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Abstract Background/purpose: 3,4-methylenedioxymethamphetamine (MDMA) is a synthetic
substituted amphetamine. Research primarily focuses on its neurotoxicity and psychological
effects, while studies examining its impact on mesenchymal stem cells (MSCs) and dental pulp
stem cells (DPSCs) are relatively limited. This study investigated the cytotoxicity and molecu-
lar mechanisms of MDMA in DPSCs.
Materials and methods: Cell viability, apoptosis, autophagy, immunophenotype, reactive oxy-
gen species (ROS), and the related signaling pathways were analyzed using a cell counting kit,
Western blot, flow cytometry, and 20,70-dichlorofluorescein diacetate (DCFH-DA) dye after
treating DPSCs with indicated concentrations of MDMA.
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rich containing
family, pyrin
domain-containing-
3 (NLRP3)
inflammasome;

Autophagy
Results: MDMA significantly decreased cell viability and increased cleaved poly adenosine
diphosphate-ribose polymerase (PARP), cleaved caspase-8, cleaved caspase-3, and Bcl-2-
associated X protein (Bax), while reducing B-cell lymphoma 2 (Bcl-2). Annexin V and 7-
aminoactinomycin D (7-AAD) flow cytometry showed that these cells underwent early
apoptosis without altering MSCs’ immunophenotypic properties. MDMA also induced ROS accu-
mulation and nucleotide-binding domain, leucine-richecontaining family, pyrin domain
econtaining-3 (NLRP3) inflammasome activation. Autophagy activation was observed with
adenosine monophosphate-activated protein kinase (AMPK) activation, protein kinase B
(AKT) inactivation, and mammalian target of rapamycin (mTOR) suppression. Autophagy inhib-
itor chloroquine (CQ) attenuated MDMA-induced cell death, suggesting that excessive auto-
phagy contributes to cell damage.
Conclusion: MDMA induces ROS-mediated autophagic cell death and thioredoxin-interacting
protein (TXNIP)/NLRP3 inflammasome activation, causing detrimental cell damage. The histor-
ical roots of drug addiction should be considered when modifying dental approaches for pa-
tients with a history of MDMA use, as well as in the screening of DPSCs donors and patients
undergoing stem cell therapy.
ª 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

3,4-methylenedioxymethamphetamine (MDMA) is an
amphetamine derivative, commonly known as Ecstasy,
Molly, and Adam. It was first synthesized by German phar-
maceutical company Merck as a by-product during the
research of blood-clotting agents in 1912.1 It remained
largely unstudied until the 1970s Shulgin resynthesized it,
reported that MDMA can produce psychotomimetic effects,
and suggested that MDMA might be useful as a psychothera-
peutic adjunct.2 The biological mechanisms of MDMA pri-
marily involve serotonin and dopamine neurotransmitter
systems.3 It stimulates the release of these neurotransmit-
ters, leading to significant alterations in both mood and
environmental perception. Users seek out MDMA for its
euphoric, empathogenic, hallucinatory, and stimulant ef-
fects. Its usage is particularly prevalent among the young
population.4 Although direct epidemiological data on MDMA
use among dental stem cell donors are limited, a 2022 report
on substance use in dental patients highlighted a substantial
discrepancy between self-reported drug use during dental
visits and estimates from national survey data. Specifically,
the reported prevalence of MDMA use in dental electronic
health records was significantly lower than that reported in
the general U.S. population. For example, lifetime use of
MDMA was reported at 10.6 % in the National Survey on Drug
Use and Health (NSDUH), compared to just 0.1 % in dental
records from the New York University College of Dentistry
(NYUCD). Similarly, current use was reported as 0.6 % in the
NSDUH and 0.0 % in the NYUCD records. This marked
discrepancy suggests substantial underreporting or under-
assessment during dental appointments.5 These findings
underscore the likelihood that MDMA exposure may be
underestimated among dental patients, including potential
donors of dental stem cells, highlighting the relevance of
investigating MDMA’s impact on DPSC.

Accumulating evidence suggests that MDMA can cause
neurotoxicity, cognitive deficits, and brain damage as a
consequence of long-term abuse.6e8 Several mechanisms
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have been implicated in MDMA-induced neurotoxicity,
including oxidative stress, excitotoxicity, mitochondrial
dysfunction, and necrosis.9 These findings underscore the
potential risks associated with MDMA use, particularly in
high doses or over extended periods. MDMA also causes
various health issues, including oral and dental health
problems such as MDMA-induced bruxism,10 increased risk
of developing dental erosion,11 and oral ulcers.12 Recent
MDMA research has significantly focused on its psychological
treatment effects, particularly in addressing post-
traumatic stress disorder (PTSD) and anxiety, as well as
its impact on neural cells.13e15 However, the evidence of its
effect on mesenchymal stem cells (MSCs) or dental-derived
MSCs is relatively limited and unexplored.

Dental pulp is the soft, living tissue located in the center
of the tooth, consisting of connective tissue, nerves, and
blood vessels. It provides sensory function, which responds
to thermal and mechanical stimuli, providing pain sensation
as a defensive mechanism.16 Additionally, it plays a crucial
role in repairing and regenerating dental tissues by forming
tertiary dentin in response to external stimuli such as
trauma, restorative procedure, or dental caries.17 This
dentin-pulp complex formation ability prompted the inves-
tigation of the stem cell potential in dental pulp cells. In
2000, Gronthos et al. successfully isolated dental pulp cells
from adult human dental pulp and identified them as stem
cells due to their clonogenicity, high proliferative capacity,
and ability to regenerate tissue.18 These unique properties of
dental pulp stem cells (DPSCs) have significant clinical im-
plications. Clinical approaches, such as vital pulp therapy,
utilize these regenerative capabilities to preserve the vi-
tality and function of the dental pulp after injury or disease
and to stimulate the regeneration of the dentin-pulp
complex.19

Additionally, DPSCs exhibit multipotent differentiation
potential,20 immunomodulation properties,21 and can
maintain the expression of key MSC markers after prolonged
culture expansion.22 It can be obtained from deciduous and
wisdom teeth through small-scale local surgery, providing a
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less invasive method of extracting stem cells. Although in-
dividual procedures yield minimal tissue volume and cell
numbers, stem cell isolation achieves high success rates and
efficiency even following long-term cryopreservation, with
the cells exhibiting robust growth and differentiation po-
tential in suitable culture environments.23 These charac-
teristics make DPSCs a valuable source in tissue engineering
and regenerative medicine. Although tooth banking is not
currently a popular practice, there has been a growing
establishment of dental stem cell banks in a few countries,
such as Korea, USA, United Kingdom, etc.24 This study
investigated the effects of MDMA on DPSCs and its molecular
mechanisms, which may contribute to modifying clinical
approaches on dental pulp therapy for patientswith a history
of MDMA use and establishingmore comprehensive screening
protocols and standards for stem cell banking and donation.

Materials and methods

Cell culture

DPSCs were obtained from Lonza (Basel, Switzerland)
(Catalog #PT-5025) and cultured in DPSC Basal Medium
(Lonza) supplemented with DPSCGM SingleQuots Kit (Lonza)
in a humidified environment at 37 �C with 5 % (vol/vol) CO2.
The medium was replaced every two or three days. Cells
were passaged at 80 % confluence, and passages 4e10 were
used in the present study.

Cell viability assay

Cell viability was assessed using a cell counting kit (CCK-8,
Dojindo, Tokyo, Japan). Briefly, DPSCs (1 � 103 cells/well)
were seeded into 96-well plates overnight and then treated
with different concentrations of MDMA (0, 0.1, 1, 10, 30,
100, 300, 500, 1000 and 2000 mM) for 48 h. The medium was
removed with subsequent 10 % of the CCK-8 in DPSC Basal
Medium incubation for 90 min. The absorbance was
measured at 450/650 nm using a spectrophotometer
(SpectraMax 190, Molecular Devices, San Jose, CA, USA).

Immunophenotype analysis

DPSCs surface markers were evaluated by flow cytometric
analysis. After MDMA stimulation, cells were harvested and
incubated with various antibody solutions (Invitrogen, Wal-
tham, MA, USA), including MSCs-associated cell surface
cluster of differentiation (CD) markers (CD44-PE, CD73-PE,
and CD90-PE) and hematopoietic markers (CD31-PE, CD34-
PE, and CD45-PE) for 1 h at room temperature. Data was
acquired using a flow cytometer (FACSCalibur, BD Bio-
sciences, San Jose, CA, USA) and analyzed using CellQuest
software.

Intracellular reactive oxygen species measurement

Intracellular reactive oxygen species (ROS) levels in DPSCs
were measured using the fluorescent probe 20,70-dichloro-
fluorescein diacetate (DCFH-DA) dye (Cell Biolabs, Inc., San
1784
Diego, CA, USA). Briefly, DPSCs were seeded in a 24-well
plate (1 � 105 cells/well) overnight and treated with indi-
cated concentrations of MDMA for 24 h. The medium was
removed and replaced with 100 mM DCFH-DA in culture
medium for 30 min at 37 �C in the dark. Intracellular ROS
images were detected by an inverted fluorescence micro-
scope with a CCD camera. Fluorescence quantitation was
measured using a fluorescence microtiter plate reader
(POLARstar Galaxy, BMG Labtech, Ortenberg, Germany) at
485 and 530 nm wavelengths.

Western blotting

In brief, proteins were extracted by RIPA lysis buffer, and the
concentrations were determined by BCA protein assay kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The de-
natured proteins were then separated by SDS-PAGE. After
electrophoresis, proteins were transferred to the PVDF
membrane, then blocked in 5 % non-fat dry milk for 30 min
and incubated overnight with apoptosis, thioredoxin-
interacting protein (TXNIP)/nucleotide-binding domain,
leucine-richecontaining family, pyrin domainecontaining-3
(NLRP3), and autophagy-related primary antibodies (Cell
Signaling Technology, Danvers, MA, USA). Corresponding
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were used for 1 h incubation at room temperature.
The immunoreactive proteins were visualized using an
enhanced chemiluminescence kit (ECL, Amersham Bio-
sciences, Buckinghamshire, UK) and detected using a lumi-
nescent image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).

Annexin V/7-aminoactinomycin D staining

The Annexin V and 7-aminoactinomycin D (7-AAD) Apoptosis
Kit were used to detect cell apoptosis following the man-
ufacturer’s instructions (Biotium, Inc., Fremont, CA, USA).
Briefly, after MDMA stimulation for 72 h, the cells were
harvested and then resuspended in 100 mL binding buffer
(5 � 105 cells/sample). Subsequently, cells were stained
with 5 mL Annexin V and 2 mL 7-AAD for 30 min on ice in the
dark. Data was acquired using FACSCalibur (BD Biosciences)
and analyzed using CellQuest software.

Acridine orange staining

The acridine orange (AO) staining was used for autophagy
detection following the manufacturer’s instructions (Med-
ChemExpress, Monmouth Junction, NJ, USA). Briefly, DPSCs
were treated with indicated concentrations of MDMA for
48 h. Wash the cells with phosphate-buffered saline (PBS,
Gibco, Waltham, MA, USA), and discard the solution, then
add the culture medium containing AO at a concentration
of 1 mg/mL and incubate for 1 h at 37 �C in the dark. Cells
were washed and harvested for flow cytometry analysis
using FACSCalibur (BD Biosciences) and CellQuest software.

Statistical analysis

Results represent the mean � SEM (standard error of the
mean). The sample size is 3 in each group (n Z 3).
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Significant differences among group means were deter-
mined via one-way ANOVA followed by a Bonferroni post-
hoc test using IBM SPSS Statistics Version 22 (IBMr SPSSr
Statistics 22). Statistical significance was accepted when
P < 0.05.

Results

Cell viability and immunophenotypic property
analysis

CCK-8 results demonstrated that the cell viability was
significantly decreased when DPSCs were treated with 100,
300, 500, 1000, and 2000 mM of MDMA for 48 h (Fig. 1A). We
further evaluated the MSCs immunophenotypic properties of
DPSCs after 500 mM MDMA stimulation. The results demon-
strated no significant changes in the expression of MSCs-
associated positive (CD44, CD73, and CD90) and negative
markers (CD31, CD34, and CD45) respectively (Fig. 1B).
Figure 1 Effects of MDMA on cell viability and MSCs immunophe

10, 30, 100, 300, 500, 1000 and 2000 mM of MDMA for 48 h. Cell via
results represent the mean � SEM (n Z 3), analyzed via one-wa
**P < 0.01, and ***P < 0.001 versus control (A). Cells were treat
immunophenotypic property of DPSCs was assessed by flow cytom
matopoietic lineage markers (CD31, CD34, and CD45)
methylenedioxymethamphetamine, MSCs - mesenchymal stem cells
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ROS and associated TXNIP/NLRP3 inflammasome
axis analysis

The ROS intensity significantly increased when DPSCs were
treated with 10, 100, 300, and 500 mM of MDMA for 24 h
(Fig. 2A and B). Western blot was performed with TXNIP-
NLRP3 associated proteins (TXNIP, NLRP3, apoptosis-
associated speck-like protein containing a C-terminal cas-
pase recruitment domain [ASC], pro-caspase-1, cleaved
caspase-1, pro-interleukin (IL)-1b, and IL-1b) (Fig. 2C). The
relative protein expression levels of TXNIP (Fig. 2D), NLRP3
(Fig. 2E), cleaved caspase-1 (Fig. 2F), and IL-1b (Fig. 2G)
were significantly increased.

Cell apoptosis analysis

The annexin V and 7-AAD double-staining showed that the
apoptotic cells significantly increased when treating DPSCs
with 500 mM of MDMA for 72 h (Fig. 3A and B). Western blot
notypic property in DPSCs. DPSCs were treated with 0, 0.1, 1,
bility was measured using a cell counting kit (CCK-8), and the
y ANOVA followed by a Bonferroni post-hoc test. *P < 0.05,
ed with and without 500 mM of MDMA for 48 h, and the MSCs
etry. MSCs lineage markers (CD44, CD73, and CD90) and he-

were detected (B). Abbreviation: MDMA - 3,4-
, DPSCs - dental pulp stem cells, CD - cluster of differentiation.



Figure 2 Effects of MDMA on ROS-TXNIP-NLRP3 inflammasome axis in DPSCs. DPSCs were treated with 0, 10, 100, 300, and
500 mM of MDMA for 24 h. The ROS formation was detected by DCFH-DA dye with an inverted fluorescence microscope (A), and the
fluorescence intensity was measured by a microtiter plate reader (B). Protein expression of TXNIP, NLRP3, ASC, pro-caspase-1,
cleaved caspase-1, pro-IL-1b, and IL-1b were analyzed by Western blot (C). Quantitative analysis of TXNIP (D), NLRP3 (E),
cleaved caspase-1 (F), and IL-1b (G) were conducted. Results represent the mean � SEM (n Z 3), analyzed via one-way ANOVA
followed by a Bonferroni post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control. Abbreviation: MDMA - 3,4-
methylenedioxymethamphetamine, ROS - reactive oxygen species, TXNIP - thioredoxin-interacting protein, NLRP3 - nucleotide-
binding domain, leucine-richecontaining family, pyrin domain-containing 3, DPSCs - dental pulp stem cells, DCFH-DA - 20,70-
dichlorofluorescein diacetate, ASC - apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain,
IL - interleukin.
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was performed with apoptosis-related proteins (poly
adenosine diphosphate-ribose polymerase [PARP], cleaved
PARP, pro-caspase-8, cleaved caspase-8, pro-caspase-9,
cleaved caspase-9, pro-caspase-3, cleaved caspase-3, Bcl-
2-associated X protein [Bax], and B-cell lymphoma 2 [Bcl-
2]) (Fig. 3C and D). The levels of cleaved PARP (Fig. 3E),
cleaved caspase-8 (Fig. 3F), and cleaved caspase-3 (Fig. 3G)
significantly increased, whereas cleaved caspase-9 showed
no significant difference (Fig. 3H). The pro-apoptotic pro-
tein Bax was significantly increased with decreasing anti-
apoptotic protein Bcl-2 expression in high concentrations
of MDMA stimulation (Fig. 3I and J).
Cell autophagy analysis

Western blot was further performed with autophagy-
related proteins (microtubule-associated protein 1 light
chain 3 beta [LC3B]-I and eII, sequestosome-1 [p62],
1786
autophagy related [ATG]12-ATG5, ATG7, and Beclin-1)
(Fig. 4A). MDMA significantly increases the LC3B-II/LC3BeI
ratio in a dose-dependent manner (Fig. 4B). Moreover, the
results also revealed that the protein levels of p62 (Fig. 4C),
ATG12-ATG5 (Fig. 4D), and ATG7 (Fig. 4E) were increased by
MDMA stimulation for 48 h. However, the level of Beclin-1
showed no significant difference (Fig. 4F). Autophagy
activation was consistently detected and analyzed by AO
staining and flow cytometry (Fig. 4G and H). The population
of autophagy cells significantly increases in a dose-
dependent manner (Fig. 4I). We further found that MDMA
regulated the upstream regulators of autophagy pathways
(Fig. 4J) with significant decrease in phosphorylated pro-
tein kinase B [p-AKT]/AKT and phosphorylated mammalian
target of rapamycin [p-mTOR]/mTOR (Fig. 4K and L), while
the phosphorylated adenosine monophosphate-activated
protein kinase [p-AMPK]/AMPK increased (Fig. 4M). To
clarify the relationship between autophagy and apoptosis in
MDMA-treated DPSCs, the autophagy inhibitor chloroquine



Figure 3 Effects of MDMA on apoptosis in DPSCs. DPSCs were treated with 0, 10, 100, 300, and 500 mM of MDMA for 72 h, and cell
apoptosis was detected by annexin V and 7-AAD double staining (A). The apoptotic cell percentage is displayed (B). Protein
expression of apoptosis-related proteins PARP, cleaved PARP, pro-caspase-8, cleaved caspase-8, pro-caspase-9, cleaved caspase-9,
pro-caspase-3, cleaved caspase-3, Bax, and Bcl-2 were analyzed by Western blot (C and D). Quantitative analysis of cleaved PARP
(E), cleaved caspase-8 (F), cleaved caspase-3 (G), cleaved caspase-9 (H), Bax (I), and Bcl-2 (J) was conducted. Results represent
mean � SEM (n Z 3), analyzed via one-way ANOVA followed by a Bonferroni post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001
versus control. Abbreviation: MDMA - 3,4-Methylenedioxymethamphetamine, DPSCs - dental pulp stem cells, 7-AAD - 7-
aminoactinomycin D, PARP - poly adenosine diphosphate-ribose polymerase, Bax - Bcl-2-associated X protein, Bcl-2 - B-cell lym-
phoma 2.
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(CQ) (MedChemExpress) was conducted. Cells were pre-
treated with 2 mM of CQ for 1 h, followed by incubation
with MDMA for 24 h. The effects of CQ intervention on cell
viability and the expression of LC3BeI, LC3B -II, pro-
caspase-3, cleaved caspase-3, PARP, and cleaved PARP in
MDMA-treated cells were detected (Fig. 4N and O). The cell
viability significantly increased with CQ intervention before
500 and 1000 mM of MDMA stimulation. Western blot results
demonstrated that CQ intervention before MDMA did not
alter the protein expression level of the LC3B-II/LC3BeI
ratio (Fig. 4P). However, it significantly diminished the
levels of cleaved caspase-3 and cleaved PARP compared to
500 mM MDMA-treated cells (Fig. 4Q and R).
Discussion

MDMA is an amphetamine derivative known for its neuro-
toxic effects, largely due to its ability to induce oxidative
stress and trigger various intracellular pathways that lead
to cell damage. Long-term use of amphetamines can cause
serious oral health effects, including methamphetamine-
induced caries, periodontal diseases, and oral ulcers.12,25

Other structural analogues of amphetamine, such as MDA
have also been reported to cause bruxism.10 While its im-
pacts on MSCs and dental-derived MSCs were relatively
1787
limited, the present study investigated the mechanisms by
which MDMA affects DPSCs, with a particular focus on its
role in cell viability, oxidative stress, NLRP3 inflammasome,
autophagy, and apoptosis.

The concentration of MDMA used in in vitro studies varies
widely depending on the research model, ranging from
nanomolar (nM) to millimolar (mM). For example, studies on
arginine vasopressin (AVP) release have utilized concen-
trations ranging from 0.1 to 1000 nM to examine the effects
of MDMA on isolated rat hypothalamus,26 while in-
vestigations into cardiac toxicity have employed concen-
trations of 1000 to 10,000 mM (1e10 mM) to assess
mechanisms of cellular damage.27 A previous study re-
ported that, in a double-blind placebo controlled trial
involving a 75 mg oral dose of MDMA administered to
healthy recreational users, the average peak plasma con-
centration was 178 ng/mL,28 corresponding to approxi-
mately 0.92 mM based on MDMA’s molecular weight
(193.25 g/mol). Although the concentrations used in our
experiments (0.1e2000 mM) exceed typical human plasma
levels, they are consistent with prior mechanistic studies
aimed at elucidating cellular responses under heightened
exposure and exploring potential dose-dependent cellular
effects. In the present study, significant effects were
observed starting from as low as 10 mM in some conditions,
while in others, notable changes emerged at 100 mM or even
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300 mM. These effects remained significant at higher con-
centrations, demonstrating a clear dose-dependent
pattern. This aligns with previous studies suggesting that
MDMA exerts concentration-dependent impacts on cell
viability, oxidative stress, and other cellular processes.

The observed increase in cleaved-PARP, cleaved
caspase-8, cleaved caspase-3, and Bax expression, along-
side a decrease in Bcl-2 and positive Annexin V/7-AAD
double-staining, confirmed the induction of early apoptosis
in DPSCs. Despite this cytotoxicity, the immunophenotypic
profile associated with MSCs remained unchanged, sug-
gesting that MDMA may not compromise the core stem cell
identity in the short term. However, studies on neural stem
and progenitor cells have shown that chronic or repeated
MDMA exposure can markedly reduce cell proliferation and
impair neurogenesis, with long-term exposure in animal
Figure 4 Effect of MDMA on autophagy signaling pathways in D

MDMA for 48 h, and the protein levels of LC3BeI, LC3B-II, p62, ATG1
Quantitative analysis of LC3B-II/LC3BeI (B), p62 (C), ATG12-ATG5 (D
mean � SEM (n Z 3), analyzed via one-way ANOVA followed by a B
versus control. Cell autophagy was detected by acridine orange
underwent autophagy was conducted (I). Moreover, the upstream
assessed by Western blot (J). Quantitative analysis of the protein
AMPK/AMPK (M) were also conducted. Results represent mean �
ferroni post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 ver
followed by incubation with MDMA for 24 h. Cell viability was e
intervention before MDMA on the protein expression levels of LC3Be
PARP were detected by Western blot (O). Quantitative analysis of L
were conducted. Results represent mean � SEM (n Z 3), analyze
*P < 0.05, **P < 0.01, and ***P < 0.001 versus control. #P < 0.05, #
versus MDMA stimulation. Abbreviation: MDMA - 3,4-Methylenedio
microtubule-associated protein 1 light chain 3 beta, p62-sequestos
phosphorylated protein kinase B, mTOR - mammalian target of rap
mycin, AMPK - adenosine monophosphate-activated protein kinase,
protein kinase, CQ - chloroquine, PARP - Poly adenosine diphospha
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models leading to significant declines in neural progenitor
cell populations and neuronal differentiation.29 These
findings raise the possibility that chronic MDMA exposure
could exert more profound or cumulative effects on stem
cell populations, which may not be captured by short-term
assays.

The elevation of ROS levels is a key factor in the
oxidative stress response, which contributes to cellular
damage, triggering both autophagy and apoptosis. Our re-
sults demonstrated that MDMA significantly induced cellular
ROS accumulation and apoptosis in DPSCs. This response
can lead to cellular damage, impacting their therapeutic
potential. Previous studies indicated that ROS can trigger
NLRP3 inflammasome activation through TXNIP.30 NLRP3
inflammasome activation can enhance host defense im-
munity such as releasing IL-1b and IL-18,31 and it is also
PSCs. DPSCs were treated with 0, 10, 100, 300, and 500 mM of
2-ATG5, ATG7, and Beclin-1 were analyzed by Western blot (A).
), ATG7 (E), and Beclin-1(F) were conducted. Results represent
onferroni post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001
staining (G) and flow cytometry (H). The population of DPSCs
signal pathways of autophagy (AKT, mTOR, and AMPK) were

expression levels of p-AKT/AKT (K), p-mTOR/mTOR (L), and p-
SEM (n Z 3), analyzed via one-way ANOVA followed by a Bon-
sus control. DPSCs were pre-treated with 2 mM of CQ for 1 h,
valuated (N), and the effects of CQ, 500 mM MDMA, and CQ
I, LC3B-II, Pro-caspase-3, cleaved caspase-3, PARP, and cleaved
C3B-II/LC3BeI (P), cleaved caspase-3 (Q), and cleaved PARP (R)
d via one-way ANOVA followed by a Bonferroni post-hoc test.
#P < 0.01, and ###P < 0.001 for CQ intervention before MDMA
xymethamphetamine, DPSCs - dental pulp stem cells, LC3B-
ome-1, ATG-autophagy related, AKT - protein kinase B, p-AKT -
amycin, p-mTOR - phosphorylated mammalian target of rapa-
p-AMPK - phosphorylated adenosine monophosphate-activated
te-ribose polymerase.



Figure 4 (continued).
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related to periodontitis and pulpitis.32,33 In our study, MDMA
induces TXNIP-NLRP3 inflammasome activation with signif-
icantly increased expression of TXNIP, NLRP3, cleaved
caspase-1, and IL-1b, indicating that MDMA may cause in-
flammatory reactions and damage to DPSCs. Apart from
these, NLRP3 inflammasome activation has been reported
to enhance adipogenic differentiation and inhibit osteo-
genic differentiation in MSCs derived from human umbilical
cord.34 The specific role and effect of NLRP3 inflammasome
in DPSCs differentiation potential needs further
investigation.

Oxidative stress is also closely related to autophagy
signaling.35 Autophagy is a cellular process involved in the
recycling of organelles and maintaining cellular homeosta-
sis, and it is closely related to the regulation of stem cell
self-renewal and differentiation in hematopoietic stem
cells (HSCs), bone marrow-derived MSCs, neural stem cells
(NSCs), adipose-derived stem cells (ASCs), etc.36 Autophagy
activated by nanomaterials has also been reported to pro-
mote odontogenic differentiation of DPSCs.37 The present
study demonstrated that MDMA stimulation can lead to the
activation of autophagy in DPSCs, as indicated by the
increased expression of autophagy-related markers such as
LC3B, p62, ATG12-5, ATG7, and Beclin-1. We further found
that the AMPK pathway was activated with AKT and mTOR
pathway suppression. However, the differentiation poten-
tial and clinical impacts of MDMA-induced autophagy on
DPSCs require further exploration. Autophagy response is
thought to play a biphasic role in cells, potentially
contributing to supporting cell survival by recycling
damaged components, while excessive autophagy activa-
tion can lead to autophagic cell death. For instance,
autophagy can reduce periodontal inflammation and
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promote cell survival in periapical lesions or worsen peri-
odontal diseases by promoting apoptosis and inflamma-
tion.38 To clarify the relationship between autophagy and
apoptosis in MDMA-treated DPSCs, the autophagy inhibitor
CQ was conducted. CQ functions primarily by inhibiting
lysosomal acidification and consequently blocking auto-
phagy.39 We investigated the effect of CQ on MDMA-treated
DPSCs and found that the use of CQ can attenuate MDMA-
induced cleaved caspase 3, cleaved PARP activation, and
cell death. This indicates that excessive autophagy acti-
vation induced by MDMA contributes to cell damage,
consistent with previous findings that MDMA can excessively
activate autophagy, leading to damage in nerve cells.40

In conclusion, the present study demonstrated that the
fundamental immunophenotypic characteristics of MSCs in
DPSCs are not altered after MDMA stimulation. However,
MDMA can induce ROS-mediated TXNIP/NLRP3 inflamma-
some and autophagy activation, contributing to detri-
mental effects in DPSCs. And the use of CQ can partially
improve cell viability in MDMA-treated DPSCs. Understand-
ing these complex interactions not only aids in preventing
and treating MDMA-induced damage to DPSCs and other
stem cell populations but also contributes to the estab-
lishment of comprehensive screening protocols for stem
cell donation. Moreover, the historical roots of drug
addiction should be considered in modifying dental ap-
proaches for patients with a history of MDMA use.

This study primarily investigated the short-term effects
of high-dose MDMA exposure on DPSCs under in vitro con-
ditions. While this approach enabled the assessment of
immediate cellular responses with proposed mechanisms
(Fig. 5), it does not account for potential alterations that
may arise from chronic or repeated exposure, which may



Figure 5 Proposed mechanisms of MDMA on DPSCs. MDMA induces ROS-TXNIP-NLRP3 inflammasome and autophagy activation,
contributing to cytotoxicity in DPSCs. Abbreviation: MDMA - 3,4-Methylenedioxymethamphetamine, DPSCs - dental pulp stem cells,
ROS - reactive oxygen species, TXNIP - thioredoxin-interacting protein, NLRP3 - nucleotide-binding domain, leucine-
richecontaining family, pyrin domain-containing 3, PARP - poly adenosine diphosphate-ribose polymerase, Bax - Bcl-2-associated X
protein, Bcl-2 - B-cell lymphoma 2, IL - interleukin, AMPK - adenosine monophosphate-activated protein kinase, AKT - protein
kinase B, mTOR - mammalian target of rapamycin, CQ e chloroquine.

S.-Y. Lee, S.-W. Chiu, I.-H. Li et al.
better reflect real-world substance use patterns. There-
fore, the findings may not fully represent the in vivo con-
sequences of long-term MDMA exposure on stem cell
properties. Further studies incorporating chronic exposure
models and donor-derived DPSCs from individuals with a
history of MDMA use are warranted to evaluate the long-
term effects on stem cell viability, differentiation poten-
tial, and therapeutic utility.
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