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Abstract
Ferroptosis is an iron-dependent form of regulated necrosis associated with lipid peroxidation. Despite its key role in the
inflammatory outcome of ferroptosis, little is known about the molecular events leading to the disruption of the plasma
membrane during this type of cell death. Here we show that a sustained increase in cytosolic Ca2+ is a hallmark of
ferroptosis that precedes complete bursting of the cell. We report that plasma membrane damage leading to ferroptosis is
associated with membrane nanopores of a few nanometers in radius and that ferroptosis, but not lipid peroxidation, can be
delayed by osmoprotectants. Importantly, Ca2+ fluxes during ferroptosis induce the activation of the ESCRT-III-dependent
membrane repair machinery, which counterbalances the kinetics of cell death and modulates the immunological signature of
ferroptosis. Our findings with ferroptosis provide a unifying concept that sustained increase of cytosolic Ca2+ prior to plasma
membrane rupture is a common feature of regulated types of necrosis and position ESCRT-III activation as a general
protective mechanism in these lytic cell death pathways.

Introduction

Ferroptosis is a caspase-independent form of regulated
necrosis characterized by the generation of iron-dependent
lipid peroxides in cellular membranes [1, 2]. Cells dying via
ferroptosis are characterized by plasma membrane rupture
and release of otherwise confined intracellular components
including pro-inflammatory damage-associated molecular
patterns [3]. Therefore, ferroptosis this type of cell death is
associated with necroinflammation and with activation of
the innate immune system. Ferroptosis has been shown to
contribute to ischemia/reperfusion injury [4, 5], tissue
damage, and organ demise [6], and to several other
pathologies including neurodegenerative diseases and can-
cer [7]. For these reasons, understanding the molecular
mechanisms governing membrane rupture during ferropto-
sis is not only of biological, but also of medical relevance.

In contrast to other cell death pathways that possess a
specific agonistic cellular machinery to mediate cell death,
ferroptosis seems to be executed upon inhibition of fer-
roptosis antagonists [8]. The best characterized trigger of
ferroptosis is depletion or inhibition of glutathione perox-
idase 4 (GPX4), a unique enzyme responsible for reducing
peroxidized phospholipids in membranes to lipid alcohols
[9, 10]. Treatment with Ras-selective Lethal small molecule
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3 (RSL3), which directly inhibits GPX4, or with Erastin-1,
which affects the activity of GPX4 by diminishing the
levels of its co-substrate glutathione, is broadly used
methods to induce ferroptosis [1, 11, 12].

A fundamental step in ferroptosis execution is the final
disruption of the plasma membrane. However, the mole-
cular mechanism causing the loss of plasma membrane
integrity and the nature and size of the membrane injury in
ferroptosis has remained unexplored. Damage to the plasma
membrane in other forms of necrotic cell death such as
necroptosis [13–15], pyroptosis [16, 17], or upon toxin-
induced cell death [18] results in the activation of ion fluxes.
In these scenarios, Ca2+ fluxes have been linked with the
activation of membrane repair mechanisms [19–21]. The
endosomal sorting complexes required for transport
(ESCRT) machinery seems to play a critical counter-
balancing role that can delay cell death in necroptosis and
pyroptosis [17, 22, 23].

Here we investigated the molecular mechanism of
plasma membrane permeabilization during ferroptosis trig-
gered by Erastin-1 and RSL3 in various cellular models.
Using live-cell imaging and flow cytometry, we tracked in
parallel the kinetics of different hallmarks of ferroptosis.
We find that lipid peroxidation during ferroptosis precedes a
sustained increase of cytosolic Ca2+ and final plasma
membrane breakdown. We also identify the formation of
nanopores as a core mechanism that triggers plasma mem-
brane burst during ferroptosis, which consequently can be
inhibited by osmoprotectants of proper size. Finally, we link
the increase in cytosolic Ca2+ in ferroptosis with the acti-
vation of the ESCRT-III machinery, which acts as a pro-
tective mechanism that delays cell death. This has
immunological consequences, as depletion of ESCRT-III
modulates the cytokine secretion from ferroptotic cells,
thereby reshaping the inflammatory signature of ferroptosis.
Our findings support a general role of the ESCRT-III
machinery in counterbalancing membrane damage and in
modulating the immunological outcome during regulated
necrosis.

Results

Sustained increase in cytosolic Ca2+ is a hallmark of
ferroptosis

Increase in cytosolic Ca2+, cell swelling, rounding, as well
as plasma membrane breakdown have been described as
hallmarks for necroptosis and pyroptosis [13, 24, 25]. In
contrast to apoptosis, such increase in cytosolic Ca2+ is
commonly associated with plasma membrane damage dur-
ing these forms of regulated necrosis [26]. To assess

whether these cellular alterations also take place during
ferroptosis, we measured cytosolic Ca2+ levels in parallel to
changes in cell morphology and plasma membrane break-
down by live-cell confocal imaging (Fig. 1A, B) and by
flow cytometry (Fig. 1C–H) in mouse fibroblasts (NIH-3T3)
treated with Erastin-1 or RSL3. We used fluo-4 acetox-
ymethyl (Fluo-4 AM) as a fluorescent form of the Ca2+

indicator [27], to visualize intracellular Ca2+ levels and the
fluorescent DNA-intercalating agent propidium iodide (PI)
as a marker of irreversible plasma membrane disruption and
cell death [28].

We detected a clear increase in cytosolic Ca2+ con-
centration in NIH-3T3 cells upon treatment with Erastin-1
or RSL3 (Fig. 1A, B). This was accompanied by cell shape
changes including cell rounding and the appearance of a
single swelling bleb followed by a complete breakdown of
plasma membrane integrity. Similar events were visualized
when human fibrosarcoma cells (HT-1080) and human
breast carcinoma cells (Mda-157) were treated with RSL3
(Fig. S1). In all cellular model systems, final membrane
disruption resulted in the loss of intracellular Ca2+ and
Fluo-4 AM dye, albeit with different kinetics and extension
depending on the ferroptosis inducer used and cell line
studied (Figs. 1 and S1). Increase in cytosolic Ca2+, cell
rounding, and plasma membrane breakdown were specifi-
cally inhibited by the ferroptosis inhibitor ferrostatin-1 (Fer-
1) [1], but not by the necroptosis inhibitor necrostatin-1s
(Nec-1s) nor the pan-caspase inhibitor zVAD [13, 22],
suggesting that all these events are hallmarks of ferroptosis
(Fig. 1A–F). Similar to NIH-3T3 cells, Fer-1 also com-
pletely inhibited the increase in cytosolic Ca2+ and cell
death in HT-1080 and Mda-157 cells upon treatment with
RSL3 (Fig. S1).

To characterize the temporal relationship between
cytosolic Ca2+ increase and plasma membrane disruption
upon Erastin-1 or RSL3 treatment in the NIH-3T3 cells,
we tracked the time course of Fluo-4 AM and PI fluor-
escence by flow cytometry in parallel (Fig. 1G, H).
Independent of treatment, an increase in cytosolic Ca2+

took place hours before plasma membrane breakdown. In
Erastin-1-treated cells, we found that cytosolic Ca2+

increase was not completely abolished by Fer-1 (Fig. 1A),
with about 40% of the cell population remaining Fluo-4
AM positive (Fig. 1C, G). In contrast, Fer-1 completely
prevented cytosolic Ca2+ increase when ferroptosis was
induced with RSL3 (Fig. 1B, D, H). These results suggest
that Erastin induces two distinct Ca2+ signaling processes:
one that is unrelated to ferroptosis, and a later one, spe-
cific to ferroptosis. This late increase in cytosolic Ca2+

can be considered a hallmark of ferroptosis, as it was
inhibited by Fer-1 and was common to Erastin-1 or RSL3-
induced ferroptosis.
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Lipid oxidation precedes the increase in cytosolic
Ca2+ and plasma membrane breakdown

The detailed temporal relationship between ferroptosis
hallmarks in bulk cell experiments is masked by the het-
erogeneity in which the cells in the population undergo

ferroptosis upon treatment. To address this issue, we
quantified the increase in Fluo-4 AM signal, cell rounding,
and PI intake at the single-cell level using live-cell confocal
microscopy. From the kinetic curves obtained from single
cells (Fig. 2C, F, K), we calculated the time required to
achieve 50% change of each ferroptotic phenotype (t50).

Fig. 1 Cytosolic Ca2+ increases and cell death during ferroptosis in
a treatment-dependent manner. Confocal images of NIH-3T3 cells
treated with Erastin-1 (A) or RSL3 (B) in the presence or not of
different cell death inhibitors. Pictures are representative of at least
three independent experiments. Scale bar, 50 µm. Increase of Fluo-4
AM and PI-positive cells after 24 h of treatment with Erastin-1 (C, E)
or RSL3 (D, F). Time course of the increase in the percentage of Fluo-
4 AM and PI-positive cells upon treatment with Erastin-1 (G) or RSL3

(H), in the presence or not of Fer-1. The values represent the mean and
the standard deviation of at least three independent flow cytometry
experiments. An increase in cytosolic Ca2+ signal was detected using
the Ca2+ indicator Fluo-4 AM, and plasma membrane breakdown was
detected with PI. Fer-1 ferroptosis inhibitor ferrostatin-1, Nec-1s
necroptosis inhibitor necrostatin-1s, zVAD pan-caspase inhibitor for
apoptosis and pyroptosis. Concentrations: Erastin-1 (10 µM), RSL3 (2
µM), Fer-1 (2 µM), Nec-1s (10 µM), zVAD (20 µM).
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This allowed us to set the lag time between each process in
ferroptosis (Fig. 2D, G, L).

Independently of the ferroptotic trigger used, an increase
in cytosolic Ca2+ preceded cell rounding and complete
plasma membrane collapse (Fig. 2A, B). However, as
suggested by the flow cytometry experiments (Fig. 1G), the
increase in cytosolic Ca2+ in the presence of Erastin-1 was a
two-step process with biphasic behavior (Fig. 2C). The first
event reached saturation around 40% of the maximum Ca2+

signal and corresponded to the unrelated calcium (Ca2+un)
increase, as it was not inhibited by Fer-1 (Fig. 1G). The
second Ca2+ rise, common to RSL3 treatment and inhibited
by Fer-1 (Figs. 1H and 2F) corresponded to the cytosolic
Ca2+ increase specific to ferroptosis (Ca2+sp). Temporally,
Ca2+un increased happened after Erastin-1 treatment, fol-
lowed by Ca2+sp rise, cell rounding, and final PI intake
(Fig. 2C–E). In contrast, RSL3-treated cells were char-
acterized by a unique and specific Ca2+ rise event followed
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by cell rounding and final PI intake (Fig. 2F–H). Given the
fact that RSL3 induced only the ferroptosis-specific Ca2+

signal, we selected this treatment to characterize the con-
nection of this ion with lipid peroxidation and membrane
damage during ferroptosis.

To visualize lipid peroxidation in membranes we used
the lipid peroxidation sensor C11 BODIPY 581/591. RSL3
treatment indeed promoted lipid peroxidation at the plasma
membrane as well as in subcellular membranes, as detected
by the increase in the green fluorescent signal of BODIPY
(BODIPYox) (Fig. 2I). We next tracked in parallel the
change in the oxidation ratio and cell rounding (Fig. 2J, K).
Lipid peroxidation preceded the rounding of the cells.
Considering that the lag time between the increase of
cytosolic Ca2+ and cell rounding is consistently lower than
the lag time between lipid peroxidation and cell rounding,
we could estimate that the rise in Ca2+ takes place after lipid
peroxidation (Fig. 2M). This estimation was based on
extrapolation between the independent kinetics of the
increase of the Fluo-4 AM (Fig. 2F–H) and BODIPY oxi-
dation ratio (Fig. 2K, L).

Osmotically active agents protect cells against
ferroptosis

Pore formation is a common feature in different types of
regulated cell death including apoptosis [29], necroptosis
[13], and pyroptosis [30]. The opening of plasma membrane
pores leads to a net influx of water molecules as a con-
sequence of the osmotic imbalance resulting from the high
concentration of large intracellular molecules that cannot
pass through membrane pores (Fig. 3A). Such an effect can
be prevented by the addition of osmoprotectants of appro-
priate size that are not able to enter the cell through the
pores, thus counterbalancing the intracellular osmotic
pressure, water influx, and the consequent cell collapse
(Fig. 3B) [31, 32]. According to this, the permeability of
membrane pores, but not of ion channels, can be modulated
by the osmotic effects exerted by polyethyleneglycols
(PEGs) [13, 30, 31]. To investigate whether the plasma
membrane permeabilization observed in ferroptotic cells
was connected with membrane pores, we assessed the effect
of PEGs of different sizes on the kinetics and extent of
different ferroptotic hallmarks.

We used the following PEGs (in parenthesis their
hydrated radii as reported in refs. [31, 33]): 400 (0.56 nm),
600 (0.69 nm), 1000 (0.94 nm), 2000 (1.6 nm), 4000 (1.8
nm), 6000 (2.3 nm), and 8000 (2.7 nm). The addition of
smaller PEGs up to 4000 did not prevent the increase of
cytosolic Ca2+, cell rounding or cell death (Figs. 3C–F and
S2). In contrast, both the increase in cytosolic Ca2+ levels
and cell death were delayed in the presence of higher-
molecular weight PEGs (6000 and 8000) in a size-
dependent manner (Figs. 3D, F and S2D). In the presence
of PEG 8000, we also observed a delay in the kinetics of
cell rounding (Fig. 3E). These results indicate that the
increase in cytosolic Ca2+, cell rounding, and plasma
membrane breakdown are all events driven by osmotic
forces. Notably, the protective effect of PEG 8000 in fer-
roptosis was reverted upon washing, which indicates that
the membrane damage was stable over time (Fig. 3G). We
also found that PEG 8000 did not prevent lipid peroxidation
in RSL3-treated NIH-3T3 cells (Fig. 3H, I). These results
confirmed that the effect of PEG 8000 was not a con-
sequence of its ability to block the ferroptotic pathway, but
rather the result of counterbalancing the water and ion
fluxes resulting from pore formation in the plasma
membrane.

Of note, for all the PEG sizes used, cell death was
recovered when NIH-3T3 cells were treated for a longer
period of time (24 h) (Fig. 3J). The inhibitory effect of
PEGs on the kinetics of ferroptosis also decreased with
RSL3 concentration (Figs. 3K, L and S3A). A similar effect
was observed when different cell lines were treated with
different concentrations of RSL3 in the presence or not of

Fig. 2 Increase in cytosolic Ca2+ and lipid oxidation take place
prior to plasma membrane breakdown. Time-lapse images of NIH-
3T3 cells treated with A Erastin-1 or B RSL3, and monitored for cell
rounding and Fluo-4 AM and PI staining. Scale bar, 50 µm. C Kinetics
of increase of the normalized Fluo-4 AM signal, cell rounding, and PI
intake upon Erastin-1 treatment. Interval time between measurements
was 5 min. Plots show the average (N= 16 cells) temporal relation-
ships between the normalized parameters. All cells were synchronized
to the first appearance of specific Ca2+ signal (t= 0). D Time delay
between a specific Ca2+ flux and other ferroptotic events (unrelated
Ca2+, change in cell rounding and PI) observed upon Erastin-1 treat-
ment. E Graphical representation of the sequence of events observed
during Erastin-1-induced ferroptosis. F Kinetics of increase of the
normalized Fluo-4 AM signal, change cell rounding, and PI intake
upon RSL3 treatment. Plots show the average (N= 25 cells) temporal
relationships between the normalized parameters. All cells were syn-
chronized to the first appearance of specific Ca2+ signal (t= 0). G
Time delay between specific Ca2+ flux and other ferroptotic events
(change in shape and PI) observed upon RSL3 treatment. Interval time
between measurements was 5 min. H Graphical representation of the
sequence of events observed during RSL3-induced ferroptosis. I Live
cells confocal imaging of NIH-3T3 cells labeled with BODIPY before
and after 2 h of treatment with RSL3. Pictures are representative of at
least three independent confocal microscopy experiments. J Time-
lapse images of lipid peroxidation in NIH-3T3 cells upon treatment
with RSL3. Scale bar, 25 µm. K Time course of the increase of the
normalized oxidation ratio and change in cell rounding upon RSL3
treatment. Plots show the average (n= 21 cells) temporal relationships
between the normalized parameters. All cells were synchronized to the
increase in the Oxidation ratio (t= 0). L) Time delay between cell
round and oxidation ratio observed upon RSL3 treatment. M Gra-
phical representation of the sequence of the lag time observed between
oxidation ratio and other ferroptotic events during RSL3-induced
ferroptosis. In C, F, and K, values were normalized between 0 and 1.
In D, G, and L, t50 of each event was calculated from individual curves
obtained per single cells. These values correspond to the time at 50%
of the maximum signal. Concentrations: Erastin-1 (10 µM) and RSL3
(2 µM).
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PEGs 4000, 6000, and 8000 (Fig. S3). Altogether, these
results suggest that the extent of membrane damage (size
and/or number of membrane pores) in ferroptosis increases

with the time and the intensity of the stimulus. Using as a
reference the PEG size that was able to protect at the lower
concentrations of RSL3, we could roughly estimate the
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smaller size of the perforated sections of the plasma mem-
brane to be around 2.5-nm radius (Fig. 3L). Altogether, our
data support a general model of plasma membrane disrup-
tion in ferroptosis through the formation of pores of a few
nanometers in radius.

ESCRT-III complex is activated during ferroptosis
and antagonizes cell death

It has been previously reported that during necroptosis
and pyroptosis, membrane repair dependent on the action
of the ESCRT-III complex delays cell death [17, 22, 23].
To investigate the role of ESCRT-III complex in ferrop-
tosis, we transiently transfected NIH-3T3 cells with the
component CHMP4B, tagged with either eGFP or
mCherry, and monitored its dynamics using live-cell
confocal imaging. It is well accepted that ESCRT-III can
mediate plasma membrane repair by different mechanisms
that include membrane shedding and endocytosis [18, 34].
In the first case, ESCRT-III is recruited to the plasma
membrane but in the second case, damaged membrane
sections are removed by endocytosis and the ESCRT
machinery is recruited at later stages to the endosomes
[18, 34]. Even though in our experiments we cannot dis-
tinguish between these two scenarios, we used CHMP4B
puncta formation as a proxy for ESCRT-III activation.

Initially, CHMP4B mostly showed homogenous cytosolic
distribution, however, upon RSL3 treatment, the protein
localized to distinct puncta that increased in number and
fluorescence intensity over time (Figs. 4A, B and S4).
This observation was similar to the reported behavior of
CHMP4B during necroptosis [22, 23] and pyroptosis [17],
and indicates that the ESCRT-III complex is activated
during ferroptosis.

We next quantified the temporal correlation of CHMP4B
puncta formation with the increase in cytosolic Ca2+ con-
centration, cell rounding, and final plasma membrane
breakdown at the single-cell level by live-cell confocal
imaging. CHMP4B puncta formation coincided approxi-
mately with the increase in cytosolic Ca2+ concentration
(Figs. 4C–E and S4). This is consistent with the fact that
repair mechanisms are activated shortly after the rise in
cytosolic Ca2+ concentration [19, 20], and also with pre-
vious results showing the formation of CHMP4B puncta
after membrane damage [17, 22, 23, 34]. Furthermore, these
results showed that cells round up at about the same time of
these two events (Fig. 4C–E), consistent with a putative role
of osmotic forces. Final membrane breakdown occurred
after a sustained increase in cytosolic Ca2+ levels, cell
rounding, and ESCRT-III complex activation, likely when
the cellular repair machinery was ultimately overwhelmed
(Fig. 4B, E, F).

To get further insight into the link between membrane
damage and the role of Ca2+ in the activation of ESCRT-
III during ferroptosis, we followed the increase in cyto-
solic Ca2+ in parallel with cell rounding and CHMP4B
distribution in NIH-3T3 cells co-treated with RSL3 and
PEG 8000, using live-cell confocal microscopy. This
experiment was based on our findings that treatment with
PEG 8000 blocks Ca2+ fluxes and ferroptosis progression,
but does not affect lipid peroxidation nor cell rounding.
Notably, treatment with PEG 8000 also blocked CHMP4B
puncta formation, probably as a consequence of inhibiting
Ca2+ fluxes (Fig. 4G–J). These results strengthen a model
in which ESCRT-III complexes are activated in a Ca2+-
dependent manner to repair membrane damage.

Interestingly, the early increase in cytosolic Ca2+

observed in Erastin-treated NIH-3T3 cells took place before
cell rounding and CHMP4B puncta formation (Fig. S5),
suggesting that the early increase in cytosolic Ca2+ during
Erastin treatment is unrelated to plasma membrane damage.

To examine the functional role of ESCRT-III in ferrop-
tosis, we assessed the effect of knocking down CHMP4B on
cell death in NIH-3T3 cells (Fig. 5A, B). We observed a
higher and faster incidence of cell death in CHMP4B
knockdown cells compared with the control, particularly at
early time points (1–3 h), indicating that the loss of
CHMP4B results in higher sensitization of the cells toward
ferroptosis. Importantly, these findings show that the

Fig. 3 PEGs of high sizes provide osmotic protection against fer-
roptosis. A Impermeant intracellular molecules impose an osmotic
gradient after pore opening that leads to net influx of water molecules
and cell lysis. B PEGs of proper size can prevent this effect if their size
is large enough to do not cross the membrane through the pores. C
Live cells confocal images of the effect of PEGs of different sizes on
RSL3-induced (2 µM) ferroptosis at 3 h of treatment. Pictures are
representative of at least three independent experiments. Scale bar, 50
µm. D Time course of increase of Fluo-4 AM fluorescent signal E
change in cell rounding, and F PI intake in NIH-3T3 cells treated with
RSL3 (2 µM), in the presence or not of PEGs of different sizes. Each
data point represents the mean of at least six replicas made in three
independent confocal microscopy experiments. At least 100 cells were
analyzed for each replica. G Recovery of cell death after washing out
PEG 8000. NIH-3T3 cells were treated with RSL3 (2 µM) in the
presence of PEG 8000. After 3 h, the media containing osmoprotectant
and RSL3 was exchanged by fresh media, and the kinetic of cell death
was tracked over time. H Representative images of the effect of PEG
8000 in the oxidation ratio of C11 BODIPY 581/591 on RSL3-
induced (2 µM) ferroptosis at 1 h of treatment in NIH-3T3 cells. Scale
bar, 25 µm. I Oxidation ratio of C11 BODIPY 581/591 in cell treated
with RSL3 (2 µM) in the presence or not of PEG 8000. Each data point
represents the mean of at least five replicas made in three independent
confocal microscopy experiments. At least 100 cells were analyzed for
each condition. J Long-time kinetics of cell death of NIH-3T3 cells
treated with RSL3 (4 µM), in the presence or not of PEGs of different
sizes. K Cell death heat map of the effect of different PEGs on the
extension of cell death (12 h) in NIH-3T3 treated with different con-
centrations of RSL3. L Percentage of dead cells as a function of PEG
size upon 12-h treatment of NIH-3T3 cells with different RSL3
concentrations.
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ESCRT-III machinery plays a role in protecting cells
against ferroptosis most likely by counterbalancing mem-
brane damage.

During necroptosis and pyroptosis, the ESCRT-III
machinery has been shown to regulate the release of cyto-
kines and other inflammatory factors, which affects the

Fig. 4 Membrane damage correlates with CHMP4B activation.
Time-lapse live confocal images of NIH-3T3 cells transiently trans-
fected with A CHMP4B-mCherry or B CHMP4B-eGFP, treated with
RSL3, and monitored for CHMP4B puncta formation, Fluo-4 AM, and
PI staining. Scale bar, 20 µm. C, D Kinetics of the appearance of
CHMP4B puncta and increase of cytosolic Fluo-4 AM signal, change
in cell rounding, and PI intake upon RSL3 treatment. Plots show the
average temporal relationships between normalized C mCherry (N= 8
cells) or D eGFP (N= 15 cells) fluorescence intensity standard
deviation and cell rounding. All cells were synchronized to the first
appearance of CHMP4B puncta (t= 0). Interval time between mea-
surements was 5 min. E Time delay between the appearance of
CHMP4B puncta, Ca2+ signal, cell rounding, and PI. t50 of each event
was calculated from individual curves obtained per single cells (shown
in C and D). These values correspond to the time at 50% of the
maximum signal and were plotted as lag time with respect to

appearance of the CHMP4B puncta. F Graphical representation of the
sequence of events related to CHMP4B activation in ferroptosis. G
Time-lapse images of NIH-3T3 cells transiently transfected with
CHMP4B-mCherry and treated with RSL3 (2 µM) in the presence of
PEG 8000. Scale bar, 15 µm. H Kinetics of the appearance of
CHMP4B puncta and change in cell rounding upon RSL3 treatment in
the presence or absence of PEG 8000. Plots show the average temporal
relationships between normalized cell rounding and the folding
increase of the standard deviation of mCherry (n= 8 cells in the
experiment with PEG 8000 and 6 cells in the experiment without PEG
8000). The activation of ESCRT-III was measuring as the fold increase
of the SD of the mCherry CHMP4B fluorescence signal over time.
Interval time between measurements was 5 min. I Fold increase of the
Fluo-4 AM mean intensity and percentage of cells containing
CHMPH4 puncta in the presence or absence of PEG 8000.
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communication with immune cells [17, 22, 23, 35]. Thus, we
set out to determine whether ferroptosis can directly modulate
cytokine secretion in different cell lines and upon different
treatments using the proteome profiler XL cytokine Array kit
(Figs. 5C and S6). Upon ferroptosis induction, we detected
changes in the levels of a subset of cytokines that appeared cell
line- and treatment-dependent. Furthermore, knocking down
CHMP4B altered the cytokine profile obtained after treatment
with RSL3 (Fig. 5C, D) or Erastin-1 (Fig. S6C). These results
suggest that ESCRT-III generally impacts cytokine secretion in
ferroptotic cells, albeit the concrete cytokines altered are
treatment-dependent.

Next, we explored the role of ESCRT-III-modulated
membrane repair in the regulation of a potential immune
response. To this end, we collected supernatants from NIH-
3T3 cells with control or CHMP4B knockdown and treated
with DMSO or RSL3. We spiked supernatants after col-
lection with Fer-1 to prevent that they induced cell death in
later experiments due to residual RSL3 in the media. These
supernatants were then used to treat immortalized bone-

marrow-derived macrophages. To monitor macrophages
activation, expression of the CD14 was analyzed by flow
cytometry. Strikingly, only supernatants from RSL3-treated
CHMP4B-silenced cells were capable of increasing
CD14 surface expression of mouse macrophages (Fig. 5E).
Altogether these results indicate that similar to necroptosis
and pyroptosis, ESCRT-III also modulates the immunolo-
gical output of ferroptotic cells.

Discussion

Despite the rapid progress made in recent years on the
understanding of ferroptosis, how the final plasma mem-
brane rupture is executed remains unclear. Here we exam-
ined the cellular alterations during ferroptosis execution,
including an increase in cytosolic Ca2+, cell rounding, and
lipid peroxidation, and correlated them with plasma mem-
brane disruption. We found that GPX4 inactivation induces
an increase in cytosolic Ca2+ that precedes complete plasma

Fig. 5 ESCRT-III modulates
cell death and the
immunologic outcome of
ferroptotic cells. A Immunoblot
showing the knock down of
CHMP4B in NIH-3T3 cells. B
Effect of knocking down
CHMP4B on the kinetics of
ferroptosis. C Effect of
CHMP4B depletion on the
cytokine profile of ferroptotic
cells. NIH-3T3 cells were
treated with RSL3 (2 µM) for 24
h. Supernatants were filtered,
and the cytokine composition
was analyzed by the proteome
profiler mouse XL cytokine
Array kit. D Summary of the
cytokines that are regulated in
C. Cytokines that are differently
regulated upon CHMP4B
depletion are highlighted in
green. E CD14 expression in the
plasma membrane of raw 264.7
macrophages after stimulation
with the supernatants obtained
from NIH-3T3 cells treated with
RSL3, as indicated in C. Each
bar represents the mean and
standard deviation for three
independent experiments. The
statistical comparison was
carried out by the Student’s t-
test. * indicates independent
groups with significant
differences among them (p <
0.05).
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membrane disruption. Unlike lipid peroxidation, both
events are driven by osmotic forces and linked to the for-
mation of pores of few nanometers in the plasma mem-
brane. A sustained increase in cytosolic Ca2+ is necessary
for the activation of the ESCRT-III machinery for mem-
brane repair, which delays the kinetics of cell death likely
by counterbalancing membrane damage upon ferroptosis.
Importantly, activation of ESCRT-III during ferroptosis
modulates the inflammatory microenvironment of the dying
cells, which is a common feature with necroptosis
[22, 23, 35] and pyroptosis [17].

Alteration of plasma membrane permeability is a feature
of ferroptosis that is common with necroptosis and pyr-
optosis [13, 18, 24, 30, 36]. In necroptosis and pyroptosis,
membrane permeabilization is mediated by dedicated pro-
tein cell-death effectors encoded in the genome [30, 36, 37].
In contrast, the protein- or lipid-based nature of the pores
during ferroptosis execution is a key open question in the
field. In this regard, it is a matter of strong debate whether
peroxidation of PUFAs-PL at the plasma membrane would
be sufficient to cause its permeabilization. It has been
hypothesized that peroxidized phospholipids and their
derivate lysophospholipids could be directly toxic to cells
through the formation of small discontinuities in the plasma
membrane involving membrane thinning and increase of
membrane curvature [38]. Alternatively, lipid peroxidation
could modulate the activity of membrane proteins, indir-
ectly triggering membrane disruption. Here we found that
lipid peroxidation occurred as an early event during fer-
roptosis progression, prior to markers of membrane damage
like increased cytosolic calcium and cell rounding. We not
only detected lipid peroxidation at the plasma membrane,
but also in other intracellular membranes. This opens the
question about the contribution of the subcellular localiza-
tion of lipid peroxidation to ferroptosis progression.

We also identified that final plasma membrane disruption
in ferroptosis is caused by an imbalance in osmotic forces
due to the opening of small nanopores. Activation of
osmotic forces leading to anion imbalance and cell bursting
represents a common feature with necroptosis and pyr-
optosis [13, 30]. In this scenario, our results position the
opening of pores at the plasma membrane as a core
mechanism responsible for the execution of different types
of regulated necrosis.

Different ion fluxes take place upon membrane damage,
of which Ca2+ has a critical role linking the increase in
plasma membrane permeability to the activation of intra-
cellular signaling pathways [19, 39–41]. In this context, a
rise in cytosolic Ca2+ has been related to the execution of
different cell death processes including apoptosis, necrop-
tosis, and pyroptosis, or unregulated necrosis
[18, 39, 41, 42]. Previous work on the process of oxytosis, a
type of cell death related to ferroptosis, connected lipid

peroxidation with the increase of Ca2+ fluxes through spe-
cific channels [43]. Contradictory observations also sug-
gested that Ca2+ has no impact on ferroptosis [1, 44] or
linked to extracellular Ca2+ influx and oxidative cell death
with the inhibition of the Xc system by glutamate [45]. Here
we show that when ferroptosis is triggered by Erastin-1,
there is an early increase in cytosolic Ca2+ event that takes
place quickly after treatment and prior to ESCRT-III acti-
vation, but is not inhibited by Fer-1. This is followed by a
second increase in cytosolic Ca2+ that is common with the
single Ca2+ influx event observed in RSL3-induced fer-
roptosis and that can be inhibited by Fer-1. Our findings
could therefore reconcile possible contradictions about the
essential role of Ca2+ in ferroptosis, since the type of fluxes
that is activated downstream GPX4 inactivation strongly
depends on the treatment that is used. The early Ca2+

increase activated by Erastin-1 signaling could be triggered
by the inhibition by Erastin-1 of the voltage-dependent
anion-selective channel proteins 2 and 3 [1, 46], which are
involved in the regulation of cellular Ca2+ homeostasis [47].
In contrast, ferroptosis-specific increase in Ca2+ observed
upon Erastin-1 and RSL3 treatments are sustained and
linked to membrane damage, as it was inhibited by osmo-
tically active agents. We cannot discard the possibility that
it is also a result of the indirect activation of endogenous
Ca2+ channels, a process that is also connected to mem-
brane damage [15, 48, 49]. Further work will be necessary
to identify the cellular components that mediate ferroptosis-
related Ca2+ fluxes and their role in ferroptosis progression.

Recently, the ESCRT-III complex has been identified as
common machinery that mediates plasma membrane repair
during necroptosis and pyroptosis [17, 22, 23]. ESCRT-III
mediates the shedding and trapping of the damaged sections
of the membranes into intracellular or extracellular vesicles
in response to the increase of cytosolic Ca2+ [17, 22, 23].
As a result, the ESCRT-III machinery regulates cell death
and impacts on the signals released from dying cells and on
the activation of the immune system [17, 22, 23, 35]. Here
we also found that the ESCRT-III machinery is relevant to
protect cells against ferroptosis. We causally linked the
activation of ESCRT-III with the increase in cytosolic Ca2+

upon membrane damage in ferroptosis and showed that
ESCRT-III depletion via CHMP4B downregulation accel-
erates the kinetics of ferroptosis. This is in agreement with a
recent study showing that knock down of CHMP5 or
CHMP6 sensitizes cancer cells to ferroptosis [50].

The lag time between membrane damage and cell
bursting represents a time frame in which the cells can
communicate with the microenvironment [18]. By mod-
ulating the kinetics of cell death, the ESCRT-III machinery
might thus affect the inflammatory factors that are released
from ferroptotic cells, as previously proposed for necrop-
tosis and pyroptosis [17, 22, 23, 35]. In agreement with this,
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we discovered that ESCRT-III affects the cytokine profile
secreted from ferroptotic cells as well as the activation of
macrophages exposed to ferroptotic supernatants. Our
findings expand the role of ESCRT-III as a general
machinery for counterbalancing regulated necrosis and its
inflammatory consequences.

In summary, here we defined the cellular hallmarks of
ferroptosis associated with plasma membrane permeabili-
zation upon GPX4 inactivation. Activation of the ferroptotic
pathway leads to lipid peroxidation in cellular membranes
and a sustained increase of cytosolic Ca2+ levels as a result
of membrane damage that precedes final cell bursting.
These processes are governed by osmotic pressure and
result from the formation of small pores of a few nan-
ometers in the plasma membrane. The activation of Ca2+

fluxes due to membrane damage induces the activation of
the ESCRT-III machinery, which counterbalances ferrop-
tosis to modulate the kinetics of cell death. Our results that
ESCRT-III modulates the cytokine levels in the ferroptotic
microenvironment reveal the role of this machinery in the
modulation of the inflammatory outcome of ferroptosis.
These findings support a general model in which plasma
membrane pore formation and membrane repair emerge as
central and opposite mechanisms that control the progres-
sion of different types of regulated necrosis and their
inflammatory signature.

Materials and methods

Reagents and antibodies

Erastin-1, RSL3, Fer-1, and Nec-1s were purchased from
Biomol (Germany). PI and all PEGs were from Sigma-
Aldrich (Germany). zVAD was obtained from APEXBIO
(Houston, TX, USA). Fluo-4-AM and C11 BODIPY 581/
591 were provided by Thermofisher (Germany). CHMP4B
siRNA (L-018075-01-005) was purchased from Dharmacon
(Germany). The CHMP4B-eGFP and CHMP4B-mCherry
constructs were kindly provided by Prof. Christian Wunder
(Institut Curie, Paris, France). Anti-CD14 (lone Sa14-2,
123307-123308) and isotype control antibodies were pur-
chased from Biolegend. Anti CHMP4B (ab7291) was pur-
chased from Abcam, and anti β-tubulin (sc-55529) was
from Santa Cruz Biotechnology.

Cell lines, culture conditions, and transfection

NIH-3T3 cells were obtained from Prof. Dr Andreas Lin-
kermann (University Hospital Carl Gustav Carus at the
Technische Universität Dresden). HT-1080 and Mda-157
cells were obtained from Dr Marcus Conrad (Helmholtz
Zentrum München) under the terms of a material transfer

agreement. Immortalized mouse bone-marrow-derived
macrophages were kindly provided by Prof. Eicke Latz
(Institute of Innate immunity, Bonn, Germany). Mouse
embryonic fibroblasts (MEFs) were kindly provided by Prof.
Manolis Pasparakis (University of Cologne, Germany),
H441 cells were kindly provided by Prof. Julian Downward
(The Francis Crick Institute, London, UK). All cell lines
were tested for mycoplasma contamination. All cells were
cultured in low glucose DMEM (Sigma, Germany) supple-
mented with 10% FBS and 1% penicillin–streptomycin
(ThermoFisher, Germany), and grown in a humidified
incubator containing 5% CO2 at 37 °C. The cells were fre-
quently passaged at sub-confluence, and seeded at a density
of 0.5–5 × 104 cells/mL. For knockdown experiments, cells
were transfected with Lipofectamine 2000 (Invitrogen,
Germany) with specific siRNA, for 48 h in 6-well (western
blot) or 12-well (FACS) plates.

Flow cytometry measurements

The plasma membrane integrity was tested by flow cytometry
measuring the ability of cells to exclude PI. Flow-cytometric
analyses were conducted using CytoFlex and data analyzed
using the FACSDiva software (Beckman Counter, Germany).
After treatment, both attached and nonattached cell populations
were collected. Cells were washed twice with cold PBS, cen-
trifuged (2500 g, 5 min, 4 °C), and resuspended in PBS con-
taining Fluo-4-AM (1 µM). After 30min of incubation at 37 °
C, cells were washed, resuspended in PBS containing PI (2 µg/
mL), and a total of 10,000 cells were analyzed by flow cyto-
metry. PI fluorescence was determined in the PE-A channel
and Fluo-4 AM/Ca in the FITC-channel. For PI, the distribu-
tion of fluorescence intensity in the negative control sample
with living cells and in the positive control sample with dead
cells did not overlap and we chose a threshold value inter-
mediate between the well-resolved peaks that yielded 10% or
less dead cells in the negative control. For Fluo-4 AM, the
distribution of fluorescence intensity in the negative (living
cells) and positive (dead cells) control populations partially
overlapped and we chose a threshold value based on the
negative control sample (living cells) using the geometric tri-
angle method [51]. The triangle method constructs a line
between the histogram peak and the farthest end of the histo-
gram. This typically yielded values between 5 and 10% Fluo-4
AM/Ca positive cells in the control population.

CD14 stainings in immortalized BMDMs

Supernatants from control or siCHMP4 cells treated with
DMSO or RSL3 were collected and subsequently spiked
with Ferrostatin-1 to prevent RSL3-induced cell death in
subsequent co-cultures. 500,000 immortalized BMDMs
(CL13) were seeded in six-well plates and stimulated for 24
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h with these supernatants. Cells were then detached by
scraping, washed with PBS, and incubated with FITC-
coupled anti-CD14 antibody (clone Sa14-2, Bioloegend) or
FITC-coupled isotype control at 1:100 in 100 µl for 1 h at
room temperature. Next, samples were washed twice with in
PBS, 2% FCS and FITC mean fluorescence intensity was
determined by flow cytometry using a FACS Fortessa (BD)
and the corresponding Diva (8.0) software. Subsequent data
analysis was performed using FlowJo version 10.4.2.

Bright-field and confocal microscopy

Cells were seeded in DMEM in IBIDI eight-well chambers
(Ibidi, Germany) 24 h before the experiment. The day after,
cells were washed with PBS to replace the media by phenol
red-free DMEM (Sigma-Aldrich, Germany) supplemented with
FBS and antibiotics. Cells were loaded with 1-µM Fluo-4 AM,
2-µg/mL PI, or 1 µM of C11 BODIPY 581/591 for 30min at
37 °C. All images were acquired with a Zeiss LSM 710
ConfoCor3 microscope (Carl Zeiss, Jena, Germany) or a
gSTED Leica confocal microscopy equipped with incubator at
37 °C and 5% CO2. Time-lapse imaging with z-stack acquisi-
tion was carried out before and after ferroptosis induction.
Transmitted light and fluorescence images were acquired
through a Zeiss C-Apochromat 40X, NA= 1.2 water immer-
sion objective or a 63X, NA= 1.2 oil immersion objective
onto the sample. Excitation light came from Argon ion (488
nm) or HeNe (561 nm) lasers. All images were processed in
Fiji. The percentage of Fluo-4 AM-positive cells was calculated
at each time point. For this, individual cells were automatically
detected based on the fluorescence of the Fluo-4 AM. To
define cells as positive, we arbitrarily set a fluorescence
threshold in which the percentage of Fluo-4 AM-positive cells
did not exceed 5% in the negative control. The total number of
cells in each condition was determined in the transmitted light
images.

IncuCyte measurements

Kinetics of cell death were collected using the IncuCyte
bioimaging platform (Essen). For this, cells were seeded in
96-well plates (104 cells per well) 1 day before treatment.
After treatment, four images per well were captured, ana-
lyzed, and averaged. Cell death was measured by the
incorporation of DRAQ7. Data were collected as count of
Draq 7 positive cells per total number of cells in each
conditions and normalized taking as 100% the total count of
cells in each condition.

Lipid peroxidation measurements

The oxidation ratio of C11 BODIPY 581/591 was calcu-
lated as an indicator of lipid peroxidation per cell following

the equation:

Oxidation ratio ¼ Bodipyox=ðBodipyox þ BodipyredÞ;

where Bodipyred corresponds to the non-oxidized fraction of
the probe and was estimated based on the fluorescence intensity
per pixel from the red image and Bodipyox corresponds to the
oxidized fraction and was calculated based on the fluorescence
intensity per pixel from the green channel fluorescence images.
Those values were estimated based on the fluorescence
intensity per pixel from the red and green channels in the
fluorescence images (using Fiji). t50 values of the oxidation
ratio per cell were calculated by adjusting the increase in the
oxidation ratio over time with an exponential function (using
Origin 8.0).

Effect of osmotically active agents

The effect of PEGs of different sizes was assessed using
confocal microscopy or Incucyte measurements. PEGs were
solubilized in DMEM media and filtered before use. For the
experiments, ferroptosis was induced in the presence of PEG
(10mM). We controlled that at this concentration the dif-
ferent PEGs were not toxic to the cells. For the washing
experiments, the media containing PEG 8000 and RSL3
were exchanged by fresh media without them, after 3 h of
treatment. At this time, we controlled that cells were still
alive due to osmotic protection. From this point, we recorded
the recovery of the kinetics of cell death after washing out.

Cytokine arrays

Culture supernatants from cells treated with RSL3 or
Erastin-1 for 24 h were analyzed for secreted cytokines/
chemokines using Proteome Profiler mouse and human XL
Cytokine Array (R&D Systems) according to the manu-
facturer’s instructions.

Statistical methods

All measurements were performed at least three times and
results are presented as mean ± standard deviation.

Acknowledgements LP, RAE, and UR acknowledge the Alexander von
Humboldt Foundation for supporting their postdoctoral research at the
Interfaculty Institute of Biochemistry, Eberhard-Karls-Universität Tübin-
gen, Germany. RAE would also like to express his gratitude to De La Salle
University (Manila, Philippines) for additional financial support. Work in
the von Karstedt Laboratory was supported by a Max-Eder-Junior
Research Group Grant (701125509—SvK) by the German Cancer Aid
and a medical student fellowship (JW) funded by the Koeln Fortune
Program/Faculty of Medicine, University of Cologne. This work was also
partially supported by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) in the context of the grants SFB1403—

Ferroptotic pores induce Ca2+ fluxes and ESCRT-III activation to modulate. . . 1655



414786233 and AG1641/6-1. We also thank the CECAD Imaging Facility
and staff members for their support.

Author contributions LP, RAE, and UR performed confocal and flow
cytometry experiments and analyzed data. UR, JS, AS, SH, and SvK
designed and conducted the cytokine array experiments. JW and SvK
conducted and designed macrophage supernatant co-culture and CD14
regulation experiments. All authors contributed to experimental design and
manuscript writing. AJG-S conceived the project and supervised research.

Funding Open Access funding enabled and organized by
Projekt DEAL.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, et al. Ferroptosis: an iron-dependent form of non-
apoptotic cell death. Cell. 2012;149:1060–72.

2. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation.
Trends Cell Biol. 2016;26:165–76.

3. Proneth B, Conrad M. Ferroptosis and necroinflammation, a yet
poorly explored link. Cell Death Differ. 2019;26:14–24.

4. Tuo QZ, Lei P, Jackman KA, Li XL, Xiong H, Li XL, et al. Tau-
mediated iron export prevents ferroptotic damage after ischemic
stroke. Mol Psychiatry. 2017;22:1520–30.

5. Li Y, Feng D, Wang Z, Zhao Y, Sun R, Tian D, et al. Ischemia-
induced ACSL4 activation contributes to ferroptosis-mediated
tissue injury in intestinal ischemia/reperfusion. Cell Death Differ.
2019;26:2284–99.

6. Conrad M, Angeli JP, Vandenabeele P, Stockwell BR. Regulated
necrosis: disease relevance and therapeutic opportunities. Nat Rev
Drug Discov. 2016;15:348–66.

7. Stockwell BR, Angeli JPF, Bayir H, Bush AI, Conrad M, Dixon SJ,
et al. Ferroptosis: a regulated cell death nexus linking metabolism,
redox biology, and disease. Cell. 2017;171:273–85.

8. Dixon SJ. Ferroptosis: bug or feature? Immunol Rev.
2017;277:150–7.

9. Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C,
et al. Glutathione peroxidase 4 senses and translates oxidative

stress into 12/15-lipoxygenase dependent- and AIF-mediated cell
death. Cell Metab. 2008;8:237–48.

10. Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS,
Stockwell BR. Peroxidation of polyunsaturated fatty acids by
lipoxygenases drives ferroptosis. Proc Natl Acad Sci U S A.
2016;113:E4966–75.

11. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R,
Viswanathan VS, et al. Regulation of ferroptotic cancer cell death
by GPX4. Cell. 2014;156:317–31.

12. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M,
et al. Pharmacological inhibition of cystine-glutamate exchange
induces endoplasmic reticulum stress and ferroptosis. Elife.
2014;3:e02523.

13. Ros U, Pena-Blanco A, Hanggi K, Kunzendorf U, Krautwald S,
Wong WW, et al. Necroptosis execution is mediated by plasma
membrane nanopores independent of calcium. Cell Rep.
2017;19:175–87.

14. Cai Z, Jitkaew S, Zhao J, Chiang HC, Choksi S, Liu J, et al. Plasma
membrane translocation of trimerized MLKL protein is required for
TNF-induced necroptosis. Nat Cell Biol. 2014;16:55–65.

15. Ousingsawat J, Cabrita I, Wanitchakool P, Sirianant L, Krautwald
S, Linkermann A, et al. Ca(2+) signals, cell membrane disin-
tegration, and activation of TMEM16F during necroptosis. Cell
Mol Life Sci. 2017;74:173–81.

16. de Vasconcelos NM, Van Opdenbosch N, Van Gorp H, Parthoens
E, Lamkanfi M. Single-cell analysis of pyroptosis dynamics
reveals conserved GSDMD-mediated subcellular events that pre-
cede plasma membrane rupture. Cell Death Differ.
2018;26:146–61.

17. Ruhl S, Shkarina K, Demarco B, Heilig R, Santos JC, Broz P.
ESCRT-dependent membrane repair negatively regulates pyroptosis
downstream of GSDMD activation. Science. 2018;362:956–60.

18. Espiritu RA, Pedrera L, Ros U. Tuning the way to die: implications
of membrane perturbations in necroptosis. In: Iglič A, Garcia-Sáez
A, Rappolt M, editors. Advances in biomembranes and lipid self-
assembly. Cambridge, Massachusetts: Academic Press; 2019.

19. Andrews NW, Corrotte M. Plasma membrane repair. Curr Biol.
2018;28:R392–7.

20. Jimenez AJ, Perez F. Plasma membrane repair: the adaptable cell
life-insurance. Curr Opin Cell Biol. 2017;47:99–107.

21. Etxaniz A, Gonzalez-Bullon D, Martin C, Ostolaza H. Membrane
repair mechanisms against permeabilization by pore-forming
toxins. Toxins. 2018;10:234.

22. Gong YN, Guy C, Olauson H, Becker JU, Yang M, Fitzgerald P,
et al. ESCRT-III acts downstream of MLKL to regulate necrop-
totic cell death and its consequences. Cell. 2017;169:286–300.
e216.

23. Gong YN, Guy C, Crawford JC, Green DR. Biological events and
molecular signaling following MLKL activation during necrop-
tosis. Cell Cycle. 2017;16:1748–60.

24. Frank D, Vince JE. Pyroptosis versus necroptosis: similarities,
differences, and crosstalk. Cell Death Differ. 2018;26:99–114.

25. Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G.
Molecular mechanisms of necroptosis: an ordered cellular explo-
sion. Nat Rev Mol Cell Biol. 2010;11:700–14.

26. Ros U, Pedrera L, Garcia-Saez AJ. Partners in crime: the interplay
of proteins and membranes in regulated necrosis. Int J Mol Sci.
2020;21:2412.

27. Stosiek C, Garaschuk O, Holthoff K, Konnerth A. In vivo two-
photon calcium imaging of neuronal networks. Proc Natl Acad Sci
USA. 2003;100:7319–24.

28. Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. Modified
annexin V/propidium iodide apoptosis assay for accurate assess-
ment of cell death. J Vis Exp. 2011;50:e2597.

1656 L. Pedrera et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


29. Cosentino K, Garcia-Saez AJ. Bax and Bak pores: are we closing
the circle? Trends Cell Biol. 2017;27:266–75.

30. Sborgi L, Ruhl S, Mulvihill E, Pipercevic J, Heilig R, Stahlberg H,
et al. GSDMD membrane pore formation constitutes the
mechanism of pyroptotic cell death. EMBO J. 2016;35:1766–78.

31. Tejuca M, Dalla Serra M, Potrich C, Alvarez C, Menestrina G.
Sizing the radius of the pore formed in erythrocytes and lipid
vesicles by the toxin sticholysin I from the sea anemone Sticho-
dactyla helianthus. J Membr Biol. 2001;183:125–35.

32. Sukhorukov VL, Imes D, Woellhaf MW, Andronic J, Kiesel M,
Shirakashi R, et al. Pore size of swelling-activated channels for
organic osmolytes in Jurkat lymphocytes, probed by differential
polymer exclusion. Biochimica Biophys Acta. 2009;1788:1841–50.

33. Ling K, Jiang H, Zhang Q. A colorimetric method for the mole-
cular weight determination of polyethylene glycol using gold
nanoparticles. Nanoscale Res Lett. 2013;8:538.

34. Jimenez AJ, Maiuri P, Lafaurie-Janvore J, Divoux S, Piel M,
Perez F. ESCRT machinery is required for plasma membrane
repair. Science. 2014;343:986.

35. Yoon S, Kovalenko A, Bogdanov K, Wallach D. MLKL, the protein
that mediates necroptosis, also regulates endosomal trafficking and
extracellular vesicle generation. Immunity. 2017;47:51–65.e7.

36. Grootjans S, Vanden Berghe T, Vandenabeele P. Initiation and
execution mechanisms of necroptosis: an overview. Cell Death
Differ. 2017;24:1184–95.

37. Chen X, He WT, Hu L, Li J, Fang Y, Wang X, et al. Pyroptosis is
driven by non-selective gasdermin-D pore and its morphology is
different from MLKL channel-mediated necroptosis. Cell Res.
2016;26:1007–20.

38. Agmon E, Solon J, Bassereau P, Stockwell BR. Modeling the
effects of lipid peroxidation during ferroptosis on membrane
properties. Sci Rep. 2018;8:5155.

39. Bouillot S, Reboud E, Huber P. Functional consequences of cal-
cium influx promoted by bacterial pore-forming toxins. Toxins.
2018;10:387.

40. Carafoli E, Krebs J. Why calcium? How calcium became the best
communicator. J Biol Chem. 2016;291:20849–57.

41. Zhivotovsky B, Orrenius S. Calcium and cell death mechanisms: a
perspective from the cell death community. Cell Calcium.
2011;50:211–21.

42. Mattson MP, Chan SL. Calcium orchestrates apoptosis. Nat Cell
Biol. 2003;5:1041–3.

43. Henke N, Albrecht P, Bouchachia I, Ryazantseva M, Knoll K,
Lewerenz J, et al. The plasma membrane channel ORAI1 mediates
detrimental calcium influx caused by endogenous oxidative stress.
Cell Death Dis. 2013;4:e470.

44. Wolpaw AJ, Shimada K, Skouta R, Welsch ME, Akavia UD,
Pe’er D, et al. Modulatory profiling identifies mechanisms of
small molecule-induced cell death. Proc Natl Acad Sci USA.
2011;108:E771–80.

45. Maher P, van Leyen K, Dey PN, Honrath B, Dolga A, Methner A.
The role of Ca(2+) in cell death caused by oxidative glutamate
toxicity and ferroptosis. Cell Calcium. 2018;70:47–55.

46. Maldonado EN, Sheldon KL, DeHart DN, Patnaik J,
Manevich Y, Townsend DM, et al. Voltage-dependent anion
channels modulate mitochondrial metabolism in cancer cells:
regulation by free tubulin and erastin. J Biol Chem. 2013;288:
11920–9.

47. Rizzuto R, De Stefani D, Raffaello A, Mammucari C. Mito-
chondria as sensors and regulators of calcium signalling. Nat Rev
Mol Cell Bio. 2012;13:566–78.

48. Ousingsawat J, Wanitchakool P, Schreiber R, Kunzelmann K.
Contribution of TMEM16F to pyroptotic cell death. Cell Death
Dis. 2018;9:300.

49. Simoes F, Ousingsawat J, Wanitchakool P, Fonseca A, Cabrita I,
Benedetto R, et al. CFTR supports cell death through ROS-
dependent activation of TMEM16F (anoctamin 6). Pflug Arch.
2018;470:305–14.

50. Dai E, Meng L, Kang R, Wang X, Tang D. ESCRT-III-dependent
membrane repair blocks ferroptosis. Biochem Biophys Res
Commun. 2019;522:415–21.

51. Zack GW, Rogers WE, Latt SA. Automatic measurement of sister
chromatid exchange frequency. J Histochem Cytochem.
1977;25:741–53.

Ferroptotic pores induce Ca2+ fluxes and ESCRT-III activation to modulate. . . 1657


	Ferroptotic pores induce Ca2+ fluxes and ESCRT-III activation to modulate cell death kinetics
	Abstract
	Introduction
	Results
	Sustained increase in cytosolic Ca2+ is a hallmark of ferroptosis
	Lipid oxidation precedes the increase in cytosolic Ca2+ and plasma membrane breakdown
	Osmotically active agents protect cells against ferroptosis
	ESCRT-III complex is activated during ferroptosis and antagonizes cell death

	Discussion
	Materials and methods
	Reagents and antibodies
	Cell lines, culture conditions, and transfection
	Flow cytometry measurements
	CD14�stainings in immortalized BMDMs
	Bright-field and confocal microscopy
	IncuCyte measurements
	Lipid peroxidation measurements
	Effect of osmotically active agents
	Cytokine arrays
	Statistical methods

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




