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ABSTRACT

Dextromethorphan (DXM), a widely used antitussive agent, was investigated for its effects on mitochondrial F, F ;-ATPase activ-

ity and oxidative phosphorylation. Our results demonstrate that DXM inhibited F,F,-ATPase independently of the thiol redox

state. Mutual exclusion analysis highlighted an overlapping binding site between DXM and dicyclohexylcarbodiimide (DCCD),

indicating a shared or adjacent binding site in the membrane-embedded F, domain of the enzyme. These findings suggested
that DXM selectively targeted the proton translocation mechanism of F, Fj-ATPase during the ATP hydrolysis and synthesis of
ATP. Moreover, kinetic analysis confirmed a high affinity of DXM for the enzyme, with an inhibitory efficiency of 2.37 mM~1-s1.
Importantly, DXM did not affect electron transport chain activity but impaired ATP synthesis, as evidenced by altered respira-

tory control ratios of oxidative phosphorylation. The data obtained offer new insights into its off-target mitochondrial effects and

potential implications for bioenergetic regulation.

1 | Introduction

Mitochondria are essential organelles for cellular survival,
as they represent the main site of oxidative phosphorylation
(OXPHOS), which produces adenosine triphosphate (ATP). This
process depends on the functional integrity of the electron trans-
port chain (ETC), consisting of five protein complexes (I-V)
located in the inner mitochondrial membrane. Among these,
F,F,-ATPase (complex V) catalyzes ATP synthesis by exploit-
ing the electrochemical gradient generated by the respiration
process. Structural and/or functional alterations of this complex

have been associated with a variety of pathological conditions,
including neurodegenerative [1], ischemic [2], and metabolic
[3, 4] diseases.

Mitochondria also play key roles in regulating metabolism, pro-
ducing reactive oxygen species (ROS), controlling apoptosis,
and responding to oxidative stress [5]. Consequently, they are
a sensitive target for many xenobiotics, drugs, and reactive me-
tabolites. Even commonly used molecules can exert secondary
effects on mitochondrial function, leading to energy imbalances
or oxidative stress, which, in the long term, can result in cellular
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damage. It is well documented that many drugs and xenobiotics
can impair mitochondrial function, for example, by inhibiting
ATP production, altering the respiratory chain, or directly af-
fecting F,F,-ATPase [6].

Dextromethorphan (DXM) is a morphine derivative that has
been used for decades as a symptomatic antitussive. DXM
has a multifaceted pharmacology and interacts with various
transporters. In addition to its primary activity as a non-
competitive antagonist at N-methyl-d-aspartate receptors
(NMDAU), ionotropic glutamate receptors play a crucial role in
synaptic plasticity and signal transmission in the central ner-
vous system [7, 8]. DXM interacts as an agonist at sigmal ol
receptors, which are membrane proteins that act as a molecu-
lar chaperone and modulator of various neuronal and cellular
signaling systems [9], inhibits the serotonin transporter [10],
thus impairing reuptake into nerve cells, and interacts with
voltage-gated calcium channels [11, 12], exerting complex
neuromodulatory effects. These properties have stimulated
interest in possible neuroprotective or antidepressant uses of
DXM and its metabolites, particularly dextrorphan (DXO) [13].
However, a growing body of evidence indicates that at high
concentrations or under conditions of abuse, DXM can induce
neuronal cytotoxicity, mitochondrial dysfunction, and alter-
ations in energy metabolism [8]. Over the years, numerous
concerns have arisen regarding the illicit use of DXM. While
its NMDATr receptor antagonism at therapeutic doses ensures
its efficacy in treating acute cough, at supratherapeutic doses
it mimics the activity of dissociative hallucinogens [14]. The
non-medical use of DXM is often driven by its potential to
induce hallucinogenic experiences, suggesting that its abuse
may be primarily motivated by the pursuit of altered states of
consciousness. It is therefore important to consider that the
inappropriate use of this compound could interfere with some
cellular functions. Although DXM's pharmacological interac-
tions and cytotoxic effects are known, the molecular mecha-
nism underlying mitochondrial dysfunction remains unclear.
In particular, no direct data are available on the possible im-
pact of DXM on F,Fj-ATPase. For this reason, the present
study aims to investigate whether and how DXM can interfere
with mitochondrial bioenergetics, with a particular focus on
the activity of F, F,-ATPase, providing new insights into drug-
induced neuronal mitochondrial toxicity. In particular, given
the high energetic demand of neurons, these cells critically de-
pend on robust ATP synthesis to fuel their intrinsic functions.
Understanding how DXM affects ATP synthase function is of
great interest not only to clarify the mechanisms underlying
its toxicity but also to evaluate the safety of its use at high or
prolonged doses, as well as to identify potential drug interac-
tions at the mitochondrial level.

2 | Materials and Methods
2.1 | Chemical

Dicyclohexylcarbodiimide (DCCD) was purchased by Vinci-
Biochem (Vinci, Italy). All other chemicals were obtained from
Sigma-Aldrich (Milan, Italy). For all reagent solutions, double-
distilled quartz water was used, except for the non-polar re-
agents, in which the DMSO solvent was used.

2.2 | Mitochondrial Isolation

Swine hearts (Sus scrofa domesticus) were obtained from a local
abattoir and transported to the lab within 2h in ice buckets at 0°C—
4°C. Mitochondria were prepared as described by Algieri et al. [15].
After removal of fat and blood clots as much as possible, approx-
imately 30-40g of heart tissue were rinsed in ice-cold washing
Tris-HCI buffer (medium A) consisting of 0.25M sucrose, 10mM
Tris(hydroxymethyl)-aminomethane (Tris), pH7.4, and finely
chopped into fine pieces with scissors. Each preparation was made
from one heart. Once rinsed, tissues were gently dried on blotting
paper and weighed. Then tissues were homogenized in a buffer
(medium B) consisting of 0.25M sucrose, 10mM Tris, 1 mM EDTA
(free acid), 0.5mg/mL BSA, fatty acid free, pH7.4 with HCI at a
ratio of 10mL medium B per 1g of fresh tissue. After a preliminary
gentle break-up by Ultraturrax T25, the tissue was carefully ho-
mogenized by a motor-driven Teflon pestle homogenizer (Braun
Melsungen Type 853202) at 650rpm with 3 up-and-down strokes.
The mitochondrial fraction was then obtained by stepwise centrif-
ugation (Sorvall RC2-B, rotor SS34). Briefly, the homogenate was
centrifuged at 1000g for 5min, thus yielding a supernatant and a
pellet. The pellet was re-homogenized under the same conditions
as the first homogenization and re-centrifuged at 1000 g for 5min.
The gathered supernatants from these two centrifugations, filtered
through four cotton gauze layers, were centrifuged at 10,500g for
10min to yield the raw mitochondrial pellet. The raw pellet was
resuspended in medium A and further centrifuged at 10,500g
for 10min to obtain the final mitochondrial pellet. The latter was
resuspended by gentle stirring using a Teflon Potter Elvejehm
homogenizer in a small volume of medium A, thus obtaining a
protein concentration of 30mg/mL. All steps were carried out at
0°C-4°C. The protein concentration was determined according to
the colorimetric method of Bradford [16] by Bio-Rad Protein Assay
kit IT with BSA as standard. The mitochondrial preparations were
then stored in liquid nitrogen until the evaluation of F-ATPase
activities.

2.3 | F-ATPase Hydrolytic Activity Assay

Immediately after thawing, the mitochondrial preparations
were used for the F-ATPase activity assays. The capacity of ATP
hydrolysis was evaluated in a reaction medium (1 mL) contain-
ing 0.15mg of mitochondrial protein and ethanolamine-HCl
buffer 75mMpH9.0, Na,ATP 6.0mM and MgCl, 2.0mM [17].
According to the method employed, to detect the Pi release by
the enzymatic reaction, the Pi released independently of the
F,F,-ATPase activity should be quantified. To this aim, 1uL
from a stock solution of 3mg/mL oligomycin in dimethylsulf-
oxide (DMSO) was directly added to the reaction mixture before
starting the reaction. The total ATPase activity was calculated
by detecting the Pi in control tubes run in parallel and contain-
ing 1uL DMSO per mL reaction system. In each experimen-
tal set, control tubes were alternated with the condition to be
tested. The employed dose of oligomycin, a specific inhibitor
of F-ATPases which selectively blocks the F, domain, ensured
maximal enzyme activity inhibition and was currently used in
F-ATPase assays.

In all tests, 5L of DXM, solubilized in DMSO, was added to the
reaction system. Control assays, using reaction mixtures that
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contained the same aliquot of the solvent DMSO (<10uL/mL
of the reaction system) employed to solubilize the tested DXM,
were carried out in parallel in each experimental set.

In specific tests, activity was assessed under the same condi-
tions as above, at different DXM concentrations but with the ad-
dition of 5uL of a solution of agents modulating the redox state
of the enzyme (DTT solubilized in water and PAO, DBrB, and
MBrB solubilized in DMSO, respectively) to the reaction system.
Similarly, for mutual exclusion studies, DCCD solubilized in
DMSO was inserted into the reaction system.

2.4 | Kinetic Analyses

On frozen-thawed mitochondria, the inhibition mechanisms of
DXM on F,F -ATPases were studied using Dixon and Cornish-
Bowden plots, which complement each other. For this purpose,
the 1/V ratio (reciprocal of the enzyme activity) in the Dixon
plot or the S/V ratio in the Cornish-Bowden plot was plotted as a
function of DXM concentration. In all plots, the specific enzyme
activity was considered as the expression of V. F-ATPase activ-
ity was assessed in the presence of increasing concentrations of
DXM at two ATP concentrations. The values of Ki and K'i, which
represent the dissociation constant of the enzyme-inhibitor (EI)
complex or the ternary enzyme-substrate-inhibitor (ESI) com-
plex, respectively, were obtained from the intersection point of
the lines corresponding to the abscissa (modified to positive) of
the straight lines obtained in the Dixon and Cornish-Bowden
plots, respectively [18].

Kinetic studies were conducted on the mutual exclusion of dif-
ferent inhibitors on the same F-ATPase activity to understand
the site of DXM interaction with F,F,-ATPase. To construct
Dixon plots, the reciprocal of the enzyme activity data (1/V)
(y-axis) was plotted against DXM concentration (x-axis) at a
constant ATP substrate concentration and in the absence and
presence of fixed DCCD concentrations. According to the graph-
ical method employed, when the straight lines are parallel, that
is, have the same slope, enzyme inhibition reflects the binding
of DXM or DCCD to the enzyme, and the two compounds are
mutually exclusive [19].

To obtain time course graphs, the F-ATPase reaction was car-
ried out in the presence of 33-49-65uM DXM in the reaction
system and stopped after different time intervals (1-7min) by
adding 1 mL of 15% (w/w) TCA. The specific enzymatic activity
(V), expressed as umol Pi-mg protein~'min~!, was calculated
without (Vo) and with DXM (Vi) for the different reaction times.
From the logarithm of the difference between Vo and Vi (9),
plotted graphically versus time for each DXM concentration, it
was possible to obtain the pseudo-first-order rate constants (k, )
(as the slope of the obtained lines). By fitting the data in a semi-
logarithmic plot, straight lines were obtained according to the
equation:

inact

logé = — 3 t+logé;

In these plots, the slope of each straight line corresponds to

~k,./2-3 (angular coefficient) and the y-axis intercept to log

0,. Therefore, from 1/k_  in relation to 1/[I], the first-order
rate constant of inactivation (k. ..) for DXM was calculated
as the reciprocal of the intersection point of the line on the
y-axis and expressed as s7! [20, 21]. Ki was calculated as the
intercept of the line on the x-axis. Inhibitory efficiency (), a
rate constant for the potency of an inhibitor, was calculated

ask. . /Ki

inact :

2.5 | OXPHOS Assay

OXPHOS assessment was performed using the Seahorse XFp
analyzer. 2ug of freshly extracted and coupled mitochondria
were loaded into each well of the Agilent plate and resuspended
in 25uL of OXPHOS medium (75mM sucrose, 5mM KH,PO,,
40mM KCl, 3mM MgCl,, 0.5mM EDTA, and 30mM TRIS
pH7.4 with HCI) supplemented with 5SmM pyruvate/malate
(1:1) (to assess OXPHOS from the first phosphorylation site).
After centrifugation at 2000x g for 20min at 4°C, 180uL per
well with DXM-implemented medium was added for the se-
lected wells. The injection ports of the XFp sensor cartridges
were hydrated overnight with XF Calibrator at 37°C. The next
day, the cartridges were loaded with ADP (port A), oligomycin
(port B), carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-
zone (FCCP) (port C), antimycin A (port D) at concentrations
of 40mM, 32, 40, and 40 uM, respectively. The following param-
eters could be obtained: respiration associated with ATP syn-
thesis recorded after the addition of ADP (state 3), OCR in the
presence of oligomycin (state 40) when no ATP is synthesized;
maximal respiration stimulated with protonophore after addi-
tion of FCCP (state 3u) and OCR after addition of antimycin A
to obtain non-specific OCR, subtracted from all other numerical
values referring to the various parameters [22, 23]. Data were
analyzed using WAVE software, calculated per well on at least
three independent experiments, and normalized to protein ug
per well.

2.6 | Statistical Analysis

All values are expressed as mean+standard deviation (SD).
One-way ANOVA and either the t-test or Dunnett's test were
used to compare the experimental groups. A p value <0.05 was
considered significant. GraphPad Prism statistical software
(Version 10.6.1, GraphPad Software Inc., La Jolla, CA, USA) was
used for statistical analysis.

3 | Results and Discussion

3.1 | DXM Inhibits F,F -ATPase Activity
Regardless of Thiol Redox State

The in vitro studies were conducted to evaluate the mechanism of
action of DXM on the mitochondrial F,F,-ATPase. The dose-re-
sponse effect of DXM, in the range of 0.005-2.0mM, was evaluated
on the F,F,-ATPase. Increasing DXM concentrations promoted a
gradual, significant inhibition of ATP hydrolysis with an IC,  value
of 69.3+4.1uM, which indicated the efficiency of inhibition. In
our study, the IC, of DXM for the F,F,-ATPase was substantially
higher than the concentrations required for its well-established
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pharmacological targets. DXM is known to inhibit serotonin
transporter and NMDAr receptors at much lower concentrations
(IC,,=33nM and IC,;=1.04 uM, respectively) [24]. Therefore, the
affinity observed in vitro may not have pharmacological relevance
in vivo, although it raises the possibility of off-target effects only at
concentrations far exceeding those used clinically.

The enzyme was completely inhibited at high DXM concentra-
tions, already at a concentration of 0.5mM (Figure 1A). Many
mitochondrial proteins, including F,F -ATPase, contain (-SH)
groups of cysteines that are strategic for enzymatic activity or
conformational regulation [25] and thiol oxidation can even allow
for reevaluate of the pharmacological use of certain drugs [26].
Experimentally modifying the redox state, therefore, allowed us to
test whether interaction with DXM depended on the redox revers-
ibility of these groups. To test whether the redox state was related
to the inhibitory effects exerted by DXM on F, F ;-ATPase, the -SH
groups of cysteines were modulated by treating mitochondria with
the following thiol reagents: 50uM DTT with reducing action of
(S-S) groups; 50uM PAO that selectively binds vicinal thiols or
reduced cysteine pairs; 10uM DBrB that selectively binds more
distant thiols, and 0.40uM MBrB that reacts with thiols forming
adducts [27]. F,F,-ATPase activity was assessed in the absence
and presence of 65uM DXM, without and with DTT, PAO, DBrB,
or MBrB to verify whether the effect of DXM was sensitive to mod-
ified cysteine thiols with protein adduct. The inhibition exerted
on F,F,-ATPase by DXM was not significantly modulated by the
different redox states induced by the reducing agents under inves-
tigation. DXM likely exerted its inhibitory mechanism by interact-
ing with a redox-insensitive site, such as a hydrophobic enzyme
pocket, where inhibitor-enzyme interactions are mainly hydro-
phobic [28] and do not directly involve Cys.

3.2 | Inhibition Mechanism and Multiple Inhibition
Analysis to Identify the DXM Interaction Site

The mechanism of DXM inhibition on Mg?**-activated F,F-
ATPase was evaluated using the Dixon (Figure 2A) and
Cornish-Bowden (Figure 2B) plots. DXM inhibition was found

-
o
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1 |
0.01 0.1 1
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o

Mg?*-activated F-ATPase activity
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Mg?*-activated F-ATPase activity

=50~
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to be mixed towards the substrate ATP (Figure 2A,B). DXM can
bind to the free enzyme (E) (Ki=0.342mM) or when it is already
complexed with its substrate ATP (ES) (K'i=0.038 mM), form-
ing the tertiary complex (ESI). The lower value of K'i compared
to Ki, reflecting the dissociation constant of the ESI complex,
indicates that DXM preferentially binds to its binding site when
the enzyme is already complexed with the substrate ATP.

In light of the previous data, which allows us to hypothesize a
possible interaction of DXM in the hydrophobic portion of the
enzyme. By adding binary combinations of F inhibitors to the
F-ATPase reaction media, we have carried out mutual exclusion
analyses, aiming to test the possible interaction of DXM with
the F, portion of the enzyme. N,N-Dicyclohexylcarbodiimide
(DCCD) is known to react covalently with a conserved acidic
residue (glutamate in the c-subunits) located in the proton chan-
nel of the F, domain, blocking the flow of protons and torque
rotation of F,F,-ATPase [29]. These experiments clarified
whether DCCD (assumed as inhibitor 1, I)) plus DXM (assumed
as inhibitor 2, I,) may combine to form the quaternary ESI I,
complex or the ternary ESI_complex. The latter is formed if the
binding of DCCD prevents DXM binding or vice versa. In other
words, whether the tested compounds on the F, F-ATPase were
mutually exclusive, the reciprocal of the enzymatic activity in
the presence and absence of 0.25uM DCCD (I,) was plotted
as a function of increasing DXM (I,) concentrations. Two par-
allel straight lines were obtained, demonstrating the absence
of a dissociation constant for the ESI;I, quaternary complex
(Figure 2C) [17]. This result demonstrated an exclusive interac-
tion of DXM with DCCD on the enzyme. In other words, the
ES-DCCD-DXM (ESI, 1) quaternary complex was not formed,
but only ESI, or ESI, complex. The presence of DXM prevented
DCCD from binding to the hydrophobic portion of the enzyme,
suggesting that the two compounds competed for the same or
adjacent sites in the F region. Since DCCD is known to bind
covalently to the carboxyl group of the Glu residue of the ¢ sub-
units, forming stable dicyclohexyl-N-acylurea, blocking the pro-
ton channel [30], DXM could also exert its inhibition mechanism
by occupying the hydrophobic pocket of proton translocation in
the membrane-embedded F, domain.

ns
L
2.5- |
= 0 uM DXM
2.0- - mEm 65 uM DXM
1.5- |
1.0+
0.5+
0.0-

CTR DTT PAO DBrB MBrB

FIGURE1 | Effect of DXM on F,F-ATPase activity in different redox states. DXM titration curve on Mg**-activated F,F,-ATPase activity at in-
creasing DXM concentration (A). The effect of 50uM DTT, 50uM PAO, 10 uM DBrB, 0.40 uM MBrB without and with 65uM DXM on Mg?*-activated
F,F,-ATPase activity (B). Data represent the mean+SD (vertical bars) of at least three independent experiments conducted on three different mi-

tochondrial preparations. Statistical analysis was performed by Dunnett's test on each group versus the control (CTR). ns indicate no significant

difference.
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FIGURE2 | Inhibition mechanism of DXM and interaction site evaluation. Mechanism of DXM inhibition of mitochondrial Mg?*-activated F,F -
ATPase. Dixon (1/V y-axis) (A) and Cornish-Bowden (S/V y-axis) (B) plots were obtained at 3mM (®) or 6mM (M) ATP. Multiple inhibitor analysis
using Dixon plots to assess DXM inhibition of mitochondrial Mg?*-activated F,F,-ATPase. Activity was assessed in the absence (®) or presence of
0.25uM DCCD (m) (C). All points represent the mean + SD (vertical bars) of at least three separate experiments performed on different mitochondrial

preparations.

The mutual exclusion observed between DXM and DCCD, by
identifying an overlapping binding site of compounds in the
F, domain of the enzyme, should be interpreted as functional/
pharmacological evidence rather than direct structural results
of a shared binding site. Accordingly, while our data support F
domain involvement, direct binding and structural localization
remain to be established.

3.3 | Inactivation Kinetic Analysis

Exposure to different concentrations of DXM over time
(2-7min) reduced the catalytic efficiency of F,F,-ATPase. By
plotting the natural logarithm of the residual activity, calcu-
lated as the initial rate reaction minus the inhibited rate re-
action (6), versus time, it is possible to obtain straight lines
whose slope indicated the first-order rate constant (K, ). K, .
can be seen as the probability that the complex enzyme-DXM
dissociated in a unit of time. Figure 3A-C showed the typical
time course of DXM inhibition at increasing concentrations,
in which the K, & value gradually increased with increasing
DXM concentration, promoting enzymatic inactivation. For
this purpose, the inactivation constant (K, , ) was calculated,
which indicated the rate at which DXM interacted with F,F ;-
ATPase to inhibit the enzyme. The data suggested that DXM
interacted efficiently with the enzyme. From K, ., it was

also possible to calculate the inhibitory potency of the drug
on F F-ATPase by calculating the value of  =2.37mM™*s™,

obtained from K, . /Ki. The latter was obtained as intercept
on the x-axis and highlighted a high affinity and interaction

capacity of DXM to F,F,-ATPase.

3.4 | DXM on OXPHOS

Having established the inhibition induced by DXM on the hy-
drolytic activity of F,F -ATPase, its effect on ATP synthesis
activity was investigated by studying OXPHOS. Mitochondrial
respiration coupled to ATP synthesis was assessed in the pres-
ence of pyruvate/malate as a substrate for the first phosphoryla-
tion site (Figure 4). Treatment with 65uM DXM did not alter the
synthesis capacity of F,F,-ATPase, as demonstrated by State 3
(the condition in which ATP is synthesized after the addition of
ADP), which remained unchanged by treatment. Sequentially,
oligomycin was added, which, by inhibiting ATP synthesis, al-
lowed State 40 to be recorded. In the presence of DXM, State
40 was significantly higher than control (absence of DXM). This
indicated a reduced sensitivity of the enzyme to oligomycin. The
subsequent addition of FCCP, a known OXPHOS uncoupler,
dissipating the proton gradient across the inner mitochondrial
membrane, allowed the respiratory complexes to work at their
highest rate, revealing State 3u that was not altered by DXM
if compared to control. This latter finding suggested that, by
maximally stimulating mitochondrial respiration using FCCP,
the ETC in the respiratory complexes was not affected by DXM.
Once again, it can be stated that the effect of DXM, directed at
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FIGURE 3 | Kinetics of F F-ATPase inactivation by increasing DXM concentrations. Semi-logarithmic plot of residual activity (6) as a function

of time at fixed concentrations of DXM 33 uM (A), 499 uM (B), and 65uM (C). Retracement of the reciprocal of the first-order rate constant (k

by from

the straight lines in A, B, and each point corresponds to the slope obtained with DXM 33, 49, and 65 uM. All points represent the mean + SD (vertical

bars) of at least three separate experiments performed on different mitochondrial preparations.
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FIGURE4 | DXM on OXPHOS. Effect of DXM on selected parameters of pyruvate/malate-stimulated mitochondrial OXPHOS without and with
0.065mM DXM: State 3, State 40, State 3u (A), and State 3/State 40 ratio (B). Data represent the mean + SD (vertical bars) of at least three independent
experiments conducted on different mitochondrial preparations. Statistical analysis was performed by Dunnett's test on each group compared to the

control (0mM DXM). * Indicate significantly different (*p <0.05; **p <0.01), ns indicates no significant difference.

the c-ring of the enzyme, likely interfered with the inhibition
exerted by oligomycin in the same hydrophobic region [28],
preventing its normal inhibitory effect [31], as demonstrated
by a significant increase in State 4u in the presence of DXM
(Figure 4A). As a result, the State 3/State 4o ratio, an index of
coupling between oxidation of the substrate pyruvate/malate

and ADP phosphorylation, was significantly reduced by DXM
(Figure 4B).

Nevertheless, the higher DXM concentrations may become
physiologically relevant in settings of non-therapeutic exposure.
DXM is used recreationally [32, 33], and its co-administration

6 of 8

BioFactors, 2026

85UB017 SUOWIWIOD BA11e810 3 qedt [ddke au Aq peusenob a.e sajolie YO ‘SN JO SNl oy Akeid178U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLLIBY WD A8 |1 Aed| Ul [Uo//Scy) SUOTIPUOD pue swie | 8u) 89S *[9202/50/22] Uo Akeiqiauliuo A8|im 20a 3 Hedia IweisiS Baly Aq 9200L'010/200T 0T/I0p/W00" A3 1M AeIq 1 puljuo"quigny//sdily Wwoly pepeojumod ‘T ‘9202 ‘T8082.8T



with CYP450 inhibitors involved in DXM metabolism has also
been explored to enhance and prolong systemic exposure in anti-
depressant contexts. Such combinations can increase DXM bio-
availability [34], potentially raising the likelihood of tissue and
intracellular accumulation and, consequently, adverse effects.

Lipophilic, weakly basic compounds can accumulate in mito-
chondria via ion trapping driven by the negative mitochondrial
membrane potential, resulting in mitochondrial concentrations
exceeding extracellular levels [35]. Consistent with this prin-
ciple, DXM is a weakly basic and lipophilic drug, which could
favor its partitioning into the mitochondrial matrix. In this sce-
nario, even when circulating concentrations are comparatively
low, mitochondrial exposure might approach levels at which
modulation of F,F,-ATPase becomes plausible, potentially im-
pairing OXPHOS and contributing to mitochondrial-related
toxicity.

4 | Conclusion

Our findings demonstrate that DXM has the mitochondrial
F,F,-ATPase as target, exerting its effect independently of the
thiol redox state. The inhibition effect involved the interaction
with the proton binding site within the membrane-embedded
F, domain. Mutually exclusive with DCCD and kinetic analyses
suggest that DXM targets the c-ring region, interfering with pro-
ton translocation and blocking the ATP hydrolysis and synthe-
sis of the bifunctional mechanism of F,F,-ATPase. Therefore,
DXM selectively impairs OXPHOS without affecting the respi-
ratory complexes. These results highlight a specific and efficient
mechanism by which DXM modulates mitochondrial bioener-
getics, offering new insights into its pharmacological profile and
potential off-target mitochondrial effects.
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