation in
ferroptosis (Dixon et al., 2012). Thus, multiple regulators of iron
metabolism involved in iron uptake, storage, utilization, and
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TABLE 1 | Main proteins modulating iron metabolism in ferroptosis.

Gene Description Functions Diseases/models References
CISD1 CDGSH iron sulfur domain 1 Regulates mitochondrial iron Cancer Yuan et al., 2016a
homeostasis
CISD2 CDGSH iron sulfur domain 2 Regulates mitochondrial iron Cancer Kim et al., 2018
homeostasis
CP Ceruloplasmin Mediates oxidation of Fe2* to Cancer, ischemic stroke Shang et al., 2020; Tuo et al., 2017
Fel+
FTH1 Ferritin heavy chain 1 Stores iron Drosophila Mumbauer et al., 2019
FTL Ferritin light chain Stores iron Drosophila Mumbauer et al., 2019
FTMT Ferritin mitochondrial Stores iron Neuronal cells Wang et al., 2016
HMOX1 Heme oxygenase 1 Catabolizes heme Cancer, ferroptotic damage in heart ~ Kwon et al., 2015; Chang et al., 2018;
and renal proximal tubular cells Fang et al., 2019; Adedoyin et al.,
2018; Sun et al., 2016b
HSPB1 Heat shock protein family B Inhibits iron uptake Cancer Sun et al., 2015
small member 1
IREB2 Iron-responsive element Regulates the translation of Cancer Dixon et al., 2012
binding protein 2 mRNAs that affect iron
homeostasis
LTF Lactotransferrin Transports iron Cancer Wang et al., 2020
NCOA4 Nuclear receptor coactivator 4 Mediates ferritinophagy Cancer, chronic obstructive Hou et al., 2016; Gao et al., 2016;
pulmonary disease, aging, liver Yoshida et al., 2019; Masaldan et al.,
fibrosis 2018; Kong et al., 2019; Chen G.Q.
et al., 2020
NFS1 NFS1 cysteine desulfurase Mediates biosynthesis of the Cancer Alvarez et al., 2017
Fe-S cluster
PCBP1 Poly(RC) binding protein 1 Iron chaperones Hepatic steatosis Protchenko et al., 2020
PROM2 Prominin-2 Promotes ferritin export Cancer Brown et al., 2019
SLC25A28 Solute carrier family 25 member  Mediates mitochondrial iron Hepatic stellate cells Zhang et al., 2020
28 import
SLC39A14 Solute carrier family 39 member  Mediates iron uptake Liver fibrosis Yu et al., 2020
14
SLC40A1 Solute carrier family 40 member  Mediates iron export Cancer, testicular Geng et al., 2018; Li L. et al., 2018
1 ischemia-reperfusion injury
TF Transferrin Transports iron Cancer Gao et al., 2015
TFRC Transferrin receptor Mediates iron uptake Cancer Gao et al., 2015; Ooko et al., 2015;

Song et al., 2016; Wu et al., 2019;
Yang and Stockwell, 2008

efflux may impact the sensitivity of ferroptosis (Figure 1), which
are discussed below.

Transferrin and Lactotransferrin

Transferrin (TF) is a 76-kDa glycoprotein that tightly, but
reversibly, binds to iron in the blood and transports it to various
tissues and organs. TF contains two globular lobes at the N-
and C-termini, each of which can bind to one ferric ion (Fe37),
as well as other metal ions (e.g., copper, zinc, and manganese)
with different affinities. The iron-binding properties of TF are
highly dependent on changes in pH. Iron efficiently binds to
TF outside the cells at pH ~7.4 and iron releases from TF
when delivery to acidic endosomes (pH ~5.5) by receptor-
mediated endocytosis. Low serum levels of TF usually occur
in patients with chronic inflammatory states or in hospitalized
patients with poor clinical outcomes. When there is adequate
nutrition, TF levels can be retained at a high level. In humans,
due to homozygous or compound heterozygous mutations in TF
genes, atransferrinemia is a rare autosomal recessive metabolic

disorder. This disease is associated with microcytic anemia
and hemosiderosis in the heart and liver. Hypotransferrinemic
(Trf'Px/hPX) mice carry a spontaneous mutation linked to the
TF locus (Bernstein, 1987). They are born alive, but die before
weaning due to refractory iron-deficient hypochromic anemia.
The Trf"/"PX mice also survive when treated with serum or TF
injections (Trenor et al., 2000).

Transferrin is required for the induction of ferroptotic cell
death based on nutrient depletion experiments (Gao et al., 2015).
For example, in the presence of serum, cell death induced by
the deprivation of amino acids takes the form of ferroptosis,
instead of apoptosis or necroptosis (Gao et al., 2015). This
amino acid starvation-induced ferroptosis is probably due to
cystine starvation and subsequent cellular GSH depletion. TF
is essential for this amino acid starvation-induced ferroptosis
(Gao et al,, 2015). Serum without macromolecules (e.g., TF)
fails to mimic the ferroptosis-inducing activity, while the
addition of recombinant iron-saturated holo-TF induces cell
death in the same condition (Gao et al., 2015). Consistently,
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utilization, have an important regulatory effect on ferroptosis.

FIGURE 1 | Core molecular mechanisms of ferroptosis. Ferroptosis is a type of oxidative cell death that can cause lipid peroxidation and membrane damage. Many
oxidative and antioxidant pathways affect the ferroptotic reaction. In particular, system xc™-mediated cystine uptake and subsequent cysteine production are
required for GSH biosynthesis, which further enhances the anti-lipid peroxidation activity of GPX4. The inhibition of SLC7A11 and GPX4 leads to the accumulation of
iron-dependent lipid peroxidation, thus causing ferroptotic cell death. The activation of ALOX, NOX, or POR promotes lipid peroxidation, whereas the activation of
the ESCRT-IIl complex repairs damaged membranes during ferroptosis. Importantly, all aspects of iron metabolism, including iron absorption, storage, export, and

M?toﬁ&ridria

iron-free apotransferrin (apo-TF) fails to produce cell death-
inducing activity (Gao et al., 2015). Similarly, co-treatment with
holo-TF significantly increases artesunate-induced ferroptosis
in pancreatic cancer cells (Eling et al., 2015). These finding
suggest that TF is a key positive regulator of ferroptotic cell
death. However, hepatocyte-specific TF knockout mice are more
susceptible to high-iron diet-induced ferroptotic liver fibrosis (Yu
et al., 2020), indicating that hepatic TF plays a protective role
in ferroptosis-induced liver fibrosis. Patients with liver cirrhosis
have reduced levels of hepatic TF and increased levels of hepatic
iron (Yu et al., 2020), supporting the idea of a protective role for
hepatic TF in maintaining liver function.

Lactotransferrin (LTF) is a member of the TF family that
is responsible for increased intracellular iron during chronic
inflammation and tissue injury. Similar to TF, LTF functions as
a promoter of ferroptosis in cancer cells (Wang et al., 2020).
In contrast, LTF protein degradation that is mediated by neural
precursor cell-expressed developmentally downregulated gene
4 (NEDD4)-like E3 ubiquitin protein ligase (NEDD4L) blocks
iron-dependent lipid peroxidation during ferroptotic cancer
cell death (Wang et al, 2020). These findings indicate that
targeting ubiquitin-proteasome system-dependent LTF protein

degradation may enhance the anticancer activity of ferroptosis-
based therapy. The direct role of LTF-mediated ferroptosis in
non-cancer cells and tissue injury remains to be further studied.

Transferrin Receptor

Transferrin receptor (TFRC/TFRI1) is a dimeric glycoprotein
receptor for iron-loaded TF at the surface of plasma. The
extracellular domains of TFRC have high affinity to bind diferric
TF, as compared to monoferric TF or apo-TF. Following binding
to TFRC, the TF-TFRC complex is internalized via receptor-
mediated endocytosis. In the endosome (an acidic environment),
the released iron needs to be reduced from Fe’T to Fe?™
by transmembrane ferrireductase STEAP3. Once the iron is
released into cytosol through solute carrier family 11 member
2 (SLC11A2/DMT1), TFRC and TF are recycled back to the cell
surface and extracellular fluid, respectively. Transferrin receptor
2 (TFR2) is a homolog to TFRC, but is unrelated to iron
transport and instead is linked to iron sensing. TFRC knockout
mice exhibited early embryonic lethality, which is the result of
impaired erythroid and neuronal development (Levy et al., 1999).
A homozygous p.Tyr20His mutation in TFRC in human patients
causes immunodeficiency combined with impaired development
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or function of T and B lymphocytes (Jabara et al., 2016). Both
the patients and the TFRCY2°H/Y20H mjce had only mild anemia,
which may be due to an accessory TfR1 endocytosis signal
provided by STEAP3 (Jabara et al, 2016). Interestingly, the
selective inactivation of TFRC in murine intestinal epithelial cells
induces a severe disruption of the epithelial barrier, which is fully
rescued by the enforced expression of a mutant allele of TFRC
that is unable to serve as a receptor for TF (Chen et al., 2015).
These findings suggest that, in some contexts, TFRC also plays a
role independent of the classical function of iron absorption.

The increased expression of TFRC in malignant cells
is mainly to meet the high requirement of iron for cell
proliferation. Therefore, inducing ferroptosis in TFRC-expressed
cancers is a potential cancer treatment strategy. In addition to
cancer, reduced TFRC palmitoylation has been demonstrated
to contribute to neurodegeneration accompanied by brain
iron accumulation, while the antimalarial agent artesunate can
reverse the abnormal TFRC palmitoylation in cultured fibroblasts
of neurodegeneration subjects (Drecourt et al., 2018). Since
artesunate has been shown to induce ferroptosis in cancer cells,
whether TFRC palmitoylation also contributes to its antitumor
activity of ferroptosis needs further validation (Eling et al,
2015). The expression of TFRC in cancer cells is positively
correlated with the ferroptotic response induced by artemisinin
derivatives (Ooko et al, 2015) or erastin (Song et al., 20165
Wu et al, 2019). For example, oncogenic RAS renders cells
sensitive to erastin-induced ferroptosis through upregulating the
expression of TFRC, thus enriching the cellular iron pool (Yang
and Stockwell, 2008). The knockdown of TFRC also ameliorates
erastin-induced ferroptosis in RAS mutation cells (Yang and
Stockwell, 2008). Moreover, the knockdown of TFRC inhibits
cystine starvation-triggered ferroptotic cell death (Gao et al,
2015), supporting the requirement of iron import for ferroptosis.
The antibody of TFRC (3F3-FMA) was recently identified by
screening monoclonal antibodies generated from immunizing
mice with membrane fractions from piperazine erastin-treated
cells (Feng et al., 2020). The accumulation of TFRC (3F3-FMA)
is specific to ferroptosis, but not to apoptosis (Feng et al., 2020).
Thus, in addition to ACSL4, TFRC may serve as a biomarker for
the sensitivity of ferroptosis.

Solute Carrier Family 39 Member 8, and
Member 14

The SLC39/ZIP family is made up of transmembrane proteins
that act as broad-scope metal ion transporters, mediating the
uptake of a variety of nutritionally important divalent metals,
such as zinc, iron, and manganese. Among the SLC39 family
members, solute carrier family 39 member 14 (SLC39A14/Z1P14)
and solute carrier family 39 member 8 (SLC39A8/ZIP8) are
the most closely related transporters. They mediate the iron
uptake through directly transporting non-transferrin-bound iron
(NTBI) across the cell membrane. The knockout of SLC39A8 in
mice causes a combination of stunted growth, severe anemia,
and a dysregulation of hematopoiesis and organ development
in utero, as well as neonatal lethality (Galvez-Peralta et al,
2012). SLC39A8 /~ newborns exhibit a decreased level of
zinc and iron in several tissues (Galvez-Peralta et al., 2012).

Mice lacking SLC39A14 show growth retardation and impaired
gluconeogenesis, which may be due to impaired G-protein-
coupled receptor (GPCR) signaling required for systemic growth.
The loss of SLC39A14 in mice also markedly reduces the liver’s
absorption of NTBI and prevents hepatic iron overload in mouse
models of hemochromatosis (Jenkitkasemwong et al., 2015).
As expected, the conditional knockout of hepatic SLC39A14
reduces iron accumulation in liver and ferroptosis-mediated
liver fibrosis, indicating that SLC39A14-mediated iron uptake
promotes ferroptotic liver injury and disease (Yu et al., 2020).
Whether SLC39A8 plays a role similar to that of SLC39A14 in
promoting ferroptosis in vivo remains to be further studied.

Ferritin Heavy Chain 1 and Ferritin Light
Chain

Ferritin is a cytosolic iron storage protein composed of two
subunits, namely ferritin heavy chain 1 (FTH1) and ferritin light
chain (FTL). Twenty-four ferritin subunits are assembled into a
high molecular weight apoferritin shell, which can chelate up to
approximately 4500 iron atoms. FTH1 has ferroxidase activity
and can convert Fe>T to Fe3 T, which is important for subsequent
iron entry into the ferritin mineral core, an event that is helped
by FTL. The inactivation of FTH1 by homologous recombination
in mice is embryonically lethal, whereas the knockout of FTL
leads to embryonic lethality in approximately 50% of newborn
mice (Li et al., 2015). These findings indicate a different role
of FTL and FTH1 in embryonic development. FTL knockout
mice exhibit systemic and brain iron dyshomeostasis but no
obvious signs of neurodegeneration (Li et al., 2015). Mutations
in FTL in humans results in a neurodegenerative disease
(namely hereditary ferritinopathy), which is characterized by
ferritin-containing intracellular inclusion bodies and increased
iron in the brain and other organ systems. Patients who
lack FTL (but not FTHI) experience idiopathic generalized
seizures and atypical restless leg syndrome, which may be due
to increased ROS production and cell damage in fibroblasts
(Cozzi et al., 2013).

In addition to cytosolic ferritin, the overexpression of
mitochondrial ferritin (FTMT) in neuronal cells inhibits erastin-
induced ferroptosis and increases the cellular labile iron pool
(Wang et al,, 2016). Consistently, wild-type flies (rather than
FTMT overexpressing transgenic flies) died within 3 weeks after
being fed an erastin-containing diet (Wang et al., 2016). The
depletion of FTH1 in Drosophila larval wing disks leads to
ferroptosis-associated severe growth defects, while the depletion
of FTL causes only minor defects (Mumbauer et al, 2019).
Although these findings indicate that ferritin has protective
effects on ferroptosis in various models, the benefits of FTH1 and
FTL on ferroptosis are not the same.

Nuclear Receptor Coactivator 4

The degradation of ferritin can be completed by ferritinophagy,
which is a type of selective autophagy mediated by nuclear
receptor coactivator 4 (NCOA4). Like the knockdown of
autophagy-related 5 (ATG5) or ATG7, the knockdown of
NCOA4 also blocks ferritin degradation and suppresses erastin-
induced ferroptosis in fibroblasts and pancreatic cancer cells,
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whereas the overexpression of NCOA4 promotes ferroptosis
by degrading ferritin (Hou et al, 2016). These findings
provide the first direct link between autophagy and ferroptosis.
Increased ferritinophagy is also required for cystine starvation-
induced ferroptotic cell death (Gao et al., 2016). Accordingly,
the knockdown of ATG3, ATG13, BECNI, and microtubule-
associated protein 1 light chain 3 beta (MAP1LC3B) limits cystine
starvation- or erastin-induced ferroptosis by blocking ferritin
degradation and iron accumulation in fibroblasts (Gao et al.,
2016). In addition to classical ferroptosis activators, non-classical
ferroptosis activators can contribute to ferroptotic cell death
via ferritinophagy. Such activators include dihydroartemisinin,
JQ1, siramesine/lapatinib, or salinomycin in various cancer cells,
indicating a wider role of ferritinophagy in promoting ferroptotic
cancer cell death (Zhou et al., 2019; Liu J. et al., 2020).

NCOA4-mediated ferritinophagy also plays a role in cigarette
smoke-induced ferroptosis in lung epithelial cells (Yoshida et al.,
2019), supporting a role of ferroptosis in the pathogenesis of
cigarette smoke-induced chronic obstructive pulmonary disease.
Ferritinophagy-mediated iron accumulation may regulate the
process of aging in cells (Masaldan et al., 2018) and carbon
tetrachloride (CCl4)-induced liver fibrosis in mice (Kong
et al, 2019). These results further strengthen a link between
ferritinophagy and ferroptosis in various diseases. Autophagy-
independent lysosomal degradation of ferritin also promotes
dihydroartemisinin-induced ferroptotic cancer cell death (Chen
G.Q. et al., 2020), indicating an alternative mechanism leading to
ferritin degradation during ferroptosis.

Prominin-2

Prominin-2 (PROM2) is a member of the prominin family of
pentaspan membrane glycoproteins, and is selectively associated
with plasma membrane protrusions. Ferritin can be released into
the extracellular space by PROM2-mediated exosomes, which
drives ferroptosis resistance (Brown et al., 2019). RSL3-induced
PROM2 upregulation is observed in ferroptosis-resistant cells
(e.g., MCF10A and Hs578t), but not in ferroptosis-sensitive
cells (e.g., MDA-MB-231) (Brown et al., 2019), indicating that
the induction of PROM2 expression may be correlated with
resistance to ferroptosis. The knockdown of PROM?2 expression
increases sensitivity to ferroptosis in ferroptosis-resistant cells,
while the overexpression of PROM?2 inhibits ferroptosis in
ferroptosis-sensitive cells (Brown et al., 2019). Mechanistically,
PROM?2 localizes to multivesicular bodies (MVBs) and promotes
the formation of MVBs during ferroptosis. Upon fusion of MVBs
with the plasma membrane, ferritin-containing exosomes are
released into the extracellular space, thus resulting in decreased
ferroptosis sensitivity (Brown et al., 2019). PROM2 might interact
with the ESCRT-III complex, which promotes membrane repair
in RCD, including ferroptosis (Dai et al., 2020). The relationship
between PROTO2 and ESCRT-III during ferroptosis needs to be
confirmed in the future.

Solute Carrier Family 40 Member 1

Solute carrier family 40 member 1 (SLC40A1/ferroportin/FPN1)
is the only known transmembrane exporter of non-heme iron.
Hepcidin antimicrobial peptide (HAMP) is a peptide hormone

secreted by the liver that binds to SLC40A1 and induces
internalization of SLC40A1l for degradation. It is generally
accepted that Fe?T transported out of the cell by SLC40A1 need to
be oxidized by ferroxidase (e.g., ceruloplasmin [CP]) to facilitate
Fe’* loading on TF. Mutations in SLC40A1 in humans were first
reported in 2001 and were found to cause autosomal dominant
hemochromatosis (also known as ferroportin disease) (Njajou
et al.,, 2001). Patients with an N144D mutation in the SLC40A1
gene have experienced parenchymal iron loading and cirrhosis.
Asparagine 144 may also be important for the function of
SLC40A1, because two other disease-causing mutations, N144H
(Njajou et al.,, 2001) and N144T (Arden et al., 2003), have also
been identified in autosomal dominant hemochromatosis. The
global knockout of SLC40A1 in mice leads to embryonic lethality,
while the selective knockout of SLC40A1 in postnatal intestine
results in severe iron deficiency (Donovan et al., 2005). Erastin
induces the downregulation of SLC40Al expression in SH-
SY5H neuroblastoma cells, which can be reversed by ferroptosis
inhibitors, such as ferrostatin-1, an iron chelator, or N-acetyl
cysteine (NAC) (Geng et al., 2018). The knockdown of SLC40A1
by RNAi or HAMP-mediated downregulation of SLC40Al
promotes erastin-induced ferroptosis, while ponasterone (a
SLC40A1 inducer) impedes this process (Geng et al, 2018).
Similarly, the knockdown of SLC40A1 enhances oxygen-glucose
deprivation and reoxygenation (OGd/R)-induced ferroptosis in
testicular ischemia-reperfusion (I/R) injury sertoli cells (Li L.
et al,, 2018). In contrast, the overexpression of SLC40Al or
treatment with ponasterone rescues OGd/R-induced ferroptosis
by decreasing iron accumulation in sertoli cells (Li L. et al., 2018).
The ferroptosis suppression function of CP is dependent on
SLC40A1 (Shang et al.,, 2020). The depletion of CP promotes
erastin- and RSL3-induced ferroptotic cell death, whereas the
overexpression of CP suppresses ferroptosis in hepatocellular
carcinoma cells (Shang et al., 2020). Intraperitoneal CP treatment
has a protective effect on ferroptotic damage after ischemic stroke
in mice (Tuo etal., 2017). Collectively, these findings indicate that
SLC40A1/CP acts as a negative regulator of ferroptosis.

Heme Oxygenase 1
Heme, derived primarily from hemoglobin and myoglobin, is a
major source of dietary iron in mammals. Heme oxygenase 1
(HMOX1/HO-1) catabolizes heme into three products: carbon
monoxide (CO), biliverdin, and free iron. Biliverdin is then
reduced to bilirubin by biliverdin reductase (BLVR). HMOXI1 can
be induced not only by heme but also by a variety of stimuli, such
as cytokines, endotoxin, heat shock, and heavy metals, leading
to speculation that HMOX1 may play a role in maintaining
redox homeostasis. HMOX1 knockout mice have anemia and
iron accumulation in liver and kidney, which is associated with
oxidative damage and tissue injury. An example of human
HMOX1 deficiency was found in a 6-year-old boy suffering
from growth retardation, anemia, leukocytosis, thrombocytosis,
coagulation abnormalities, and hyperlipidemia (Kawashima et al.,
2002), indicating an important role of HMOX1 in human health.
Heme oxygenase 1 plays a dual role in ferroptosis induction.
On the one hand, erastin induces the expression of HMOXI,
which may promote ferroptosis in HT1080 fibrosarcoma cells.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 590226


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chen et al.

Iron and Cell Death

The HMOXI1 inhibitor zinc protoporphyrin IX (ZnPP) prevents
erastin-induced ferroptotic cell death, whereas the HMOXI1
inducer hemin accelerates erastin-induced ferroptosis in HT1080
cells (Kwon et al,, 2015). Furthermore, CO-releasing molecules
also promote erastin-induced ferroptotic cell death (Kwon
et al, 2015), indicating that CO produced by HMOXI may
be an endogenous pro-ferroptosis molecule of ferroptosis.
Consistently, the knockout of HMOX1 suppresses, whereas the
overexpression of HMOXI1 promotes, ferroptotic cancer cell
death induced by erastin (Kwon et al., 2015) or BAY 11-7085
(NFKB inhibitor alpha [NFKBIA/IKBA] inhibitor) (Chang et al.,
2018). In addition to its affect in cancer models, the inhibition
of HMOXI1 by ZnPP protects against doxorubicin-induced
ferroptotic damage in heart (Fang et al., 2019). On the other hand,
HMOX1 also has the ability to inhibit ferroptosis in some cases.
For example, erastin and RSL3 treatment increases the expression
of HMOX1 in renal proximal tubular cells (Adedoyin et al., 2018).
The knockout of HMOX1 increases erastin- or RSL3-induced cell
death in renal proximal tubular cells (Adedoyin et al., 2018) or
liver cancer cells (Sun et al., 2016b). Thus, the role of HMOXI1 in
ferroptosis may depend on the context.

Poly(RC) Binding Proteins

Poly(RC) binding proteins (PCBPs) are iron chaperones that
deliver Fe>* to different proteins through a metal-mediated,
protein-protein interaction. The targets of PCBP1 and PCBP2
include iron-dependent Egl-9 family hypoxia-inducible factor
(EGLN/PHD) and hypoxia-inducible factor 1 subunit alpha
inhibitor (HIF1AN/FIH1) that play a role in regulating the
transcriptional activity of hypoxia-inducible factor 1 subunit
alpha (HIF1A/HIFla) (Nandal et al, 2011). The depletion
of PCBP1 or PCBP2 in cells leads to the loss of EGLN
activity, while the addition of excess Fe’' or purified Fe-
PCBP1 restores the activity of EGLN (Nandal et al, 2011).
As an iron chaperone in the cytosol, PCBP1 directly binds
Fe?" and delivers it to ferritin. Consequently, the depletion of
PCBP1 suppresses ferritin iron loading and increases cytosolic
iron pools in human cells. Interestingly, PCBP2, but not
PCBPI, binds to and receives iron from the iron importer
SLCI11A2 or transfers iron to the iron exporter SLC40Al
(Yanatori et al, 2014). The silencing of PCBP2 expression
suppresses SLC11A2-dependent iron uptake and SLC40A1-
dependent iron export, indicating that PCBP2 acts as a
regulator of iron transport (Yanatori et al., 2014). Moreover,
HMOXI1 can bind to PCBP2 in the presence of heme, whereas
iron-loaded PCBP2 loses its affinity for HMOXI1, supporting
the role of PCBP2 in heme catabolism and iron transport
metabolon. PCBP1 and PCBP2 are essential for mouse embryonic
development, but they may play distinct roles in organism
function. Pcbpl-null embryos are rendered non-viable in the
peri-implantation stage (4.5 to 8.5 days postcoitum). Although
the differentiation of red blood cells and megakaryocytes is
impaired, Pcbp2-null embryos undergo normal development
until midgestation (12.5 to 13.5 days postcoitum) (Ghanem
et al., 2016). Mice heterozygous for either Pcbpl or Pcbp2 null
alleles display a slight reduction in initial postpartum weight
(Ghanem et al., 2016).

Poly(RC) binding proteins 1 has been shown to limit
ferroptosis in hepatocytes (Protchenko et al., 2020). Mice lacking
Pcbpl in hepatocytes show defects in iron homeostasis and
develop liver disease with hepatic steatosis, inflammation, and
degeneration (Protchenko et al., 2020). Transcriptome analysis
reveals the activation of lipid biosynthetic and oxidative stress
response pathways, including the anti-ferroptotic regulator
GPX4. Although PCBP1-deleted hepatocytes are iron-deficient,
the supplementation of iron dose doesn’t inhibit the hepatic
steatosis, indicating that hepatic steatosis may not require
iron deficiency. Paradoxically, hepatocytes lacking PCBP1 show
increased redox activity and unchaperoned iron, therefore
causing lipid peroxidation (Protchenko et al., 2020). Restricting
dietary iron and the supplementing of antioxidant vitamin E can
prevent hepatic steatosis associated with ferroptosis (Protchenko
et al., 2020). Overall, these findings suggest that PCBP1 plays a
complex role in the regulation of ferroptosis-related liver disease.

Solute Carrier Family 25 Member 37, and

Member 28

Solute carrier family 25 member 37 (SLC25A37/mitoferrin-1)
and solute carrier family 25 member 28 (SLC25A28/mitoferrin-2)
are the key mitochondrial iron importers for heme and iron-
sulfur (Fe-S) cluster biogenesis. Due to the difference in
turnover between SLC25A37 and SLC25A28, SLC25A37 is highly
expressed in erythroid cells, whereas SLC25A28 is ubiquitously
expressed in various cells. The loss of Slc25a37 in mice leads to
embryonic lethality, indicating an important role of SLC25A37
in development (Troadec et al, 2011). The selective deletion
of SLC25A37 in adult hematopoietic tissues leads to severe
anemia, suggesting that the lethality of SLC25A37 depletion
might be due to defects in hematopoiesis (Troadec et al., 2011).
Interestingly, the selective deletion of SLC25A37 in hepatocytes
has no phenotype under normal conditions, but it can cause
protoporphyria and hepatotoxicity in delta aminolevulinic acid (a
precursor of porphyrin biosynthesis)-fed animals (Troadec et al.,
2011). These findings indicate a tissue- and stress-dependent role
of SLC25A37 in diseases.

The activity of SLC25A28 in ferroptosis is regulated by the
bromodomain-containing protein 7 (BRD7) tumor protein
p53 (TP53) pathway. In hepatic stellate cells, ferroptosis
inducers increase the expression of BRD7 by inhibiting its
proteasome degradation (Zhang et al, 2020). Upregulated
BRD7 further promotes mitochondrial translocation of
TP53 by directly binding to its N-terminal transactivation
domain. Mutations of serine 392, which are necessary
for TP53 mitochondrial translocation, block the binding
of BRD7 to TP53 and subsequent ferroptosis induction.
Importantly, mitochondrial TP53 interacts with SLC25A28
and enhances the activity of SLC25A28, leading to the
mitochondrial accumulation of iron and mitochondria
ETC-mediated ROS. The knockdown of SLC25A28 impairs
BRD7-TP53 signaling-mediated ferroptotic cell death, whereas
the overexpression of SLC25A28 facilitates ferroptosis. The
PINK1-PARK2 (critical mediators of mitophagy) pathway
mediates the degradation of SLC25A37 and SLC25A28, therefore
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increasing mitochondrial iron accumulation (Li C. et al,
2018). However, the function of mitophagy in ferroptosis
remains uncertain. Due to the depletion of mitochondria,
parkin-overexpressed HT1080 cells are less sensitive to
ferroptosis caused by cystine starvation or erastin (Gao
et al., 2019). The pharmacological inhibition of ETC also
suppresses ROS production and subsequent lipid peroxidation
and ferroptosis (Gao et al, 2019). Taken together, these
findings indicate that both the ubiquitin-proteasome system
(UPS) and autophagy pathways play a role in regulating
mitochondrial iron-dependent ferroptosis by affecting the
stability of mitochondrial iron importers.

CISD1 and CISD2

NEET proteins (also known as CISD proteins) belong to the Fe-S
protein family and are characterized by a unique CDGSH motif
in their Fe-S cluster-binding domain. There are three members of
CISD, namely CDGSH iron sulfur domain 1 (CISD1/mitoNEET),
CDGSH iron sulfur domain 2 (CISD2/NAF1), and CDGSH
iron sulfur domain 3 (CISD3). CISD1 and CISD3 are outer
mitochondrial membrane proteins, whereas CISD2 is mainly
located in the endoplasmic reticulum (ER) and mitochondria-
associated ER membranes. CISD1 and CISD2 promote tumor
growth and metastasis by regulating mitochondrial iron and ROS
metabolism. CISD1 and CISD2 were discovered as unexpected
targets for the peroxisome proliferator activated receptor gamma
(PPARG) agonist pioglitazone (Colca et al., 2004). Pioglitazone is
an anti-diabetic drug used in patients with type II diabetes, which
also stabilizes CISD1 and CISD2.

As expected, increased CISD1 expression suppresses erastin-
induced ferroptosis in human hepatocellular carcinoma cells
by limiting mitochondrial iron uptake (Yuan et al., 2016a).
Moreover, the knockdown of CISD1 by RNAI increases, whereas
stabilization of CISD1 by pioglitazone inhibits, mitochondrial
iron uptake and subsequent ferroptosis in response to erastin
(Yuanetal., 2016a). Similar to CISD1 as a repressor of ferroptosis,
CISD2 is associated with resistance to sulfasalazine-induced
ferroptosis in head and neck cancer (Kim et al., 2018). Gene
inhibition of CISD2 increases mitochondrial iron accumulation
and restores the sensitivity of ferroptosis-resistant cells to
sulfasalazine-induced cell death (Kim et al., 2018). In addition
to inhibiting ferroptosis, pioglitazone also has the ability to
enhance sulfasalazine- or buthionine sulfoximine (BSO)-induced
ferroptosis (Kim et al., 2018; Homma et al., 2020). The opposing
effects of pioglitazone on ferroptosis in different situations may
be due to the difference in cellular localization or function
between CISD1 and CISD2 and unknown targets.

Heat Shock Protein Family B Small
Member 1

Heat shock proteins (HSPs) are a class of functionally related
stress proteins. When cells are subjected to high temperature or
other environmental stress, the expression of HSPs is upregulated
to prevent cell damage and death. In addition to helping proteins
fold normally, several HSPs also have the ability to regulate iron
metabolism. In particular, the expression of heat shock protein

family B small member 1 (HSPB1, a member of small HSPs) is
increased in erastin-induced ferroptosis (Sun et al., 2015). Protein
kinase C (PRKC) further mediates HSPB1 phosphorylation,
which stabilizes the actin cytoskeleton (Sun et al., 2015). Finally,
a larger actin cytoskeleton inhibits iron uptake and subsequent
lipid peroxidation and ferroptosis (Sun et al., 2015). In addition,
HSPB1 can inhibit TFRC-mediated iron uptake (Chen et al,
2006), which may also help fight ferroptosis. Collectively,
increased HSPB1 expression can promote ferroptosis resistance
by blocking iron uptake.

Aconitase 1 and Iron-Responsive

Element Binding Protein 2

Cellular iron homeostasis is tightly regulated at the
posttranscriptional level by iron regulatory proteins (IRPs),
including aconitase 1 (ACO1/IRP1) and iron-responsive element
binding protein 2 (IREB2/IRP2), to adapt to a change of iron
levels (Figure 2). ACO1 is a Fe-S cluster protein that exists in two
forms. When iron is abundant, ACO1 exists in the Fe-S cluster
in the form of cytoplasmic aconitase. When iron is lacking,
ACOL presents in the Fe-S cluster as a regulator of translation.
Unlike ACO1, IREB2 is mainly regulated by protein degradation.
IREB2 is degraded when iron is excessive, and stable when iron
is deficient (Iwai et al., 1998). The iron-responsive elements
(IREs) located in the untranslated regions (UTRs) of mRNAs
are conserved hairpin structures and can be targeted by IPRs.
Depending on the iron charge, the main iron metabolism mRNA
is regulated by IRPs, including the genes involved in iron import
(e.g., TFRC and SLC11A2), storage (e.g., FTH1 and FTL), and
export (e.g., SLC40A1). However, the combination of IRP and
IRE located in the 5 UTR and 3’ UTR has the opposite effect. The
binding of IRPs to 5 IRE leads to the inhibition of translation
of mRNA, whereas the binding to 3’ IRE causes the promotion
of translation of mRNA by inhibiting the degradation of mRNA.
For example, under the condition of iron deficiency, IRPs bind
to the 3’ IREs of TFRC and SLC11A2 mRNAs and the 5" IREs
of SLC40A1 and FTH1/FTL mRNAs. As a result, IRP decreases
the synthesis of TFRC and SLC11A2, and increases the synthesis
of SLC40A1 and FTH1/FTL mRNAs. An excess of cytosolic iron
results in translational inhibition of TFRC and SLC11A2, and
translational induction of SLC40A1 and FTH1/FTL.

Both ACO1 and IREB2 have an impact on ferroptosis
sensitivity (Figure 2). The knockdown of NFSI cysteine
desulfurase (the biosynthetic enzyme of the Fe-S cluster) makes
cancer cells susceptible to ferroptosis (Alvarez et al., 2017).
Mechanistically, NFS1 suppression activates the iron starvation
response in an ACO1-dependent manner, therefore upregulating
the expression of TFRC and downregulating the expression
of FTH1 (Alvarez et al, 2017). Silencing IREB2 confers
protection against erastin-induced ferroptosis, but not against
other forms of cell death induced by staurosporine, rotenone,
rapamycin, MG132, camptothecin, or thapsigargin (Dixon et al.,
2012). In contrast, the knockdown of F-box and leucine-rich
repeat protein 5 (FBXL5) or the E3 ubiquitin ligase-mediated
proteasomal degradation of IREB2 enhances erastin-induced
ferroptosis (Dixon et al., 2012). Therefore, the dysregulation of
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FIGURE 2 | Translational regulation of iron homeostasis in ferroptosis. Ferroptosis is tightly regulated by IRPs (ACO1 and IREB2) at the translational level. The
binding of IRPs to IREs leads to increased ferroptosis sensitivity through the translation suppression of SLC40A1, FTH1, and FTL, as well as the translation activation
of TFRC and SLC11A2. The conversion of ACO1 into cytosolic aconitase blocks its binding to IREs. IREB2 is negatively regulated by FBXL5-mediated proteasomal
degradation. Inhibition of the translation activity of ACO1 or the degradation of IREB2 induces a decrease in iron levels and renders cells resistant to ferroptotic cell
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the IRP system can lead to iron-related effector changes, thereby
regulating ferroptosis.

Transcription Factors

Several transcription factors regulate ferroptosis by controlling
the expression of genes involved in iron-related metabolism.
Among them, nuclear factor erythroid 2-like 2 (NFE2L2/NRF2)
is the key transcription factor that regulates cytoprotective
responses to ferroptotic damage. One mechanism of its anti-
ferroptotic effect is the upregulation of several genes involved
in iron metabolism, such as FTHI1 (Sun et al., 2016b), SLC40A1,
HMOXI1 (Shin et al., 2018; Fang et al., 2019), and metallothionein
1G (MTI1G) (Sun et al., 2016a). BTB domain and CNC homolog
1 (BACHI) is a heme-binding transcription factor involved in
the regulation of the oxidative stress and heme/iron-related
metabolic pathways. The activation of BACH1 enhances erastin-
induced ferroptosis through transcriptional downregulation of
FTH1, FTL, and SLC40A1 (Nishizawa et al., 2020). The
transcription factor metal regulatory transcription factor 1
(MTF1) regulates the expression of several iron-related genes,
such as FTH1, FTL, and SLC40A1, and is responsible for ATM
serine/threonine kinase inhibition-rescued ferroptosis (Chen
P.H. etal., 2020). Cell-to-cell contact can protect cancer cells from
ferroptosis by inhibiting the expression of TFRC mediated by
transcription factor yes-associated protein 1 (YAP1) (Wu et al,,
2019). Heat shock transcription factor 1 (HSF1) is required for
erastin-induced expression of HSPB1, which inhibits ferroptosis
by blocking cytoskeleton-mediated iron uptake as discussed

above (Sun et al., 2015). These findings suggest that multiple
stress-related transcription factors play a context-dependent
role in ferroptosis.

In addition, hypoxia-inducible factor (HIF) also plays a
complex role in ferroptosis, which is regulated by EGLNs (oxygen
and iron-dependent enzymes). Under normal oxygen conditions,
EGLNs hydroxylate the HIFa subunit, which facilitates its
interaction with the von Hippel-Lindau E3 ubiquitin ligase
complex and ultimately leads to the proteasome degradation
of the HIFa subunit. Under conditions of hypoxia or iron
depletion, the activity of EGLNs is inhibited, leading to the
stabilization of the HIF subunit, and at the same time the
heterodimerization of the a and B subunits of HIF. HIF1 or
HIF2 regulates many genes involved in iron homeostasis, such as
TFRC, SLC11A2, SLC40A1, CP, HMOX1, and HAMP. Stabilizing
HIF1A by hypoxia or cobalt chloride inhibits ferroptosis (Yang
et al, 2019), whereas endothelial PAS domain protein 1
(EPAS1/HIF2A) promotes ferroptosis in certain cancer cells (Zou
et al., 2019). However, the key downstream genes (not limited
to iron metabolism) responsible for HIF-mediated regulation of
ferroptosis still need to be further researched.

THERAPEUTIC IMPLICATIONS OF IRON
CHELATORS

Impaired ferroptotic pathways are implicated in various
pathologic conditions (e.g., I/R injury and infection) and diseases
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(e.g., cancer and neurodegenerative diseases) (Xie et al., 2016a;
Stockwell et al., 2017). Iron chelators are currently used to
treat iron overload diseases. Numerous studies have shown
that iron chelators can block ferroptosis in vitro and in vivo, as
described below.

Deferoxamine

Deferoxamine (DFO) is a natural product isolated from the soil
bacterium Streptomyces pilosus, and used in the treatment of iron
overload patients or aluminum poisoning. As an iron chelator,
DFO is a polar molecule with low membrane permeability, which
can enter cells through endocytosis. It reacts with Fe3 T, especially
Fe’T in the form of methanesulfonate, and generates a stable
octahedral coordination compound, feroxamine, which can be
eliminated by the kidneys. DFO has also been shown to stabilize
HIF1A by inhibiting the activity of iron-dependent EGLNS, or
induce the transcriptional upregulation of HIF1IA (Wang and
Semenza, 1993). Since DFO was first discovered to have an
inhibitory effect on ferroptosis caused by erastin and RSL3,
DFO is the drug most widely used to inhibit lipid peroxidation-
mediated ferroptosis under various conditions (Dixon et al,
2012). In addition to treating iron overload, DFO also has
potential antitumor activity against a variety of cancers in vivo
and in vitro (Buss et al., 2003). However, ferroptosis plays a
dual role in cancer biology. Notably, DFO is poorly absorbed
and cleared quickly, resulting in ineffective oral administration.
Therefore, increasing DFO absorption and metabolic stability is
a challenge for its application.

Deferasirox

Deferasirox is a membrane-permeable iron chelator and the first
oral medication approved by the Food and Drug Administration
(FDA) for chronic iron overload in the body caused by
multiple blood transfusions. It can also be used to treat chronic
iron overload in patients with certain blood diseases that
do not require blood transfusion (non-transfusion-dependent
thalassemia). Deferasirox is a tridentate ligand selective for Fe3+
that binds Fe** at a ratio of 2:1 to form a stable complex. The
deferasirox-iron complex is excreted through the kidneys. Unlike
iron, deferasirox has a low affinity for zinc and copper. Moreover,
deferasirox has a property of inhibiting nuclear factor kappa B
(NFKB) (Messa et al., 2010), indicating that deferasirox may
be used for limiting inflammation responses in immune cells.
Indeed, deferasirox and DFO inhibit hemin-induced ferroptotic
cell death and ROS generation in human monocytes (Imoto et al.,
2018), thereby increasing the possibility that iron-dependent
ferroptosis is involved in activating inflammation.

Deferiprone

Deferiprone is an oral iron chelator approved by the FDA. When
blood transfusion causes iron overload, it can be used as a second-
line drug for thalassemia syndrome. Deferiprone combines with
Fe’T in a ratio of 3:1 to form a stable complex, which is then
eliminated in the urine. Deferiprone is selective for iron, but has
a relatively low affinity for other metals (e.g., zinc, copper, and
aluminum). Compared to DFO and deferasirox, deferiprone is
most effective in the chelation of cardiac iron and equivalent to

DFO in the chelation of liver iron. In differentiated Lund human
mesencephalic cells, deferiprone is able to specifically inhibit
erastin- and glutamate-induced ferroptosis (Do Van et al., 2016).
However, whether deferiprone can protect against ferroptosis-
mediated tissue damage in vivo is unclear.

Ciclopirox

Ciclopirox is a synthetic broad-spectrum antifungal drug that
has been approved by the FDA for the topical dermatological
treatment of epidermal mold. This agent is particularly
effective in treating tinea versicolor. In addition, ciclopirox
has also been shown to exhibit anti-inflammatory effects in
human polymorphonuclear cells. The antibacterial and anti-
inflammatory properties of ciclopirox may be due to its high
affinity for trivalent cations (e.g., Fe>™ and AI**), and Fe** and
AP are essential cofactors in enzymes. For example, ciclopirox
exhibits anti-inflammatory activity by inhibiting the activity
of iron-containing arachidonate 5-lipoxygenase (ALOX5) and
prostaglandin endoperoxide synthase (PTGS/cyclooxygenase)
(Hanel et al., 1991). Ciclopirox is capable of inhibiting ferroptotic
cell death, but whether this anti-ferroptosis activity of ciclopirox
depends on the inhibition of ALOX5 or PTGS activity is unclear
(Dixon et al., 2012).

Dexrazoxane

Dexrazoxane is a cyclic derivative of EDTA that easily penetrates
cell membranes. It is an orphan drug approved by the FDA and
can be used in protecting the heart from the cardiotoxic effects of
anthracyclines, such as doxorubicin. The precise cardioprotective
mechanism of dexrazoxane is not fully understood, but several
mechanisms have been proposed. First, the cardioprotective
activity of dexrazoxane appears due to the inhibition of the
formation of a toxic iron anthracycline complex. Second,
dexrazoxane is a pro-drug converted intracellularly to a ring-
opened bidentate iron-chelating agent that interferes with iron-
mediated ROS production. Third, the cardioprotective activity
of dexrazoxane also involves the inhibition of topoisomerase
II-mediated DNA double-strand breaks. Fourth, dexrazoxane
or ferrostatin-1 inhibits ferroptosis in a doxorubicin-induced
cardiac injury model (Fang et al., 2019). Of note, other studies
suggest that Mito-FerroGreen (MFG, a fluorescence indicator
specifically chelating Fe?* in mitochondria), but not dexrazoxane
and DFO, prevents doxorubicin-induced lipid peroxidation
and mitochondria-dependent ferroptosis in cardiomyopathy
(Tadokoro et al., 2020), indicating that mitochondrial iron may
play a major role in mediating ferroptotic heart damage.

Baicalein

Baicalein is a flavonoid extracted from Scutellaria baicalensis
Georgi and has free 5,6,7- hydroxyl groups that form complexes
with iron in a stoichiometry of 1:1. Compared to a natural
product library of 143 compounds, baicalein showed the
strongest protection against erastin-induced ferroptotic cell death
in human pancreatic cancer cell lines (Xie et al., 2016b). Baicalein
reverses erastin-induced intracellular iron accumulation, GSH
depletion, and GPX4 degradation (Xie et al., 2016b). In addition
to cancer cells, baicalein exerts neuroprotective effects on
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posttraumatic epileptic seizures by repressing ferroptotic cell
death in mouse models (Li et al., 2019). Baicalein is also effective
in inhibiting ferric ammonium citrate (FAC)-induced HT22
hippocampal neuron damage (Li et al., 2019). Moreover, baicalein
markedly decreases iron-induced lipid peroxidation and inhibits
the expression of arachidonate 12-lipoxygenase (ALOX12) or
arachidonate 15-lipoxygenase (ALOX15) in HT22 cells (Li et al.,
2019). In addition to its iron chelator activity, baicalein also
inhibits the activity of several oxidases (e.g., ALOXs), which may
also contribute to its anti-ferroptosis effect (Yang et al., 2016).

Other Iron Chelators

Another Fe?T chelator is 2,2’-bipyridine, which is membrane-
permeant and known to sequester iron from labile iron pool (LIP)
in cells. The 2,2-bipyridine may enter mitochondria and chelate
mitochondrial iron, therefore decreasing the generation of ROS
(Chang et al,, 2016). As expected, 2,2'-bipyridine is an inhibitor
of ferroptosis by decreasing iron-dependent lipid peroxidation
(Dixon et al., 2012). Additionally, 1,10-phenanthroline is also
an Fe?* chelating agent, with coordination properties similar
to 2,2'-bipyridine. The 1,10-phenanthroline blocks zero-valent
iron nanoparticle-induced mitochondrial ROS accumulation and
subsequent ferroptosis in vitro (Huang et al., 2019).

CONCLUSION AND PERSPECTIVES

Excess of free reactive iron can cause various types of
cell death, including a recently recognized type, ferroptosis.
Although the core molecular effector of ferroptosis is unclear,
ferroptosis is induced by the activation of iron-dependent lipid
peroxidation (Kuang et al., 2020). Significant progress has
been made in dissecting the mechanisms that lead to lipid
peroxidation and how antioxidant systems or stress proteins
regulate ferroptosis. However, the exact contribution of iron-
mediated ROS production and iron-containing enzymes in
ferroptosis and its dynamic relationship with other types of RCDs
is still poorly understood. In ferroptosis, whether any proteins
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In stroke and other neurological diseases, Transient Receptor Potential Melastatin 4
(TRPM4) has been reported to cause oncotic cell death which is due to an excessive
influx of sodium ions. Following stroke, hypoxia condition activates TRPM4 channel, and
the sodium influx via TRPM4 is further enhanced by an increased TRPM4 expression.
However, the effect of TRPM4 inhibition on oncotic cell death, particularly during the
acute stage, remains largely unknown. Recently, we have developed a polyclonal
antibody M4P that specifically inhibits TRPM4 channel. M4P blocks the channel via
binding to a region close to the channel pore from extracellular space. Using M4P,
we evaluated the acute effect of blocking TRPM4 in neurons, astrocytes, and vascular
endothelial cells. In a rat stroke model, M4P co-localized with neuronal marker NeuN and
endothelial marker VWF, whereas few GFAP positive astrocytes were stained by M4P in
the ipsilateral hemisphere. When ATP was acutely depleted in cultured cortical neurons
and microvascular endothelial cells, cell swelling was induced. Application of M4P
significantly blocked TRPM4 current and attenuated oncosis. TUNEL assay, Pl staining
and western blot on cleaved Caspase-3 revealed that M4P could ameliorate apoptosis
after 24 h hypoxia exposure. In contrast, acute ATP depletion in cultured astrocytes
failed to demonstrate an increase of cell volume, and application of M4P or control IgG
had no effect on cell volume change. When TRPM4 was overexpressed in astrocytes,
acute ATP depletion successfully induced oncosis which could be suppressed by M4P
treatment. Our results demonstrate that comparing to astrocytes, neurons, and vascular
endothelial cells are more vulnerable to hypoxic injury. During the acute stage of stroke,
blocking TRPM4 channel could protect neurons and vascular endothelial cells from
oncotic cell death.
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INTRODUCTION

Stroke is a leading cause of disability worldwide, and of all
strokes, more than 80% are ischemic (Virani et al., 2020).
Cerebral edema is common among stroke patients, particularly
after reperfusion. There are two types of edema, cytotoxic,
and vasogenic, which are caused by cell swelling or increased
vascular permeability (Rosenberg, 1999). It has been reported
that stroke patients with severe edema have a mortality of
up to 60-80% (Hacke et al., 1996; Berrouschot et al., 1998).
Harnessing cerebral edema is thus pivotal in improving stroke
outcome. However, neuroprotective agents targeting cerebral
edema have not been translated into clinical treatments. For
example, blockers for NMDA receptor failed to show beneficial
effects due to their narrow therapeutic windows and adverse
effects (Wu and Tymianski, 2018). One major reason is that the
cellular and molecular mechanisms underlying cerebral edema
remain largely unclear.

There are two types of cell death in stroke: cell swelling,
also known as oncosis or oncotic cell death (Weerasinghe and
Buja, 2012), and programmed cell death (Majno and Joris,
1995). Oncosis is caused by increased membrane permeability
which leads to cell swelling. Whereas in programmed apoptosis,
cell shrinkage and fragmentation into apoptotic bodies are
typical features. Following oncosis or apoptosis, cells undergo
irreversible necrosis and phagocytosis (Lipton, 1999). In stroke,
there have a heterogeneous distribution of oncotic and apoptotic
processes across affected brain regions (Charriaut-Marlangue
et al., 1996). At the point of insult, the death pathway varies
among cell types as well (Martin et al., 1998). Understanding
the mechanisms behind such differences could pave the way for
novel therapies.

Recently, novel evidence has emerged regarding the
pathophysiological role of the transient receptor potential
(TRP) channels in stoke (Zhang and Liao, 2015). Among the
largest TRP subfamily, transient receptor potential melastatin
(TRPM), several members have demonstrated as potential
drug targets for stroke. Activation of TRPM2, an oxidative
stress-sensitive channel, contributes to neuronal death following
hypoxia/ischemia. TRPM2 inhibition has been shown to yield a
neuroprotective effect in stroke reperfusion and global cerebral
hypoxia (Toda et al., 2019; Hong et al., 2020). Another member
TRPM7 has a unique property of both cation permeability
and kinase activity (Inoue et al, 2020). TRPM7 plays an
important role in cell volume regulation (Numata et al,
2007), excessive influx of the metal ions Ca?*, Mg?*, and
Zn2T through TRPM?7 is highly toxic (Inoue et al., 2010). In
addition to suppress metal ion overloading, blocking TRPM?7
could also inhibit ROS production in neurons following
hypoxia (Aarts et al, 2003). The most extensively studied
TRPM channel in stroke is TRPM4 which has been found
to play an important role in oncotic cell death (Gerzanich
et al., 2009; Loh et al., 2019). TRPM4 is an ATP-sensitive
non-selective cation channel that can be activated by an
increased intracellular Ca®* level as well as ATP depletion
(Vennekens and Nilius, 2007). Both TRPM4 expression and
activity are enhanced after stroke (Loh et al., 2014; Chen et al,,

2019b). Under hypoxic condition, excessive Na' influx via
TRPM4 contributes to intracellular jonic imbalance, leading
to cell swelling (Gerzanich et al., 2009; Schattling et al., 2012).
Therefore, TRPM4 has become a potential target for stroke
management (Walcott et al., 2012; Loh et al., 2014; Hu and Song,
2017; Chen et al., 2019D).

Sulfonylurea receptor-1 (SUR1) has been reported to interact
with TRPM4, forming a SUR1-TRPM4 channel complex (Simard
et al, 2010). SURIL blocker glibenclamide is believed to block
the channel complex and yields a therapeutic effect on stroke
(Kurland et al., 2013). However, glibenclamide requires the
presence of SUR1 which needs to be expressed at a certain level to
yield a pharmacological effect (Woo et al., 2013). Without SUR1,
glibenclamide could not inhibit TRPM4 channel activity (Sala-
Rabanal et al.,, 2012). Recently, we have developed a polyclonal
antibody M4P that specifically inhibits TRPM4 channel (Chen
et al., 2019a). M4P binds to a region close to the channel
pore from extracellular space and yields an inhibitory effect via
two mechanisms: (1) blocks TRPM4 current directly; (2) down
regulates TRPM4 expression on cell membrane. In a rat model of
stroke reperfusion, application of M4P ameliorated reperfusion
injury by protecting blood-brain barrier (BBB) and improved
stroke outcome (Chen et al., 2019a).

In this study, we extended our research on M4P to its
anti-oncotic effect on various cell types within the brain
including neurons, astrocytes and vascular endothelial cells.
Although TRPM4 has been well documented in stroke, the exact
role of TRPM4 inhibition on oncotic cell death, particularly
during the acute stage, remains largely unclear. Using M4P
as a specific blocker for TRPM4, we are able to decipher
how TRPM4 engages in disease progression immediately after
ischemia which is common in stroke and many other disorders
of central nervous system.

MATERIALS AND METHODS

Animal Model of Middle Cerebral Artery
Occlusion (MCAO)

This study was approved and conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee
of the National Neuroscience Institute, Singapore. The stroke
model has been described previously (Loh et al,, 2014; Chen
et al., 2019a,b). In brief, male Sprague Dawley rats weighing
approximately 250-280 g were anesthetized with ketamine
(75 mg/kg) and xylazine (10 mg/kg) intraperitoneally. Rectal
temperature was monitored using a rectal probe, connecting
to the PowerLab 4/35 by a T-type pod (MLT1403&312, RET-
2, AD Instruments). The left common carotid artery (CCA),
internal carotid artery (ICA) and external carotid artery (ECA)
were dissected out. A silicon-coated filament (0.37 mm, Cat
#403756PK10, Doccol Corp., Redlands, CA, United States) was
introduced into the left ICA through ECA. Cerebral blood flow
of the animals was monitored by a Laser-Doppler flowmetry
(moorVMS-LDF2™, Moor Instruments Inc., Wilmington, DE,
United States). Animals with <70% cerebral blood flow reduction
were excluded from the study.
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Generation of Polyclonal Antibody M4P

The production of rabbit polyclonal antibody M4P has been
described in our recent publication (Chen et al., 2019a). M4P was
designed to bind to and block rat TRPM4 channel specifically.

Primary Rat Cortical Neurons,
Astrocytes and Rat Brain Microvascular
Endothelial Cells (RBMVECS) Culture

Primary cortical neurons were prepared from embryonic day
18 (E18) pregnant Sprague Dawley rats. Fetal brain cortex
was dissociated and digested for 40 min in Earle’s Balanced
Salt Solution (EBSS, Thermo Fisher Scientific, Waltham, MA,
United States) containing 20 U/mL papain (Worthington,
Lakewood, NJ, United States). Dissociated cells were seeded
on 12 mm round glass coverslips coated with poly-L-lysine
and laminin and placed into 60 mm tissue culture dishes with
neuron culture medium containing Neurobasal Medium, 2%
B27 supplement, 1% GlutaMAX supplement (Thermo Fisher
Scientific, Waltham, MA, United States). Medium was replaced
1 day after plating, and half of the medium was changed every
3 days. The cells were treated with 4 pM cytosine arabinoside
from days in vitro (DIV) 3-6 to restrict mitotic cell proliferation
and maintained for 10-21 days in neuron culture medium at
37°C.

For primary culture of cortical astrocytes, cells from cerebral
cortex were digested, dissociated, and maintained for 10 days
in DMEM supplemented with 10% FBS. Cultures were then
treated with 10 wM Ara-C, shaken at 240 rpm for 6 h to remove
oligodendrocyte precursor cells and replanted for experiments.

Rat brain microvascular endothelial cells were purchased
from Cell Applications Inc (Cell Applications, San Diego, CA,
United States). The culture Growth Medium and Basal medium
(contains no growth supplement) were also obtained from Cell
Applications Inc. Cells at passages 5-10 were used for study as
per the manufacturer’s reccommendation.

Hypoxia Induction

For acute oxygen-glucose deprivation (OGD) during patch clamp
recording, the cells (neurons, astrocytes, or vascular endothelial
cells) were perfused with an anoxic artificial cerebrospinal fluid
(aCSF) containing 5 mM NaN3 and 10 mM 2-deoxyglucose.

For 24-h OGD, the cells were grown in respective hypoxic
media and placed in a polycarbonate hypoxia induction
chamber (Modular Incubator Chamber, #27310, STEMCELL
Technologies Inc., Vancouver, BC, Canada). The chamber was
first flushed with a gas mixture containing 1% O3, 5% CO.,
and 94% N, for 5 min to purge the ambient air from the
chamber. Following that, the hypoxia chamber was tightly
sealed, and placed in a 37°C incubator for 24 h. The hypoxic
medium for neurons contains serum-free low glucose EBSS
medium, pH7.4 (1.8 mM CaCly; 0.8 mM MgSOy4; 5.3 mM
KCl; 26.2 mM NaHCOs3; 117.2 mM NaCl; 1 mM NaH,POy;
1.85 mM D-Glucose) with 100 U/ml Penicilin-Streptomycin. For
astrocytes, the hypoxic medium is DMEM with free glucose.
For RBMVECs, the hypoxic medium is the Basal Medium

purchased from Cell Applications (Cell Applications Inc., San
Diego, CA, United States).

Immunofluorescent Staining and
Western Blot

Immunofluorescent staining was performed as previously
described (Loh et al., 2014). In brief, the rats were sacrificed
and perfused 1 day after stroke induction. Then, the brains were
harvested and sectioned at 10 pm in thickness. Following fixation
with 4% paraformaldehyde, the brain slice was incubated in
100 pl blocking serum (10% fetal bovine serum in 0.2% PBST)
for 1 h. The samples were then incubated with primary antibodies
overnight at 4 °C. Primary antibodies include M4P (rabbit,
10 ng/ul), anti-NeuN (MAB377, Millipore, Burlington, MA,
United States, 1:250), anti-GFAP (IF03L, Millipore, Burlington,
MA, United States, 1:200), and anti-vWF (AB7356, Millipore,
Burlington, MA, United States, 1:200). After washing with
0.1% Triton/phosphate-buffered saline, the slides were incubated
with secondary antibodies before being visualized using a laser
scanning confocal microscope system (FV31S-SW Fluoview,
Olympus, Tokyo, Japan). Secondary antibodies include donkey
anti-rabbit conjugated with Alexa Fluor 488 and chicken anti-
mouse conjugated with Alexa Fluor 594 (Catalog # A-21206,
and A-21201, Life Technologies Corporation, Grand Island,
NY, United States).

To perform western blot, 30 pg of total protein was
resolved on 10% SDS-PAGE gels at 80V, and electrophoretically
transferred to PVDF membranes (1620177, Bio-Rad, Santa Rosa,
CA, United States) at 100V for 2 h at 4°C. After blocking
with StartingBlock (PBS) blocking buffer (37538, Thermo Fisher
Scientific, Waltham, MA, United States) for 1 h at room
temperature, membranes were incubated overnight at 4°C with
primary polyclonal antibody for cleaved Caspase-3 (# 9661,
Cell Signaling Technology Inc., Danvers, MA, United States)
and subsequent secondary goat anti-rabbit IgG (A4914, Sigma-
Aldrich, St. Louis, MO, United States, 1:5000). After probing with
the ECL system, the membrane was incubated with the Restore™
PLUS Western Blot Stripping Buffer (#46428, Thermo Fisher
Scientific, Waltham, MA, United States). Primary anti-B-actin
(A1978, Sigma-Aldrich, St. Louis, MO, United States, 1:5000)
and secondary goat anti-mouse IgG or (A4416 Sigma-Aldrich,
St. Louis, MO, United States, 1:5000) were then used for the
detection of B-actin.

TUNEL (Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling)

Assay for Apoptosis

TUNEL labeling was performed using the In Situ Cell Death
Detection Kit, Fluorescein (11684795910, Roche Diagnostics,
Germany). The cells cultured on glass coverslips were treated and
fixed with 4% paraformaldehyde for TUNEL staining according
to the manufacturer’s instructions. The cells were counterstained
with DAPI to visualize the cell nuclei. The glass coverslips
then mounted onto glass slides and the images were captured
with a laser scanning confocal microscope system (FV31S-SW
Fluoview, Olympus, Tokyo, Japan).
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Pl (Propidium lodide) Assay

The treated cells on glass coverslips were added with culture
media containing 1:100 dilution of 1 mg/mL of the PI stock
solution (P1304MP, Thermo Fisher Scientific, Waltham, MA,
United States). The cells were incubated for 15 min in a cell
culture humidified incubator set at 37°C with 5% CO,. After
which, the cells were washed three times with PBS and fixed with
4% paraformaldehyde. The cells were counterstained with DAPI
and mounted onto glass slides. The images were captured with
the confocal microscope.

Transfection

Transfection was performed on cell cultures on coated coverslips
in 24-well plates using Lipofectamine-2000 (Life Technologies,
Carlsbad, CA, United States) according to the manufacturer’s
instructions. The transfection mix consisted 1 pug plasmid DNA
and 1.5 pl Lipofectamine™ 2000 reagent for each well. Mouse
TRPM4 (pIRES-EGFP-TRPM4) was transiently expressed
in astrocytes, TRPM2 or TRPM7 was co-transfected with
GFP-containing vector pEGFP-N1 in HEK 293 cells. Mouse
TRPM2 (Myc-DDK-tagged) was purchased from OriGene
(CAT # MR225380, OriGene, Technologies Inc., Rockville,
MD, United States), pcDNA4/TO mTRPM7 was a gift from
Andrew Scharenberg (Addgene plasmid # 45482; RRID:
Addgene_45482)".

Electrophysiology
Whole-cell patch clamp was used to examine the
electrophysiological ~properties of the cultured cells at

room temperature. Patch electrodes were pulled using a
Flaming/Brown micropipette puller (P-1000, Sutter Instrument,
Novato, CA, United States) and polished with a microforge (MF-
200, WPI Inc., Sarasota, FL, United States). Whole-cell currents
were recorded using a patch clamp amplifier (Multiclamp 700B
equipped with Digidata 1440A, Molecular Devices, San Jose, CA,
United States). The bath solution contained (in millimole/liter):
NaCl 140, CaCl, 2, KCI 2, MgCl; 1, glucose 20, and HEPES 20 at
pH 7.4. The internal solution contained (in millimole/liter): CsCl
156, MgCl, 1, EGTA 10, and HEPES 10 at pH 7.2 adjusted with
CsOH (Schattling et al., 2012). Rabbit IgG or M4P was added into
bath solution at a concentration of 20.8 pg/ml for 30 min before
recording. Ischemia/Hypoxia was induced by applying a bath
solution containing 5 mM NaNj and 10 mM 2-deoxyglucose
(2-DG) continuously through a MicroFil (34 Gauge, WPI Inc,,
United States) around 10 um away from the recording cells. The
flow rate was 200 pl/min. The current-voltage relations were
measured by applying voltage ramps for 250 ms from -100 to
+100 mV at a holding potential of —70 mV for neurons, or 0 mV
for astrocyte and vascular endothelial cells. The sampling rate
was 20 kHz and the filter setting was 1 KHz. Data were analyzed
using pClamp 10, version 10.2 (Molecular Devices, San Jose,
CA, United States). Cell membrane capacitance was recorded
by online capacitance measurement in Clampex of pClamp 10
with the update rate at 100 Hz and Membrane Test function was
used to set the compensation every 1 min). The images of every

Uhttps://n2t.net/addgene:45482

cell were also captured before and after hypoxia induction to
compare the changes of cell size.

For TRPM2 current recording in HEK 293 cells, the bath
solution contained (in millimole/liter): NaCl 140, CaCl, 2, KCl
2, MgCl, 1, glucose 20 and HEPES 20 at pH 7.4. The pipette
solution contained (in millimole/liter): Cs-methanesulfonate 145,
NaCl 8, EGTA 1 and HEPES 10 at pH 7.2 adjusted with CsOH
(Du et al., 2009), free internal Ca?* [Ca?*]; was adjusted to
100 pM based on calculations using Maxchelator® (Du et al.,
2009). For TRPM7 current recording in HEK 293 cells, 24 h after
transfection, TRPM?7 expression was induced by adding 1 pg/ml
tetracycline to DMEM culture medium. Whole-cell patch clamp
was performed 18-26 h after induction, the divalent-free bath
solution was used which containing (in millimole/liter : NaCl
145, EGTA 10, glucose 10 and HEPES 20 at pH 7.4 (Jiang et al.,
2005), the pipette solution contained (in millimole/liter): Cs-
methanesulfonate 145, NaCl 8, EGTA 1 and HEPES 10 at pH
7.2 adjusted with CsOH. For all HEK 293 cells recording, 250-
ms voltage ramps from —100 to +100 mV was applied. Holding
potential: 0 mV.

Statistical Analysis
Data are expressed as the mean £S.E.M. Statistical analyses
were performed using GraphPad Prism version 6.0. Two-tailed
unpaired student’s ¢-test was used to compare two means. One-
way ANOVA with Bonferroni’s multiple comparison test was
used to compare >3 means.

RESULTS

M4P Detects Upregulated TRPM4

Expression in Ischemic Stroke

To study the expression of TRPM4 in various cell types after
stroke, a permanent MCAO model was created in male Sprague
Dawley rats. It has been reported that the expression of TRPM4
is low in all cell types in the contralateral hemisphere after
stroke (Loh et al., 2014). In this study, TRPM4 expression in the
ipsilateral hemisphere was detected by the rat TRPM4 specific
antibody M4P. We focus on the area close to the infarct core
where the tissue is still viable, but has been affected by hypoxia.
M4P was found to co-localize with neuronal marker NeuN and
endothelial cell marker vWF. In contrast, few GFAP positive
astrocytes were stained by M4P (Figure 1A). In contralateral
hemisphere, the expression of TRPM4 was low in all cell types
(Figure 1B). This result suggests that comparing to astrocytes,
TRPM4 expression is higher in neuron and vascular endothelial
cell following stroke induction.

M4P Inhibits TRPM4 Activity in Cortical
Neurons and Ameliorate
Hypoxia-Induced Cell Swelling

To investigate the role of TRPM4 inhibition on neurons, cortical
neurons were pre-incubated with M4P or control rabbit IgG for

2https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/
webmaxcS.htm
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FIGURE 1 | Using M4P to detect TRPM4 expression in a rat model of stroke. (A) Brain slices from ipsilateral hemisphere were double stained with M4P and
neuronal marker NeuN (upper panel), astrocyte marker GFAP (middle panel), or endothelial cell marker VWF (lower panel). (B) Immunofluorescent staining of TRPM4
expression in the contralateral hemisphere. Scale bars 50 pm.
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FIGURE 2 | M4P blocks TRPM4 activity in cultured cortical neurons and prevents hypoxia-induced cell swelling. (A) Sample traces from a cortical neuron
pre-treated with control rabbit IgG (20.8 pg/ml) for 30 min. Acute hypoxia was induced by adding 5 mM NaNz and 10 mM 2-DG to the neuron for 7 min. 250-ms
voltage ramps from —100 to +100 mV was applied at 1 min interval. Holding potential: =70 mV. The pipette solution contained a calculated 7.4 uM free Ca?+.

(B) Sample traces from a cortical neuron pre-treated with M4P at 20.8 pg/ml for 30 min. The recording protocol is similar to that described in (A).

(C) Time-dependent current changes at 100 mV from (A,B). All currents were normalized to baseline before hypoxic induction. (D) Summarized current-voltage
relationship at O min under hypoxia for control IgG (n = 9) and M4P (n = 8) treatments. (E) Summary of currents at -100 and 100 mV at O min under hypoxia. Control
IgG: n =9; M4P: n = 8. (F) Summarized current-voltage relationship at 7 min under hypoxia for control IgG (n = 9) and M4P (n = 8) treatments. (G) Summary of
currents at -100 and 100 mV at 7 min under hypoxia. Control IgG: n = 9; M4P: n = 8. (H) Time course of normalized membrane capacitance (C,) under hypoxic
conditions. Control IgG: n = 9; M4P: n = 8. Statistical analysis was performed by two tailed unpaired student’s t-test for (E,G), and two-way ANOVA test with

post hoc Bonferroni’s analysis for H. *p < 0.05, **p < 0.01, **p < 0.001, and #p < 0.0001, ns, non-significant.
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30 min before patch clamping. To induce acute hypoxia, 5 mM
sodium azide (NaN3) and 10 mM 2-deoxyglucose (2-DG) was
applied to the cells during recording to inhibit mitochondrial
respiration and energy metabolism (Chen et al., 2019a). Current-
voltage relationship of cortical neurons were obtained by whole-
cell patch clamp ramp protocols applied from -100 to +100 mV.
The neurons were held at —70 mV to reflect the native resting
membrane potential. Under control IgG treatment, the current
exhibited a continuous rise during the 7-min hypoxia incubation
(Figures 2A,C). Whereas no current increase was observed with
M4P treatment (Figures 2B,C). Before hypoxia induction, we
did not observe difference between M4P and IgG treated cells
(Figures 2D,E). We further compared the currents at 7 min
after hypoxia induction, and found that the TRPM4 activity
was significantly blocked by M4P application. At 4100 mV, the
current was reduced by 37.5%, from 1214.3 & 160.9 pA in control
IgG group to 758.3 £ 97.8 pA in M4P group (Figures 2EG).
This result suggests that the current increase by acute hypoxia
is mainly contributed by TRPM4 channel. Next, we measured
cell volume change after acute hypoxia. As cell membrane
capacitance (C,,) has been reported to have a positive linear
correlation with cell volume (Satoh et al., 1996), we monitored
Cn changes as a surrogate of cell volume during the 7-min
hypoxia treatment (Figure 2H). In control IgG group, the C,,, was
found to increase gradually. At 7 min, the C,, has reached 131.3%
of baseline level before hypoxia induction. In M4P treated cells,
no change was observed during the 7-min hypoxia treatment.

To validate the results from C,, measurement, we further
captured the images of the cells before and after hypoxia

treatment, and analyzed cell area using Image] software. Sample
images taken at 0 min and 7 min of the same cell clearly showed
that acute hypoxia treatment could induce cell area increase
(Figure 3A). Summary of cell area quantification demonstrated
that in IgG treatment group, the cell area at 7 min was increased
to 136.8 £ 2.9% of baseline (Figure 3B), similar to the result from
C,» measurement. Again, neurons with M4P treatment showed
no significant change in cell area after 7-min hypoxia induction
(Figure 3B). This result clearly indicates that acute hypoxia is able
to induce cell swelling in cortical neurons, and blocking TRPM4
current with M4P antibody could attenuate cytotoxic edema.
To investigate whether M4P application could protect neurons
from apoptotic cell death, we cultured the cells in a hypoxic
medium and incubated them in a hypoxia/anoxia chamber
containing 1% O3, 5% CO,, and 94% N; for 24 h. Cleaved
Caspase-3, a marker of apoptosis, was detected with western
blot (Figure 3C). Analysis of cleaved Caspase-3 expression
revealed that M4P treatment successfully attenuated hypoxia-
induced apoptosis (Figure 3D). TUNEL assay (Figures 3E,F), PI
staining (Figures 3G,H) also revealed that M4P could ameliorate
apoptosis after 24 h hypoxia exposure.

M4P Inhibits TRPM4 Activity in RBMVEC
and Ameliorate Hypoxia-Induced Cell

Swelling

The integrity of the BBB is compromised in stroke, and cerebral
vascular endothelial cells are critical to sense hypoxia and
respond by disrupting barrier function (Shah and Abbruscato,
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FIGURE 3 | M4P inhibits hypoxia-induced cell swelling and cell death in cortical neurons. (A) Representative images of a neuron taken before (0 min) and after
hypoxia induction (7 min). Scale bars: 20 pm. (B) Summary of normalized cell body areas with IgG (n = 9) or M4P (n = 8) treatment. (C) Western blot of cleaved
Caspase-3 in cortical neurons incubated with IgG or M4P at 10.4 pg/ml for 24 h, NT, non-treatment. (D) Summary of Cleaved Caspase-3 expression (normalized to
actin) under hypoxia. n = 4 for IgG, M4P, and NT. (E) TUNEL assay of cortical neurons under hypoxia condition for 24 h treated with IgG (upper panel) or M4P (lower
panel). Scale bars: 50 um. (F) Quantification of TUNEL positive cells (TUNEL Pos cells), n = 4. (G) Pl assay of cortical neurons under hypoxia condition for 24 h
treated with IgG (upper panel) or M4P (lower panel). Scale bar: 50 wm. (H) Quantification of Pl positive cells (PI Pos cells), n = 3. In (B,F,H), statistical analysis was
performed by two tailed unpaired student’s t-test; in (D), by one-way ANOVA with Bonferroni’s post hoc analysis. *o < 0.05 and #p < 0.0001.
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2014). To study the role of TRPM4 in vascular endothelial
cells, we cultured rat brain microvascular endothelial cells
(RBMVECs). Current-voltage relationship of RBMVECs were
first obtained by whole-cell patch clamp using ramp protocols
applied from -100 to +100 mV. The potential was held at 0
mV which is different to the —70 mV for neurons. Similarly
as to neurons, RBMVECs were incubated with 20.8 pg/ml IgG
or M4P for 30 min before patch clamping. Under control I1gG
treatment, the current was gradually rising during the 7-min
hypoxia incubation (Figures 4A,C). Whereas no current increase
was observed with M4P treatment (Figures 4B,C). Similar as
in neurons, we did not observe an effect of M4P on vascular
endothelial cells before hypoxia treatment (Figures 4D,E). We
further compared the currents at 7 min after hypoxia induction,
and found that the TRPM4 activity was significantly blocked
by M4P application. At +100 mV, the current was reduced
by 77%, from 2542 %+ 29.0 pA in control IgG group to
584 £ 11.0 pA in M4P group (Figures 4EG). This 77%
reduction is even higher than the 37.5% reduction found in
neurons. At —100 mV, the current from RBMVECs was reduced
by 81%, from —248.4 + 74.0 pA in control IgG group to
—46.16 £ 9.0 pA in M4P group (Figures 4EG). This result
suggests that comparing to neurons, acute hypoxia is likely to
induce relatively higher current increase in vascular endothelial
cells which can be inhibited by blocking TRPM4 channel. Next,

we examined whether acute hypoxia could change cell volume
in RBMVECs. The membrane capacitance (C,,) was measured at
different time points under hypoxic conditions (Figure 4H). In
control IgG treated cells, the C,, started to increase significantly
as early as 2 min after hypoxia induction. By 7 min, the C,,
was increased to 132 % of baseline at 0 min. In contrast,
M4P treatment successfully inhibited C,, increase induced by
hypoxia (Figure 4H).

We further measured cell area changes in RBMVECs before
and after hypoxia treatment by image analysis. Sample images
taken at 0 and 7 min of the same cell clearly showed that acute
hypoxia treatment could induce cell area increase (Figure 5A).
At 7 min, the cell area was increased to 134.3 £ 3.0 % of baseline
in control I1gG group (Figure 5B), similar to the result from C,,
measurement in Figure 4H. Again, M4P application significantly
reduced the change of cell area under hypoxic conditions
(Figure 5B). After 24-hr incubation under OGD, western
blot on cleaved Caspase-3 showed that M4P treatment could
reduce hypoxia-induced apoptosis (Figures 5C,D). TUNEL assay
(Figures 5E,F), PI staining (Figures 5G,H) also revealed that
M4P could ameliorate hypoxia-induced apoptosis after 24 h
hypoxia exposure. This result clearly indicates that acute hypoxia
is able to induce cell swelling in vascular endothelial cells, and
blocking TRPM4 current with M4P antibody could attenuate
cytotoxic edema and apoptosis.
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FIGURE 4 | M4P blocks TRPM4 activity in cultured rat brain microvascular endothelial cells (RBMVECs) and prevents hypoxia-induced cell swelling. (A) Sample
traces from an RBMVEC cell pre-treated with control rabbit IgG (20.8 pg/ml) for 30 min. Acute hypoxia was induced by adding 5 mM NaNg and 10 mM 2-DG to the
cell for 7 min. 250-ms voltage ramps from -100 to +100 mV was applied at 1 min interval. Holding potential: 0 mV. The pipette solution contained a calculated

7.4 uM free Ca?*. (B) Sample traces from an RBMVEC cell pre-treated with M4P at 20.8 pg/ml for 30 min. The recording protocol is similar to that described in (A).
(C) Time-dependent current changes at £100 mV from (A,B). All currents were normalized to baseline before hypoxic induction. (D) Summarized current-voltage
relationship at 0 min under hypoxia for control IgG (n = 7) and M4P (n = 8) treatments. (E) Summary of currents at -100 and 100 mV at O min under hypoxia. Control
I9gG: n =7; M4P: n = 8. (F) Summarized current-voltage relationship at 7 min under hypoxia for control IgG (n = 7) and M4P (n = 8) treatments. (G) Summary of
currents at -100 and 100 mV at 7 min under hypoxia. Control IgG: n = 7; M4P: n = 8. (H) Time course of normalized membrane capacitance (Cp,) under hypoxic
conditions. Control IgG: n = 7; M4P: n = 8. Statistical analysis was performed by two tailed unpaired student’s t-test for (E,G), and two-way ANOVA test with
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M4P Doesn’t Affect Astrocytes During

Acute Hypoxia

To examine the effect of blocking TRPM4 in astrocytes, we first
measured the current-voltage relationship in primary cultured
astrocytes under 7-min hypoxic conditions (Figures 6A-C).
The cells were pre-incubated with control IgG and M4P for
30 min, and the 250-ms voltage ramps were applied at 1 min
interval. Acute hypoxia induction did not elicit current change
in both IgG and M4P treated astrocytes. We did not observe
an effect of M4P on astrocytes before hypoxia treatment
(Figures 6D,E). Comparing the currents after 7 min hypoxia
incubation, there was no difference between IgG and M4P treated
cells (Figures 6EG), p = 0.07 and p = 0.24 for —100 mV and
+100 mV, respectively. Time course of normalized membrane
capacitance (C,,) did not show difference between IgG (n = 7) or
M4P (n = 7) groups (Figure 6H). Likewise, images taken before
and after hypoxia induction revealed no changes in terms of cell
areas (Figures 6L]).

Next, we examined whether the lack of response to hypoxia
is because the expression level of TRPM4 is low in astrocytes.
We overexpressed mouse TRPM4 in astrocytes and treated
with IgG and M4P under hypoxic condition. The results from
TRPM4 overexpressed astrocytes showed that TRPM4 current
was increased under hypoxia with IgG treatment (Figure 7A). In
contrast, M4P treatment successfully inhibited TRPM4 currents
(Figure 7B). M4P reduced TRPM4 current significantly at -
100 mV before hypoxia induction (—405.90 £ 19.37 pA for

IgG treatment, —236.78 £ 21.05 pA for M4P treatment)
(Figures 7C,D). The effect of TRPM4 inhibition was more
remarkable at 7 min after hypoxia treatment (at —100 mV,
—787.84 & 98.32 pA for IgG treatment, and —264.45 & 33.10 pA
for M4P treatment; at 100 mV, 648.46 + 117.41 pA for IgG
treatment, 176.81 & 32.37 pA for M4P treatment) (Figures 7E,F).
Importantly, in TRPM4 overexpression astrocytes, acute hypoxia
successfully induced cell swelling in IgG group, and M4P
treatment again inhibited cell volume increase (Figure 7G).

M4P Does Not Affect TRPM2 and TRPM7

Channels

We have shown previously that M4P does not interact with
TRPMS5, a close member of TRPM4 (Chen et al., 2019a). Here,
we further examined the effect of M4P on TRPM2 and TRPM7
which have been reported to play a role in hypoxia (Aarts
et al,, 2003; Toda et al.,, 2019; Hong et al., 2020). In TRPM2
overexpressed HEK 293 cells, no difference was identified for
TRPM2 currents activated by 100 pM [Ca2t]; between IgG and
M4P treatments (Figures 8A,B). This result suggests that M4P
doesn’t affect TRPM2 channel. In TRPM7 overexpressed HEK
293 cells, to amplified TRPM7 channel current, divalent-free bath
solution was used with the removal of both Ca** and Mg?*. No
difference was identified for TRPM7 currents between I1gG and
M4P treatments (Figures 8C,D), suggesting that M4P doesn’t
interact with TRPM7 channel.
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DISCUSSION

It is known that cerebral edema evolves in stages, and each
stage is characterized by distinct morphological and molecular
changes. Cytotoxic edema, or cellular swelling, appears within
minutes after acute central nervous system injuries such as
stroke (Stokum et al., 2016). Therefore, targeting cellular swelling
within the hyperacute stage following disease onset has a great
therapeutic potential. In this study, we found that cultured
neurons and vascular endothelial cells exhibited cell swelling
immediately after hypoxic induction. On the contrary, acute
hypoxia failed to induce cell swelling in astrocytes, suggesting
that the pathophysiological process varies among different cells in
the brain after hypoxia. This finding corroborates earlier reports
showing that comparing to neurons, astrocytes are more resistant
to OGD (Almeida et al., 2002; Panickar and Norenberg, 2005).
To unravel the underlying mechanism of cell swelling, we
first examined the expression of TRPM4 channel in a rat model
of stroke. It has been reported that under ischemic/hypoxic

conditions, influx of monovalent cations via TRPM4 causes
cell swelling and necrotic cell death (Simard et al., 2006, 2012;
Gerzanich et al., 2009). Within the area surrounding the infarct
core, TRPM4 expression demonstrated a differential profile
depending on cell types. Both neurons and vascular endothelial
cells were positively stained by M4P, whereas astrocytes showed
negative staining. This result is in line with our earlier reports
showing that TRPM4 is upregulated in neurons and vascular
endothelial cells following stroke induction (Loh et al., 2014;
Chen et al., 2019a,b). It should be noted that in these reports,
TRPM4 level is very low in healthy tissues, and its upregulation
occurs at least 26 h after stroke induction (Loh et al., 2014; Chen
et al.,, 2019b). So, it is critical to understand whether TRPM4,
at its baseline level, could affect cell functions immediately after
hypoxic induction, particularly on cell volume changes.

In cultured neurons and vascular endothelial cells, acute
hypoxia enhances membrane permeability which can be inhibited
by TRPM4 blocking antibody M4P, suggesting that TRPM4
activation is a major cause of ionic influx at this stage. The
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corresponding sodium influx via TRPM4 will cause an osmotic
imbalance, leading to water entry and subsequent cell swelling or
cytotoxic edema (Loh et al., 2019). As expected, we observed a
significant increase of cell volume as early as 2 min after hypoxia
induction in control IgG treated cells. Given that the cell swelling
was almost completely abrogated by M4P treatment, we believe
that TRPM4 is a major and important contributor to oncosis in
neurons and vascular endothelial cells immediately after hypoxia

occurs. As the protein level of TRPM4 only increases several hrs
after hypoxia (Loh et al., 2014; Chen et al., 2019b), the enhanced
channel activity is most likely caused by the intracellular hypoxic
changes which are characterized by a decrease of ATP level
and an increase of Ca?t (Vennekens and Nilius, 2007). Our
results from neurons prove that M4P only suppresses current
increase following hypoxia induction, but has no effect on the
baseline currents under normoxia condition. A similar result
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was observed in vascular endothelial cells. Therefore, blocking
TRPM4 can yield a protective role immediately after hypoxia
attack, even before the upregulation of TRPM4 protein.

In contrast to neuron and vascular endothelial cell, acute
hypoxia induction had no effect on current flow and cell volume
in astrocytes, indicating that astrocytes are more resistant to
hypoxia. Furthermore, neither M4P nor control IgG treatment
could affect currents, suggesting that TRPM4 channel does not
play a role in astrocyte during acute hypoxia. Importantly,
when TRPM4 was transfected into astrocytes, acute hypoxia
successfully induced cell swelling which could be inhibited by
M4P treatment. These data suggest that with the absence of
TRPM4, astrocytes are more resistance to acute hypoxia-induced
oncosis. Our results do not contradict with a previous study
showing that TRPM4 contribute to cell swelling in astrocytes
(Stokum et al., 2018). In that study, astrocytes were activated
overnight with TNFa, IFNy, and LPS, a strong stimulus to
initiate gliosis. TRPM4 expression is thereby upregulated and
likely to cause oncosis. Whereas in our study, astrocytes were
recorded without pre-stimulation. Thus, one can hypothesize
that immediately after hypoxia, the baseline level of TRPM4 in
astrocytes is too low to yield any impact on cell volume change,
if there is any.

In healthy brain, large molecules such as antibody are unable
to cross BBB. However, under pathological conditions such
as stroke and head injury, impaired BBB could no longer
serve as an effective barrier to therapeutic antibodies (Yu
et al, 2013). In head injury, BBB is disrupted immediately,
and therapeutic antibodies can easily enter the brain almost
immediately. Whereas in stroke, BBB integrity is relatively intact
right after occlusion. Hence, M4P application during this stage
could mainly act on vascular endothelial cells and prevent acute
oncotic cell death. This is of clinical importance as preserved
BBB will attenuate vasogenic edema and improve the efficacy
of reperfusion therapy by ameliorating associated side effects.
Recently, we have observed this protective effect of M4P in
a rat stroke model (Chen et al., 2019a). When BBB becomes
leaky at later point of time, M4P can easily enter the brain and
bind to neurons. Therefore, blocking TRPM4 for a long time
could still yield a beneficial effect as manifested by our results
showing a reduction of apoptosis in both neurons and vascular
endothelial cells.
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INTRODUCTION

Cell death (CD) is a fundamental biological process that is indispensable in all living organisms
(Ameisen, 2002). Phloem differentiation, root cap, aerenchyma formation, and leaf senescence are
examples of developmental CD in plants. CD also occurs in response to pathogen attacks, and to
abiotic stresses such as salinity, drought or pollutants. Studies of past decades characterized CD
in plant, as a surprisingly complex phenomenon with various forms and multiple pathways to
achieve CD. Number of molecular actors and involved-processes such as reactive oxygen species
(ROS), caspases, autophagic activities, mitochondrial dysfunction with release of cytochrome c and
other apoptogenic proteins, DNA laddering, etc., have been highlighted (Reape et al., 2008; van
Doorn et al,, 2011). van Doorn et al. (2011) proposed a classification of plant cell deaths based
on morphological characteristics. They distinguished two main classes of CD: vacuolar cell death
and necrosis. During vacuolar cell death, the cell contents are removed by autophagy-like process
and release of hydrolases from collapsed lytic vacuoles. Necrosis is characterized by early rupture
of the plasma membrane, shrinkage of the protoplast and absence of vacuolar cell death features.
They recommended abandoning terms “apoptotic-like,” because the features often cited are also
found in other types of CD, whereas cytological characteristics such as formation of apoptotic
bodies and phagocytosis are absent in plants. One can notice however that the absence of these
morphological characteristics is obviously due to the presence of a rigid cell wall in plants. On
the contrary, the team of McCabe defends the idea of an apoptotic-like CD in plants. Based on
features shared with animal apoptosis, this CD shows protoplast shrinkage with a central regulatory
role for the mitochondria and cell degradation mediated by proteases (Reape and McCabe, 2010).
This proposition has recently been reinforced with data showing that the vacuole may carry out
functions that are analogous to animal phagocytosis to remove unwanted plant cells (Dickman
et al,, 2017). In plant CD, the presence of the cell wall prevents cell swelling. Cell shrinkage is
an event recorded in most cases, being thus one of the main hallmarks of plant CD (Reape and
McCabe, 2010; van Doorn et al., 2011). Accordingly, one of the most frequent technics used to
quantify plant CD is the recording of electrolyte leakage. These leakages are supposed to be due to
the rupture of the plasma membrane during necrotic cell death (van Doorn et al.,, 2011) or by the
insertion in plasma membrane of toxins with pore forming properties (Klusener and Weiler, 1999).
While in animal cells the successful execution of various forms of CD relies on early activation
of distinct ion channels (Okada and Maeno, 2001; Bortner and Cidlowski, 2007), the role of ion
channels during plant CD remains poorly documented although there is mounting evidence that
electrolyte leakages from plant cells could be mediated by plasma membrane ion channels in
responses to various CD-inducing stresses.
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ION CHANNEL REGULATIONS IN PLANT
CcD

An increase in KT outward rectifying conductances (KORC)
was recorded in response to various CD-inducing microbe-
derived molecules, such as harpins (El-Maarouf et al., 2001;
Haapalainen et al., 2012), deoxinivalenol (DON) (Yekkour
et al, 2015) or CD-inducing ROS stress (Demidchik et al.,
2010, 2014), like ozone (Tran et al., 2013a). Conductances
with different activation kinetics and selectivity (Demidchik
et al., 2014) are likely triggered by GORK or SKOR channels
(Tran et al.,, 2013a; Demidchik et al., 2014), but could also
be provoked by annexins, cyclic nucleotide-gated channels and
ionotropic glutamate receptors. Nonetheless, the use of K*
channel blockers decreases KORC, CD-extent (Haapalainen
et al, 2012), cell shrinkage (Yekkour et al, 2015) or even
activation of metacaspases (Tran et al., 2013a), proteases and
endonucleases (Demidchik et al., 2014, 2018). Recently, gorkl-
1 mutants lacking Kt efflux channel were also shown to have
fewer autophagosomes compared to the wild-type plant upon
ROS-induced CD (Demidchik, 2018). Activation of KT efflux
through KORC is supposed to result in dramatic K* loss
from plant cells and promotes CD (Demidchik et al., 2018)
and K loss was effectively shown to be involved in tobacco
cell death induced by palmitoleic acid and ceramide (Peters
and Chin, 2007). Interestingly, Nicotiana benthamiana plants
undergoing oxidative stress and transiently expressing CED-9,
an anti-apoptotic gene from the bcl-2 family (Craig, 1995), are
capable of preventing KT efflux and maintaining intracellular K™
homeostasis (Shabala et al., 2007).

In response to ozone or DON, plant cells rapidly activate
anion currents, followed by a delayed activation of KORC (Tran
et al., 2013a; Yekkour et al., 2015), the whole ion efflux being
thus transiently not electroneutral. Such increases in anion
currents were also recorded with other CD-inducing microbe-
derived molecules, such as harpins (Reboutier et al., 2007),
fusaric acid (Bouizgarne et al., 2006), oxalic acid (Errakhi et al.,
2008), cryptogein (Gauthier et al., 2007), or with ozone (Kadono
et al,, 2010), drought (Dauphin et al., 2001) or hydroxyl radicals
(Pottosin et al., 2018). The anion currents recorded present
the features of slow anion channels encoded by the slac family
(Hedrich, 2012), although the instantaneous current could be
carried out, to some extent, by fast activating anion channels
from ALMT family (Hedrich, 2012). Either way, inhibition
of anion currents with anion channel blockers reduced CD-
extent (Errakhi et al., 2008; Kadono et al., 2010; Yekkour et al.,
2015), vacuolar collapse and cell shrinkage (Gauthier et al,
2007; Yekkour et al, 2015). It also prevented mitochondrial
dysfunction (Errakhi et al., 2008; Kadono et al., 2010), caspase-
like activities (Tran et al., 2013b) and the accumulation of
transcripts encoding vacuolar processing enzymes (Gauthier
et al., 2007; Kadono et al., 2010), that belongs to a family of
proteases displaying a caspase 1-like activity.

In plant the vacuolar collapse seems a key step in cell shrinkage
but to our knowledge the role of vacuolar conductances is poorly
documented. Therefore, further studies are needed to decipher
the role of vacuolar channels in this process.
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FIGURE 1 | Putative roles of ion channels during plant CD.

CONCLUSION

As a whole, these data are reminiscent of those described in
numerous studies in animal cells and show that plant CD could
involve specific modifications of ion transporter activities that
could be significant and crucial in the successful propagation of
CD (Figure 1). Activation of plasma membrane anion channels
and KORC lead to solute loss leading to water release and
thus, cell shrinkage could be a major hallmark in plant CD
similarly to animal apoptosis. In animal cells, the induction
of apoptosis volume decrease is attained by a tightly coupled
operation between anion and K' channels and is prevented
by application of blockers of CI~ or Kt channels (Okada and
Maeno, 2001). Furthermore, as in animal models, activation of
ion channels was found to precede various CD-inducing process
like metacaspase activation. Some CD mechanisms in plant and
animals appear mechanistically very similar. According to the
sin hypothesis (Ameisen, 2002), the origin of the capacity for
self-destruction may be very ancient and due to an intrinsic
capacity of the cell in inducing self-destruction. The regulation
of ionic channels are involved in numerous vital processes,
the control of cell metabolism, volume, and permeability in all
organisms and could be a conserved target due to their intrinsic
potential to lead cell death. Ion channel mediated CD could
thus have a deeply rooted origin and have independently
evolved in eukaryotic lineages and multicellular plants
and animals.
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A Reverse-Osmosis Model of
Apoptotic Shrinkage

Priyanka S. Rana and Michael A. Model*

Department of Biological Sciences, Kent State University, Kent, OH, United States

The standard theory of apoptotic volume decrease (AVD) posits activation of potassium
and/or chloride channels, causing an efflux of ions and osmotic loss of water. However,
in view of the multitude of possible channels that are known to support apoptosis, a
model based on specific signaling to a channel presents certain problems. We propose
another mechanism of apoptotic dehydration based on cytoskeletal compression.
As is well known, cytoskeleton is not strong enough to expel a substantial amount
of water against an osmotic gradient. It is possible, however, that an increase in
intracellular pressure may cause an initial small efflux of water, and that will create a
small concentration gradient of ions, favoring their exit. If the channels are open, some
ions will exit the cell, relieving the osmotic gradient; in this way, the process will be able
to continue. Calculations confirm the possibility of such a mechanism. An increase in
membrane permeability for water or ions may also result in dehydration if accompanied
even by a constant cytoskeletal pressure. We review the molecular processes that may
lead to apoptotic dehydration in the context of this model.

Keywords: cytoskeleton, cytoskeletal contraction, apoptotic volume decrease, intracellular pressure, osmolytes,
potassium channels

INTRODUCTION

The remarkable and often the most noticeable feature of apoptosis is a decrease in cell size. While
many other characteristics of apoptosis are often cell- and stimulus-dependent, shrinkage occurs
very reliably. Numerous publications investigating various aspects of apoptotic volume decrease
(AVD) have appeared in the 1990-2000s and resulted in a significant progress in our understanding
of this phenomenon.

When apoptosis was first recognized as a distinct type of cell death, it was dubbed “shrinkage
necrosis” (Kerr, 1971) because cells undergoing this type of death become smaller. This observation
was surprising because, when exposed to an unfavorable environment, cells are expected
to accumulate water, increase their volume and eventually lose membrane integrity. Water
accumulation is a natural response to cessation of the Na™-K* pump activity (Armstrong, 2003)
and is a hallmark of unregulated necrotic death (Zong and Thompson, 2006). If the opposite occurs
during apoptosis, one is tempted to conclude that cell shrinkage is a purposeful response.

AVD occurs early in apoptosis, often before caspase activation (Maeno et al, 2000). It
can continue for several hours (Maeno et al., 2000; 'Hoste et al., 2010; Poulsen et al., 2010;

Frontiers in Cell and Developmental Biology | www.frontiersin.org n

October 2020 | Volume 8 | Article 588721


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.588721
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.588721
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.588721&domain=pdf&date_stamp=2020-10-23
https://www.frontiersin.org/articles/10.3389/fcell.2020.588721/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Rana and Model

Osmotic Hypothesis of the AVD

Kasim et al., 2013), and cells often reduce their volume by 10-20%
(Model, 2014). Sometimes, application of potassium or chloride
channel inhibitors simultaneously with an apoptotic stimulus
prevents caspase activation as well as all other signs of apoptosis
(Maeno et al., 2000; Wei et al., 2004). These facts have been
interpreted in the sense that either the loss of water or the loss
of potassium is a necessary step in apoptosis development.

It is worth noting that a decrease in apoptotic cell
size can be brought about by two mechanisms, dehydration
and fragmentation. Because of the sensitivity of shrinkage
to potassium and chloride, dehydration has received much
more attention in the literature and in effect has become
synonymous with AVD. But these two paths are not always
easy to distinguish from one another, and not every instance
of cell volume decrease should automatically be attributed to
dehydration (Model, 2014; Model et al., 2018). Dehydration
can often be surmized (though not definitively established)
by prominent cell borders in bright-field transmission images
(Figure 1). It can been more rigorously demonstrated by
buoyant density centrifugation (Wyllie and Morris, 1982; Yamada
and Ohyama, 1988; Cohen et al, 1992; Patterson et al.,
1995; Yurinskaya et al., 2005) or by combined phase/volume
measurements (Model and Schonbrun, 2013; Model et al., 2018).
A loss of osmotically active ions in UV-irradiated U937 cells
with preservation of the amount of phosphorus (Fernandez-
Segura et al, 1999) can be taken as another evidence of
dehydration. Apoptotically-induced activation of outward CI™
currents (Porcelli et al., 2004; Okada et al., 2006; Ernest et al.,

FIGURE 1 | A bright-field transmission image of HeLa cells treated with
actinomycin D. Two apoptotic and apparently dehydrated Hela cells indicated
by the arrows have much darker borders. However, this feature alone can only
serve as a suggestion, but not as a definitive proof of dehydration. Water
content can be accurately quantified under a transmission microscope as
described by Mudrak et al. (2018).

2008) also indirectly supports the notion of water loss since
chloride is, theoretically, the main correlate of intracellular water
(Armstrong, 2003; Fraser and Huang, 2007).

But chloride cannot leave the cell alone, without being
accompanied by a cation (potassium), and the outward
electrochemical drive for potassium is usually stronger than
that for chloride. Thus, the standard model of AVD presumes
an early activation of potassium channels, which stimulate
an efflux of chloride; the resulting loss of osmolytes leads
to osmotic dehydration (Yu, 2003; Lang et al., 2005; Bortner
and Cidlowski, 2007; Lang and Hoffmann, 2012; Kondratskyi
et al,, 2015). One general difficulty with this theory has already
been pointed out by other authors. “Very different types of
K" channels have been implicated in activation of apoptosis,
like voltage-gated K, channels, ATP-regulated Karp channels,
two-pore K channels, several types of Ca’*-dependent K™
channels and others. The variety of K™ channels that have
been implicated in apoptosis suggests that in principle any
type of KT channel can support apoptosis, but it is not
entirely clear how this can operate as a specific switch driving
cells into regulated cell death” (Kunzelmann, 2016). Indeed,
one would expect that such a universal phenomenon as
apoptotic dehydration should have a more universal reason
than relying on activation of specific channels present in each
particular cell type.

Cytoskeleton-Driven, lon-Dependent
Dehydration

Here we wish to propose an alternative, or rather a
complementary, mechanism of dehydration. It is not only
ions that can drive water, but water can also drive ions through
whatever channels happen to be available. One possible scenario
would involve cytoskeleton-mediated intracellular pressure (IP).

IP in animal cells is conceptually similar to turgor in
plant cells, although much smaller in magnitude—from tens
to thousands Pa (Chengappa et al, 2018). The existence
of intracellular pressure is evident from membrane blebs—
the areas where membrane-cytoskeleton linkages mediated
by numerous lipid-protein and protein-protein interactions
(Doherty and McMahon, 2008) are weakened, and membrane
forms protruding bubbles (Dai and Sheetz, 1999). Such blebs are
frequently observed in apoptotic cells.

IP is believed to result from contraction of the actomyosin
cytoskeleton. Since cell membranes are permeable to water, the
existence of hydrostatic pressure implies that cells with stable
water content must maintain a slight excess of intracellular
osmolarity to keep water in balance. This is analogous to the
balance of the Starling forces in blood capillaries.

We hypothesize that the balance of hydrostatic and osmotic
forces becomes disrupted in apoptotic cells due to an increased
cytoskeletal tension. Cytoskeleton has been long dismissed as
a possible dehydration factor because the osmotic pressure
that needs to be overcome to push water out of the cell is
much stronger than any forces that can develop within the
cytoskeleton; thus, researchers have come to believe that it
is impossible for the cytoskeleton to produce any substantial
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water loss (Janmey, 1998). However, the situation would change
radically if ion transport is taken into consideration. Suppose
that a cell, initially at equilibrium, has developed a higher IP.
This excess of pressure would result in a small water efflux,
as in reverse osmosis, which, in turn, would create a slight
increase in intracellular concentration of ions. If ion channels
were blocked, water efflux would stop at this point because
cytoskeleton would not be able to push against the ever-
increasing concentration difference. But if ion channels were
open, some ions would exit the cell down the concentration
gradient (also aided by an excess of hydrostatic pressure inside).
That would relieve the osmotic resistance and enable the
cytoskeleton to push a little further, so that shrinkage would be
able to continue.

As the following calculations show, the balance can be
disrupted not only by an increase in hydrostatic pressure, but also
by an increase in membrane permeability for ions (which makes
the model equivalent to the standard one) or for water.

We will first describe the model in quantitative terms
and then will discuss the experimental evidence for the
cytoskeletal mechanism.

THEORY

Shrinkage rate due to cytoskeletal compression can be
estimated as follows.

Consider a cell with volume V immersed in a solution
with osmolarity Cp; the internal concentration of osmolytes is
Ci = Cy + AC, where AC is a small positive number. Additional
cytoskeletal pressure S (which can be expressed in equivalent
concentration units by dividing physical pressure by RT, which
equals to 2.5-10° Pa-L-mol~! at 300K) causes an efflux of water
and cell volume decrease, according to:

1dv
ot [S—(Ci—Co)] APy, = — (S—AC) APy, (1)
where p is the molar volume of water (18 cm?/mol), A is the
surface area of the cell (cm?), and P, is membrane permeability
for water (cm/s). We can assume for simplicity that S, A, and
P, remain constant and only AC changes with time. Time-
dependent changes in AC result from two factors: a decrease in
the cell volume V (cm?) and an efflux of the osmolyte. If the total
molar amount of the osmolyte present in the cell is N (mol), then:
dC; d (N) dVAN-—-NdV dN/dt NdV/dt
dt dt\v) —dt V2 Y V2
_ dN/dt C dv/dt
Y Y

2

Time derivative of the volume dV/dt is expressed by Eq. 1, and
the change in the amount of osmolyte dN/dt is expressed through
membrane permeability for the osmolyte:

(L—Ijz— (S+AC) AP; 3)

Since
dG; _ dAC
dt ~— dt
we obtain:
dAC S+AC Co+AC
=" PO AR + 2T s_AC)pAR, (@)

We can further assume that the process has reached a quasi-
steady state, when AC remains nearly constant; this allows us
to estimate the rate of shrinkage by equating ddA—tCto zero. By
neglecting quadratic terms and taking into account that Cy > S,
we find that, in a steady state:

AC ~ SM (5)
CopPw+Pj

For an impermeant membrane (P; = 0), the concentration
difference becomes equal to S.

To find the rate of volume change, we substitute Eq. 5 into
Eq. 1 and obtain:

dV  2pAP;Py,

—_—= 6
dt  CopPy+P; ©

As expected, shrinkage depends both on water and osmolyte
permeabilities. For a spherical cell with radius r (cm), the relative
rate of shrinkage will be:

dV/Vo  6pPiPy

= 7
dt r (CopPw+Pj) @

To evaluate this expression, we assume r = 5-107% cm
and Cy = 10* mol/cm® and use some literature values
for the other parameters: P; = 107° cm/s (Strickholm,
1981), Pyw = 2:107% cm/s (Farinas et al, 1997), and
S = 1,000 Pa (Chengappa et al, 2018), which correspond to
10® Pa/(2.5-10° Pa-L-mol™!) = 4.10~7 mol/cm?. That gives us
the shrinkage rate of more than 40% per hour. Even though the
parameters have been chosen rather arbitrarily, this estimate
demonstrates that cytoskeleton-driven shrinkage is possible.

DISCUSSION

The standard theory of the AVD postulates that some
yet unidentified early apoptotic reactions alter membrane
permeability in such a way that intracellular osmolytes begin to
come out of the cell. Because potassium is the only major ion
with electrochemical gradient strongly favoring its exit, it is best
suited for the role. However, leakage of potassium alone would
immediately cause hyperpolarization that would terminate the
process. To keep electroneutrality, potassium can be replaced
with sodium, but that would fail to produce any osmotic
imbalance. The only way inorganic ions can cause shrinkage is
when the exit of potassium exceeds the entry of sodium, and the
charge difference is balanced by the loss of chloride.

The results with ionophores agree with this reasoning. Specific
potassium ionophore valinomycin causes cell volume loss only
when anion exchange is allowed (Dise and Goodman, 1985), but
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