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Macrophages are major innate immune cells for the clearance of inhaled nanoparticles but may undergo
cell death upon phagocytosis of certain nanoparticles due to their resistance to lysosomal degradation
and high toxicity to the cell. Here we investigated the pyroptotic effect of exposure to fibrogenic mul-
tiwalled carbon nanotubes (MWCNTs) on macrophages, an inflammatory form of cell death. We first
evaluated MWCNT-induced cell death in M1 and M2 macrophages that mediate the temporal inflam-
matory response to MWCNTs in mammalian lungs. Macrophages were differentiated from human
monocytic THP-1 cells, followed by polarization to M1 or M2 cells. MWCNTs caused concentration- and
time-dependent cytotoxicity in M1 and, to a lesser extent, M2 cells. Carbon black, an amorphous car-
bonous material control for CNTs, did not cause apparent toxicity in the cells. MWCNTs increased the
production and secretion of IL-1b, accompanied by activation of caspase-1, in M1, but not M2, cells.
Moreover, MWCNTs induced the formation of apoptosis-associated speck-like protein containing a C-
terminal caspase recruitment domain specks and the release of cathepsin B in M1 cells, revealing acti-
vation of the nucleotide-binding, oligomerization domain-like receptor family pyrin domain containing 3
(NLRP3) inflammasome via lysosomal damage. MWCNTs induced the cleavage of gasdermin D (GSDMD)
to form the 31 kDa N-terminal fragment (GSDMD-N), the pore-forming peptide causing pyroptotic cell
death. Increased IL-1b release was completely suppressed by AC-YVAD-CMK (a caspase-1 inhibitor),
MCC-950 (an NLRP3 inflammasome inhibitor), or CA-074 Me (a cathepsin B inhibitor), alongside the
blockage of MWCNT-induced cleavage of GSDMD. The study demonstrates that MWCNTs trigger
pyroptosis in M1 macrophages and boost sterile inflammation by activating the NLRP3 inflammasome
pathway.

Significance Statement: The nucleotide-binding, oligomerization domain-like receptor family pyrin
domain containing 3 inflammasome mediates the inflammatory response to fibrogenic nanoparticles in
the lung via multiple means. The current study uncovers the induction of pyroptotic death of macro-
phages as a major means of nanotoxicity and sterile inflammation via the nucleotide-binding, oligo-
merization domain-like receptor family pyrin domain containing 3 pathway by nanoparticles.

Published by Elsevier Inc. on behalf of American Society for Pharmacology and Experimental
Therapeutics.
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1. Introduction

Pulmonary exposure to fibrogenic carbon nanotubes (CNTs)
causes inflammation that can progress to fibrosis and malignancy
in mammalian lungs (Donaldson et al, 2006; Dong and Ma, 2015).
Macrophages are major innate immune cells to defend against
infection and injury by multiple means (Wynn et al, 2013). In the
lung, macrophages differentiate into polarized cells to instigate
and Experimental Therapeutics.

Delta:1_given-name
Delta:1_surname
Delta:1_given-name
https://orcid.org/0000-0002-6379-9927
mailto:qam1@cdc.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molpha.2025.100031&domain=pdf
http://www.molpharm.aspetjournals.org
https://doi.org/10.1016/j.molpha.2025.100031
https://doi.org/10.1016/j.molpha.2025.100031


C.S. Lim, J.K. Gu and Q. Ma Molecular Pharmacology 107 (2025) 100031
pulmonary inflammation to promote the clearance of inhaled
pathogens and sterile insults, as well as the debridement and
repair of lung tissue, in an inducer- and context-dependent
manner (Wynn and Vannella, 2016; Lim et al, 2020; Ma, 2020).
Fibrogenic CNTs are resistant to lysosomal breakdown and cause
the death of phagocytes that engulf the CNTs, leading to charac-
teristic sterile inflammation and, ultimately, persistent adverse
outcomes, such as fibrosis and malignancy, in the lung and pleura
(Dong and Ma, 2019).

Polarization enables macrophages to adopt distinct phenotypes
and functions with certain plasticity (Murray et al, 2014). M1
macrophages (classically activated macrophages) exhibit T-helper
(Th) 1-associated functions including promotion of acute inflam-
mation, destruction of the extracellular matrix (ECM), and cell
death (Wynn and Barron, 2010). Exposure to interferon (IFN)-g,
followed by lipopolysaccharides (LPS), is commonly used to induce
M1 polarization. M2 macrophages (alternatively activated macro-
phages) have Th2-associated phenotypes important for tissue
repair, angiogenesis, resolution of inflammation, and fibrosis. Dif-
ferentiation into M2macrophages requires the presence of IL-4 and/
or IL-13. Upon exposure to certain multiwalled CNTs (MWCNTs),
such as the rod-like Mitsui-7 MWCNTs, macrophages in the lung
polarize to M1 cells to mediate the initiation and amplification of
acute inflammation. M2 polarization occurs subsequently and pro-
motes the resolution of inflammation and repair of lung damage
(Dong and Ma, 2016; 2018a,b; Lim et al, 2020, 2023).

Polarized M1 and M2 cells regulate inflammation locally and
systemically by producing proinflammatory and proresolving
molecules in mice exposed to respirable particles (Ma, 2020). The
proinflammatory cytokine IL-1b is a major cytokine secreted by
activated monocytes and macrophages upon stimulation by
MWCNTs. IL-1b has pleotropic effects including neutrophil
recruitment, pyrogenic effect, and promotion of cell proliferation
and cell death. Induction and maturation of IL-1b is dependent on
the activation of the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome, a cytoplasmic multiprotein
complex formed in response to diverse stimuli to orchestrate
innate immune responses (Schroder and Tschopp, 2010; Ma and
Lim, 2024).

Formation of the NLRP3 inflammasome involves a set of defined
molecular events (Tschopp and Schroder, 2010). Quiescent NLRP3 is
activated by specific signals called pathogen-associated molecular
patterns and damage/danger-associated molecular patterns. Acti-
vated NLRP3 associates with the apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain
(ASC). The NLRP3-ASC complex oligomerizes and recruits
procaspase-1, forming an active inflammasome (Ma, 2023).
Recruited procaspase-1 is activated via proximity autoactivation to
become caspase-1. Caspase-1 cleaves pro-IL-1b to form active IL-1b,
which is subsequently secreted into the extracellular matrix and
the circulation. Known activators of NLRP3 include ATP, nigericin,
microbial pathogens, such as Listeria monocytogenes and Strepto-
coccus pneumonia, and sterile particulate stimuli, such as silica and
aluminum hydroxide. At the molecular level, potassium efflux,
release of lysosomal cathepsin B, and generation of reactive oxygen
species (ROS) constitute the initial steps to activate the NLRP3
inflammasome by both microbial and sterile signals. Variations in
the sensing and effector mechanisms of different stimuli are noted
but not well understood (Chen and Nu~nez, 2010; Swanson et al,
2019; Ma, 2023).

Pyroptosis is a form of inflammatory cell death that is triggered
by proinflammatory signals and heightens inflammation by
releasing the engulfed pathogens and particles, inflammatory me-
diators, and cell debris from pyroptotic cells (Cookson and Brennan,
2001; Broz et al, 2020). Pyroptotic cell death is caspase-1-
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dependent (Liu et al, 2016). The proteolytic cleavage of gasdermin
D (GSDMD) by caspase-1 allows for the insertion of its N-terminal
fragment (GSDMD-N) into the plasma membrane, leading to pore
formation and pyroptotic cell death (Shi et al, 2015). Exposure to
MWCNTs, such as Mitsui-7, at certain doses, causes cell death in the
lung and in vitro (He et al, 2011; Palom€aki et al, 2011; Hindman and
Ma, 2019; Keshavan et al, 2021). MWCNTs have been shown to
induce the secretion of IL-1b and activation of the NLRP3 inflam-
masome in mouse lungs and cultured cells (Dong et al, 2015; Jessop
and Holian, 2015; Hindman and Ma, 2019; Porter et al, 2020). The
mechanism by which the MWCNTs induce cell death of macro-
phages in relation to polarization and inflammation remains to be
elucidated.

Given the pivotal role of macrophages and pyroptosis in
inflammation, we investigated the pyroptotic effect of MWCNTs
on macrophages. Specifically, we characterized the differential
cytotoxicity of MWCNTs to M1 and M2 cells. The findings
demonstrate activation of the NLRP3 inflammasome pathway by
MWCNTs in M1, but not M2, macrophages to result in the pro-
duction and maturation of IL-1b and pyroptotic death of M1 cells.
This study provides new insights into the mechanism by which
MWCNTs cause the pyroptotic death of macrophages by activating
the NLRP3 inflammasome pathway, which boosts sterile inflam-
mation and may lead to progressive and chronic outcomes.

2. Materials and methods

2.1. Particle preparation

MWCNTs were obtained from Mitsui & Company (Mitsui-7,
XNRI 1, lot #-05072001K28). Carbon black (CB) was purchased
commercially (Printex 90, Degussa Engineered Carbons, L.P.). CB
are amorphous, carbonaceous particulates and therefore are used
as a nonfiber, carbon-based particle material control for MWCNTs.
MWCNTs and CB were dispersed in Dulbecco’s Modified Eagle
Medium with 1% fetal bovine serum (FBS; both from Thermo
Fisher Scientific) at a concentration of 2 mg/mL by vortex and
sonication as described previously (Hindman and Ma, 2019; Lim
et al, 2023). Properties of the MWCNTs and CB have been char-
acterized and reported previously (Porter et al, 2010; Lim et al,
2020, 2023). The levels of LPS in the MWCNT and CB prepara-
tions were determined to be <0.1 EU/mL (<0.01 mg/mL) by using
the Pierce LAL chromogenic endotoxin quantification kit (Thermo
Scientific). For cell treatment, stock solutions were diluted with
the culture media, and the dilution preparation for treatment was
sonicated and vortexed immediately before use. The control me-
dium (Dulbecco’s modified Eagle’s medium plus 1% FBS) was
prepared and used to establish a baseline response. Some cells
were kept untreated and used as a cell background control. All
cells were treated in duplicates, and all treatments were con-
ducted for 3 times.

2.2. Cell culture and treatment

The human acute monocytic cell line THP-1 was acquired from
American Type Culture Collection and maintained in the Roswell
Park Memorial Institute-1640 medium containing Glutamax and
HEPES and supplemented with 1� antibiotic-antimycotic and 10%
heat-inactivated FBS (Thermo Fisher Scientific). Cells were main-
tained at 37 �C in a humidified 5% CO2 incubator. Cells were
passaged at a cell density of up to 5.0 � 105 cells/mL every 3e4
days. Cells from passage 4e10 were used in this experiment.

To differentiate cells into adherent, macrophage-like cells, THP-1
cells were plated at a cell density of 5.0� 105 cells/mL and incubated
for 3 days in the presence of 40 nMphorbol-12-myristate-13-acetate
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(Sigma-Aldrich). Polarization into M1 macrophages was induced
by incubation of differentiated THP-1 cells with IFN-g at 20 ng/mL
plus LPS at 100 ng/mL (both from Sigma-Aldrich) for 2 days. Po-
larization into M2 cells was induced by incubation with IL-4
(Sigma-Aldrich) at 20 ng/mL for 2 days. Polarized M1 and M2
cells were washed with warm, sterile PBS and were exposed to
MWCNTs or CB for 1 or 3 days at concentrations indicated in
figures. Inhibition of the NLRP3 inflammasome pathway and
pyroptosis was carried out by using the caspase-1 inhibitor AC-
YVAD-CMK at 25 and 50 mg/mL, the NLRP3 inflammasome in-
hibitor MCC-950 at 0.5 and 1 mM, and the cathepsin B inhibitor
CA-074 methyl ester (CA-074 Me) at 50 and 100 mM (All from
Sigma-Aldrich) for 6 hours before the cells were exposed to
MWCNTs or CB.

For experiments on the NLRP3 inflammasome, differentiated
macrophages were primed with LPS at 100 ng/mL for 24 hours,
followed by adenosine 50-triphosphate (ATP) at 5 mM (both from
Sigma-Aldrich) for an additional hour. As a positive control,
nigericin at 10 mM (Cayman Chemicals) was applied to induce the
NLRP3 inflammasome-mediated IL-1b release. After treatment,
the culture medium was collected and centrifuged at 4 �C to
remove particles, cells, and cell debris. The cell-free medium was
used for the detection of cytokines by ELISA. After washing, the
cells were collected and used for further analysis of cells and
proteins.
2.3. Flow cytometry

Polarized M1 or M2 macrophages were incubated with an Fc
block solution (1� PBS containing rat serum and 25 mg/mL
unlabeled anti-CD16/CD32 antibody 2.4G2) for 5 minutes at
room temperature. The cells were stained with the FITC-
conjugated mouse anti-human CD86 [clone 2331 (FUN-1),
#560958] or CD206 (clone 19.2, #551135) antibodies or its
isotype-matched control mouse IgG antibody (all from BD
Biosciences) for 25 minutes at 4 �C in the dark. The cells were
washed with 1 mL of FACs buffer (1� PBS containing 2 mM
EDTA and 5% FBS). The cells were fixed using the Cytofix buffer
(BD Biosciences) for 10 minutes at room temperature, followed
by washing with 1 mL of FACs buffer. Cells were resuspended
in the FACs buffer, and flow cytometry was carried out on a BD
LSR II flow cytometer (BD Biosciences). Data were analyzed
using FlowJo software (V10.6).
2.4. ELISA

Cell culture media were collected from untreated cells (M0), or
cells treated with IFN-gþLPS for M1 cells or IL-4 for M2 cells. Cell-
free culture supernatants were prepared by centrifugation at 800�
g, 4 �C to remove particles and cell debris. Inflammatory cytokines,
that is, IL-1b, tumor necrosis factor-a (TNF-a), IL-10, and IL-13, were
detected by ELISA.

For experiments on IL-1b release, M1 or M2macrophages were
untreated or treated with the control medium, MWCNTs at 2.5 mg
or 10 mg/mL, CB at 2.5 mg or 10 mg/mL, or LPS followed by ATP
(LPSþATP), as described above under cell culture and treatment.
For inhibition of the NLRP3 inflammasome pathway, cells were
treated with AC-YVAD-CMK at 50 mg/mL, MCC-950 at 1 mM, or CA-
074 Me at 100 mM for 6 hours before the treatment with MWCNTs
at 2.5 or 10 mg/mL. IL-1b and TNF-awere detected by ELISA in cell-
free culture supernatants. All ELISA kits were from MyBioSource,
and measurement was performed by following the manufac-
turer’s protocols.
3

2.5. Lactate dehydrogenase assay

Release of lactate dehydrogenase (LDH) from macrophages into
the culture medium indicates cell damage/cell death and was
determined using the CyQUANT LDH Cytotoxicity Assay (Thermo
Fisher Scientific, C20300). Briefly, cells were seeded in 96-well
plates at a density of 5 � 104 cells/well in the Roswell Park Me-
morial Institute-1640 medium. Following treatment, the cells were
incubated with the LDH reaction mixture. Absorbance at 490 and
680 nm was measured, and LDH release was quantified using a
BioTek synergy H1 multimode microplate reader (Agilent Tech-
nologies). As a control for interference from the absorption of light
by particles, MWCNTs or CB were kept in the cell-free medium
during LDH measurement. For calculation of the LDH activity, the
680 nm absorbance value (background) was subtracted from the
490 nm absorbance, and then, the % of cytotoxicity was calculated
following the manufacturer’s instructions. The experiments were
repeated at least 3 times with duplicate measures performed at
each treatment concentration.

2.6. Caspase-1 activity

M1 cells were untreated or treated with MWCNTs at 2.5 or 10
mg/mL, CB at 10 mg/mL, LPS at 100 ng/mL, or nigericin at 10 mM for
24 hours. For experiments on the NLRP3 inflammasome, cells
were treated with MWCNTs at 10 mg/mL or LPS at 100 ng/mL for
24 hours, followed by 1 hour of incubation with 5 mM ATP. Cells
were collected, centrifuged, and lysed for immediate use. Caspase-
1 activity was measured using a colorimetric Caspase-1 activity
assay kit (R&D Systems). Samples containing no cell lysate, or a
substrate were included as negative controls.

2.7. Immunoblot

Macrophages were treated as indicated and were lysed in a lysis
buffer (10mMTris, pH 7.4,1% SDS) containing a proteinase inhibitor
cocktail (Thermo Fisher Scientific). Cell lysates were collected and
sonicated for 10 seconds. The supernatant was collected, and pro-
tein concentration was determined using a Bicinchoninic acid
protein assay kit (Thermo Fisher Scientific). Lysate proteins of
10e20 mg each were resolved on a 10% SDS-PAGE gel and were
transferred onto a nitrocellulose membrane. The membrane was
incubated with 5% nonfat dry milk in Tris-buffered saline contain-
ing 0.05% Tween 20 for 1 hour at room temperature to block
nonspecific binding before the incubation with primary antibodies.
The primary antibodies used include rabbit anti-GSDMD (1:1000,
Abcam, ab219800) for the detection of the full-length GSDMD,
rabbit anti-GSDMD-N-term (1:1000, Abcam, ab215203) for detec-
tion of GSDMD-N, or mouse anti-b-actin (1:4000, Sigma-Aldrich,
A5441) antibodies for loading control. After incubation with
either the horseradish peroxidase-conjugated goat anti-mouse
(1:5000, Jackson ImmunoResearch laboratories, 115-035-146) or
the goat anti-rabbit IgG (1:5000, Jackson ImmunoResearch Labo-
ratories, 111-035-144) antibody, immunoreactive bands were
visualized using the Enhanced chemiluminescence substrates
(Thermo Fisher Scientific). Band signals were captured onto X-ray
film by exposure for 30 seconds, and the filmwas developed using a
film processor (Konica Minolta). Scanned images were used to
quantify band intensities using ImageJ software (NIH, USA), and
each band was normalized to b-actin.

2.8. Immunofluorescence

The expression and localization of cleaved GSDMD, NLRP3, or
ASC were examined using immunofluorescence staining and
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fluorescent microscopy. THP-1 cells were seeded on chamber glass
culture slides and differentiated and polarized into M1 cells as
described above. The cells were untreated or treated with MWCNTs
at 10 mg/mL, LPS plus ATP, or nigericin at 10 mM. The cells were fixed
in 1% paraformaldehyde (w/v in 1� PBS), permeabilized in 0.5%
Triton X-100 (v/v in 1X PBS), blocked in 5% normal goat serum (v/v
in 1� PBS; all from Sigma-Aldrich), and stained with the rabbit
anti-GSDMD-N-term (1:100, Abcam, ab215203), rabbit anti-NLRP3
(1:100, Thermo Fisher Scientific, PA520838), or mouse anti-ASC
(1:50, Santa Cruz Biotechnology, sc-514414) antibodies in block-
ing buffer for overnight at 4 �C. Cells were then incubated with
1:1000 dilutions of Alexa 488 goat anti-rabbit or Alexa 555 goat
anti-mouse IgG antibodies (Fisher Scientific) for 1 hour before be-
ing mounted in a photo-bleach resistant mounting medium con-
taining the 40,6-diamidino-2-phenylindole counterstain (Vector
Labs). Cells were examined under a BX63 automated fluorescence
microscope, and images were captured using a 63� oil objective.
For colocalization of GSDMD-N-term and ASC, the same cells
showing GSDND-N staining and ASC speck staining were counted
using the ImageJ software. The percent of colocalization of GSDND-
N and ASC was calculated from more than 100 cells for each
treatment group. For ASC speck formation, cells showing ASC speck
staining were counted and used for the calculation of percent
positive cells from more than 100 cells for each treatment group.

2.9. Cathepsin B activity assay

Release of cathepsin B from lysosomes is a maker of lysosomal
damage and was measured using the Magic Red fluorescent
cathepsin B assay kit (Immunochemistry Technologies, 937).
Briefly, cells were grown on a 96-well black-walled microplate
(Fisher Scientific 07-000-135) at a cell density of 2.5 � 105 cells/mL
and were treated as described above. After washing with 1� PBS
(37 �C), the cells were stained with the Magic Red substrate
reconstituted in DMSO. After incubation for 1 hour at 37 �C, fluo-
rescence at excitation/emission of l ¼ 592/628 nm was measured
using a Synergy H1 microplate reader (BioTek). The cathepsin B
activity was calculated and expressed as fold changes for treated
groups over controls.

2.10. Statistical analysis

Dependent measurements were analyzed using mixed-model
1-way analyses of variance, with each analysis incorporating the
experiment as a random factor. For each experiment, the 2 replicate
samples were averaged to give a single value for each treatment
combination for each of the 3 independent experiments prepared
on different days. For some variables, data were log-transformed to
reduce heterogeneous variance and meet the assumptions of the
analysis. Post-hoc comparisons were carried out using Fishers least
significant difference test. All differences were considered signifi-
cant at *, P < .05; **, P < .01; ***, P < .001; comparedwith untreated
control or MWCNT-treated group. All analyses were carried out
using the JMP version 16 software (SAS Institute).

3. Results

3.1. MWCNTs induced cytotoxicity in polarized macrophages

Polarized macrophages have distinct markers, metabolic and
transcriptional profiles, and functions, which enable them to serve
as major effector cells in inflammatory and immune responses
under physiological and disease conditions (Wynn and Barron,
2010; Ma, 2020). Although fibrogenic MWCNTs have been shown
to stimulate M1 and M2 polarization in animal lungs, few studies
4

examined the effect of MWCNTs on polarized macrophages and
their fate. Here, we took an in vitro approach to examine the
interplay between inflammation and cell death of polarized mac-
rophages upon exposure to MWCNTs.

Macrophages were differentiated from the human monocytic
THP-1 cells with phorbol-12-myristate-13-acetate, followed by
polarization to M1 or M2 cells with an M1 inducer LPSþATP or M2
inducer IL-4, respectively. Polarized macrophages exhibited phe-
notypes of M1 or M2 cells as revealed by their cell surface markers
and production of cytokines (Fig. 1). Expression of CD86 was
evident after 2 days in M1, but not M2, macrophages, whereas
expression of CD206 was markedly increased in M2, but not M1,
macrophages (Fig. 1A). Production and secretion of type 1 and type
2 cytokines by polarized macrophages was examined after polari-
zation was induced for 2 days. Cell-free media were assayed for
production of IL-1b, TNF-a, IL-10, and IL-13 by ELISA. IL-1b was
produced at 78.42 pg/mL byM1macrophages, but only 18.37 pg/mL
from M2 cells. Similar to IL-1b, TNF-a was detected at 27.71 pg/mL
from M1 cells and only 2.37 pg/mL from M2 cells (Fig. 1B). On the
contrary, IL-10was at a high level (106.84 pg/mL) fromM2 cells, but
only at a low level (27.92 pg/mL) from M1 cells. IL-13 also showed
5.23-fold higher production and secretion from M2 than M1 cells
(ie, 16.80 pg/mL fromM2 versus 3.21 pg/mL fromM1 cells; Fig. 1B).

We then evaluated the cellular damage to M1 and M2 cells from
MWCNTs by measuring LDH release (Fig. 1C). The cells were
exposed to increasing concentrations of MWCNTs as indicated for 1
or 3 days. MWCNTs triggered dose-dependent cell damage/cell
death, which were significant at 50 mg/mL and 100 mg/mL of
MWCNTs in M1 and, to a lesser extent, M2, macrophages (Fig. 1C).
As a comparison, the amorphous carbonmaterial control CB did not
cause apparent cell damage in M1 and M2 macrophages, except
there was a slight trend for CB to cause an increase in LDH release
when tested at 100 mg/mL for 3 days in M1 macrophages (Fig. 1C).
The results indicate that MWCNTs, but not CB, caused cell damage
and cell death in both M1 and M2 cells, and M1 macrophages are
more sensitive to the cytotoxic effect of MWCNTs than M2 cells.

3.2. MWCNTs activated the NLRP3 inflammasome to produce IL-1b
in M1 cells

Given the prominent inflammatory effect of MWCNTs in the
early phase of the pulmonary response, we examined the inflam-
matory status of the polarized cells in the presence of MWCNTs. We
first compared the secretion of proinflammatory IL-1b fromM1 and
M2 macrophages exposed to MWCNTs or CB (Fig. 2). MWCNTs at
2.5 or 10 mg/mL induced IL-1b secretion fromM1macrophageswith
an increase of 2.3-fold or 3.9-fold, respectively, compared with
either the untreated control or the control medium-treated cells.
MWCNTs at 10 mg/mL slightly increased IL-1b secretion from M2
macrophages, which was not statistically significant. CB did not
increase IL-1b secretion from either M1 or M2 macrophages. The
NLRP3 inflammasome activator LPS plus ATP was used as a positive
control. As expected, LPS plus ATP induced a high level of IL-1b from
M1, but not M2, cells.

Production of IL-1b by macrophages requires the activation of
caspase-1, which was examined in Fig. 2B. LPS at 100 ng/mL plus
ATP at 5 mM (LPSþATP) or nigericin at 10 mM was used as positive
control, which caused large increases in the caspase-1 activity
(31.83-fold for LPSþATP and 36.22-fold for nigericin over control) in
M1 cells, but much smaller increases (5.49-fold for LPSþATP and
9.34-fold for nigericin) in M2 cells (Fig. 2B). LPS alone increased the
caspase-1 activity in M1 macrophages by 17.02-fold. Treatment
with MWCNTs at 2.5 or 10 mg/mL induced the caspase-1 activity by
7.33-fold and 14.96-fold over control, respectively. Interestingly,
ATP was found to augment the increase in caspase-1 activity by



Fig. 1. Differential cytotoxicity of MWCNTs in polarized macrophages. (A) The human monocytic THP-1 cells were differentiated by 40 nM phorbol-12-myristate-13-acetate for 3
days. Cells were then polarized with either the M1 inducer IFN-g at 20 ng/mL plus LPS at 100 ng/mL to obtain M1 macrophages or with the M2 inducer IL-4 at 20 ng/mL to obtain
M2 macrophages. After 2 days of polarization, the cells were analyzed for expression of CD86 (M1 marker) or CD206 (M2 marker) on the cell surface by flow cytometry. The mouse
IgG was used as a negative control. Representative histograms with each from 3 separate experiments were shown. (B) Inflammatory cytokines IL-1b, TNF-a, IL-10, and IL-13 in cell-
free culture supernatants from M0 (unpolarized macrophages), M1, or M2 polarized macrophages were quantified by ELISA to serve as markers for M1 or M2 macrophages. Results
represent mean ± SEM from 3 independent experiments. **, P < .01, and ***, P < .001, significance for comparison to “M0.” (C) Cell viability was evaluated in M1 or M2 macrophages
using the LDH assay after exposure to MWCNTs at 0, 1.0, 2.5, 10, 20, 50, or 100 mg/mL, or CB at 0, 1.0, 2.5, 10, 25, 50, 100 mg/mL for 1 day or 3 days. Data represent mean ± SEM (n ¼ 3).
*, P < .05, **, P < .01, and ***, P < .001, significance for comparison to “untreated control.”
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MWCNTs at 10 mg/mL, that is, a 25.48-fold increase by MWCNTs
plus ATP, compared with the 14.96-fold increase byMWCNTs alone.
CB at 10 mg/mL did not increase caspase-1 activity. In M2 macro-
phages, caspase-1 activation by MWCNTs was much lower than
that in M1 macrophages; MWCNTs at 10 mg/mL induced caspase-1
activation by 4.35-fold increase, compared with untreated control.
ATP slightly further increased the activity. LPS alone did not
significantly increase caspase-1 activity in M2 macrophages.

Activation of caspase-1 indicates the activation of the NLRP3
inflammasome, which may require the release of the lysosome
enzyme cathepsin B upon phagocytosis of MWCNTs by M1 mac-
rophages (Ma and Lim, 2024). To examine the lysosomal integrity
and release of lysosomal cathepsin B into the cytoplasm in
MWCNT-exposed cells, we tested cathepsin B activity using a
cathepsin B-specific substrate (Fig. 3A). MWCNTs at 2.5 or 10
mg/mL increased the release of cathepsin B at 24 hours post-
exposure by 2.26-fold and 5.47-fold, respectively. No cathepsin B
release was noted in cells exposed to CB at 10 mg/mL. LPS and
LPSþATP, but not nigericin (10 mM), caused significant increases in
cathepsin B release. These results support the role of the lysosomal
release of cathepsin B for NLRP3 activation by MWCNTs.

Activated NLRP3 assembles with the ASC protein through
homotypic binding and directs the prion-like, directional
5

oligomerization of ASC into filamentous bundles leading to the for-
mation of ASC specks in the cytoplasm. For this reason, formation of
ASC specks is often considered a marker of NLRP3 inflammasome
activation in cells, although the ASC speck does not always colocalize
with the NLRP3 inflammasome inside a cell. M1 macrophages in the
absence of MWCNTs showed a diffused staining of ASC. MWCNTs at
10 mg/mL caused the formation of intensely stained ASC specks with
a perinuclear localization (Fig. 3B). As expected, both positive con-
trols, LPSþATP and nigericin, induced marked increases in the for-
mation of ASC specks in M1 macrophages.

Taken together, these findings presented a path of NLRP3
inflammasomal activation in M1macrophages by MWCNTs, starting
with the phagocytosis of CNTs, followed by lysosomal damage and
release of lysosomal cathepsin B, which triggers the assembly of the
NLRP3 inflammasome and formation of ASC specks, caspase-1 acti-
vation, and the maturation and secretion of IL-1b from M1
macrophages.

3.3. Activation of the NLRP3 inflammasome by MWCNTs led to
GSDMD cleavage and pyroptosis of M1 macrophages

One consequence of NLRP3 activation is the activation of
pyroptosis through the cleavage of GSDMD and pore formation by



Fig. 2. Increased secretion of IL-1b and activation of caspase-1 in M1 macrophages by MWCNTs. (A) IL-1b secretion was assessed by ELISA in cell-free supernatants collected from
differentiated THP-1 cells (M0), or polarized M1 or M2 macrophages that were untreated or exposed to the control medium, MWCNTs at 2.5 or 10 mg/mL, or CB at 2.5 or 10 mg/mL for
24 hours. Some cells were treated with LPS at 200 ng/mL for 24 hours followed by addition of ATP at 5 mM (ie, LPSþATP) for 1 hour. Data represent mean ± SEM (n ¼ 3). ***, P <
.001, significance for comparison to “M0” or “untreated”; n.s., non-significance at P ¼ .089 for comparison between “MWCNT, 10” and “untreated,” or P ¼ .103 for comparison
between “LPSþATP” and “untreated” in M2 cells. (B) M1 or M2 macrophages were treated as described in (A) and were used to assess caspase-1 activity. Data represent mean ± SEM
(n ¼ 3). **, P < .01, and ***, P < .001, significance for comparison to “untreated” control.
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the cleavage product, GSDMD-N, in the plasma membrane of the
cell (Shi et al, 2015). Formation of the pores enables the secretion of
mature IL-1b and IL-18 from the cell, as well as disruption of the
osmotic gradient across the plasma membrane leading to the os-
motic rupture, and pyroptotic death of the cell and release of the
engulfed particles, inflammatory mediators, and other intracellular
contents to amplify the inflammatory response. To examine
GSDMD activation, M1 cells were treatedwithMWCNTs at 2.5 or 10
mg/mL, CB at 2.5 or 10 mg/mL, LPS at 100 ng/mL, LPS (100 ng/mL) þ
ATP (5 mM), or nigericin at 10 mM for 1 day. GSDMD and GSDMD-N
were analyzed by immunoblotting using specific antibodies
(Fig. 4A). MWCNTs at 2.5 or 10 mg/mL reduced the protein levels of
GSDMD by 17.1% and 58.62%, respectively, compared with un-
treated control. LPS reduced the GSDMD level by approximately
21%. Addition of ATP to LPS further reduced the level by 18.15% (ie,
39.14% compared with untreated control). Nigericin strongly
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reduced the GSDMD level by 66.7%, compared with untreated
control. CB did not affect the GSDMD protein level.

GSDMD-Nwas detected as a 31 kDa fragment. MWCNTs at 2.5 or
10 mg/mL increased the level of GSDMD-N by 423.5% or 557.3%,
respectively, compared with untreated control. LPS increased the
level by 398.2%, and the addition of ATP further increased the level
by 170% (ie, 568.2%, compared with untreated control). Nigericin
increased the level of GSDMD-M by 551.5%, compared with un-
treated control. CB slightly increased the N-terminal fragment level
by 144.2% at 2.5 mg/mL and 134.9% at 10 mg/mL, compared with the
untreated control, which was statistically not significant.

To validate if GSDMD cleavage and NLRP3 inflammasome acti-
vation are associated with each other in M1 macrophages, we
examined the distribution of GSDMD-N in M1 cells using immu-
nofluorescence imaging (Fig. 4B). Untreated cells exhibited no
detectable GSDMD-N. MWCNTs at 10 mg/mL induced a diffuse



Fig. 3. Increased release of lysosomal cathepsin B and ASC speck formation in M1 macrophages by MWCNTs. (A) M1 macrophages were treated as described for Fig. 2 and were used
to assess the cathepsin B activity using a fluorescent activity assay kit. Data represent mean ± SEM (n ¼ 3). **, P < .01, ***, P < .001, significance for comparison to “untreated”
control. (B) M1 macrophages were untreated or treated with MWCNTs at 10 mg/mL or nigericin at 10 mM for 24 hours. Some cells were treated with LPS at 200 ng/mL for 24 hours
followed by the addition of ATP at 5 mM for 1 hour (ie, LPSþATP). The cells were fixed and examined for immunofluorescent staining against NLRP3 (green channel), ASC (red), or
40 ,6-diamidino-2-phenylindole (DAPI) (nucleus, blue). Fluorescence images were obtained and the cells having concentrated ASC staining were counted and expressed as percent of
ASC specks formation. Data represent mean ± SEM (n ¼ 3). ***, P < .001, significance for comparison to “untreated” control. Scale bar, 20 mm.
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staining pattern of GSDMD-N. Inflammasome activators, LPSþATP
or nigericin, also induced a diffuse expression of GSDMD-N in M1
cells. In both cases, GSDMD-N colocalized with the ASC specks in
significant numbers of cells as shown by the quantification of cells
with positive colocalization. These results indicate that MWCNTs
induced pyroptosis of M1 macrophages via the cleavage of GSDMD
through the NLRP3 inflammasome-activated caspase-1.

3.4. Inhibition of the NLRP3 inflammasome pathway blocked
pyroptosis

To substantiate the activation of the NLRP3 pathway and its role
in M1 cell pyroptosis, various inhibitors were employed. As shown
Fig. 4. Induced cleavage of in M1 macrophages by MWCNTs. M1 macrophages were untreated
LPS at 100 ng/mL, or nigericin at 10 mM for 24 hours. Some cells were treated with LPS at 200
Cells were treated as shown and were harvested for immunoblotting of GSDMD and GSDM
mean ± SEM (n ¼ 3). *, P < .05, **, P < .01, and ***, P < .001, significance for comparison to
GSDMD-N (green), ASC (red), or 40 ,6-diamidino-2-phenylindole (DAPI) (blue) and were imag
counted and expressed as the percentage of colocalization. Data represent mean ± SEM (n ¼ 3
20 mm.
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in Fig. 5A, the MWCNT-induced release of IL-1b into the medium is
nearly completely inhibited by preincubation of the cells with
specific caspase-1 inhibitor AC-YVAD-CMK at 50 mg/mL and by
NLRP3 inflammasome inhibitor MCC-950 at 1 mM. Cathepsin B in-
hibitor CA-074 Me at 100 mM also blocked IL-1b production and
secretion. However, the secretion of TNF-a, another major proin-
flammatory cytokine secreted by M1 macrophages in response to
MWCNTs, was only slightly decreased by the inhibitors (Fig. 5B),
indicating that induction of TNF-a in M1 macrophages by MWCNTs
does not require the NLRP3 inflammasome.

Specific inhibitors were used to inhibit MWCNT-induced
GSDMD cleavage in M1 macrophages (Fig. 5C). Treatment with
caspase-1 inhibitor AC-YVAD-CMK at 25 mg/mL prior to MWCNTs
or treated with the control medium, MWCNTs at 2.5 or 10 mg/mL, CB at 2.5 or 10 mg/mL,
ng/mL for 24 hours followed by the addition of ATP at 5 mM (ie, LPSþATP) for 1 hour. (A)
D-N. Representative images were shown with each from 3 experiments. Data represent
“untreated” control. (B) Cells treated as described in (A) were fixed and stained against
ed using fluorescence microscopy. Cells showing both GSDMD-N and ASC staining were
). **, P < .01 and ***, P < .001, significance for comparison to untreated control. Scale bar,



Fig. 5. Inhibition of the NLRP3 inflammasome pathway and pyroptosis induced by MWCNTs in M1 macrophages. (A) and (B) M1 polarized macrophages were incubated with the
caspase-1 inhibitor AC-YVAD-CMK at 50 mg/mL, the NLRP3 inflammasome inhibitor MCC-950 at 1 mM, or the cathepsin B inhibitor CA-074 Me at 100 mM for 6 hours before exposing
to MWCNTs at 2.5 or 10 mg/mL or CB at 10 mg/mL. IL-1b (A) or TNF-a (B) in cell-free culture supernatants were quantified using ELISA. Data represent mean ± SEM (n ¼ 3). ***, P <
.001, significance for comparison to “untreated” control or “MWCNT-treated” group. (C) M1 polarized macrophages were incubated with inhibitors and were exposed treatments as
described for (A) and (B) above. GSDMD and GSDMD-N were detected and quantified using immunoblotting and image analysis. Representative images were shown from 3 different
experiments. Data represent mean ± SEM *, P < .05, **, P < .01, and ***, P < .001, significance for comparison to compared with “untreated” control or “MWCNT-treated” group; n.s.,
non-significance at P ¼ .339 for comparison between “AC-YVAD-CMK” and “MWCNT, 10”; P ¼ .199 for comparison between “MCC-950” and “MWCNT, 10,” or P ¼ .299 for comparison
between “CA-074” and “MWCNT, 10.”
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partially blocked GSDMD cleavage and GSDMD-N generation. At 50
mg/mL, the inhibitor completely blocked the cleavage of GSDMD
cleavage and production of GSDMD-N induced by MWCNTs. The
NLRP3 inhibitor MCC-950 at 0.5 or 1 mM, and cathepsin B inhibitor
CA-074 Me at 50 or 100 mM, inhibited the generation of GSDMD-N
significantly in M1 macrophages.

Taken together, the results from the inhibition experiment
support the notion that once phagocytosed by M1 macrophages,
MWCNTs trigger lysosomal instability to release cathepsin B into
the cytoplasm where a cascade of events was initiated, leading to
the NLRP3 inflammasome activation, caspase-1 activation, cleavage
of pro-IL-1b and GSDMD, maturation and secretion of IL-1b, and,
ultimately, pyroptotic death of the cell.

4. Discussion

Inflammation is commonly observed in the pulmonary response
to inhaled nanoparticles in mammalian lungs (Dong andMa, 2015).
The pathogenesis and morphological features of nanoparticle-
induced inflammation resemble those of nonmicrobial, respirable
particulate-induced pulmonary inflammation, hence, the name
sterile inflammation. In these scenarios, deposition of nano-
particles in the airways and the alveolar space triggers the infil-
tration of neutrophils and the phagocytosis of nanoparticles by
alveolar and interstitial macrophages, resulting in innate immune
responses and inflammation in the lung. Although inflammation
facilitates particle clearance and the debridement of damaged tis-
sues, heightened inflammatory responses cause acute toxicity in
the lung. Unresolved inflammation can progress to chronic
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inflammation leading to the development of fibrosis with
granuloma-like lesions, lung and pleural malignancy, and reduction
of lung function (Mercer et al, 2013; Kasai et al, 2015, 2016; Suzui
et al, 2016; Dong and Ma, 2019). The molecular and cellular un-
derpinnings for the initiation and the temporal evolvement of
pulmonary inflammation elicited by nanoparticles are complex and
have not beenwell understood. By examining the effect of exposure
to fibrogenic MWCNTs in polarized macrophages in vitro, we un-
covered in this study that MWCNTs induce pyroptotic death of
macrophages, which serves as a major means of nanotoxicity and
sterile inflammation by activating the NLRP3 inflammasomal
pathway. Given the critical role and common features and path-
ways of inflammation in nanotoxicity, our findings provide new
insights into the mechanism and facilitate the safety evaluation of
the pulmonary health effects of inhaled nanoparticles and
nanomaterials.

We have previously observed that macrophages polarize to M1
cells upon exposure to toxic MWCNTs, such as Mitsui-7, which
promotes the initiation and amplification of acute inflammatory
responses in mouse lungs and in cultured cells (Dong and Ma,
2018a; Lim et al, 2023). At a later stage, macrophages adopt an
M2 phenotype and mediate the transition from type 1 to type 2
inflammation, which fosters the resolution of inflammation or its
chronic progression and fibrosis if inflammation fails to resolve. In
the current study, we found that MWCNTs caused differential
cytotoxicity in M1 and M2 cells with M1 macrophages being more
sensitive than M2 cells to cell damage by MWCNTs. At the molec-
ular level, MWCNTs caused the activation of the NLRP3 inflamma-
some and caspase-1 in M1 macrophages. Activated caspase-1
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cleaves pro-IL-1b to form IL-1b, a molecular step necessary for the
maturation and secretion of the proinflammatory cytokine into the
ECM and the circulation.

In agreement with the cytotoxicity of MWCNTS on M1 cells, we
found that activation of caspase-1 by MWCNTs induced the pro-
teolytic cleavage of GSDMD in the cell to produce the 31 kDa
GSDMD-N, the pore-forming polypeptide responsible for the
pyroptotic death of macrophages. Pyroptosis represents a specific
type of cell death triggered by proinflammatory signals and
observed in inflammatory cells such as macrophages (Cookson and
Brennan, 2001; Broz et al, 2020). Pyroptotic cell death is caused via
pore formation in the plasma membrane, which disrupts the os-
motic gradient across the cell membrane, resulting in the swelling
of the cell body and rupture of the cell (Liu et al, 2016; Xia et al,
2021). Thus, pyroptosis is distinguished from other forms of cell
death, such as apoptosis, necrosis, and ferroptosis, both mecha-
nistically and morphologically (Yuan and Ofengeim, 2024). Rupture
of the cell body releases engulfed pathogens and particulates
alongside proinflammatory mediators, including IL-1b and IL-18,
which further amplify and propagate inflammation in target tis-
sue and systemically. At the molecular level, pyroptosis is mediated
through GSDMD-N. Upon its release from GSDMD cleavage,
GSDMD-N binds to the plasmamembrane and forms pores through
high-order oligomerization. Formation of the pores disrupts the
osmotic gradient across the cell membrane, causing the swelling
and ultimate rupture of the cell body. MWCNTs induced the
cleavage of GSDMD and formation of GSDMD-N inM1 cells to cause
pyroptotic cell death, which accounts for the increased cytotoxicity
of MWCNTs to M1 macrophages compared with M2 cells.

Caspase-1-mediated cleavage of GSDMD depends on the activa-
tion of the NLRP3 inflammasome, a supramolecular oligomeric
structure that is formed in response to microbial and sterile signals
and mediates the caspase-1-dependent maturation and secretion of
IL-1b and IL-18 (Tschopp and Schroder, 2010). The NLRP3 inflam-
masome serves both as an innate immune effector and as an intra-
cellular pattern recognition receptor that recognizes intracellular
pathogen-associated molecular patterns and damage-associated
molecular patterns to instigate inflammatory responses to microbi-
al and sterile insults, thereby maintaining cellular homeostasis and
function (Schroder and Tschopp, 2010; Ma, 2023). Activation of the
NLRP3 inflammasome involves a cascade of molecular events
that are signal- and context-dependent and are incompletely
understood (Swanson et al, 2019; Ma and Lim, 2024). We found
that Mitsui-7 MWCNTs stimulate increased production and
secretion of IL-1b in M1, but not M2, macrophages, accompanied
by ASC speck formation and activation of caspase-1. Induction of
IL-1b is effectively inhibited by inhibitors MCC-950, which in-
hibits the NLRP3 inflammasome and AC-YVAD-CMK that inhibits
caspase-1. Together, these results established that MWCNTs
activate the NLRP3 inflammasome and caspase-1 for IL-1b
maturation and secretion from M1 macrophages. Furthermore,
MWCNT-induced cleavage of GSDMD and generation of GSDMD-
N were largely inhibited by the inhibitors, demonstrating a
critical role of NLRP3 activation in MWCNT-induced pyroptosis of
M1 macrophages.

Lysosomes play unique roles in the cellular response to nano-
particles and other particulate insults (Palom€aki et al, 2011; Ma and
Lim, 2024). We showed that the Mitsui-7 MWCNTs induced the
release and activation of lysosomal cathepsin B. Cathepsin B is
known to activate the NLRP3 inflammasome through an as-yet-
unclear mechanism, leading to the activation of caspase-1.
Indeed, the cathepsin B inhibitor, CA-074, completely inhibited
both the production of IL-1b from pro-IL-1b and the cleavage of
GSDMD to release GSDMD-N. The findings support the notion that
phagocytosis of MWCNTs caused lysosomal damage and
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cathepsin B release to activate the NLRP3 inflammasome causing
IL-1b secretion and pyroptosis of the cell.

A major challenge in the safety evaluation and safe design of
engineered nanomaterials and products derives from the fact that
the structures and physicochemical properties of nanomaterials are
complex and vary considerably, whichmakes it difficult to compare
their health effects directly. By comparing the rod-like Mitsui-7
MWCNTs and a carbonous material control, that is, the Printex 90
CB, we found that in contrast to the MWCNTs that induced a large
increase in caspase-1-dependent production of IL-1b, CB did not
increase the production of IL-1b and GSDMD-N, which correlated
with a lack of cathepsin B activity. These results suggest that CB has
substantially reduced damaging effect on macrophage lysosomes
and, as a result, reduced activation of the NLRP3 inflammasome,
caspase-1 cleavage, IL-1b production, as well as GSDMD-N forma-
tion and pyroptotic death of the cell. MWCNTs are composed of
multilayers of concentric and cylindrical structures made of gra-
phene sheets, whereas CB is an amorphous, carbon-based, aggre-
gate material. The lack of a defined and ordered 3-dimensional
structure like those of MWCNTs in CB may account for its reduced
toxicity to lysosomes despite the similar carbon chemistry in
MWCNTs and CB (Dong and Ma, 2016). Substantial differences in the
shape, size, surface area, surface reactivity, and rigidity between the
MWCNTs and CB are noted and may also account for the differences
in the activity and toxicity of CB and MWCNTs. A comparison of the
transmission electron microscopic images of Mitsui-7 MWCNTs and
the CB reviewed that although the diameters of the nanotubes and
the CB particles are similar to each other in the range of 50 nm, the
nanotubes are rod-like in shape with high rigidity and reach ~4.46
mm in length; however, the CB particles are approximately equal in
width and length, thus are substantially smaller than theMWCNTs in
size, which would make it easier for macrophages to engulf and
handle compared with Mitsui-7 MWCNTs (Ma-Hock et al, 2013; Lim
et al, 2023). Further studies on the interplay between nanoparticles
and lysosomes in NLRP3 activation and cell death are warranted.
Obtaining such knowledge would provide insights into the adverse
effect of exposure to nanoparticles in relation to their structures to
aid in the safety evaluation and safety-by-design of nanomaterials
and products for industrial and commercial applications.

Activation of the NLRP3 inflammasome has been associated
with a wide range of disease conditions ranging from auto-
inflammatory disease and microbial infection to metabolic disease,
aging, neurodegeneration, cancer, and common inflammatory and
autoimmune diseases such as asthma, rheumatoid arthritis, and
Gout, besides many exogenous toxicant-induced disease and
toxicity. In this connection, the NLRP3 pathway provides a score of
druggable targets for the treatment of human disease. Indeed,
pharmacological inhibition of NLRP3 has demonstrated promising
efficacy in treating diseases where activation of NLRP3 inflamma-
somes is implicated in animal models (Ma, 2023; Vande Walle and
Lamkanfi, 2024). Our findings on NLRP3- and caspase 1-dependent
activation of pyroptosis as a major means of cell death and ampli-
fication of inflammation support the notion that activation of
GSDMD and its downstream events to induce pyroptotic cell death
serve as potential, druggable targets for treating diseases, such as
autoinflammation and autoimmune disorders, chronic inflamma-
tory disease, neurodegenerative disease, and cancer, that are diffi-
cult to treat at the present time.
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