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A B S T R A C T

This study aims to investigate the direct permeation of methamphetamine (METH)-induced mitochondrial 
dysfunction leading to apoptotic cell death. The molecular dynamics (MD) simulations were performed to study 
METH and dopamine (DA) penetration through phospholipid membranes, which are abundant on the cellular 
and mitochondrial membranes. The simulation results showed that METH molecules passively diffuse into the 
membranes, whereas the DA molecule adsorbs onto the lipid bilayer interface. Additionally, the number of H- 
bond formations and the distribution lifetime of METH were higher than those of DA. Furthermore, the potential 
of mean force (PMF) profiles for METH and DA translocating through the lipid bilayer were calculated. The result 
demonstrated that the free energy barrier of METH is small, and the lowest free energy is located inside the 
bilayer. On the other hand, a significant energy barrier was found at the bilayer center in the PMF profile of DA. 
The simulation results suggest that METH can passively penetrate through the lipid bilayer. METH-induced 
mitochondrial dysfunction leading to cell death was observed in both dopamine transporter (DAT)-expressing 
cells and non-DAT-expressing cells. This finding highlights the direct permeation of METH across the membrane, 
inducing impairment of mitochondrial function and cell degeneration.

1. Introduction

Methamphetamine (METH) is a psychostimulant that has a chemical 
structure similar to monoamine neurotransmitters such as norepineph
rine (NE), serotonin (5-HT) and dopamine (DA) with high lipid solubility 
to pass through the blood-brain barrier (BBB) and interact with various 
neural circuitry of the brain and causing drug addiction, neuro
degeneration and cognitive dysfunction (Nordahl et al., 2003). Sub
stantial evidence suggests that METH can be taken up via the dopamine 
transporter (DAT) and disrupt the dopaminergic system, leading to the 

accumulation of dopamine in presynaptic neurons and synaptic clefts. 
Furthermore, the dopamine overflow can initiate various neurotoxic 
effects, including DA autooxidation and increased reactive oxygen spe
cies (ROS) formation which disturb mitochondrial dynamics and initiate 
apoptotic processes (Shin et al., 2018; Yang et al., 2018). Moreover, 
several studies reported that METH can induce mitochondrial changes in 
astrocyte and microglial cell culture (Galluzzi et al., 2008), which might 
indicate non-DAT transport of METH into the cells and the direct 
non-DA-dependent toxic effect of METH in glial cells leading to cell 
apoptosis by the intrinsic mitochondrial pathway (D’Brant et al., 2019; 
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Sharikova et al., 2018). Recent evidence suggests that METH has 
cationic lipophilic properties that enable it to be directly diffused into 
the phospholipid bilayer, thereby interrupting mitochondrial membrane 
potential and pH (Davidson et al., 2001). However, there is still no 
scientific evidence to elucidate this phenomenon. Previous studies 
(Choudhary et al., 2024; Horvath and Daum, 2013) showed that the 
main phospholipids in mammalian cellular and mitochondrial mem
branes were phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
and cardiolipin (CL). PC is the most abundant, comprising up to 40–44 % 
of total mitochondrial phospholipids, followed by PE at 27–34 %, and CL 
at 13–14 %. The outer mitochondrial membrane (OMM) has more PC 
(54 %) than the inner mitochondrial membrane (IMM) (40 %), while PE 
is slightly higher in the IMM (34 %) than the OMM (29 %). CL is mainly 
found in the IMM, comprising 18 % of its phospholipids. Additionally, 
the most common PC subtypes in brain tissue and brain mitochondrial 
membranes are 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) 
(25 % of all PC types) and dipalmitoyl phosphatidylcholine (DPPC) (10 
% of all PC types), which form a significant portion of mitochondrial 
phospholipids and make them useful for studying drug permeation 
across mitochondrial membranes (Kuschner et al., 2018).

Therefore, this study aimed to investigate the potential of METH to 
passively permeate into the mitochondrial membrane. The interaction of 
METH with mitochondrial membrane potential leads to mitochondrial 
dysfunction and induces cell death in dopaminergic-like cell lines (SH- 
SY5Y cells) and non-neuronal cell lines (HEK 293T cells). Molecular 
dynamics (MD) simulations of METH and DA molecules were performed 
to study permeation in lipid bilayers. The POPC and DPPC bilayers were 
used as a simplified model of biological mitochondrial membranes. The 
free energy profiles of METH and DA translocation across the bilayer 
were investigated by using umbrella sampling simulations. Further
more, an in vitro study was performed on both DAT-presenting cells and 
non-DAT-presenting cells to validate the potential of METH-induced 
mitochondrial membrane depolarization. The results could promote 
more understanding of the permeation of METH and DA through the 
membrane.

2. Materials and methods

2.1. Unbiased molecular dynamics simulation

The molecular dynamics (MD) simulations of DPPC and POPC lipid 
bilayers were performed to determine the behaviors and permeability of 
methamphetamine (METH) as a target ligand compared to dopamine 
(DA). The structures and force fields of DPPC and POPC lipids were 
taken from the previous studies (Berger et al., 1997). The atomic co
ordinates and the united atom parameters of the METH and DA were 
determined using the Automated Topology Builder (Malde et al., 2011; 
Stroet et al., 2018). Each simulated system consisted of 128 molecules of 
DPPC or POPC, which formed a bilayer among 10,628 simple point 
charge (SPC) water molecules (Berendsen et al., 1981).

At the initiation of simulation, a single molecule of ligand was 
randomly placed among the water molecules over the lipid membrane, 
and the ligand was fixed at a distance of about 4.5 nm above the center 
of mass (COM) of the lipid bilayer of each system. Following system 
energy minimization, MD simulation was conducted in the constant 
number of atoms, pressure, and temperature (NPT) ensemble for 1–2 μs 
with a 2-fs integration time step, using the Groningen Machine for 
Chemical Simulation (GROMACS) version 4.5.5 package (Abraham 
et al., 2015). The simulation was conducted at a temperature of 298 K 
using the velocity-rescale algorithm (Bussi et al., 2007) and controlled 
pressure by the Parrinello–Rahman algorithm (Parrinello and Rahman, 
1981) at 1 bar with a time constant of 0.1 ps and a compressibility of 4.5 
× 10-5 bar-1. A cutoff of 1.0 nm was applied to the real-space part of 
electrostatic interactions and Lennard-Jones interactions. The 
long-range part of electrostatic interactions was calculated using the 
Ewald particle-mesh (Darden et al., 1993) with a 0.12 nm grid in the 

reciprocal space and cubic interpolation of 4. The LINCS algorithm was 
applied to constrain all bond lengths (Hess, 2008). The simulation 
protocol has been validated and used to study several biomolecular in
teractions, such as lipid-cholesterol interactions (Boonnoy et al., 2021; 
Enkavi et al., 2019), drug-membrane interactions (Khuntawee et al., 
2021), nanoparticle-matrix interactions (Khuntawee et al., 2019; Nala
karn et al., 2019; Nisoh et al., 2020), membrane transport 
(Wong-Ekkabut and Karttunen, 2016), and protein-DNA interactions 
(Kongsema et al., 2019). The molecular visualization was created by the 
Visual Molecular Dynamics (VMD) software (Humphrey et al., 1996).

2.2. The hydrogen bond formation and lifetime calculation

The number of hydrogen bonds (H-bonds) between METH and DA 
molecules, and the components of lipid head groups (phosphate and 
glycerol-estermoieties) were calculated using the usual geometric re
strictions for hydrogen bonding. A hydrogen bond is defined by the 
distance between the donor and the acceptor (rHB) < 0.35 nm and the 
deviation from the linearity <30◦. The distance value of 0.35 nm cor
responds to the first minimum of the radial distribution function (RDF) 
of water. Additionally, the average H-bond lifetime (τ) were calculated 
from the integration of the autocorrelation functions C(t), calculated 
from the H-bond lifetime distribution (P(τ) (Boonnoy et al., 2024) as 
shown in the following formulas. 

C(t)=1 −

∫ 1

0
P(τ)dτ,

τ=
∫ ∞

0
C(t)dτ 

2.3. Analysis of lipid bilayer properties

The structural and dynamic properties of the lipid bilayers were 
characterized by analyzing the unbiased molecular dynamics trajec
tories. All these parameters were calculated from the molecular dy
namics trajectories using standard analysis tools from the GROMACS 
software (Abraham et al., 2015) suite. The custom Python scripts were 
used to average over the final 300 ns of each simulation to ensure that 
the system was at equilibrium. The following parameters were calcu
lated to assess the effects of METH and DA on the bilayer properties. 
Deuterium order parameter (SCD) was used to calculate the orientation 
order and motion of freedom of each hydrocarbon chain (sn-1 and sn-2) 
in the lipid bilayer of all simulation systems. The SCD was determined 
using the prompt “gmx order” (Bartoš et al., 2025). Furthermore, the 
area per lipid (APL) represented the average surface area occupied by a 
single lipid molecule in the plane of the membrane. APL was calculated 
using the following equation: 

APL=
Lx × Ly

Nlipids 

where Lx and Ly are the average lengths of the simulation box vectors in 
the lateral plane. Nlipids is the total number of lipids in a single leaflet of 
the bilayer (Venable et al., 2015). Bilayer thickness(t) was calculated as 
the average distance between the phosphorus atoms of the lipid head
groups in the two opposing leaflets of the membrane (Gapsys et al., 
2013). Volume per lipid (VPL) provides a three-dimensional measure of 
molecular packing and was determined by dividing the total volume of 
the simulation box by the total number of lipid molecules using the 
following equation: 

VPL=
Lx × Ly × Lz

Nlipids 

where Lx, Ly, and Lz are the average lengths of the simulation box vec
tors, and Nlipid is the total number of lipid molecules in the system.
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2.4. The potential of mean force (PMF) calculation

The potential of mean force (free energy) profiles for a METH or DA 
molecule partitioning across the DPPC and POPC lipid bilayers were 
determined by the biased umbrella-sampling MD simulations (Torrie 
and Valleau, 1977) with the Weighted Histogram Analysis Method 
(Kumar et al., 1992). The ligand (METH or DA) molecule was restrained 
to the center of mass (COM) of the lipid bilayer. A force constant of 1500 
kJ mol− 1 nm− 2 was used for biasing potential in the Z-direction. The 
distance along the z-axis between the COMs of the ligand molecule and 
the bilayer’s center varied from 0 to 4.5 nm with a 0.1 nm interval (a 
total of 46 simulation windows). All systems were performed under the 
constant number of atoms, volume, and temperature (NVT) ensemble at 
a temperature of 298 K. Each window was run for 100 ns, and the tra
jectories of the last 30 ns were extracted for free energy calculation. 
Statistical errors were estimated by the bootstrap analysis (Hub et al., 
2010).

2.5. Cell cultures

Human neuroblastoma (SH-SY5Y) and human embryonic kidney 
(HEK 293T) cells were purchased from American Type Culture Collec
tion (ATCC) (Manassas, VA, USA) and cultured in cell culture flasks 
(Corning Inc., Corning, NY, USA) with complete growth medium con
taining 1:1 mixture of Dulbecco’s Modified Eagle Medium (DMEM) and 
F12 (Nutrient Mixture F-12(Ham’s)), 10 % of inactivated fetal bovine 
serum (FBS) and 100 U/mL of penicillin/streptomycin. The cells were 
grown in a humidified incubator at 37 ◦C, 5 % CO2, and 95 % humidity.

2.6. Cell treatment and cell viability assay

The cells were trypsinized using 0.25 % trypsin-EDTA (Gibco BRL, 
Gaithersburg, MD, USA) and resuspended in complete medium. The cells 
were seeded at a density of 1 × 104 cells per well in 96-well plates and 
grown in a humidified incubator for 24 h. Afterwards, the existing me
dium of each well from both cells was replaced with 0 (control), 0.5, 1, 
1.5, and 2 mM of methamphetamine hydrochloride solution (purity 
>98.5 % using HPLC) (Lipomed AG, AMP-732-HC-100, Arlesheim, 
Switzerland), which was dissolved in serum-free medium for 24 h. Then, 
cell viability was evaluated by adding 150 μL of phosphate-buffered 
saline (PBS) containing 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrozolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, 
USA) and incubating for 4 h in a humidified incubator at 37 ◦C. After the 
incubation, the MTT solution was gently aspirated. The formazan crys
tals were dissolved with 100 μL of dimethyl sulfoxide (DMSO) for 15 min 
at 37 ◦C on an orbital shaker before evaluating the optical density (OD) 
of formazan solution at 570 nm with 650 nm reference wavelength using 
the microplate reader (EZRead, 2000; Biochrom, UK).

2.7. Mitochondrial membrane potential assay

The mitochondrial membrane potential of cells was evaluated using 
Muse® Mitopotential Kit (Luminex, MCH100110, USA) and analyzed 
with Guava® Muse cell analyzer. The assay was performed following the 
manufacturer’s protocol. In brief, the cells were seeded at a density of 3 
× 105 cells per well in 6-well plates in a humidified incubator for 24 h. 
The following day, the cells were treated with 1 mM METH or serum- 
free medium and incubated in a humidified incubator at 37 ◦C for 24 
h. Subsequently, the cells were trypsinized with 0.25 % trypsin-EDTA, 
centrifuged, and resuspended in 1X Assay buffer at a concentration of 
1 × 105 cells/mL. The 100 μL of cell suspensions were mixed thoroughly 
with 95 μL of MitoPotential working solution (1:1000 of Muse® Mito
Potential Dye and 1X Assay buffer). Then, the reaction was incubated for 
20 min at 37 ◦C before adding 5 μL of Muse® MitoPotential 7-AAD re
agent. The samples were incubated for an additional 5 min at room 
temperature. Finally, MitoPotential was detected using the Guava® 

Muse cell analyzer. The scatter plots of mitochondrial membrane po
tential representing cell viability and percentage of live/dead/depolar
ized cells were obtained and used for further statistical analysis.

2.8. Western blot analysis

Cell suspension samples from each experimental group were centri
fuged, and the cell pellets were collected. The cell pellet was resus
pended and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
1 mM EDTA, 1 % Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS, 
and 1 % protease inhibitor), then homogenized and centrifuged at 4 ◦C, 
12,000 g for 15 min. Following that, the supernatant was collected to 
determine protein concentration using the Bradford technique 
(Bradford, 1976). Then, samples with similar total protein concentra
tions from each experimental condition were prepared using sample 
buffer (62.5 mM Tris-HCl, pH 6.8, 2 % SDS, 10 % glycerol, 2 % mer
captoethanol, and 0.01 % bromophenol blue). These samples were then 
denatured at 95 ◦C for 10 min. The denatured samples, a protein mo
lecular weight marker (BlueEyed, PS-104, Jena Bioscience), and Preci
sion Plus Protein Western C Blotting Standards (1610376, Bio-Rad) were 
then loaded into an SDS-PAGE gel for electrophoresis. Proteins isolated 
by electrophoresis were transferred onto polyvinylidene difluoride 
(PVDF) membranes (GE Healthcare Life Science, USA). The membranes 
were blocked for 1 h at room temperature with 5 % nonfat milk in 
Tris-buffered saline containing 0.1 % Tween-20 (TBS-T), followed by 
overnight incubation with primary antibodies at 4 ◦C. The primary an
tibodies included rabbit monoclonal anti-dopamine transporter (1:1000, 
AB184451, Abcam) and mouse monoclonal anti-actin (1:5000, 
MAB1501, Merk Millipore). The following day, membranes were incu
bated with a horseradish-conjugated anti-rabbit (1:2500, 7074, Cell 
Signaling Technology) or anti-mouse IgG (1:10000, 7076, Cell Signaling 
Technology) together with Anti-biotin, HRP-linked Antibody (1:10000, 
7075P5, Cell Signaling Technology) for 60 min at room temperature. 
The signal of protein bands was enhanced using Clarity™ Western ECL 
Substrate (1705060, Bio-Rad) and detected by Vilber Fusion FX7 Image 
Analyzer. The density of immunoblot bands was analyzed with ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). All protein 
densities were normalized to the expression of actin within their 
respective sample.

2.9. Data processing and statistical analysis

The results of an in-silico MD simulation were obtained using GRO
MACS and visualized with VMD. Moreover, the number of hydrogen 
bond formations was analyzed using the GROMACS package, based on 
data from the last 1 μs of unbiased simulation systems. For PMFs, the 
free energy of the last 30 ns of biased simulation was obtained and 
plotted using GraphPad Prism version 9 (Swift, 1997). For cell viability 
evaluation, the data from the MTT assay were analyzed using one-way 
ANOVA corrected by Dunnett’s test for multiple comparisons between 
the control and each group of METH treated cells with different con
centrations. Furthermore, the scatter plot and percentage of cells in all 
populations generated from mitochondrial membrane potential analysis 
were obtained. The statistical differences were calculated using an un
paired t-test to compare between control and METH treated group. The 
significant cut-off is at p-value <0.05.

3. Results

3.1. Properties of lipid bilayer of DPPC and POPC simulation systems

The structural and dynamic properties of the phospholipid bilayers 
were characterized by analyzing the deuterium order parameter (SCD) 
for each carbon atom in the sn-1 and sn-2 acyl chains (Fig. 1A–D). The 
SCD profiles of the DPPC systems (METH-DPPC and DA-DPPC) showed 
high and relatively flat ordering for both the sn-1 and sn-2 chains. The 
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average SCD value for these chains was approximately 0.17, reaching a 
peak of ~0.23 at the initial carbon atoms before gradually decreasing 
towards the terminal methyl groups. Meanwhile, the saturated sn-1 
chain in POPC systems exhibited a profile similar to that of DPPC. Its 
ordering was slightly lower, with an average SCD of ~0.16. The key 
finding was the behavior of the unsaturated sn-2 chain, which showed a 
sharp decrease in SCD near the position of the double bond (C9–C10), 
with a value reaching a minimum of ~0.02. Furthermore, an analysis of 
key lipid bilayer parameters, including APL, bilayer thickness, and VPL, 
was depicted in Fig. 1E. The POPC systems exhibited a larger APL 
(~0.64 nm2) compared to the DPPC systems (~0.61 nm2). The bilayer 
thickness data showed that the DPPC bilayers (~3.75 nm) were thinner 
than the POPC bilayers by approximately 0.01 nm. Eventually, the VPL 
values were slightly higher for the POPC systems (~1.20 nm3) than the 
DPPC systems (~1.15 nm3). Across all parameters, no statistically sig
nificant differences were observed between the METH and DA systems 
for a given lipid type.

3.2. Translocation of METH and dopamine through DPPC and POPC 
phospholipid bilayers using unbiased simulation

To study the permeation of METH and DA molecules into the lipid 
bilayer, the initial positions of the ligand molecules were set in the water 
phase at a distance of 4.5 nm from the bilayer center to avoid the bias of 
the interactions between the molecules and the lipid bilayer. This setup 
allowed the ligand molecule to move and rotate freely in aqueous so
lution before approaching the bilayer surface. The distance in the z-axis 
of the molecule away from the lipid bilayer’s center was determined as a 
function of time. The results of 4 unbiased MD simulations, METH- 
DPPC, METH-POPC, DA-DPPC, and DA-POPC, are illustrated in Fig. 2. 

METH and DA in the aqueous phase spontaneously moved toward the 
lipid bilayer and approached the bilayer surface. For the METH-DPPC 
and METH-POPC systems, the METH molecule attached to the bilayer 
with the aromatic ring and readily permeated into the lipid bilayer 
within approximately 10 ns? The METH remained within the bilayer for 
the rest of the simulation time. In addition, METH could freely move in 
the fatty acid tail of the membrane and frequently flip-flop between lipid 
leaflets. Interestingly, METH in the DPPC bilayer exhibits a higher flip- 
flop rate than in the POPC bilayer, but it tends to spend more time 
interacting with the carbonyl layer in the POPC system. For the DA- 
DPPC and DA-POPC systems, the DA molecule initially approached 
the bilayer surface but did not permeate into the bilayer over a thousand 
nanoseconds, as illustrated in Fig. 2C and D. After DA approached the 
bilayer interface for 500 ns in DPPC and 800 ns in POPC lipid bilayer, DA 
could not deeply penetrate and remained underneath the phosphate 
group for the rest of the simulation.

3.3. H-bond formation between ligands and hydrophilic head of the 
phospholipid bilayer

The number of H-bond formation between ligands, METH and DA, 
and the phospholipid bilayers (DPPC and POPC) were determined in 
Table 1. The result showed that METH formed a small number of 
hydrogen bonds with phosphate groups and carbonyl groups in both 
lipid systems. The number of H-bond formations with Phosphate groups 
and Carbonyl groups is less than 1 and 0.01, respectively. In contrast, DA 
exhibited a higher number of H-bond formations with the phosphate 
group (approximately 2 bonds), but a lesser number with carbonyl 
groups, similar to METH. The result of H-bond lifetime distribution 
showed that DA is stronger in forming H-bonds with Phosphate groups 

Fig. 1. The deuterium order parameters (SCD) of both acyl chains of phospholipid (Sn1 and Sn2) from 4 simulation systems including (A) METH-DPPC, (B) DA-DPPC, 
(C) METH-POPC and (D) DA-POPC. The other properties related to the phase of lipid bilayer of each system were demonstrated in Table-E, including Area per lipid 
(APL), Bilayer thickness and Volume per lipid (VPL). This data is shown as mean ± SD.
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than METH, with the H-bond lifetimes of 40 and 150 ns for DPPC and 
POPC, respectively. In contrast, both METH and DA form fewer H-bonds 
with the carbonyl group, with an H-bond lifetime of 0.20 ns? The strong 
hydrogen bonds binding between DA and phosphate groups indicated 
that the translocation of DA deeply into the hydrophobic region of the 
lipid bilayer is unfavorable.

3.4. Potential of mean force profile of METH and DA translocation into 
lipid bilayers

The potential of mean force (PMF) profiles was calculated to quan
titatively describe the free energy changes associated with the trans
location of a single molecule of methamphetamine (METH) or dopamine 

Fig. 2. The translocation of METH and DA into phospholipid bilayers. The simulations were performed including (A) the METH ligand in DPPC lipid membrane, (B) 
the METH ligand in POPC lipid membrane, (C) the DA ligand in DPPC lipid membrane and (D) the DA ligand in POPC lipid membrane. All figures show a Snapshot of 
lipid bilayer simulation and the location of target molecules in different simulation times (left), and the graph shows the location of target molecules during the 
simulation period. Each type of molecule was illustrated and discriminated by different colors as follows: Cyan (METH), Purple (DA), Orange (Phosphate groups), Red 
(Carbonyl groups) and Pale grey (Fatty acid). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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(DA) across DPPC and POPC lipid bilayers (Fig. 3). The free energy 
profiles revealed distinct and characteristic behaviors for the two li
gands. In the case of dopamine (DA), both the DPPC and POPC systems 
exhibited a decrease in free energy as the molecule moved from the bulk 
solvent toward the lipid-water interface (Z = 3.5 nm). A free energy 
minimum of approximately − 23 kJ/mol was observed in the headgroup 
region at Z = 1 nm. This minimum represents a favorable binding site at 
the membrane interface. However, further penetration into the hydro
phobic core resulted in a sharp increase in free energy with a significant 
energy barrier of approximately +10 kJ/mol at the bilayer’s center (Z =
0 nm). This positive free energy indicates that the full translocation of 
DA into the hydrophobic core is an unfavorable process. In contrast, the 
PMF profiles for METH demonstrate a very different energy landscape. 
The free energy exhibits a substantial decrease as METH approaches the 
bilayer, reaching a deep free energy minimum in the acyl chain region. 
The minimum was observed at approximately − 45 kJ/mol at Z = 2.0 nm 
and − 42 kJ/mol at Z = 2.2 nm for the POPC and DPPC system, 
respectively. Crucially, the free energy does not rise to a positive value 
but remains in a negative value, plateau of approximately − 20 to − 25 
kJ/mol, indicating that the hydrophobic core represents a favorable 
location for METH. Moreover, the lower free energy minimum observed 
for METH in the POPC bilayer indicates a more favorable partitioning 
into the unsaturated membrane.

3.5. Dose-dependent effects of METH toxicity caused cell death in DAT- 
expressing and non-DAT-expressing cells

Fig. 4A displays a western blot analysis to demonstrate the expres
sion of dopamine transporter protein (DAT) in SH-SY5Y and HEK293T 
cells. In this experiment, the rat striatum (STA) was used as a positive 
control for DAT expression to assess the efficacy of the experimental 
protocol for detecting DAT. The results showed that DAT was detected 
only in protein extracts from STA and SH-SY5Y cells, but not in proteins 
from HEK293T cells. After determining DAT expression, the cell 
viability of both cell lines was determined using MTT assays. As shown 
in Fig. 4B–C, METH can induce a reduction in cell viability in a dose- 
dependent manner from 0.5 mM to 2.0 mM in both cell lines. METH 
exposure to HEK293T cells at 0.5–2.0 mM significantly decreased cell 
viability (P < 0.0001) compared to control-untreated cells. METH 
significantly decreased cell viability in SH-SY5Y cells at 1.0 mM (P <
0.05), 2.5 mM (P < 0.01), and 2 mM (P < 0.001) compared to control- 
untreated cells, respectively.

3.6. METH affects mitochondrial membrane potential and cell viability on 
both DAT-expressing and non-DAT-expressing cells

The mitochondrial membrane potential assay kit was used to mea
sure changes in mitochondrial membrane potential caused by METH 
treatment. This assay could reveal whether METH treatment could cause 
a toxic effect on mitochondria in both DAT-expressing cells and non- 
DAT-expressing cells, leading to cell death. The dots in scatter plots 
reflect each cell allocated to a population based on its status. As shown in 
Figs. 5 and 6, the METH treatment depolarized the mitochondrial 
membrane and induced cell death in both cell types, as indicated by a 
greater number of dots shifting from the live (lower right) zone to the 
depolarized/dead (upper left) zone compared to the control group. The 
percentage of each cell population shown in Fig. 5B illustrates that the 
percentage of live cells in SH-SY5Y and HEK293T was significantly 
decreased (P < 0.001 and P < 0.01) after METH treatment. In contrast, 
the percentage of dead cells in both cell types significantly increased (P 
< 0.05 and P < 0.0001) compared to control-untreated cells. METH 
exposure significantly increased the percentage of depolarized live cells 
in SH-SY5Y and HEK293T (P < 0.01 and P < 0.001) compared to con
trol. Both cell types demonstrated a significant increase in depolarized 
dead cells (P < 0.05) and total dead cells (P < 0.05) compared to control 
cells, respectively.

4. Discussion

The current study provides novel evidence to support the process by 
which METH penetrates the mitochondrial membrane and disrupts its 
function via in silico and in vitro experimental models. METH sponta
neously moved into both DPPC and POPC membranes, which are 
abundant phospholipid types of the cellular and mitochondrial mem
branes (Horvath and Daum, 2013).

In this study, MD simulation systems of both POPC and DPPC lipid 
bilayers were set at room temperature (298K), which theoretically af
fects the phase of the POPC bilayer as liquid-crystalline (Wanderlingh 
et al., 2017) and DPPC bilayer as a gel-like phase (Costa et al., 2024). 
However, the key findings from analysis of lipid bilayer properties of 
SCD, APL, membrane thickness, and VPL illustrated that the presence of 
METH and DA profoundly altered the structure of the DPPC bilayer. As 
can be seen in the results of the lipid profile that the SCD value of DPPC 
was a close value to the previous study, which performed a simulation of 
DPPC at 323K, which theoretically causes DPPC to be in the liquid phase 
(Klauda et al., 2010). Furthermore, in the pure DPPC bilayer in the gel 
phase at 298 K, one would expect a low APL (<0.45 nm2), high SCD 
(>0.3), and a thick bilayer (>4.0 nm)(Drabik et al., 2020). Interestingly, 
the introduction of METH and DA caused a significant fluidization of the 
membrane. This is evidenced by a substantial increase in APL (~0.61 

Table 1 
The average number of hydrogen bonding formations between the ligand of each 
system with phosphate groups and carbonyl groups of the lipid membrane.

System Average no. of H-bond (bonds) H-bond lifetime (ns)

Phosphate 
groups

Carbonyl 
groups

Phosphate 
groups

Carbonyl 
groups

METH- 
DPPC

0.07 ± 0.26 0.08 ± 0.27 0.04 0.04

METH- 
POPC

0.26 ± 0.44 0.06 ± 0.24 0.11 0.04

DA-DPPC 2.08 ± 0.39 0.02 ± 0.13 155.89 0.19
DA-POPC 2.10 ± 0.43 0.02 ± 0.14 41.56 0.01

This data is shown as mean ± SD.

Fig. 3. The potential of mean force (PMF) profile shows the average free energy 
of a single molecule of each ligand when pulled toward the center of the lipid 
bilayer at an initial distance of 4.5 nm from the center of mass. The graph shows 
the energy profile of system METH-POPC (blue), METH-DPPC (green), DA- 
DPPC (pink), and DA-POPC (red). The data are shown as mean ± SEM of free 
energy for the last 30 ns of each individual experiment. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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nm2), a decrease in SCD (~0.17), and a marked reduction in bilayer 
thickness (~3.75 nm). These values indicate that the DPPC bilayer, 
under the influence of the drugs, exists in a disordered gel-like state, 
with properties converging toward those of the fluid POPC bilayer. 
Additionally, the DPPC and POPC bilayer systems in this study showed 
APL and thickness values similar to those from simulations of complex 
mitochondrial membranes (Mai et al., 2023). Our APL values (~0.61 
nm2 for DPPC and ~0.64 nm2 for POPC) fall within the reported range 
for mitochondrial membranes (~60–63 Å2). Although the bilayer 
thickness (~3.75 nm) is slightly less than that of mitochondrial models 
(~4.0 nm), this supports the biological relevance of our model and its 
ability to capture key features of real mitochondrial membranes.

Furthermore, the results from unbiased simulations, PMF profiles, 
and H-bond analysis elucidated the distinct behaviors of METH and DA 
regarding their translocation through lipid bilayers. The unbiased 
simulation trajectories demonstrated that METH freely penetrates both 
types of phospholipid bilayers and resides within the hydrophobic core, 
while DA primarily remains at the membrane-water interface. These 
behaviors are strongly supported by the PMF and H-bond formation 
data. METH has a low molecular weight and contains a major non-polar 
component (Zhang et al., 2020), exhibiting a deep free energy minimum 
in the hydrophobic core of both DPPC and POPC bilayers, indicating a 
thermodynamically favorable location. This is consistent with its low 
number of H-bonds and short bonding lifetime, which enables it to 
bypass the polar headgroup region and partition into the membrane. 
This behavior aligns with previous studies on small, uncharged mole
cules, such as Fullerenes (Nisoh et al., 2022) and Zinc sulfide nano
particles (Kumar Basak et al., 2020), which have also been shown to 
permeate lipid membranes and freely locate in the hydrophobic tail 

region. In contrast, DA demonstrated a strong affinity for the membrane 
interface. It forms high-bonding formation and long-lasting hydrogen 
bonds with the phosphate groups of the phospholipids, a finding 
consistent with its strong polarity due to the presence of two hydroxyl 
groups (Zhou et al., 2017). This stable interaction with the headgroup 
region results in a low free energy minimum at the interface but also 
creates a significant energy barrier of approximately +10 kJ/mol for 
translocation into the hydrophobic core. By using DA as a reference 
molecule that has a low potential to permeate membranes and is less 
stable at the membrane core, we have demonstrated that METH behaves 
fundamentally differently, supporting the potential for METH to directly 
penetrate lipid membranes, such as those found in mitochondria.

Interestingly, when comparing the results from unbiased simulations 
of METH between DPPC and POPC systems, the distance graph shows 
that METH molecules tended to move across the upper and lower leaflets 
of the DPPC lipid bilayer with higher frequency than in the METH-POPC 
system. This event was supported by the PMF results that the free energy 
minimum for METH was deeper in the POPC bilayer (~-45 kJ/mol) 
compared to the DPPC bilayer (~-42 kJ/mol). In addition, this event 
consists of a number of H-bonds and lifetime from the POPC system, 
which is slightly higher than the result of the DPPC system. These 
demonstrate a more thermodynamically favorable partitioning for 
METH in the unsaturated membrane. Therefore, the structural differ
ence of DPPC may drive this behavior of METH, as DPPC is composed of 
two saturated acyl chains. In contrast, POPC has one unsaturated acyl 
chain combined with another saturated chain as its hydrophobic tails 
(Angladon et al., 2019). Consequently, this structural difference affects 
the environment in the hydrophobic section of the bilayer, as DPPC 
contains a higher density and more uniform environment than POPC, 

Fig. 4. (A) The western blot analysis of dopamine transporter (DAT) in the striatum (STA) of rat brain, HEK293T cells, and SH-SY5Y cells. (B–C) The graph shows 
cell viability of HEK293T cells and SH-SY5Y cells after 1 h treatment with different concentrations of METH. The results are shown by mean ± SEM of 3 independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared to control.
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Fig. 5. The mitochondrial membrane potential and cell death assay in DAT-expressing cell (SH-SY5Y). (A) The scatterplot of Control and METH group. (B) The 
comparison of cell population in each scatterplot area to evaluate mitochondrial membrane potential in live and dead cells after being treated with 1 mM of METH for 
1 h. The data are expressed as mean ± SEM of 4 independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control.

Fig. 6. The mitochondrial membrane potential and cell death assay in non-DAT-expressing cell (HEK293T). (A) The scatterplot of Control and METH group. (B) The 
comparison of cell population in each scatterplot area to evaluate mitochondrial membrane potential in live and dead cells after being treated with 1 mM of METH for 
1 h. The data are expressed as mean ± SEM of 4 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared to control.
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which has a looser and more irregular environment in the hydrophobic 
layer (Pinisetty et al., 2006). Hence, METH molecules more easily 
navigated the high density of non-polar molecules due to its major 
structural compartment being a nonpolar molecule (Zhang et al., 2020). 
Additionally, the number of bonds that METH forms with the phosphate 
group of the POPC system is slightly higher than that of the DPPC system 
due to the stronger polarity of the phosphate group of the POPC lipid 
(Marsh, 2001).

Several studies have investigated the upstream effects of METH- 
induced mitochondrial dysfunction, focusing on its ability to bind to 
and pass through the DAT on neuronal membranes (Hedges et al., 2018). 
The administration of METH is known to alter the function of DAT and 
VMAT, causing reversal and subsequent increased DA levels in the 
presynaptic sites and synaptic cleft (Verónica et al., 2001). The degra
dation of high amounts of freed DA results in the generation of ROS that 
could damage various cellular compartments, including mitochondria, 
causing mitochondrial dysfunction (Jang et al., 2017). Furthermore, 
previous studies from our group have also demonstrated that METH 
treatment induces neurotoxic mechanisms related to mitochondrial 
dysfunction, leading to degeneration in the striatum, hippocampus, and 
prefrontal cortex of rats (Kraiwattanapirom et al., 2021; Polvat et al., 
2023). Together, this past research could support the theoretical 
DAT-dependent pathway of METH induced cell death via alteration of 
mitochondrial function. In addition, this DAT-dependent pathway of 
METH induced mitochondrial dysfunction is supported by previous 
research demonstrating that blockage of DAT attenuated the neurotoxic 
effect of METH on mitochondria (Tunstall et al., 2018). Notably, the 
present study can extend our understanding of the neurotoxic mecha
nisms of METH on mitochondrial function. The results of the cell culture 
study suggest that HEK293T cells, which are non-DAT-expressing cells, 
can be damaged by a cytotoxic effect caused by METH treatment, as it 
increased mitochondrial depolarization and cell death, which was also 
observed in SH-SY5Y-DAT-expressing cells. This finding highlights the 
potential of METH induced mitochondrial dysfunction to occur via a 
DAT-independent process. This DAT-independent mechanism is also 
supported by previous research using other cells lacking DAT, such as 
mesenchymal stem cells (MSCs) (Gaggi et al., 2020; Y. Shen et al., 2018) 
and glial cells (D’Brant et al., 2019; Lau et al., 2000; Sharikova et al., 
2018). In MSC cells, METH treatment disrupted several key indices of 
mitochondrial function, including mitochondrial membrane potential, 
mitochondrial dynamics, ATP production, and mitochondrial biogen
esis, ultimately leading to mitochondrial hyperfragmentation and cell 
death (Yulai Shen et al., 2018). Similarly, in neural glial cells, the toxic 
effect of METH treatment was measured by the disturbance of mito
chondrial function. For instance, a study using C6 astroglioma cell cul
ture showed a reduction of mitochondrial volume and increased 
apoptosis after METH treatment (D’Brant et al., 2019). Furthermore, in 
human astrocyte cell cultures, METH treatment induced a change in 
mitochondrial membrane potential and increased ROS production. In 
addition, it has been proposed that the METH induced alteration of 
mitochondrial function might relate to ROS generation and decreased 
ATP production as underlying mechanisms to initiate apoptotic pro
cesses (Lau et al., 2000). Similarly, research using microglial cells has 
demonstrated that METH induces the activation of the 
mitochondrial-dependent intrinsic apoptosis pathway in microglia by 
reducing the mitochondrial respiratory process (Sharikova et al., 2018). 
This evidence suggests that the neurotoxic mechanism of METH is likely 
to be via a DAT-independent pathway.

It has been suggested that METH causes membrane depolarization 
due to its molecular structure, which contains a weak base property 
resulting from its amine composition. Once the METH reached the acidic 
environment, it could act as a proton acceptor and transform into an 
ionic form, which contained a +1 positive charge (Abbruscato and 
Trippier, 2018). This change in polarity might cause the pH gradient 
between intermembrane space and matrix to collapse, interfering with 
the membrane potential of mitochondria, which is a similar mechanism 

when METH disturbs VMAT function (Sulzer and Rayport, 1990). With 
METH causing mitochondrial depolarization in non-DAT expressing 
cells, this could result in interruption of the electron transport chain, 
decreasing ATP production, and increasing the generation of ROS 
(Zorova et al., 2018) producing an upstream mechanism to trigger the 
occurrence of cytotoxicity and apoptosis.

5. Conclusion

The findings from in silico and in vitro experiments in the present 
study suggest a possible mechanism by which METH treatment-induced 
neuronal cell death is partly mediated via a DAT-independent pathway. 
The results have demonstrated that METH molecules can directly 
penetrate mitochondrial membranes and cause depolarization, which 
initiates downstream mechanisms resulting in mitochondrial dysfunc
tion and cell death.
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Abraham, M.J., Murtola, T., Schulz, R., Páll, S., Smith, J.C., Hess, B., Lindahl, E., 2015. 
GROMACS: high performance molecular simulations through multi-level parallelism 
from laptops to supercomputers. SoftwareX 1–2, 19–25. https://doi.org/10.1016/j. 
softx.2015.06.001.

Angladon, M.A., Fossepre, M., Leherte, L., Vercauteren, D.P., 2019. Interaction of POPC, 
DPPC, and POPE with the mu opioid receptor: a coarse-grained molecular dynamics 
study. PLoS One 14 (3), e0213646. https://doi.org/10.1371/journal.pone.0213646.
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