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Abstract: Mitochondrial dysfunction is a hallmark of various pathologic conditions, including ischemia/reperfu-
sion injury, stroke, myocardial infarction, neurodegeneration and metabolic syndrome. As with all biological organ-
elles, the function of mitochondria is tightly linked to their structure. The inner mitochondrial membrane is a highly
regulated membrane with a large surface area that hosts the electron transport chain machinery, generates the
membrane potential necessary for ATP generation, and forms the signature cristae folds of mitochondria. The mi-
tochondrial inner membrane protein (Mitofilin/Mic60) is part of a large complex that constitutes the mitochondrial
inner membrane organizing system, which is critical in maintaining mitochondrial architecture and function. Recent
evidence has shown that Mic60/Mitofilin elimination during reperfusion determines the extent of myocardial infarct
size after ischemia/reperfusion. Here, we investigated the effects and mechanisms of action of Miclxin, a novel
Mic60/Mitofilin inhibitor using H9c2 cardiomyoblasts. Cultured rat H9c2 cardiomyoblasts were incubated with O,
5, 10, or 20 uM of Miclxin. Cell viability was determined using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assays, and cell death was determined by flow cytometry using propidium iodide dye. Mitochondrial
membrane potential was measured using MitoTracker Red CMXROS assay kits, and mitophagy in mitochondria was
detected using Mitophagy Detection Kits. Mitochondrial morphology was assessed using electron microscopy, and
proteins were measured by Western blot analyses and immunofluorescence staining. After 24 hours of treatment,
Miclxin decreased cell viability in a dose-dependent manner and reduced the number of viable cells measured with
MTT assays. This effect was associated with pronounced reduction of Mic60 protein levels measured by Western
blots and immunocytochemistry. Miclxin’s reduction of cell viability was related to its inhibition of mitochondrial
elimination by mitophagy. Our findings suggest that Miclxin decreases levels of Mic60, and thereby reduces cell vi-
ability by increasing structural damage and dysfunction in mitochondria via impairment of mitophagy.
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Introduction

Mitochondria are essential organelles whose
function is crucial to homeostasis, energy gen-
eration, and cellular fate. Mitochondria are rec-
ognized as the “powerhouse” of eukaryotic
cells, especially in those that require high-
energy demand such as cardiomyocytes [1].
Therefore, mitochondrial dysfunction is a hall-
mark in a variety of disease conditions, includ-
ing in ischemia/reperfusion (I/R) injury, stroke,
and myocardial infarction, metabolic syndrome,
neurodegeneration, and aging [2-5]. In the

human heart, mitochondria occupy around 30%
of the total volume of the cardiomyocytes [6],
and these organelles supply, through oxidative
phosphorylation (OXPHOS), approximately 6 kg
of adenosine triphosphate (ATP) per day [7],
which is required to sustain cardiomyocyte
function in the heart [4, 8]. In addition to their
pivotal role in energy production, mitochondria
also play an important role in cell signaling,
reactive oxygen species (ROS) generation, and
Ca?* buffering [9, 10]. In addition, mitochondria
are the central hub of cellular metabolism pro-
viding metabolites for biosynthesis and produc-
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ing ROS [11]. As with all biological organelles,
the function of mitochondria is tightly linked
with their structure. The mitochondrial inner
membrane (IMM) has a unique composition of
proteins [8] and phospholipids, whose interde-
pendence is crucial for mitochondrial function.
It is highly enriched in proteins specific to this
membrane, the majority of which are encoded
by the nuclear genome and imported from the
cytosol [12]. The IMM is a highly regulated,
large surface area membrane that hosts the
electron transport chain (ETC) machinery, gen-
erates membrane potential necessary for ATP
generation, and forms the signature folds of
mitochondria, known as cristae.

Recent evidence has highlighted the impor-
tance of cristae morphology in mitochondrial
function and cell survival, with a particular
focus on the mitochondrial inner membrane
organizing system (MINOS or MICOS) [13] in
which Mic60 is the “core” of MICOS [14]. The
MINOS or MICOS system is composed of many
subunits, such as Mic60/Mitofilin, Mic10,
coiled-coil-helix-coiled-coil-helix domain con-
taining 3 (Mic19/CHCHD3), coiled-coil-helix-
coiled-coil-helix domain containing 6 (Mic25/
CHCHD®), Mic13/Qil1, coiled-coil-helix-coiled-
coil-helix domain containing 10 (Micl4/
CHCHD10), Mic23/Apo0, and apolipoprotein O
like Mic27/ApoOL. Mic60 and Mic10 are con-
sidered the most critical components of MICOS.
Mic60 is recognized as the “core” of MINOS
and a critical transmembrane IMM protein
whose downregulation, modification, or des-
truction results in mitochondrial dysfunction
and cell death [15, 16]. This suggests a critical
role of Mic60 in the mechanism of cell death, a
major hallmark of many mammalian diseases
such as neurodegenerative disease, stroke,
and myocardial infarction [17]. We recently
reported that after heart I/R injury, depletion
of Mic60 impairs cardiac functional recovery,
increases myocardial infarct size, and facili-
tates mitochondrial structural damage and dys-
function [18]. After acute renal I/R injury, we
have shown that the receptor-interacting pro-
tein kinase 3 (RIP3) translocates into mitochon-
dria to promote Mic60 degradation, which initi-
ates an increase in kidney inflammation and
injury [19]. Our group further revealed that
Parkin interacts with Mic60 in response to
Parkinson’s disease stressor neurotoxicity,
which leads to the degradation of Mic60, result-
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ing in mitochondrial structural damage and dys-
function that is responsible for neuronal death
by apoptosis [20].

The role of Mic60 in cell death has been abun-
dantly studied using cell lines transfected with
siRNA and Mic60-overexpressed plasmids [16,
20]. More recently, a drug, referred to as
Miclxin, has been reported to inhibit Mic60
function [21]. In fact, using Miclxin-immobilized
beads, Imoto’s group identified Mic60 as a tar-
get protein of this compound. In that study,
authors concluded that targeting Mic60 with
Miclxin represents a potential strategy with
which tumor cells can be killed through induc-
tion of severe mitochondrial damage in a
mutant B-catenin-dependent manner. However,
further studies determining the role and mech-
anisms of Miclxin in cell viability and death in
normal cells (non-tumor cells) is still needed. In
addition, whether Miclxin only induces inhibi-
tion of Mic60, as well as elimination still needs
to be clarified, as Mic60 elimination is well
known to induce cell death in several cell lines.
In this study, we unveiled the effects of Miclxin
in cell viability and death using cultured rat
HO9c2 cardiomyoblasts. We report that Miclxin
induces H9c2 cardiomyoblast death by increas-
ing elimination of Mic60 protein levels, which
contributes to mitochondria structural damage
and dysfunction through impaired mitochon-
dria removal by mitophagy.

Materials and methods
Institutional approval

Protocols followed the Guide for the Care, and
Use of Laboratory Animals (US Department of
Health, NIH), and received UT Health Science
Center at San Antonio Institutional Animal
Care and Use Committee (IACUC) institutional
approval. Animals were housed in the animal
specific pathogen free facility at UTHSCSA main
campus in cages with standard wood bedding
and space for five mice or two rats. The animals
had free access to food and drinking water and
a 12-hour shift between light and darkness.
The animals were selected randomly, and the
data analysis was performed blindly.

Cell culture

The rat H9c2 cardiomyoblast line was pur-
chased from the American Type Culture
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Table 1. List of antibodies used in this study

Antibody Target Supplier Catalog # Concentration
Mitofilin/Mic60 Proteintech Group 10179-1-AP 1 pg/mL
LC3I/LC3lI 1 yg/mL
p-p62 1 pg/mL
Pink1 1 pg/mL
Ubiquitin 1 pg/mL
VDAC1 and VDAC3 1 pg/mL
GAPDH 1 ug/ml
IRDye 800CW Goat anti-Rabbit LI-COR 926-32211 0.1 yg/mL
IRDye 680RD Goat anti-Mouse LI-COR 926-68070 0.1 pg/mL

Collection (ATCC no. CRL-1446), and the HEK
293 cell line was obtained from ATCC (no. CRL-
3216). Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen Life
Technologies) supplemented with 10% fetal
bovine serum (FBS; GIBCO-BRL, Grand Island,
NY), 100 U/ml penicillin-streptomycin and
grown in an atmosphere of 5% C0,-95% hu-
midified air at 37°C. The culture medium was
changed every second day. Cells were used
between passage 4 and 7, at 70-80% conflu-
ence. The cells were selected randomly, and
the data analysis was performed by a blind
investigator.

Treatment of cells with Miclxin

Rat H9c2 cardiomyoblasts were incubated for
24 hours in the presence of Miclxin (5, 10 20
uM), or Vehicle (0.01% DMSO in media). Twenty-
four hours post treatment; cells were trypsin-
ized and collected for further applications.

Cell viability

Cell viability was determined using the tetrazo-
lium dye 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) assay by follow-
ing standard protocols. Briefly, cells were cul-
tured in a 96 well plate and treated with either
Vehicle or Miclxin as described above. At the
end of the treatment, cells were placed in 50 pL
of serum-free media supplemented with 50 pL
of MTT solution into each well for 3 h incuba-
tion. After that, 150 yL of DMSO was added
into each well before absorbance was read at
590 nm.

Western blot analysis

Equal amounts of the whole lysate protein were
loaded in each well of 4-20% Tris-glycine gels

6745

(Bio-Rad) as recently described in [19]. After
electrophoresis for 90 min at 125 V of constant
voltage, the gel was blotted onto a nitrocellu-
lose membrane by electrophoretic transfer at
70 V of constant voltage for 1-2 h. The mem-
brane was washed, blocked with 5% bloc-
King solution, and probed with various primary
antibodies: anti-Mic60 (Abcam, catalog no.
ab110329), and anti-GAPDH (CST, catalog no.
2118S) at 4°C overnight. The immunoreactive
bands were visualized using secondary Li-Cor
antibodies (LI-COR Biotechnologies, Lincoln,
NE): Ire 8BO0CW goat anti-rabbit antibody, (cata-
log no. 926-32211) and IRDye 680RD goat
anti-mouse antibody, (catalog no. 926-68070).

Antibodies and reagents

All materials were purchased from Sigma-
Aldrich, unless otherwise stated. Studies uti-
lized antibodies against the targets listed in
Table 1.

Mitochondrial membrane potential measure-
ment

Mitochondrial membrane potential measure-
ment (AWm) was assessed using MitoTracker
Red CMXROS assay kit (ThermoFisher Scien-
tific, catalog no. M7512) by fluorescent micros-
copy according to manufacturer’s protocol.
MitoTracker red dye is a red-fluorescent dye
that stains mitochondria in live cells and its
accumulation is dependent upon membrane
potential. H9¢c2 myoblasts were plated in six-
well plates for MitoTracker Red assay or on cov-
erslips for labeling and allowed to reach 70-80%
confluence, after which cells were treated with
vehicle, or Miclxin for 24 h. Live cells were har-
vested and incubated with MitoTracker Red
(150 nM) for 1 h at 37°C. Carbonyl cyanide
m-chlorophenylhydrazone (CCCP) was used as
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a control. Mitochondrial membrane potential
was qualitatively assessed in normal and
Miclxin-treated rat myoblasts using JC-1 dye
(Cayman, 15003) [18, 22]. After 24 h transfec-
tion, media was carefully removed from twenty-
four well plates and cells were washed twice
with PBS, 0.5 ml of DMEM containing FBS.
Cells were resuspended in DMEM containing
FBS, stained by adding JC-1 (10 pg/ml) and
cultured for 30 min at 37°C with continuous
gently shaking. At the end of the incubation, the
media was removed, and cells were washed
twice with normal PBS. To image the cells, 0.5
ml of DMEM containing FBS was added to each
well and images were taken with fluorescence
microscopy.

Immunofluorescence staining

Cells were cultured on coverslips and treated
as described above. After treatment, cells
were fixed with 4% paraformaldehyde for
15 min and permeabilized with 0.25% Triton
X-100. After blocking in 3% BSA for 30 min,
slides were incubated with the primary anti-
body diluted in 1% BSA for overnight. Coverslips
were incubated with primary antibodies for
Mic60 antibody (Proteintech Cat# 10179-1-AP,
RRID:AB_2127193), followed by secondary
antibodies Alexa Fluor 488 Goat anti-rabbit
(Abcam Cat# ab150077, RRID:AB_2630356)
and Goat anti-mouse (Abcam Cat# ab150113,
RRID:AB_2576208). Images were taken on a
Zeiss Axiovert 200M inverted motorized fluo-
rescence microscope (Carl Zeiss Microscope,
Jena, Germany).

Detection of mitophagy

Mitophagy in mitochondria was detected by
use of a Mitophagy Detection Kit according to
the manufacturer (Dojindo Molecular Techno-
logy, Rockville, MD, USA) as described in [23].
This kit is composed of Mtphagy Dye, reagent
for detection of mitophagy, and Lyso Dye,
reagent for staining of lysosomes allowing
accurate quantification of the damaged mito-
chondria fusing to the lysosomes. The signal
was detected in cultured H9c2 cardiomyomyo-
blasts using confocal microscopy analysis at
the following wavelengths: Mtphagy Dye: 561
nm (Ex) and 650 nm (Em); Lyso Dye: 488 nm
(Ex) and 550 nm (Em).
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Transmission electron microscopy

To analyze mitochondrial morphology in normal
and I/R mice hearts, samples were fixed in a
phosphate buffered solution of 4% formalde-
hyde with 1% glutaraldehyde, and stored at 4°C
overnight as described in [23]. Tissue sections
were washed with PBS, post-fixed in 2% (wt/
vol) osmium tetroxide for 2 h at room tempera-
ture, and dehydrated in a graded alcohol series
before being embedded in Eponate 12 medi-
um. The blocks were cured at 60°C for 48 h,
and 70 nm sections were cut using an ultrami-
crotome, mounted on Formvar-coated grids
and double-stained with uranyl acetate and
lead citrate. The resulting samples were ana-
lyzed and imaged using a JEOL 1230 transmis-
sion electron microscope. Mitochondria were
classified as ‘damaged’ if they had more than
50% disorganized/destroyed cristae structu-
re. Mitochondrial area was calculated using
ImageJ software.

Flow cytometry analysis of cell death

Cell death was determined using Propidium
iodide (BD PharMingen, catalog no. 556547)
according to the manufacturer’s instructions.
Briefly, the harvested cells were washed twice
in PBS and resuspended in 500 pl binding buf-
fer. The cells were treated with 5 yl propidium
iodide and immediately analyzed using a BD
LSR Il flow cytometer (BD Biosciences, San
Jose, CA). Propidium iodide (Pl) is a membrane-
impermeable fluorescent dye that stains DNA
and cells used to label dead cells.

Statistical analysis

Data presented in bar graphs are expressed as
means, and error bars are the standard errors
of the mean (+ SD) for a minimum of three inde-
pendent trials (n = 3). Comparisons were con-
ducted using the Student’s t-test and one-way
ANOVA with post-hoc Dunnett’s or Tukey’s cor-
rections for multiple comparisons, where app-
ropriate, using Prism 8 (Graphpad Software). A
difference of P<0.05 was considered to be sta-
tistically significant.

Results
Miclxin induces Mic60 elimination

Figure 1A shows that Miclxin reduced levels of
Mic60 in a concentration-dependent fashion
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Figure 1. Miclxin treatment reduces Mic60 protein levels in a time and concentration-dependent manners. (A)
Immunoblot and graph show a time (24, 48, and 72 h), and concentration-dependent (Miclxin 5, and 10 uM) de-
crease in Mic60 protein levels compared to normal cells (Miclxin O uM). Values are expressed as mean + S.D., n =
4/group. Data were analyzed with One-Way ANOVA; with *P<0.05, and ***P<0.001 vs vehicle (Miclxin O uM). (B)
Immunoblots and graph show a time-dependent (24, 48, and 72 h) decrease in Mic60 levels in Miclxin-treated cells
(Miclxin, 10 uM) compared to normal cells (Miclxin O uM). Values are expressed as mean * S.D., n = 4/group. Data
were analyzed with One-Way ANOVA; with ***P<0.01 vs vehicle (Miclxin O uM). (C) Images of cells treated with Mic
60, and VDAC1 (D) antibodies, DAPI, and the overlay of both signals. Graphs show a decrease in Mic60 and VDAC1
fluorescence intensity in Miclxin-treated cells (Miclxin 10 uM) compared to normal cells. Values are as mean + S.D.,

n = 3/group. Data were analyzed with unpaired t-test with ***P<0.001 vs vehicle (Miclxin O uM).

compared to untreated cells. Compared to
untreated cells, levels of Mic60 were reduced
to 80.36+7% in cells treated with Miclxin (5
puM), and to 45.02%+7% in cells treated with
Miclxin (10 uM) (n = 4 experiments/group).
Furthermore, these reductions were time-
dependent. Compared to untreated cells levels
of Mic60 were reduced to 45.01+7% after 24
hr treatment with Miclxin, 42.54+13% after 48
hr treatment with Miclxin, and 27.78+10% after
72 hr treatment with Miclxin (n = 4 experi-
ments/group) (Figure 1B). These results indi-
cate that Miclxin inhibits Mic60 function by
increasing its elimination in cultured H9c2 car-
diomyoblasts. We also measured levels of
Mic60 and VDAC1 by fluorescence microscopy
after treatment with Miclxin (10 yM) in H9¢c2
cardiomyoblasts. Miclxin at that dose de-
creased levels of both Mic60 and compared to
untreated cells (Figure 1C and 1D). Compar-
ed to untreated cells, levels of Mic60 and
decreased to 39%+8% and 50%+3%, respec-
tively (n = 3 experiments/group) (Figure 1C and
1D).
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Miclxin-induced Mic60 loss decreases cell vi-
ability and increases cell death

Compared to untreated cells, Miclxin reduced
H9c2 myoblast viability in a concentration-
dependent manner (Figure 2A). H9c2 myo-
blasts were reduced to 96.52%+7% in Miclxin 5
MM, 65.24+3% in Miclxin 10 uM, and 27.53+2%
in Miclxin 20 pyM (n = 4 experiments/group)
(Figure 2B). We also found a time-dependent
decrease in cell viability in Miclxin-treated cells
compared to untreated cells. H9¢c2 myoblast
viability was reduced to 64.41%+3% in Miclxin
after 24 h, 43.25+6% in Miclxin after 48 h, and
13.33%+7% in Miclxin after 72 h (n = 6 experi-
ments/group (Figure 2C). Flow cytometry analy-
ses showed that Miclxin (10 uM) increased
H9c2 cardiomyoblast death compared to
untreated cells (Figure 2D). H9c2 myoblast
death was increased to 149.42%+2% at that
dose (n = 3 experiments/group) (Figure 2D).
Taken together, these results indicate that
Miclxin treatment reduced rat H9¢2 cardiomyo-
blast viability and increased cell death.

Am J Transl Res 2025;17(9):6743-6754
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Figure 2. Miclxin-induced Mic60 decrease reduces the cell viability in a concentration and time dependent man-
ners. A. Image of H9c2 cells in function of Miclxin concentration. Values are expressed as mean = S.D., n = 6/group.
Data were analyzed with One-Way ANOVA; with **P<0.01, and ***P<0.001 vs vehicle (Miclxin O uM). B. graph
shows a concentration-dependent (Miclxin 5, 10 and 20 uM) decrease in cell viability compared to normal cells
(Miclxin O uM). C. Graph shows a time-dependent (24, 48, and 72 h) decrease in cell viability in Miclxin-treated cells
(Miclxin, 10 uM) compared to normal cells (Miclxin O uM). Values are expressed as mean * S.D., n = 6/group. Data
were analyzed with One-Way ANOVA; with **P<0.01, and ***P<0.001 vs vehicle (Miclxin O uM). D. Flow cytometry
analysis of cell death with Propidium iodide shows an increase in the rate of cell death and reduction of the number
of live cells in Miclxin (10 uM) treated group compared to untreated group. Values are expressed as mean + S.D., n
= 3/group. Data were analyzed with unpaired t-test; with ***P<0.001 vs vehicle (Miclxin O uM).

Miclxin reduces cell viability by promoting mi- cells treated with 10 uM Miclxin (n = 3 experi-

tochondrial dysfunction ments/group). This result suggests that Miclxin-
treated mitochondria are more uncoupled than

To assess the mechanism responsible for untreated mitochondria. Together, these results

Miclxin-induced reduction of cell viability, we indicate that treatment with Miclxin induces

determined whether MMP was impacted by dissipation of MMP in H9¢2 myoblasts, which

Miclxin treatment. Numbers of MitoTracker red- induces mitochondrial dysfunction.

positive cells decreased as Miclxin concentra-

tions increased (Figure 3). Miclxin induces mitochondrial dysfunction by
altering mitophagy

We also assessed MMP using JC-1 dye. Com-

pared with untreated cells, ratios of green Next, we studied whether Miclxin’s actions on

(Aggregate)/red (Monomer) fluorescence inten- mitochondria via Mic60 elimination are due to

sity increased as the concentrations of Miclxin altered removal of damaged mitochondria by

increased (Figure 4). Ratios of green/red fluo- mitophagy. We treated H9c2 cells with Miclxin

rescence intensity increased to 784.15+84 at 0, 5, and 10 pM for 24 hours; mitophagy was

(arbitrary units) in cells treated with Miclxin at 5 evaluated based on the number of engulfed

UM, and to 2184.48+156 (arbitrary units) in mitochondria. Using electron microscopy, we
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Figure 4. Mitochondria from cells treated with Miclxin are more uncoupled
compared to normal cell mitochondria. Images of cells (top) and graph (bot-
tom) show an increase in the green (monomer)/red (aggregation) fluores-
cence ratio of JC-1 dye in Miclxin-treated cells (Miclxin 5, and 10 yM) mito-
chondria compared to normal cells mitochondria. Values are expressed as
mean = S.D., n = 3/group. Data were analyzed with One-Way ANOVA; with

autophagy adaptors [24], aff-
ects the action of Miclxin.
Using Western blot analysis,
PINK1 protein levels were
decreased in Miclxin-treated
cells compared to untreated
cells (Figure 6). We also fo-
und that Miclxin treatment
increased ratios of the mic-
rotubule-associated protein
1A/1B-light chain 3 (LC3)
LC3II/LC3l and decreased
p-protein p62/Sequestosome
1 (p62) and total ubiquitin lev-
els compared with untreated
cells (Figure 6). These results
suggest that Miclxin alters

***P<(0.001 vs vehicle (Miclxin O uM).

observed that mitochondrial structural integrity
was preserved in untreated cells compared to
Miclxin-treated cells. Although the number of
mitochondria was not significantly different
between groups, mito-phagosomes were more
abundant after Miclxin treatment versus un-
treated cells (Figure 5). Numbers of engulfed
mitochondria were markedly increased in
treated cells compared to untreated cells, sug-
gesting altered removal of the damaged
mitochondria.

To determine how Miclxin alters mitophagy in
H9c2 cultured cells, we studied how the PINK1
pathway, which is involved in mitophagy via
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mitophagy by deactivation of
the PINK1 pathway.

To confirm this observation, the flux of mitopha-
gy was evaluated using mitodye and lysodye
assays. Mitochondrial autophagosomes fuse
with lysosomes during mitophagy, and the
fluorescence intensity of Mtphagy dye increas-
es. Alteration of mitophagy is associated with
increased lysodye uptake, measuring mito-
chondria engulfed in autophagosomes. As
shown in Figure 7, accumulation of autophago-
somes was markedly increased in cells treated
with 10 yuM Miclxin, similar to cells treated with
CCCP versus untreated cells. Together, these
data support the hypothesis that Miclxin action
via Mic60 elimination involves altered mitopha-
gy, resulting in accumulation of damaged mito-
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Figure 5. Miclxin treatment increases the number of engulfed mitochondrial.
Electron microscopy images of mitochondria in H9c2 cells (magnification
25000x%) from Miclxin-treated cells and normal cells (control) showing a
better mitochondrial structure integrity in untreated mitochondria in which
mitochondrial cristae are intact versus Miclxin-treated mitochondria treated
in which mitochondrial cristae morphology is drastically disrupted and dam-
aged. Note that in Miclxin-treated cells the number of mito-phagosomes
is drastically increased compared to untreated cells suggesting alteration
of the removal of damaged mitochondria. Values are as mean + S.D, n =
6/group. Data were analyzed with One-Way ANOVA; with **P<0.01, and

**%P<0.001 vs vehicle (Miclxin O yM).

chondria that is responsible for mitochondrial
dysfunction.

Discussion

Here, we report that Miclxin treatment
decreased cultured H9c2 cardiomyoblast via-
bility by enhancing Mic60 elimination. This
effect was associated with increased altera-
tions in removal of damaged mitochondria by
mitophagy.

Mitochondria play a crucial role in cardiac cells,
including (but not limited to) energy production,
calcium homeostasis, and regulation of cell
death [25, 26]. The structure of mitochondria
and the protein composition of its inner mem-
brane have received increasing importance in
determining the function of mitochondria in
health and pathophysiology [27, 28]. Mic60 is
now recognized as the core unit of the MINOS
complex - the critical organizer of mitochondrial
cristae morphology, and thus essential for nor-
mal mitochondrial function [29].
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favoring mPTP opening, and
subsequently causes cardio-
myocyte death. Furthermore,
in an I/R model, we found that
loss of Mic60 during early
reperfusion [18] induces dys-
regulation of members of the
mitochondrial carrier family
(SLC25). These carriers pro-
mote an increase in genera-
tion of reactive oxygen spe-
cies that facilitates the re-
lease of mitochondrial DNA into the cytosol.
This activates the signaling pathway that aug-
ments nuclear transcription of pro-inflammato-
ry cytokines that subsequently exacerbate I/R
injury.

Recently, Miclxin was identified as an inhibitor
of Mic60 that induces apoptosis through mito-
chondrial stress in B-catenin mutant tumor
cells [21]. Mic60 dysfunction caused by Miclxin
induced a mitochondrial stress response in a
mutant B-catenin-dependent manner. When we
treated different concentrations of Miclxin in
cultured H9c¢2 cardiomyoblasts, we found that
Miclxin induced a concentration-dependent
reduction of Mic60 protein levels (Figure 1).
This observation, similar to those previously
reported with Mic60 knockdown in H9c2 and
HEK 293 cells transfected with Mic60siRNA
[16], indicates that Miclxin’s mechanism of
action includes dysfunction of Mic60 via its
elimination. Concomitantly, Miclxin reduced
cell viability time in a concentration-dependent
manner (Figure 2B, 2C) and increased cell

Am J Transl Res 2025;17(9):6743-6754
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Figure 6. Miclxin treatment alters mitophagy via the PINK1 mechanism. In the whole-cell lysate, Miclxin treatment
(5 and 10 puM) decreased the protein levels of p62, ubiquitin and PINK1 expression and increased the LC3Il/LC3lI
ratio compared to control (Miclxin, O uM). Values are expressed as mean * S.D., n = 3/group. Data were analyzed
with One-Way ANOVA; with *P<0.05, and **P<0.01 vs vehicle (Miclxin O uM).

death (Figure 2D), suggesting that Miclxin
induces cytotoxic effects by reducing Mic60.
These effects were associated with altered
removal of damaged mitochondria by mitop-
hagy. Furthermore, Miclxin treatment reduced
mitochondrial membrane potential in a concen-
tration-dependent manner (Figures 3 and 4).
This finding supports the conclusion that dys-
regulation of Mic60 by Miclxin contributes to
mitochondrial depolarization, similar to CCCP, a
mitochondrial uncoupler [21]. Supporting this
concept, Miclxin treatment reduced VDAC1 pro-
tein levels similar to its effects on Mic60 (Figure
1).

Decreased mitochondrial membrane potential
triggers removal of dysfunctional mitochondria
by mitophagy via autophagy adaptors [30].
We thus examined whether Miclxin induces
mitochondrial depolarization by changing mi-
tophagy, ultimately exacerbating mitochondrial
stress and accumulation of damaged and dys-
functional mitochondria. We found that Miclxin
decreased Pink1, phosphorylation of P62, and
mitochondrial protein ubiquitination, and was
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associated with an increased LC3II/LC3I ratio
(Figure 6). Accumulation of autophagosomes
was markedly increased in Miclxin-treated cells
compared to untreated cells (Figure 7). These
results suggest that altered mitophagy is part
of Miclxin’'s mechanism of action. Since Miclxin
initiates mitochondrial depolarization, which
promotes sequestration of mitochondria into
autophagosomes [31], our results suggest that
Miclxin alters removal of damaged mitochon-
dria by inhibiting mitophagy dependent on the
PINK1 pathway.

Conclusions

We report that the Miclxin treatment in H9¢c2
cardiomyoblasts increases Mic60 elimination
and thereby increases mitochondrial structural
damage, which results in critical depolarization
of mitochondria. We propose for the first time
that Miclxin-induced altered removal of dam-
aged mitochondria by mitophagy contributes to
mitochondrial dysfunction that is responsible
for reduced cell viability and increased cell
death. The overall mechanism is represented in
Figure 8.
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Figure 7. Miclxin treatment increases accumulation of autophagosome. A.
Fluorescence intensity of brigthfield and mitochondrial Mtphagy Dye (red)
and Lyso Dye (green) in H9c2 cardiomyoblasts; B. Quantitative analyses of
average fluorescence intensity of mitochondrial Lyso Dye in cells. Values are
as mean * S.D., n = 3/group. Data were analyzed with One-Way ANOVA; with
**%P<0.001, vs untreated (control) group (Miclxin O uM), ##P<0.001 (Mi-

clxin 10 uM) vs CCCP group.
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Figure 8. Scheme depicting the mechanism of Miclxin-induced reduction of
H9c¢c2 myoblast viability, which is associated with cell death. Miclxin treat-
ment in H9¢c2 cardiomyoblasts increases Mic60 elimination, which induces
mitochondrial structural damage resulting in critical depolarization of mito-
chondria. The resulted alteration of the removal of damaged mitochondria
by mitophagy facilitates dysfunction of mitochondria that is responsible for
decrease in cell viability and subsequently leading death.

Limitations

razolium bromide;

of its initial inhibition. Further
studies are needed to exam-
ine the effects of Miclxin in
acute conditions.
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Mic60, Inner mitochondrial
membrane protein; ROS, reac-
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tem; MMP, mitochondrial me-
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bonyl cyanide m-chlorophenyl-
hydrazone; LC3, Microtubule-
associated protein 1A/1B-
light chain 3; p62, The prote-
in p62/Sequestosome 1; AlF,
Apoptosis-Inducing Factor; PA-
RP, Poly (ADP-ribose) polyme-
rase; mtDNA, Mitochondrial
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the mitochondrial carrier fa-
mily (SLC25); ETC, electron
transport chain; APOOL, car-
diolipin-binding component of
the MINOS protein complex;
CHCHD, coiled-coil-helix-coil-
ed-coil-helix domain; RIP3, re-
ceptor-interacting protein ki-
nase 3; MTT, 3-(4, 5-dimethy-
Ithiazol-2-yl)-2, 5-diphenyltet-
GAPDH, Glyceraldehyde

3-phosphate dehydrogenase.

We used only rat H9c2 cardiomyoblasts, so the
effects we observed should be confirmed in
another cell line. Also, in vivo studies investigat-
ing the effects of Miclxin are needed. Finally,
while we report that Miclxin induces Mic60
reduction, that effect may be the consequence
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