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SUMMARY
Pyroptosis is a lytic cell death triggered by the cleavage of gasdermin (GSDM) proteins and subsequent pore
formation by the N-terminal domain oligomerization in the plasma membrane. GSDMD is cleaved by cas-
pase-1/-4/-5/-11 upon inflammasome activation and mediates interleukin (IL)-1b and IL-18 release.
GSDMD pores favor ninjurin 1 (NINJ1)-induced plasma membrane rupture and cell death. Here, we demon-
strate that GSDMD mediates early ATP release upon NLRP3 inflammasome activation independently of
NINJ1, occurring before IL-1b release and cell death and constituting an early danger signal. The release
of ATP is a transient signal terminated before the cells continue to permeabilize and die. The different
N termini of GSDMA to -E are also able to release ATP and induce monocyte migration toward pyroptotic
cells. This study reveals ATP release as an early and transient danger signal depending on GSDMD plasma
membrane permeabilization, independently of the late stages of lytic cell death.
INTRODUCTION

Extracellular adenosine triphosphate (eATP) engages purinergic

receptors and participates in various physiological processes,

such as neurotransmission, cell death, vasodilatation, or cell dif-

ferentiation.1 eATP is also widely recognized as a danger signal,

modulating several steps of the immune response: inflammation,

chemotaxis, antigen presentation, modulation of T cell function,

or macrophage activity.2–4 Several stimuli, such as hypoxia,

shear stress, swelling, or the presence of pathogens, can trigger

ATP release through channels, pores, and exocytosis.5–7 Ecto-

nucleotidases terminate the action of eATP on specific puriner-

gic receptors and generate new ligands for other purinergic

receptors.8,9

Inflammation can be initiated by engaging the purinergic re-

ceptor P2X subunit 7 (P2X7R), which responds to mM concen-

trations of eATP. P2X7R mediates the efflux of intracellular K+,

leading to the activation of the nucleotide-binding domain and

leucine-rich repeat-containing receptor with a pyrin domain 3

(NLRP3) inflammasome.10,11 In turn, the NLRP3 inflammasome

leads to caspase-1 activation and the cleavage of different

cellular proteins, including pro-interleukin (IL)-1b and pro-IL-18,

as well as gasdermin D (GSDMD).12 The resulting GSDMDN-ter-
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minal (NT) fragment oligomerizes in the plasmamembrane, form-

ing pores and releasing IL-1b and IL-18.13,14 GSDMDpores favor

the oligomerization of the protein ninjurin 1 (NINJ1), inducing

large ruptures in the membrane, leading to the lytic cell death

termed pyroptosis.15–17 Pyroptosis is a pro-inflammatory form

of cell death characterized by cell swelling, membrane rupture,

and the release of intracellular content, including different intra-

cellular proteins, cytokines, inflammasome oligomers, and mito-

chondrial DNA.18–20

While the effects of eATP on NLRP3 inflammasome activa-

tion are well documented, the inflammatory signals promoting

ATP release are less known. In this study, we found that,

following NLRP3 inflammasome activation, ATP is released

from macrophages as an early and transient danger signal,

causing a non-linear accumulation of eATP dynamically

controlled by ecto-nucleotidases. We demonstrate that ATP

release is a regulated process requiring GSDMD membrane

permeabilization and precedes IL-1b release and pyroptotic

lytic cell death, showing that the late phases of NINJ1-medi-

ated pyroptotic lytic cell death occur without ATP release.

The NT fragments of GSDMA, -B, -C, -D, and -E were all also

able to induce ATP release, with the accumulated eATP

inducing monocyte migration.
ary 25, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS

NLRP3 inflammasome activation induces ATP release
by GSDMD
Activation of the NLRP3 inflammasome by nigericin in lipo-

polysaccharide (LPS)-primed bone-marrow-derived macro-

phages (BMDMs) triggered a dose-dependent ATP release,

causing a time-dependent increase of eATP concentration,

followed by rapid degradation (Figure 1A). A similar eATP ki-

netic profile was observed in macrophages from P2X7R-defi-

cient mice (Figures 1B and 1F). ATP release was inhibited by

the specific NLRP3 inhibitor MCC950 (Figures 1A and 1B) and

was not observed in resting, unprimed macrophages (Fig-

ure 1C), demonstrating the dependency of NLRP3. Further-

more, we found that ATP release was absent when NLRP3

was induced in Casp1/11�/� BMDMs (Figure 1D). Human

macrophages derived from blood monocytes (Figure 1E), as

well as THP-1, release ATP, but not CASP1�/� THP-1 cells

(Figure 1F), after NLRP3 activation. We confirmed that human

macrophages were able to release ATP dependent on NLRP3

and caspase-1.

BMDMs from mice deficient in GSDMD failed to accumulate

eATP after NLRP3 inflammasome activation (Figure 1G). Since

lytic cell death during pyroptosis downstreamof GSDMDplasma

membrane permeabilization is driven by NINJ1, we measured

eATP release after NLRP3 activation in the presence of glycine,

which inhibits NINJ1 clustering and avoids plasma membrane

rupture.13,21,22 We found that glycine did not affect ATP

(Figures 1F and 1H) or IL-1b release after NLRP3 activation (Fig-

ure S1A) but did block lactate dehydrogenase (LDH) release.

Furthermore, immortalized Ninj1�/� BMDMs, treated with LPS

and nigericin, exhibited ATP release, while, as expected, immor-

talized Gsdmd�/� BMDMs did not (Figure 1I). Accordingly,

immortalized Ninj1�/� BMDMs, as well as Gsdmd�/� BMDMs,

released very low amounts of LDH compared with wild-

type (WT) macrophages in response to the same treatment

(Figures S1B–S1D). This demonstrates that GSDMD, but not

NINJ1, is involved in ATP release during pyroptosis.

During treatments that induced ATP release, an early phase of

eATP decrease was observed, though it was not included in the

analysis. This decrease, likely due to mechanical stimulation,

was independent of NLRP3 activation and pyroptosis, as it

was unaffected by MCC950 and not observed in Gsdmd�/�

macrophages (Figures 1A–1C and 1G–1I).

Although pannexin-1 and connexin-43 are reported tomediate

ATP release in macrophages,23 carbenoxolone (CBX) and gado-

linium (Gd3+), two generic inhibitors of these and other ATP con-

duits, did not affect eATP kinetics (Figures S2A and S2B). Over-

all, these results show that ATP release in macrophages is

triggered soon after the activation of the NLRP3 inflammasome,

following a process requiring caspase-1 activity and the pres-

ence of GSDMD. This process is not linked to the late phases

of pyroptosis mediated by NINJ1 plasma membrane lysis.

eATP is hydrolyzed on the surface of macrophages
during early pyroptosis
In the extracellular milieu, eATP can be hydrolyzed to eADP and

inorganic phosphate by ecto-nucleotidases. To evaluate the
2 Cell Reports 44, 115233, February 25, 2025
ecto-ATPase activity present on the surface of LPS-primedmac-

rophages after treatment with nigericin, we added increased

concentrations of exogenous ATP to the assay medium, with

these concentrations falling within the same range as the endog-

enous eATP concentrations shown in Figure 1.

ATP addition led to an immediate increase in eATP to a

maximum, which allowed us to determine the subsequent

eATP decrease kinetics (Figure S3A). The initial lineal decay in

eATP was used to estimate ecto-ATPase activity at each ATP

concentration (Figure S3B). The ecto-ATPase activity of the

macrophages followed a linear function with ATP concentration,

with the slope of the curve (KATP) amounting to 3.2 mM eATP/mM

eATP (min.mg of protein) (Figure S3B). As compared to ecto-

ATPase activity of other cell types,24 BMDMs presented a rela-

tively high eATP hydrolysis rate. Thus, the observed fast eATP

degradation during pyroptosis is expected to play a regulatory

role, preventing excessive and continuous ATP signaling.

ATP release dependent on NLRP3 activation precedes
lytic cell death
To gain further insights into the relation of ATP release and cell

death, we studied the kinetics of YO-PRO-1 (629 Da) uptake in

LPS-primed BMDMs treated with nigericin. The average

behavior of BMDMs shows that YO-PRO-1 uptake displays a

sigmoidal internalization kinetics, with an initial lag phase of

basal fluorescence followed by a rapid increase in dye uptake.

Such a response was completely absent in Gsdmd�/� macro-

phages or in cells treated with MCC950 (Figure 2A). An analysis

of individual cells shows that, following a lag phase, the

sigmoidal phenomenon was sufficiently steep to be described

as a near ‘‘all-or-none’’ uptake process (Figure 2B).

A frequency histogram of YO-PRO-1-positive cells was built,

normalizing the initial time point (t = 0) to the moment the first

cell in each experiment became YO-PRO positive. This analysis

revealed that the majority of the macrophages (80.4%) exhibited

a burst of dye uptake between 0 and 20 min (Figure 2C), with a

peak at 14 min. The average time until the first cell became per-

meabilized was 23.3 ± 0.5 min, and after 30 min, macrophages

that did not capture YO-PRO-1 remained unpermeabilized

through the recording time. BMDMs from P2X7R-deficient

mice showed a histogram shifted to the right, with a peak at

18 min and an average time to the first cell’s permeabilization

of 31.1 ± 0.5 min (Figure 2D). Moreover, the percentages of per-

meabilized cells differed significantly, with 85.5% of YO-PRO-1

positive in WT cells compared to 53.7% in P2x7�/� cells, sug-

gesting a potential function of P2X7R in GSDMD pore formation.

As P2X7R is not required for ATP release after NLRP3 activation,

the observed delay in YO-PRO-1 uptake in P2X7R-deficient cells

could indicate that the released ATP may stimulate YO-PRO-1

uptake in neighboring cells.

IL-1b and LDH release after NLRP3 activation exhibited non-

linear release kinetics upon nigericin stimulation. However, the

increase in IL-1b release was significantly faster and greater in

relative magnitude compared to LDH (Figure 2E), suggesting

two qualitatively different processes.

Glycine did not affect YO-PRO-1 uptake (Figure 2F), indicating

that it measured GSDMD plasma membrane permeabilization.

Therefore, YO-PRO-1 uptake and IL-1b release seem be
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Figure 1. ATP release after NLRP3 activation is GSDMD dependent

(A–E) Kinetics of extracellular ATP (eATP) after canonical NLRP3 inflammasome activation in LPS-primed mouse bone-marrow-derived macrophages (BMDMs)

(A, B, and D) or unprimed BMDMs (without [w/o] LPS) (C) obtained fromwild-type (WT) (A andC),P2rx7�/� (B), orCasp1/11�/� (D) mice. The different curves show

the eATP concentrations of macrophages treated with saline vehicle solution (black lines, w/o nigericin [nig]) or 5 mM nig (gray lines), 10 mM nig (light blue lines),

20 mM nig (blue lines), 25 mM nig (dark blue lines), or 25 mM nig with 10 mMMCC950 (red lines). To compare results using BMDMs fromWTmice vs. the knockout

(KO) genotype, the green lines in (D) represent eATP kinetics of BMDMsWT treated with 25 mMnig. Data are expressed in eATP concentration (mM) as themean ±

SEM of independent experiments (N) performed in duplicate (n), withN = 3 and n = 2 for cells fromWTmice andN = 2 and n = 2 for cells from P2rx7�/� andCasp1/

11�/� mice.

(E) Kinetics of eATP from LPS-primed human monocyte-derived macrophages treated with saline solution (black line) or 25 mM nig (blue line) or unprimed

macrophages treated with 25 mM nig (gray line). Representative experiment of three experiments performed in duplicate is shown.

(F) THP-1WT cells (dark blue bars) and THP-1CASP1�/� (light blue bars) cells were primed or not with LPS and treated or not with 25 mM nig, 10 mMMCC950, or

5 mM glycine, as indicated in the bar graph. Data are expressed in eATP concentration (mM) at 120 min as the mean ± SEM of N = 3 and n = 2.

(G) Kinetics of eATP of BMDMs from WT (green line) or Gsdmd�/� (black, light blue, and blue lines) mice treated as in (A). Data are expressed in eATP con-

centration (mM) as the mean ± SEM of N = 3 and n = 2.

(H) LPS-primed BMDMs were treated with saline vehicle solution (gray line), 25 mM nig (blue line), or 25 mM nig with 5 mM glycine (light blue line). Data are

expressed in eATP concentration (mM) as the mean ± SEM of N = 3 and n = 2.

(I) LPS-primed immortalizedWT,Gsdmd�/�, orNinj1�/� BMDMs treated with saline solution (light blue for WT, gray forGsdmd�/�, and light green forNinj1�/�) or
25 mMnig (dark blue forWT, red forGsdmd�/�, and dark green forNinj1�/�). Data are expressed in eATP concentration (mM) as themean ±SEMofN = 3 and n = 2.

See also Figures S1–S3.

Cell Reports 44, 115233, February 25, 2025 3

Report
ll

OPEN ACCESS



A D

E F G

CB

Figure 2. ATP release precedes pyroptotic lytic cell death

(A) YO-PRO-1 uptake from LPS-primed BDMDs from WT mice treated with nigericin (nig; dark blue line) or nig with 10 mM MCC950 (red line), unprimed cells

treatedwith nig (gray line), or LPS-primedBMDMs fromGsdmd�/�mice treatedwith nig (light blue line). Data are themean ±SEM of independent experiments (N)

performed in duplicate (n), N = 3 and n = 2, and the fluorescence was normalized to the initial florescence in each experiment (F/F0).

(B) YO-PRO-1 uptake of individual LPS-primed BMDMs treated with 25 mMnig at time = 0 (eachmacrophage is represented as a line). Representative experiment

of 5 independent experiments is shown.

(C and D) Histogram showing the number of YO-PRO-1-positive cells obtained from LPS-primed BMDMs fromwild-type (WT) (C) or P2rx7�/� (D) mice at different

times of nig application. Each experiment was normalized by setting the time of the first YO-PRO-positive cell as time 0. Total numbers of cells = 1,098 (WT) and

432 (P2rx7�/�), obtained from 5 (WT) or 3 (P2rx7�/�) independent experiments, with �200 cells quantified in each experiment.

(E) Kinetics of IL-1b and LDH release from LPS-primed BDMDs treated with 20 mM nig. Light blue and orange lines are from WT mice and red and blue lines are

from Gsdmd�/� mice. Results are the mean ± SEM for N = 3 and n = 2.

(F) YO-PRO-1 uptake from LPS-primed BDMDs treated with saline solution (gray line), 5 mM glycine (black line), 25 mMnig (dark blue line), or 25 mMnig and 5mM

glycine (light blue line). Results are the mean ± SEM for N = 3 and n = 2.

(G) Kinetic of intracellular ATP concentrations after canonical NLRP3 inflammasome activation in LPS-primed BMDMs treated with 25 mM nig (blue symbols) or

not (gray symbols). Results are expressed as the percentage of total intracellular ATP and are the mean ± SEM for N = 3 independent experiments.
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coincident in time and dependent on GSDMD, LDH release is

right shifted and dependent on NINJ1, and ATP release is the

earliest event dependent on the initial GSDMD permeabilization.

The fact that YO-PRO-1 uptake appears after ATP release could

mean that ATP diffusion through the initial GSDMD pores will be

easy or could impair the influx of YO-PRO-1 or that YO-PRO-1

uptake does not effectively label early or transient GSDMD

pores, as transient GSDMD pores are �10% the magnitude of

a permeabilized cell.25

When NINJ1-dependent LDH release is initiated, most cells

are already GSDMD permeabilized, and the eATP concentration

starts to decrease to levels similar to the resting state. This sug-

gests a novel concept, i.e., that the phase of plasma membrane

rupture during pyroptosis may not be the primary moment for

significant ATP release. In fact, besides the effect of ecto-nucle-

otidases removing eATP, the intracellular ATP levels also decline

over time following NLRP3 activation, dropping to less than 2%

after 30 min (Figure 2G). This ensures that even when large por-

tions of the plasmamembrane are damaged by NINJ1, ATP is no
4 Cell Reports 44, 115233, February 25, 2025
longer being released from cells. Thus, given the observed

GSDMD dependence of ATP release without the participation

of hemichannels and the fact that activated GSDMD forms large

pores high enough to transport ATP but not LDH, it is tempting to

speculate that GSDMD acts as an ATP conduit, allowing ATP

release before plasma membrane rupture. By the time LDH is

released, depending on NINJ1, intracellular ATP concentrations

have dropped so low that there is insufficient chemical trans-

membrane gradient to drive further ATP release.

ATP is released through different GSDMs
To corroborate the role of GSDMD pore formation in ATP

release, we studied the kinetics of ATP release in a recombinant

system of HEK293T cells expressing either full-length GSDMDor

the GSDMD NT domain. Discrete ATP concentrations were

measured in the culture medium at different time points post-

transfection. Cells transfected with the GSDMD NTs showed

increased eATP levels at all time points, peaking at 6 h (Fig-

ure 3A). LDH release presented a gradual increase, reaching a
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Figure 3. ATP is released from different GSDMs and NINJ1 and promotes cell migration

(A and B) Extracellular ATP (eATP) (A) and LDH (B) from HEK293T cells transfected with GSDMD full-length (FL), GSDMD N-terminal (NT), or pcDNA3.1 at 4, 6, 8,

and 24 h after transfection. Results are the mean ± SEM of independent experiments (N) performed in duplicate (n), N = 4 and n = 2.

(C and D) eATP (C) and LDH (D) fromHEK293T cells transfected with GSDMA, -B, -C, -D, and -E FL andNT at 4 h after transfection. Results are themean ±SEMof

N = 3 and n = 2.

(E and F) eATP (E) and LDH (F) from HEK293T cells transfected with pcDNA3.1 (control, gray bars), NINJ1 (light blue bars), or NINJ1 with 5 mM glycine (Gly) (dark

blue bars) at 6 h after transfection. Results are the mean ± SEM of N = 4 and n = 2.

(G) eATP from HEK293T cells transfected with pcDNA3.1 (control, gray bars), GSDMD NT (light blue bars), or GSDMD NT with 5 mM Gly (dark blue bars) at 8 h

after transfection. Results are the mean ± SEM of N = 3 and n = 2.

(legend continued on next page)
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maximum at 24 h, the final time point measured (Figure 3B).

Notably, at 4 h post-transfection, there was a significant release

of ATP and less than 2% of LDH release.

Similarly, 4 h after transfection, the expression of the different

NT fragments of GSDMA, -B, -C, and -E resulted in significant

ATP release compared to their full-length counterparts (Fig-

ure 3C). At this time point, all GSDM NT fragments released

less than 2%of LDH (Figure 3D), showing that ATP can permeate

through the various GSDM pores before the onset of lytic cell

death. As a control, we confirmed that after 24 h of transfection,

all GSDM NT fragments were able to induce lytic cell death, as

evidenced by a significant increase of LDH release (Figure S4).

Transfection of HEK293T cells with a plasmid encoding NINJ1

also led to an increase in both eATP concentration and LDH

levels, which could be inhibited by glycine (Figures 3E and 3F).

This suggests that early cell lysis induced by NINJ1 overexpres-

sion, in the absence of GSDM membrane permeabilization, also

triggers ATP release. In contrast, GSDMD NT-induced ATP

release was independent of NINJ1, as glycine had no effect on

this process (Figure 3G). These findings collectively indicate

that although ATP is capable of being released through NINJ1

plasma membrane rupture, as well as through GSDM pores,

the exit of ATP during NLRP3-induced pyroptosis is restricted

to GSDMD pores and does not occur during the later phases

of NINJ1-induced plasma membrane rupture.

GSDMD-induced ATP release promotes monocyte
migration
Wefinally investigated possible roles of GSDMD-dependent ATP

release in immune cells using a recombinant doxycycline-

induced system to control the formation of GSDMD pores. Using

this system, we confirmed that ATP release initially increased af-

ter doxycycline addition and then decreased over time with

doxycycline incubation, while LDH release progressively

increased (Figures 3H and 3I).

We then used these supernatants to assess their effect on

THP-1 monocyte migration. Supernatants collected after 3 and

24 h of doxycycline treatment both stimulated THP-1 migration,

with a significantly greater number of monocytes migrating in

response to the 3 h supernatants (Figures 3J and S5). Migration

of THP-1 was inhibited when the supernatants were treated with

apyrase (Figure 3J), indicating that nucleotides released during

GSDMD-induced cell permeabilization were responsible for

stimulating THP-1 migration.

To test the ability of released ATP to reach neighboring cells,

we added HEK293T-GSDMD expressing a full-length or NT

domain (2 h after transient transfection) to a monolayer of

HEK293T cells stably expressing a chimeric plasma membrane

luciferase (HEK293T-pmeLUC) in the presence of luciferin. The

time-course response detected by HEK293T-pmeLUC cells

showed that the HEK293T-GSDMD NT domain released signifi-

cantly more ATP than the HEK293T-GSDMD full-length domain
(H and I) eATP (H) and LDH (I) from HEK293T cells with a doxycycline-inducible G

bars) for 3, 5, or 24 h. Results are the mean ± SEM of N = 3 and n = 2.

(J) Migration of THP-1 cells through a transwell toward supernatants from inducib

not (light blue). In gray, the supernatants of doxycycline were treated with apyras

See also Figures S4–S6.
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or mock-transfected HEK293T cells, and this ATP singling

was prevented by treatment with apyrase (Figure S6A). The

HEK293T-pmeLUC cells were calibrated with increasing con-

centrations of exogenous ATP (Figure S6B), and the slope ob-

tained (Figure S6C) was used to calculate the concentration

of ATP detected by HEK293T-pmeLUC in each condition

(Figure S6A). The concentrations of ATP released by the

HEK293T-GSDMD NT domain were in the mM range, showing

that the paracrine extent of released ATP occurs at concentra-

tions much higher than those detected in experiments in which

ATP is measured in the entire supernatant.

Overall, our study highlights that ATP is released early

during the initial permeabilization of the plasma membrane by

GSDMD during NLRP3-induced pyroptosis, serving as an early

and transient danger signal that induces monocyte migration

before the onset of lytic cell death.

DISCUSSION

It is well established that eATP is a pro-inflammatory trigger that

functions as a second signal for canonical NLRP3 inflammasome

activation. In this report, we provide evidence that, in the early

steps of inflammasome activation, ATP is released from macro-

phages in a GSDMD-dependent way. Our results suggest that

upon NLRP3 inflammasome activation, ATP is transiently

released and amplifies NLRP3 inflammasome effector re-

sponses by inducing monocyte migration.

Using 105 BMDMs per 50 mL assay, the maximum observed

eATP concentration was approximately 30 nM. Although this

in vitro concentration seems relatively low for activating most P2

receptors, thehighabundanceofBMDMs in thebonemarrowsug-

gests that micromolar eATP concentrations could be expected.

Moreover, low-micromolar eATP is compatible with purinergic

signaling since eATP engages P2Y2 (EC50 ATP = 230 nM)26 to

enhance IL-1b release following NLRP3 activation.27 In recombi-

nant systems expressing the GSDMD NT fragment, eATP accu-

mulates in micromolar levels.

Moreover, it has been described that cells can retain micro-

molar concentrations of eATP in their pericellular space without

significant nucleotide convection into the bulk milieu.28 The

delay in YO-PRO-1 uptake and the reduced number of positive

cells observed using P2X7R-deficient macrophages also

pointed in this direction. These experiments showed that the

ATP released after NLRP3 activation could be enough to activate

P2X7R in the neighboring cells and also indicate that YO-PRO-1

uptake could happen by different pathways at the same time:

GSDMD- and P2X7R-associated mechanisms. In this context,

the HEK293T-pmeLUC system enabled the measurement of

eATP in the immediate environment of the cell surface, where pu-

rinergic signaling occurs. Our experiments demonstrated that

eATP released by the HEK293T-GSDMD NT was detected at

high levels on the surface of HEK293T-pmeLUC.
SDMD NT expression system treated with doxycycline (blue bars) or not (gray

le HEK293T cells treated as in (H) for 3 and 24 h with doxycycline (dark blue) or

e. Results are the mean +SEM for N = 3 and n = 2. *p < 0.05.
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The relatively high eATP hydrolysis rate observed should also

produce high concentrations of eADP, which in turnmay activate

P2Y1, P2Y12, and P2Y13 receptors29 and potentially trigger

cellular responses with inflammatory relevancy. For example,

the activation of the P2Y12 receptor induces chemotaxis and

chemokine release in tumor-associated macrophages.30 In

line, we found that extracellular nucleotides from cells express-

ing GSDMD pores were able to induce the migration of THP-1,

suggesting the attraction of cells toward pyroptotic cells.

Although P2Y1 and P2Y13 ADP receptors were identified in

macrophages,31 their role in the NLRP3 inflammasome or inflam-

mation has not been characterized.

In addition to eADP accumulation caused by eATP hydrolysis,

macrophages express ecto-nucleotidases NTPDase 132 and 50

NT.31 The coupled action of both enzymes may produce adeno-

sine from eATP, with consequent activation of P1 receptors. It is

well known that the activation of P1 receptors by adenosine con-

tributes to regulating inflammation.33

Therefore, the eATP kinetics after NLRP3 activation initiate an

early pro-inflammatory phase characterized by the accumulation

of eATP and its hydrolysis product, eADP. This is followed by a

later phase where adenosine exerts anti-inflammatory effects,

probably contributing to the fine-tuning of inflammation.

Our results using glycine, a cytoprotective amino acid that in-

hibits NINJ1 oligomerization and subsequent plasma membrane

rupture, along with studies in Ninj1-deficient macrophages,

showed that ATP is released via a non-lytic mechanism prior to

pyroptotic cell death, as evidenced by ATP efflux occurring

before LDH release. Notably, YO-PRO-1 uptake was not in-

hibited by glycine, indicating that this fluorescent molecule can

pass throughGSDMDpores before the final lytic phase of pyrop-

totic cell death. As already reported,16,22 the sole ectopic

expression of NINJ1 in cells induces lytic cell death indepen-

dently of GSDM pores. Here, we further discovered that under

these conditions, NINJ1 oligomerization drives ATP release.

Our experiments showed that IL-1b and LDH release are

distinct events. This aligns with previous studies showing that

GSDMD pore formation triggers IL-1b (17 kDa) release indepen-

dently of cell death.13,19,34 In a subsequent phase of pyroptosis,

GSDMD pores promote NINJ1-mediated cell membrane

rupture, leading to the release of LDH (a 140 kDa tetrameric com-

plex), which is too large to pass through GSDMD pores.13,35

However, the mechanism by which GSDMD pores induce

NINJ1 oligomerization and plasma membrane rupture remains

unclear. Our findings, consistent with other studies, demon-

strated that blocking NINJ1 oligomerization at the plasma

membrane impaired LDH release without affecting IL-1b

release,.19,22,36

Noteworthy, eATP kinetics revealed a transient increase of

eATP concentrations before the onset of lytic pyroptotic cell

death, with no differences observed when NINJ1 was inhibited

or genetically inactivated. This suggests that ATP release during

pyroptosis is a controlled process.

Moreover, we observed that intracellular concentrations of

ATP dropped dramatically to less than 10% of their initial levels

within 30 min of nigericin addition. LDH release begun around

25–30min under our conditions, suggesting that cells begin their

path to silent death soon after NLRP3 activation.
On the other hand, ATP and IL-1b release occur earlier than

the lytic phase of pyroptotic cell death, suggesting that ATP

release could be a general danger signal resulting from initial

small GSDMD pores, which may be too small to allow for IL-1b

release.37,38 Our study further indicates that ATP release serves

as a broad inflammatory danger signal, released through various

GSDM pores even in cells that do not express IL-1b, impacting

both immune and non-immune cells. These findings indicate

that ATP release through GSDMD pores is an early and transient

non-lytic event occurring after canonical NLRP3 inflammasome

activation and before NINJ1-dependent cell lysis.

Limitations of the study
While our study provides significant insights into the early release

of ATP mediated by GSDMD in BMDMs, the precise structural

basis of ATP transport through GSDMD pores remains unre-

solved. While much progress has been made in understanding

the molecular mechanisms regulating GSDMD pore formation,

how these regulatory mechanisms are coordinated in time and

space, particularly in the context of ATP transmembrane perme-

ability, remains to be further explored. Our analysis primarily

focused on eATP as a danger signal, but other molecules (like,

e.g., other nucleotides) potentially released through GSDMD

pores and their biological relevance were not investigated.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human macrophages Monocyte-derived macrophages from

healthy donors.

N/A

Chemicals, peptides, and recombinant proteins

Lipopolysaccharides from Escherichia coli O55:B5 Sigma-Aldrich L6529

Nigericin sodium salt Sigma-Aldrich N7143

MCC950 (CP-456773) Sigma-Aldrich 5.38120

Adenosine 50-triphosphate disodium salt hydrate (ATP) Sigma-Aldrich A2383

Triton X-100 Sigma-Aldrich T9284

YO-PRO-1 Invitrogen P3581

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) Sigma-Aldrich H3375

D-Glucose PanReac AppliChem 131341

Potassium chloride (KCl) PanReac AppliChem 141494

Calcium chloride (CaCl2) Sigma-Aldrich C7902

Magnesium chloride (MgCl2) Sigma-Aldrich M2670

Sodium chloride (NaCl) Supelco 1.06404

Luciferase from Photinus pyralis Sigma-Aldrich L9420

Coenzyme A Sigma-Aldrich C3144

D-Luciferin Invitrogen L2912

Histopaque-1077 Sigma-Aldrich 10771

Digitonin Sigma-Aldrich D141

Percoll Sigma-Aldrich P1644

Critical commercial assays

Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D Systems MLB00C-1

SepMate falcon tubes Stemcell 85415

LDH detection kit Roche Kit 11644793001

Experimental models: Cell lines

iBMDMs Produced by Dr I. Hafner (National Institute

of Chemistry, Ljubljana, Slovenia)

Evavold et al.39

Devant et al.40

N/A

THP-1 American Type Culture Collection TIB-202

HEK-293T American Type Culture Collection CRL-11268

HEK-293T pmeLuc Pellegatti et al.41 N/A

Inducible HEK-293FT-GSDMD-NT This study N/A

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratories RRID:MGI:3028467

B6.129P2-P2rx7tm1Gab/J Jackson Laboratories RRID:MGI:J:66835

B6N.129S2-Casp1tm1Flv/J Jackson Laboratories RRID:MGI:J:24258

C57BL/6J Gsdmd�/� mice Heilig et al.14 N/A

Recombinant DNA

pcDNA3.1 GSDMD FL This study N/A

pcDNA3.1 GSDMD NT This study N/A

pcDNA3.1 GSDMA FL This study N/A

pcDNA3.1 GSDMA NT This study N/A

pcDNA3.1 GSDMB FL This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3.1 GSDMB NT This study N/A

pcDNA3.1 GSDMC FL This study N/A

pcDNA3.1 GSDMC NT This study N/A

pcDNA3.1 GSDME FL This study N/A

pcDNA3.1 GSDME NT This study N/A

pcDNA3.1 NINJ1 This study N/A

Software and algorithms

GraphPad Prism version GraphPad Software https://www.graphpad.com

FCS Express Software De Novo Software https://denovosoftware.com/

Other

Penicillin-Streptomycin Corning 30-002-CI

Dulbecco’s modified Eagle’s medium (DMEM-F12)

w/o L-Glutamine, w/o HEPES Sterile Filtered

Biowest L0090-500

L-Glutamine Gibco 25030–032

Fetal Bovine Serum (FBS) Biowest S181A

Bovine Serum Albumin (BSA) Sigma-Aldrich A4503

OptiMEM reduced Serum Media Gibco 51985–026

GlutaMAX ThermoFisher 35050038

RPMI-1640 Sigma-Aldrich R0883

Human Serum Biowest S181A

hGM-CFS Biolegend 572903

Lipofectamine 2000 Invitrogen 11668–019

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139

Doxycycline Selleckchem S5159

Apyrase Sigma-Aldrich A6410

Carbenoxolone disodium salt Sigma-Aldrich C4790

Gadolinium (III) chloride Sigma-Aldrich 439770

Zeocin Gibco R25001

TrypLE Express Gibco 12604–013

Inserts TC Sarstedt 83.3932.500

BD Trucount Tubes BD Biosciences 663028
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
C57BL/6 (wild type, WT) mice were purchased from Harlan. P2X7R-deficient mice (P2rx7�/�) were purchased from Jackson (Solle

et al., 2001), andGsdmd�/�, double caspase-1/11-deficient (Casp1/11�/�) (Heilig et al., 2018, Kuida et al., 1995) were all on C57BL/6

background. For all experiments, bothmale and femalemice between 8 and 10weeks of age bred under SPF conditions were used in

accordance with the University Hospital Virgen Arrixaca animal experimentation guidelines, and the Spanish national (RD 53/2013

and Law 6/2013) and EU (86/609/EEC and 2010/63/EU) legislation. According to legislation cited above, and local ethics committee

from University of Murcia review approval (#738/2021), authorization is not needed, since mice were euthanized by CO2 inhalation

and used to obtain bone marrow; no procedure was undertaken which compromised animal welfare (chapter 1, article 3 of RD

53/2013).

Human samples
Bonemarrow derived-macrophages (BMDMs) were obtained fromwild type or knockout mice as described42 andmaintained in Dul-

becco’smodified Eagle’s medium (DMEM-F12) supplemented with 10%FBS and 2mMGlutaMax and 1%of penicilin-streptomycin.

Blood samples from male and female healthy humans volunteers included in this study, who gave written informed consent, were

collected, and processed following standard operating procedures with appropriate approval of the Ethical Committee of the Clinical

University Hospital Virgen de la Arrixaca (Murcia, Spain) with reference #2021-7-9-HCUVA. Human peripheral blood mononuclear

cells (PBMCs) were isolated from whole blood samples using Ficoll-based gradient separation method. The blood samples were
Cell Reports 44, 115233, February 25, 2025 11
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added on the top chamber of a SepMate Falcon tube, containing 15 mL of Ficoll with 1.077 g/mL density. The tubes were centrifu-

gated at 1.200 x g during 10 min and the PBMCs fraction was removed. The PMBCs were washed with PBS, suspended on

OptiMEM, counted and 2 x 108 cell were added to 10 mL of Percoll. The tubes were centrifugated at 580 x g and the monocytes

obtained were suspended in RPMI 1640medium supplemented with 10%of human serum and seeded on 24-well plates at a density

of 5x105 cells by well. After 3 days, the cells were washed and the differentiated macrophages were maintained 4 days until use.

Immortalized macrophages
Immortalized bonemarrow-derivedmacrophages (iBMDMs)WT,Gsdmd�/� andNinj1�/�were a gift fromDr. I. Hafner (National Insti-

tute of Chemistry, Ljubljana, Slovenia).39,40 The iBMDMs were grown in DMEM-F12 supplemented with 10% FBS.

Cell lines
Cell lines used in this study were not authenticated, but were free of mycoplasma by routinely testing with the MycoProbe Myco-

plasma Detection Kit following manufacturer instructions (R&D Systems).

THP-1 cells were maintained in RPMI 1640 media supplemented with 10% FBS and to measure ATP release, THP-1 were differ-

entiated to macrophages with 0.5 mMPMA for 30 min before NLRP3 activation. For cell migration, THP-1 were not treated with PMA.

All types of macrophages were primed with LPS (1 mg/mL, 4h) and subsequent canonical NLRP3 inflammasome activation was

achieved with nigericin at the indicated concentrations.

HEK-293T cells were maintained in DMEM-F12 supplemented with 10% FBS. For transfection with GSDMA, GSDMB, GSDMC,

GSDMD, GSDME and NINJ1, cells were incubated at least 16 to allow adhesion to the plate before cationic lipid-based transfection

using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruction. Briefly, two solutions of 50 mL of Opti-MEM con-

taining a mix of 1–2 mg of total plasmid DNA (tube A) and 3 mL of Lipofectamine 2000 (tube B) were prepared and incubated 5 min at

room temperature. After this period of time, the volume of DNA tube (A) was added into Lipofectamine 2000 tube (B), mixed gently

and incubated 20 min at RT to allow lipid/DNA complexes formation and then added drop by drop to the cells. The plate was swirled

gently and incubated at 37�C until the times indicated to extracellular ATP or LDH determinations.

HEK-293T stably transfected with plasma membrane luciferase (HEK-293T-pmeLUC)41 were a gift of Prof. F. Di Virgilio (University

of Ferrara, Italy). Cells were maintained in DMEM-F12 supplemented with 10% FBS and 1% of penicillin-streptomycin.

Generation of HEK-293T with an inducible GSDMD NT system
HEK293FT TREx-GSDMD-NT inducible system by doxycycline were generated by T-REx Complete Kit, with pcDNA4/TO Vector

(K102001, ThermoFisher). The cells were maintained in DMEM-F12 supplemented with 20% FBS, 1% L-Glutamine, 1% of peni-

cillin-streptomycin (Corning) and with 100 mg/ml zeocin (Gibco). Induction of GSDMD-NT was achieved by doxycycline treatment

(10 ng/ml) for 3, 5 or 24 h.

METHOD DETAILS

ATP measurements
Extracellular ATP concentration in the supernatants were measured with the luciferase-luciferin assay (Strehler, 2006). BMDMs were

plated in a 96-well plate and the culture media was replaced with basal salt solution containing 130 mM NaCl, 5 mM KCl, 1.5 mM

CaCl2, 1 mM MgCl2, 25 mM Na-HEPES (adjusted to pH 7.5 at room temperature), 5 mM glucose, 0.1% BSA, 47.8 mM

D-Luciferin, 0.5 mM luciferase and 0.1 mg/mL of CoA. For extracellular ATP calculations, a standard curve (from 10 to 200 nM

ATP) was used. Bioluminescence measured were performed in a BioTek Synergy Neo2 Hybrid Multimode Reader at room temper-

ature, because the luciferase activity at 37�C is only 10% of that observed at 20�C (Gorman et al., 2003). Intracellular ATP concen-

trations were measured by lysing the cells with in the same basal salt solution containing digitonin 300 mg/mL. A standard curve con-

taining digitonin was used to calculte the ATP concentrations.

YO-PRO-1 uptake assay
YO-PRO-1 uptake was measured by fluorescence microscopy. BMDMs were seeded on coverslips and before the experiment were

washed two times with basal salt solution. After that, 2 mM YO-PRO-1 was added to the assay media (saline solution) and the mac-

rophages were treated with nigericin 25 mM. Images were acquired every 30 s at room temperature with a Nikon Eclipse Ti micro-

scope using a 20x S Plan Fluor objective (numerical aperture 0.45), a digital Sight DS-QiMc camera (Nikon), 482nm/536nm filter

set (Semrock) and NIS Elements software (Nikon). The fluorescence intensity related to basal were analyzed using ImageJ software

(US National Institute of Health). Alternatively, YO-PRO-1 uptake was measured at room temperature using a Synergy Neo2 Hybrid

Multimode plate reader (BioTek).

ELISA
IL-1b releasewasmeasured by ELISA formouse IL-1b (R&DSystems) following themanufacturer’s instructions and read in a Synergy

Mx plate reader (BioTek). The concentration of IL-1b was estimated using a standard with known concentrations of recombinant

IL-1b.
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Lactate dehydrogenase (LDH) assay
LDH release was measured using the Cytotoxicity Detection kit (Roche) following the manufacturer’s instructions, and expressed as

percentage of total cell LDH content.

Monocyte migration assay
HEK-293T cells with an inducible system for GSDMD NT were seeded on 24-well plates at a density of 3x105 cells by well. The next

day the cells were incubated with 10 ng/mL doxycycline for 3 and 24 h in OptiMEM media. After this time, the supernatants were

collected, centrifugated at 16,060 xg for 30 s and 500 mL of the free-cells supernatants were loaded into the lower chamber of a trans-

well insert (Sarstedt 83.3932.500_PET 5mm) placed on 24-well plate. At this point, 40 U/ml apyrase (Sigma-Aldrich) was added to the

media of the well. In addition, the supernatant of HEK-293T cells with an inducible system for GSDMD NT not treated with doxycy-

cline was supplemented with 10 ng/mL doxycycline to ensure that THP-1 chemotaxis is not due to the presence of doxycycline. After

30 min at 37�C, 3x105 THP-1 cells were loaded into the upper chamber of the transwell inserts, and THP-1 cells were supplemented

with 10 ng/mL doxycycline again to corroborate that the presence of doxycycline do not induce migration. After 3 or 24 h of incuba-

tion at 37�C, the inserts were removed and 16,000 units of flow cytometry counting beads (BD Trucount Tubes) were added per well.

Themigrated THP-1with the counting beadswere transferred to flow cytometry tubes. The sampleswere analyzed by flow cytometry

(LSR Fortessa flow citometer, BD) recording events by gating on beads and collecting a fixed number of bead events per sample

(730) and analyzed in FCS Express 5 Flow cytometry software (De novo Software). The percent of migration were calculated

compared with total cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods
The data are presented as the mean ± SEM. Data were analyzed using Prism Version 9.5.1 (GraphPad) software the non-parametric

Mann-Whitney test (two tails, 95% confidence level), *p < 0.05; ns, not significant (p > 0.05) difference.
Cell Reports 44, 115233, February 25, 2025 13
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