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Rafoxanide disrupts mitochondrial homeostasis through VDACT
modulation in colorectal cancer cells
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Functional mitochondria are essential for cancer cells, as they sustain oxidative phosphorylation, metabolic flexibility and survival.
Targeting mitochondrial homeostasis has therefore emerged as a promising strategy to sensitize cancer cells to cell death.
Rafoxanide is a halogenated salicylanilide originally developed as a veterinary anthelmintic and described to exert mitochondrial
uncoupling activity in parasitic organisms. Although rafoxanide has been shown to exert potent antitumor activity against
colorectal cancer (CRC), the mechanisms underlying this effect remain incompletely understood. Here, we investigated the impact
of rafoxanide on mitochondrial function and stress responses in CRC cells. Rafoxanide rapidly impaired mitochondrial respiration,
reducing basal and maximal oxygen consumption and ATP-related respiration, and induced a progressive but reversible dissipation
of mitochondrial membrane potential. Integrated transcriptomic, proteomic, and metabolomic analyses revealed that prolonged
rafoxanide exposure resulted in sustained mitochondrial dysfunction, failure of metabolic adaptation, and release of cytochrome ¢
from the mitochondria into the cytosol. Mechanistically, rafoxanide inhibited mitochondrial respiratory chain complexes | and llI,
leading to a rapid increase in total cellular reactive oxygen species. This redox imbalance promoted voltage-dependent anion
channel (VDACT) oligomerization and mitochondrial outer membrane permeabilization. Notably, mitochondrial superoxide
production was reduced at later time points, consistent with the loss of mitochondrial membrane potential rather than the absence
of a cellular oxidative stress response. Finally, proteomic analysis of colonic lesions from a murine model of sporadic CRC, as well as
human CRC explants and intestinal organoids, confirmed that rafoxanide consistently alters mitochondrial protein expression and
function across in vitro, in vivo, and ex vivo systems. In conclusion, our results identify rafoxanide as a modulator of mitochondrial
homeostasis that induces redox-dependent VDAC1 activation and progressive mitochondrial dysfunction in CRC cells, providing

mechanistic insight into its antitumor activity and supporting further exploration of mitochondrial stress modulation as a

therapeutic strategy in CRC.
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INTRODUCTION

Mitochondria are essential organelles that support a wide array
of vital cellular processes, including ATP generation through
oxidative phosphorylation (OXPHOS), maintenance of redox
balance, synthesis of key biosynthetic precursors in the cytosol,
and the orchestration of programmed cell death [1]. These
functions are made possible by their unique architecture, which
comprises an outer mitochondrial membrane (OMM) enclosing
the organelle and a highly invaginated inner mitochondrial
membrane (IMM) forming cristae that maximize the surface area
available for electron transport chain (ETC) complexes and ATP
synthase [1]. Mitochondrial membrane permeability is under
strict control. While the OMM is relatively permeable to small
solutes, the IMM is highly selective to protect the

electrochemical gradient essential for ATP production. Voltage-
Dependent Anion Channel 1 (VDACT) is the most abundant
pore-forming protein in the OMM and a key regulator of its
permeability [2, 3]. Indeed, VDAC1 controls the flux of
metabolites (such as ATP, ADP, pyruvate, and inorganic ions)
between mitochondria and the cytosol, acting in combination
with components of the mitochondrial permeability transition
pore (mPTP). In addition to this metabolic gatekeeping role,
VDACT is involved in the regulation of multiple regulatory
pathways. Indeed, VDAC1 closure upon binding to tubulin
C-terminal tails reprograms cellular bioenergetics by reducing
metabolite exchange [4]. VDAC1 can also interact with
hexokinase to anchor glycolysis to the mitochondrial surface,
stabilizing mitochondrial membrane potential and contributing
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to the Warburg effect [5]. Through these activities, VDAC1 helps
regulate ROS production and mitochondrial homeostasis. In
apoptotic or cell stress conditions, VDAC1 can oligomerize or
coordinate with pro-apoptotic members of the Bcl-2 family, such
as Bax and Bak, promoting the release of cytochrome ¢ and
activating caspases [2, 6]. Thus, VDAC1 is a major determinant of
mitochondrial function and cell fate at the intersection of
metabolism and cell death.

The tight regulation of mitochondrial activity is particularly
relevant to cancer biology. Although mutations in mitochondrial
DNA (mtDNA) are frequently found in tumors [7], leading to the
initial belief that cancer cells rely less on mitochondrial
metabolism, mounting evidence demonstrates that fully func-
tional mitochondria are essential for cancer cell proliferation,
survival, and metastatic progression [8, 9]. Indeed, functional
mitochondria supply rapidly dividing cells with ATP, NADH, and
biosynthetic intermediates, including pyrimidines, lipids, and
tricarboxylic acid (TCA) cycle-derived metabolites. Interfering with
these processes often results in mitochondrial dysfunction and cell
death, highlighting mitochondrial metabolism as a therapeutic
vulnerability. Accordingly, compounds that impair mitochondrial
activity or alter bioenergetic flux have emerged as promising
adjuvants or sensitizers in cancer therapy [10, 11].

Among such compounds, mitochondrial uncouplers represent
a class of molecules that disrupt OXPHOS by collapsing the
proton motive force, thereby disconnecting ETC activity from
ATP synthesis. Although classical uncoupling is typically
associated with loss of mitochondrial membrane potential,
reduced ATP synthesis, and metabolic stress, ultimately leading
to cell death [12-14], accumulating evidence indicates that the
biological consequences of uncoupling in mammalian cells are
highly context-dependent. In particular, partial or transient
uncoupling can modulate mitochondrial redox balance, electron
transport chain activity, and stress signaling pathways without
necessarily causing an immediate bioenergetic collapse or overt
cytotoxicity.

Several compounds originally developed as mitochondrial
uncouplers in non-mammalian systems, including halogenated
salicylanilides, have recently attracted interest in oncology due to
their ability to interfere with cancer cell metabolism, stress
adaptation, and survival. In colorectal cancer (CRC), salicylanilide
derivatives such as niclosamide ethanolamine (NEN) and oxyclo-
zanide have been shown to impair tumor growth and migration,
yet their antitumor activity cannot be fully explained by a simple
uncoupling model. Rather, these molecules appear to reprogram
mitochondrial function and cellular stress responses through
mechanisms that remain incompletely defined.

Rafoxanide is a halogenated salicylanilide originally developed
as a veterinary anthelmintic and described to exert mitochondrial
uncoupling activity in helminths [15]. However, increasing
evidence indicates that salicylanilide compounds can exert diverse
and context-dependent biological effects in mammalian cells,
extending beyond canonical uncoupling mechanisms. We pre-
viously reported that rafoxanide selectively inhibits CRC cell
proliferation, while sparing normal colonic epithelial cells, both
in vitro and in vivo, including patient-derived CRC explants. These
effects were associated with the activation of the endoplasmic
reticulum (ER) stress response followed by caspase-dependent
apoptosis [16]. Moreover, rafoxanide was shown to suppress
STAT3/NF-kB signaling at multiple levels within the CRC micro-
environment and to reduce inflammation-associated colon
tumorigenesis in vivo [17]. Together, these findings suggest that
the drug may interfere with fundamental stress-adaptation
pathways in cancer cells, rather than acting as a non-specific
cytotoxic agent.

Despite its classification as an uncoupler in parasitic organisms,
it remains unclear whether rafoxanide induces a comparable
bioenergetic collapse in mammalian tumor cells or instead elicits a
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more nuanced modulation of mitochondrial function. In particular,
the contribution of mitochondrial outer membrane regulators,
such as VDACIT, to rafoxanide-induced cellular stress and cell
death has not been explored. Whether mitochondrial dysfunction
represents a primary trigger or a downstream consequence of
rafoxanide-mediated ER stress and carcinogenetic pathway
inhibition remains an open and mechanistically relevant question.
In this study, we investigated the impact of rafoxanide on
mitochondrial homeostasis in CRC cells, with particular focus on
VDAC1 regulation, mitochondrial membrane potential, redox
balance, and the execution of programmed cell death.

RESULTS

Rafoxanide impairs mitochondrial oxygen consumption and
decreases mitochondrial membrane potential in CRC cells

To evaluate whether rafoxanide impairs mitochondrial activity in
CRC cells, we quantified mitochondrial oxygen consumption rate
(OCR) in HCT116 and DLD1 cell lines at different time points (15,
30, and 60 min) upon stimulation with rafoxanide (2.5 uM).
Rafoxanide inhibited the overall mitochondrial OCR in HCT116
(Fig. 1A) and DLD1 cells (not shown) already after 15 min post-
treatment. In particular, basal and maximal respiration were
downregulated by rafoxanide compared to control (DMSO)
(Fig. 1B), while non-mitochondrial oxygen consumption rate
remained unaltered (Fig. 1B), suggesting a specific impairment
of mitochondrial activity by the anthelmintic drug. Rafoxanide-
treated HCT116 cells also underwent a progressive mitochondrial
membrane potential (MMP) dissipation starting from 30 min
post-treatment without affecting cell viability (Fig. 1C and Suppl.
Figs. 1 and 2). Notably, the MMP dissipation observed in
HCT116 stimulated with rafoxanide for 1h was fully reversible
upon compound removal, thereby excluding non-specific toxic
effects of the drug (Suppl. Fig. 3). Comparable alterations in MMP
were detected in DLD1 cells (Suppl. Fig. 4A) but not in the human
normal colonic epithelial cell line HCEC-1CT (Suppl. Fig. 5A).

Prolonged treatment with rafoxanide affects mitochondrial

function and promotes cytochrome c release to the cytosol

To evaluate the effects of prolonged rafoxanide treatment on CRC
cell mitochondrial function, we analyzed the transcriptomic,
proteomic, and metabolomic profiles of HCT116 and DLD1 cells
treated with the drug for 24 h, a time point selected based on
previous observations that rafoxanide exerts antitumor activity
without inducing overt cell death at this stage [16]. Data from the
transcriptome analysis revealed a significant downregulation of
several genes related to mitochondrial components and activity
in rafoxanide-treated CRC cells compared to the control (DMSO)
(120 out of 137 genes in HCT116 cells and 245 out of 370 genes in
DLD1 cells) (Fig. 2A and Suppl. Fig. 4B). In particular, the most
downregulated genes in HCT116 cells include ATP8BI1, that
regulates mitochondrial membrane lipid composition, COX18,
which is critical for Complex IV assembly and oxidative
phosphorylation, and CYB5B, which supports mitochondrial
lipid/steroid metabolism via electron transfer (Fig. 2A). In
DLD1 cells, instead, ATP synthase assembly resulted to be
compromised, with ATP5G3 and ATPJ2 genes among the most
downregulated genes, together with TRM10CT gene, which is
involved in mitochondrial tRNA processing/modification (Suppl.
Fig. 4B). Interestingly, these alterations were not observed in
HCEC-1CT cells (Suppl. Fig. 5B). Proteomic analysis confirmed a
decreased expression of proteins associated with mitochondrial
components and function in rafoxanide-treated HCT116 cells
compared to control (DMSO). In particular, most of them were
associated with the mitochondrial inner membrane (e.g., several
mitochondrial ribosomal small (MRPS) and large (MRPL) subunit
proteins, and electron transfer within the mitochondrial respira-
tory chain, in particular mitochondrial Complex | (e.g., NDUFA1,
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Fig. 1 Rafoxanide impairs mitochondrial respiration and membrane potential in CRC cells. A Representative bioenergetic profile obtained
by measuring oxygen consumption rate (OCR) of HCT116 cells after treatment with either rafoxanide (RFX, 2.5 uM) or vehicle (DMSO) for 15,
30, and 60 min. B The histograms show indices of mitochondrial respiratory function. Data are expressed as fold change of mean values + SEM
with the DMSO control set to 1 of 3 independent experiments. Differences among groups were compared using one-way analysis of variance
(ANOVA) followed by the Tukey test (****P<.0001). C Left panel: representative dot plots from flow cytometry analysis showing JC-1
fluorescence in HCT116 cells treated with rafoxanide (RFX, 2.5 pM) or DMSO (vehicle) for 15, 30, and 60 min. JC-1 aggregates indicate polarized
mitochondria, whereas JC-1 monomers indicate mitochondrial membrane depolarization. Numbers indicate the percentage of cells in the
designated quadrants. Right panel: bar plots showing the fraction of depolarized mitochondria in HCT116 cells treated as indicated in panel
(€). Values are mean + SEM of 3 independent experiments. Differences among groups were compared using one-way ANOVA followed by
Tukey’s post hoc test (*P <.05, **P <.01, ***P <.001).

NDUFA9, NDUFS) (Fig. 2B, C). Similar results were obtained in In line with this hypothesis, prolonged rafoxanide exposure
rafoxanide-treated DLD1 cells (Suppl. Fig. 4C, D). Additionally, further exacerbated MMP depolarization at 12 and 24 h, which
both cell lines exhibited significant downregulation of common was accompanied by the translocation of cytochrome ¢ from the
metabolic pathways, including the malate-aspartate shuttle, urea mitochondria to the cytosol (Fig. 3 and Suppl. Fig. 6), a hallmark of

cycle, methionine metabolism, and arginine and proline meta- early apoptotic signaling [18, 19]. At later time points (36 h), these
bolism, confirming mitochondrial dysfunction, energy imbalance, mitochondrial alterations were followed by increased cell death
and oxidative stress. (Fig. 2D and Suppl. Fig. 4E). These (Suppl. Fig. 6). Collectively, these findings demonstrate that
transcriptional and proteomic changes suggest that CRC cells fail rafoxanide induces persistent mitochondrial impairment in CRC
to adapt to sustained mitochondrial stress induced by rafoxanide. cells, ultimately committing them to apoptotic cell death.

Cell Death Discovery (2026)12:142 SPRINGER NATURE



L. Tomassini et al.

0 HE l ‘;
NOOT AT I NN -ANDODS ONOLOLCHD T 0k O©NALS oN-®ONNOOD
< 1w B mw =t << <o o = o = oD dvw v - N®O®
ENSEK’E%E_)&EEOO<CQ08000XX§£9§L||—_<8L—LEEDOOQ__I_I_I_I_I_|
<LEREEE<EEER §£50CS88850ZH308 “LoSSgEEReRi | °
R <k <t < 08 o o O X = SS==535°= i B
3 5
N N 0%
eSS AR ST 22l BR8800083>53%ac83832382 48
ﬂ_—l—lmi'BEwn_n:u_u.<<u_u_<<mu_u_u_u_u_u_u_u_u_u_u.mn.8§§lx§90:
trﬂ-D-n_mwc\.n:§|—D'—'—%DDU.LLU.::):)D::)D:):)DD:)O§§oDLul—O
=55%z22="°23322833382222288¢88¢8¢%2 355°2¢¢S ’
s s ==z Z2 2z = = EES I‘_3
-4
Mitochondrial pathways downregulated
in RFX-treated HCT116
& mitochondrial inner membrane @)
i mitochondrial electron transport, NADH to ®
ubiquinone
°
2 8 i ; : ;
& mitochondrial matrix O
()} .
= o . . . Count
™ mitochondrial proton-transporting ATP ®
Q synthase complex ¢ @ 10
%4 . @ 20
mitochondrial intermembrane space €] . 30
o , . _ 40
mitochondrial calcium ion transport €] .
! } ! ! ! ! mitochondrial respiratory chain )
-40 -20 o 20 40 60
0, . .
PC 1(19.6%) mitochondrial outer membrane [}
mitochondrial fission ®
integral component of mitochondrial o
inner membrane
12 10 8 6 4 2 O
-log10(FDR)

Metabolic pathways downregulated
in RFX-treated HCT116

Malate-Aspartate Shuttle

Methionine Metabolism

Arginine and Proline Metabolism

Threonine and 2-Oxobutanoate Degradation
Transfer of Acetyl Groups into Mitochondria
Urea Cycle

Lysine Degradation

I T T T T 1
0.0 0.5 1.0 1.5 2.0 25
-log10 (p-value)
Fig. 2 Prolonged treatment with rafoxanide affects mitochondrial function. A Heatmap showing the differentially abundant genes
associated with mitochondria, ranked by log2 fold-change (log2FC). Results were obtained from the comparison between HCT116 cells
treated with rafoxanide (RFX, 2.5 pM) or DMSO (vehicle) for 24 h. B Principal Component Analysis (PCA) representation of the proteomic profile
of HCT116 cells treated with rafoxanide (orange) or DMSO (green) for 24 h. C Lollipop plot showing the top 10 downregulated proteomic
pathways ranked by -log10 false discovery rate (-log10FDR), calculated on the set of significantly downregulated mitochondrial proteins in
HCT116 cells treated as indicated in panel (B). D Metabolic pathway enrichment analysis performed using SMPDB (The Small Molecule
Pathway Database) on the set of significantly downregulated metabolites identified in HCT116 cells treated as indicated in panel (B).
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Fig. 3 Prolonged rafoxanide treatment promotes cytochrome c release into the cytosol. A Representative western blot and densitometry
analysis of cytochrome ¢ and TOM20 positive bands in mitochondrial fractions from HCT116 cells treated with rafoxanide (RFX, 2.5 uM) or
DMSO (vehicle) for 24 h. Values are mean + SEM of 3 independent experiments. Differences between groups were analyzed using a two-tailed
Student’s t-test (**P < 0.01). B Representative western blots and densitometry analysis of cytochrome ¢ and GAPDH positive bands in cytosolic
fractions from HCT116 cells treated as indicated in panel (A). Values are mean + SEM of 3 independent experiments. Differences between
groups were analyzed using a two-tailed Student’s t-test (*P <0.05). C Representative immunofluorescence images of the localization of
cytochrome c (red) within HCT116 cells treated as indicated in panel (A). In control cells, cytochrome ¢ displays a punctate mitochondrial
staining pattern, whereas rafoxanide treatment results in a diffuse cytosolic distribution. Nuclei are stained with DAPI (blue).

Rafoxanide promotes VDAC1 opening in CRC cells

A key step in mitochondria-mediated apoptosis is the oligomeriza-
tion of VDAC1, a highly abundant protein of the mitochondrial
outer membrane [2, 20]. Upon stimulation by apoptotic inducers,
VDAC1 forms a large channel that allows the release of cytochrome
¢ and other pro-apoptotic proteins, as well as metabolites, from
mitochondria into the cytosol [3, 8, 21-23]. We therefore
investigated whether rafoxanide could induce mitochondrial
dysfunction by promoting the opening of VDAC1. HCT116 cells
were treated with rafoxanide for different time points (i.e,, 5, 15, 30,
and 60 min), and the oligomeric state of VDAC1 was assessed by
western blotting. Of note, VDAC1 dimer levels were increased as
early as 5 min following rafoxanide treatment compared to control
(DMSO) (Fig. 4). As expected, pre-treatment with a specific VDAC1
inhibitor (VBIT12, 40 uM) effectively prevented rafoxanide-induced
VDAC1 oligomerization at 60 min (Fig. 4). Overall, these results
indicate that rafoxanide promotes VDAC1 oligomerization, thereby
facilitating cytochrome c release from mitochondria to the cytosol.

Rafoxanide promotes VDAC1 opening through mitochondrial
respiratory chain impairment and induction of cellular
oxidative stress

We next sought to elucidate the mechanism underlying rafoxanide-
mediated VDAC1 opening. Although the exact molecular events
governing VDACT oligomerization remain incompletely defined,
previous studies suggest that this process is modulated by

Cell Death Discovery (2026)12:142
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Fig. 4 Rafoxanide promotes VDAC1 oligomerization. Representa-
tive western blots showing VDAC1 monomeric and dimeric forms,
together with B-actin, in HCT116 cells pre-treated or not with the
specific VDACT inhibitor VBIT12 (40 uM) for 2 h and then stimulated
with rafoxanide (RFX, 2.5pM) or DMSO (vehicle) for 5, 15, 30, and
60 min. One of 3 independent experiments in which similar results
were obtained is shown.

intracellular Ca®* levels and redox status [24, 25]. We first assessed
ROS production following rafoxanide treatment. A rapid increase in
total cellular ROS was detected in HCT116 cells as early as 5 min after
treatment with rafoxanide compared to control (DMSO) (Fig. 5A).

SPRINGER NATURE
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Fig. 5 Rafoxanide-induced inhibition of mitochondrial complexes | and Ill triggers a ROS-dependent VDAC1 activation and

mitochondrial membrane depolarization in CRC cells. A Detection of total cellular reactive oxygen species (ROS) by fluorescence intensity
measurement in HCT116 cells pre-treated or not with the ROS scavenger NAC (1 mM) for 1 h and then incubated with fluorescence probe
DCFDA. After 30 min, cells were washed and stimulated with rafoxanide (RFX, 2.5 pM) or DMSO (vehicle). Fluorescence intensity was measured at
the baseline and after 5, 15, 30, and 60 min upon stimulation. Differences among groups were compared using one-way analysis of variance
(ANOVA) followed by the Tukey’s post hoc test (*P < 0.05, **P < 0.01). One of 3 independent experiments where similar results were obtained.
B Representative western blots showing VDACT monomeric and dimeric forms, together with p-actin, in HCT116 cells pre-treated or not with the
ROS scavenger NAC (1 mM) for 1h and then stimulated with rafoxanide (RFX, 2.5uM) or DMSO (vehicle) for 1h. One of 3 independent
experiments in which similar results were obtained is shown. C Left panel: representative flow cytometry dot plots showing JC-1 fluorescence in
HCT116 cells treated as indicated in panel (B). JC-1 aggregates indicate polarized mitochondria, whereas JC-1 monomers indicate mitochondrial
membrane depolarization. Numbers indicate the percentage of cells in the designated quadrants. Right panel: quantification of the fraction of
cells with depolarized mitochondria. Values are mean + SEM of 3 independent experiments. Differences among groups were compared using
one-way ANOVA followed by Tukey’s post hoc test (**P < 0.01, ***P < 0.001). D, E Complex | (D) and complex Il (E) activity assays were performed
spectrophotometrically in HCT116 cells stimulated with rafoxanide (RFX, 2.5 pM) or DMSO (vehicle) for 5 and 15 min. Values are mean + SEM of 3
independent experiments. Differences among groups were compared using one-way ANOVA followed by Tukey’s post hoc test (*P <0.05,
**P<0.01). F Calcium mobilization was measured by flow cytometry in HCT116 cells stained with the 520-AM dye for 30 min, washed, and
stimulated with rafoxanide (RFX, 2.5 uM), DMSO (vehicle), or ionomycin (positive control). Samples were acquired by flow cytometry at the
baseline and immediately after stimulation. One of 3 independent experiments in which similar results were obtained is shown.
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Pre-treatment with N-acetyl-l-cysteine (NAC, 1 mM), a potent ROS
scavenger, markedly reduced VDACT oligomerization and attenu-
ated mitochondrial membrane potential dissipation induced by
rafoxanide at 60 min (Fig. 5B, C), indicating that ROS signaling plays
a key role in promoting VDAC1 opening and mitochondrial
dysfunction. In contrast, stimulation with rafoxanide did not elicit
a robust increase in cytosolic Ca®* levels under our experimental
conditions (Fig. 5D), suggesting that Ca** flux modulation is not the
primary driver of VDAC1 activation in this context. Since impairment
of OXPHOS is known to disrupt electron flow within the
mitochondrial respiratory chain, leading to altered redox home-
ostasis [26], we investigated the effect of rafoxanide on respiratory
chain activity. Exposure to rafoxanide for 5 or 15 min significantly
inhibited the activity of both mitochondrial complex | and complex
Il in HCT116 cells (Fig. 5E, F). Despite this early inhibition,
mitochondrial superoxide production measured by MitoSOX was
reduced following rafoxanide treatment, starting from 15 min
(Suppl. Fig. 7). This apparent discrepancy is consistent with the
progressive loss of mitochondrial membrane potential observed
upon rafoxanide exposure, as mitochondrial depolarization is known
to suppress superoxide generation at the respiratory chain despite
the presence of a broader cellular oxidative stress response [27].
Collectively, these findings indicate that rafoxanide rapidly
inhibits mitochondrial complexes | and Ill, leading to mitochon-
drial depolarization and suppression of mitochondrial superoxide
production, while concomitantly inducing a ROS-dependent
cellular stress response that promotes VDAC1 opening and
contributes to mitochondrial dysfunction in CRC cells.

Rafoxanide induces mitochondrial dysfunction in murine and
patient-derived CRC models

Subsequently, we evaluated whether rafoxanide affected mito-
chondrial function in vivo using a murine model mimicking
sporadic CRC (Fig. 6A). At week 28, animals were sacrificed and
colonic lesions collected for proteomic analysis. Rafoxanide-
treated mice developed fewer and smaller lesions compared to
controls (Fig. 6B), with a reduced frequency of Ki67* proliferative
tumor cells (Fig. 6C), indicating an inhibitory effect on tumor
growth in vivo. Proteomic profiling of colonic tumor samples
revealed marked alteration in mitochondrial protein expression
following rafoxanide treatment (Fig. 6D, E). In particular,
differential analyses identified 58 mitochondrial proteins that
were significantly modulated (41 upregulated and 17 down-
regulated) in tumors from rafoxanide-treated mice compared
with controls. Of note, rafoxanide treatment was associated with
downregulation of proteins involved in pyruvate metabolism
(e.g., DId, Fahd1), tricarboxylic acid (TCA) cycle activity (e.g., DId,
Sdhb), and chromatin-associated factors linked to senescence-
associated heterochromatin organization (e.g.,, Hmgal, Hmga1lb),
which are known to be influenced by mitochondrial dysfunction
[28] (Fig. 6E). In contrast, proteins involved in mitochondrial
protein degradation (such as Clpp) and fatty acid beta-oxidation
(e.g., Acadvl, Acot2, Hadha) were upregulated, suggesting a state
of metabolic stress and a compensatory shift in metabolism due
to the need for alternative energy sources (Fig. 6E). In line with
these findings, mitochondrial proteomic analysis performed on
CRC patient-derived explants and intestinal organoids treated
with rafoxanide also revealed marked changes in mitochondrial
protein expression (Fig. 7A, B). Differential analyses in rafoxanide-
treated CRC patient-derived explants revealed 136 mitochondrial
proteins with altered expression (33 upregulated and 103
downregulated). Most of the proteins that are downregulated
were linked to mitochondrial organization, such as several
mitochondria ribosomal large subunit proteins (e.g., Mrpl-11,
-15, -27, -45, -49, and -51), which are essential for protein
synthesis within mitochondria, as well as proteins involved in
electron transport chain activity (e.g., Atp5fle, Atp5pf, Cox5b,
Cox6c, Cox7a2l, Ndufa7, Ndufa8 and Ndufs6) (Fig. 7A).
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Mitochondrial proteomic profiling in human CRC organoids (a
total of 99 differentially expressed mitochondrial proteins, with 55
upregulated and 44 downregulated) confirmed a significant
impairment of proteins related to mitochondrial gene expression
(such as mitochondrial ribosomal subunit proteins like Mrps9 and
Mrps30, as well as Mrpl20 and Mrpl49) and fission (including
Pgam5, Mff, Marchf5) following rafoxanide treatment (Fig. 7B).
Importantly, several proteins associated with mitochondrial
membrane permeabilization and stress signaling were found to
be modulated in rafoxanide-treated samples (e.g., Bcl2l1, Ppif),
consistent with enhanced mitochondrial membrane permeability
and dysfunction (Fig. 7B).

Altogether, these in vivo and ex vivo data support the notion
that rafoxanide induces mitochondrial stress and dysfunction in
CRC tissues, in agreement with our in vitro findings.

DISCUSSION

In this study, we investigated the impact of the halogenated
salicylanilide rafoxanide on mitochondrial homeostasis in CRC
cells. Our results demonstrate that rafoxanide induces a progres-
sive and selective mitochondrial dysfunction, instead of a sudden
bioenergetic collapse, affecting CRC cells both in vitro and in vivo
while sparing normal colonic epithelial cells. This mitochondrial
stress response is characterized by early inhibition of mitochon-
drial respiration, gradual dissipation of MMP, and failure of cancer
cells to adapt to sustained mitochondrial perturbation. Rafoxanide
rapidly impaired mitochondrial oxygen consumption and reduced
both basal and maximal respiration, indicating an early functional
inhibition of oxidative phosphorylation. Importantly, this effect
was initially reversible, as removal of the drug restored MMP,
arguing against non-specific cytotoxicity.

However, prolonged exposure resulted in coordinated tran-
scriptional, proteomic, and metabolic reprogramming that ulti-
mately prevented CRC cells from restoring mitochondrial function.
These findings indicate that rafoxanide induces a sustained
mitochondrial stress state that CRC cells are unable to compensate
for over time.

Mechanistically, our data reveal that rafoxanide inhibits
mitochondrial respiratory chain complexes | and lll, leading to
profound alterations in cellular redox homeostasis. Although
mitochondrial superoxide production was reduced by rafoxanide,
total cellular ROS levels were rapidly increased. This distinction
underlines that rafoxanide elicits a ROS-dependent cellular stress
response that contributes to mitochondrial dysfunction rather
than acting as a classical pro-oxidant at the mitochondrial level.

A central finding of this work is the identification of VDAC1 as a
critical effector linking redox stress to mitochondrial outer
membrane permeabilization. VDAC1 oligomerization is a well-
established mechanism controlling the release of cytochrome ¢
and other pro-apoptotic factors from mitochondria [25]. We
demonstrate that rafoxanide promotes rapid and sustained
VDAC1 oligomerization in CRC cells, an effect that is significantly
attenuated by ROS scavenging. These observations support a
model in which redox imbalance induced by mitochondrial
respiratory chain inhibition promotes VDAC1 opening, thereby
committing cells to apoptosis [20, 29]. While we cannot exclude
the possibility that rafoxanide may also directly interact with
VDAC1, this remains speculative and will require future structural
and biochemical studies.

A striking feature of rafoxanide is its selectivity toward CRC cells,
sparing normal colonic epithelial cells. Cancer cells typically
exhibit elevated basal ROS levels and increased reliance on
mitochondrial metabolism, rendering them more susceptible to
additional mitochondrial and redox stress. In this context,
rafoxanide-induced disruption of mitochondrial function may
selectively exceed the adaptive capacity of CRC cells, while
normal cells remain largely unaffected.
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Fig. 6 Rafoxanide alters mitochondrial activity in vivo. A Schematic overview of the experimental protocol used to induce sporadic CRC in
mice. B Scatter plots showing the number and size of tumors developed in mice receiving an intraperitoneal (i.p.) injection of azoxymethane
(AOM; 10 mg/kg) once weekly for 6 weeks. After 20 weeks following the first injection, mice were treated with rafoxanide (AOM + RFX, 7.5 mg/
Kg, i.p, n = 8) or not (AOM, n = 6) every other day, for an additional 8 weeks. Values are mean + SEM, and each point represents a single mouse.
Differences between groups were analyzed using a two-tailed Student’s t-test (***P < 0.001). C Representative immunohistochemistry images
and quantification of Ki67-positive cells in colonic tumors from mice treated as indicated in panel (B). Scale bars: 50 pm. The scatter plot
indicates the mean number of Ki67-positive cells per field, counted in four different fields per section. Differences were analyzed using a two-
tailed Student’s t-test (*P <.05). D Principal Component Analysis (PCA) representation of the proteomic profile of colonic tumors isolated from
mice treated (orange) or not (green) with rafoxanide, as indicated in panel (B). E Lollipop plot showing the downregulated (blue) and
upregulated (red) proteomic pathways ranked by -log10 false discovery rate (-log10FDR), calculated on the set of significantly downregulated
and upregulated mitochondrial proteins in colonic tumors isolated from mice treated as indicated in panel (B).

Our findings also integrate well with our previous observations
that rafoxanide induces ER stress and suppresses pro-
inflammatory signaling in CRC. While mitochondrial dysfunction
was not evident at early time points in our earlier studies (that is,
5-15min) [16], we now demonstrate that mitochondrial depolar-
ization becomes detectable within 30 min of treatment. We
propose that rafoxanide-induced redox imbalance serves as a
unifying upstream signal linking mitochondrial dysfunction and ER
stress, consistent with literature linking oxidative stress, misfolded
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protein accumulation, and activation of the unfolded protein
response [30, 31].

Importantly, the relevance of these mechanisms extends
beyond in vitro systems. By employing a murine model
mimicking sporadic CRC, as well as patient-derived CRC
explants and intestinal organoids, we demonstrate that
rafoxanide alters mitochondrial protein expression and meta-
bolic pathways in tumor tissues. These data reinforce the
translational relevance of our findings and indicate that
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Fig. 7 Rafoxanide alters mitochondrial activity in CRC patient-derived samples. A Lollipop plot showing the downregulated (blue) and
upregulated (red) proteomic pathways ranked by -log10 false discovery rate (—log10FDR), calculated on the set of significantly downregulated
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calculated from the set of differentially expressed mitochondrial proteins in CRC patient-derived intestinal organoids treated with rafoxanide
(10 uM, n = 3) or vehicle (DMSO, n = 3) for 24 h.
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rafoxanide-induced mitochondrial stress is a conserved feature
across experimental systems.

Mitochondrial-targeting strategies, including partial uncoupling
and modulation of mitochondrial stress responses, have emerged
as promising approaches in cancer therapy [32-35]. Previous
studies on compounds such as BAM15, nitazoxanide, and
niclosamide support the notion that controlled mitochondrial
dysfunction can impair tumor growth without inducing overt
toxicity. In this context, rafoxanide appears to act as a modulator
of mitochondrial homeostasis, rather than as a classical uncoupler,
engaging mitochondrial and ER stress pathways to promote CRC
cell death.

While our results support the potential of rafoxanide as an
anticancer agent, further pharmacological and toxicological
evaluation will be required before clinical translation. Notably,
rafoxanide is not currently approved for human use, although
other halogenated salicylanilides, such as niclosamide, have
demonstrated a favorable safety profile and are under clinical
investigation in oncology (NCT05188170, NCT02807805) [35, 36].
Our observations in patient-derived organoids, together with
preliminary evidence of limited toxicity in non-tumor human cells,
provide a rationale for continued preclinical development.

In conclusion, our study identifies rafoxanide as a compound
that disrupts mitochondrial homeostasis in CRC cells through
respiratory chain inhibition, redox-dependent VDAC1 activation,
and progressive mitochondrial dysfunction, ultimately leading to
programmed cell death. These findings provide mechanistic
insight into the antitumor activity of rafoxanide and support
further exploration of mitochondrial stress modulation as a
therapeutic strategy in CRC.

MATERIALS AND METHODS

Animals

Balb/c mice were obtained from the Charles River Laboratories (Lodi, Italy)
and maintained in filter-topped cages on autoclaved food and water at the
University of Rome “Tor Vergata” animal facility (Rome, Italy). All animal
studies were reviewed and approved by the Institutional Animal Care and
Use Committee of the University of Rome Tor Vergata and the lItalian
Ministry of Health (Protocol 152/2023-PR).

Experimental model of mouse sporadic CRC
To induce sporadic CRC, co-housed 7-8-week-old female Balb/c mice
received an intraperitoneal (i.p.) injection of azoxymethane (AOM, 10 mg/
kg, #A5486, Sigma Aldrich, St Louis, Missouri, USA) once a week for 6 weeks
[37]. After 20 weeks, mice were randomly divided into two groups and
given rafoxanide (7.5 mg/Kg, #R0108, Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) or vehicle [10% DMSO (#D2438, Sigma Aldrich) in PBS], every
other day by i.p. injection until sacrifice (week 28). Colonoscopy was
carried out two days before sacrifice in a blinded manner for monitoring of
tumorigenesis using the Coloview high-resolution mouse endoscopic
system (Karl Storz, Tuttlingen, Germany). The lesions observed during
endoscopy were counted to obtain the total number of lesions. The size of
all lesions in a given mouse was scored using the protocol described by
Becker et al. [38]. The tumor score of each lesion was less than the
maximum approved by the local Institutional Animal Care and Use
Committee.

The dose of rafoxanide was selected according to the one currently used
in veterinary treatment (i.e., 7.5-10 mg/kg).

Patients

Tissue samples were taken from the tumor area of 9 patients who
underwent colon resection for sporadic CRC (all with TNM stages II-lll) at
the Tor Vergata University Hospital and used for intestinal organ culture or
to generate intestinal organoids. No patients received radiation therapy or
chemotherapy prior to surgery. All human research was reviewed and
approved by the ethics committee of the Tor Vergata University Hospital
(protocol n° RS.131.17). Informed consent was obtained from all human
research participants. The study methodologies adhered to the standards
set by the Declaration of Helsinki.
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Cell cultures and reagents

The human CRC cell line HCT-116 was obtained from ATCC and maintained
in McCoy's 5A medium (#MCC-A, Capricorn Scientific, Ebsdorfergrund,
Germany) supplemented with 10% fetal bovine serum (FBS) (D104#,
Diagnovum, Greifswald, Germany) and 1% penicillin/streptomycin (P/S,
#PS-B, Capricorn Scientific). The human CRC cell line DLD1 was obtained
from ATCC and was maintained in RPMI-1640 medium (#RPMI-STA,
Capricon Scientific) supplemented with 10% FBS and 1% P/S. The human
normal colonic epithelial cell line HCEC-1CT was obtained from EVERCYTE
GmbH (Vienna, Austria) and maintained in ColoUp medium (#MHT-039,
EVERCYTE GmbH).

Cell lines were recently authenticated by short tandem repeat (STR) DNA
fingerprinting using the PowerPlex 18D System kit according to the
manufacturer’s instructions (#DC1802, Promega, Madison, Wisconsin, USA).
The STR profiles of all cell lines matched the known DNA fingerprints.
HCT116 cells were pre-treated for 2 h with the VDAC1 inhibitor VBIT12
(40 uM, #58936, Selleck Chemicals LLC, Houston, Texas) to block VDAC1
oligomerization or for 1 h with N-acetylcysteine (NAC, 1 mM, #A0150000,
Sigma Aldrich) to decrease reactive oxygen species (ROS) level.

Organ culture

Organ culture experiments were carried out as previously described [39].
Briefly, human CRC explants were placed on Millicell inserts in a 6-well
plate containing complete RPMI-1640 medium in the presence of DMSO
(vehicle) or 10 uM rafoxanide for 16 h. Culture was carried out in an organ
culture chamber at 37 °C in a 5% C0,/95% O, atmosphere.

Patient-derived organoids

Patient-derived organoids were established and maintained in culture
medium as previously described [40], and expanded by passaging every
5-7 days. For proteomic analyses, 1x10° cells to form organoids per
condition were seeded in 6-well plates within 5 domes of Matrigel®
(#CLS356239, Corning, New York, USA) and overlaid with complete growth
medium. After overnight culture, organoids were treated with rafoxanide
(10 uM) or vehicle (DMSO). Samples were harvested at 24 h post-treatment
and pelleted for further analyses.

Chemical cross-linking

HCT116 and DLD1 were treated with rafoxanide (2.5 uM) or vehicle (DMSO)
for 15, 30, and 60 min. Cells were then washed twice with PBS and cross-
linked by incubation with ethylene glycol bis (succinimidyl succinate) (EGS,
0.5mM, pH 7.4) for 30 min at room temperature. The reaction was
qguenched by adding Tris-HCl 1.5 M, pH 7.8, for 5min. Cells were then
centrifuged at 12000 g for 5 min and lysed on ice. Samples were subjected
to SDS-PAGE and immunoblotting using an anti-VDAC1 antibody (1:500
dilution, sc-390996, Santa Cruz Biotechnology, Dallas, Texas, USA)

Flow cytometry measurement of mitochondrial membrane
potential

To measure the mitochondrial membrane potential, HCT116, DLD1, and
HCEC-1CT cells were stimulated with rafoxanide (2.5 uM) or vehicle (DMSO)
for 15, 30, and 60min. Cells were harvested and stained with the
tetraethylbenzimidazolylcarbocyanine iodide dye (JC1, 4 uM, #T3168, Invitro-
gen) for 15 min or with 3,3"-Dihexyloxacarbocyanine lodide (DiOC6(3), 40 nM,
#D273, Invitrogen) dye and propidium iodide (PI, 5 pug/ml, # 537060, Sigma
Aldrich) for 20 min at 37 °C. Cells were then washed with PBS and analyzed
by flow cytometry.

Reactive oxygen species detection

Intracellular ROS production was assessed in HCT116 cells using the
2/,7'-dichlorofluorescin diacetate (DCFDA) Cellular ROS Detection Assay Kit
(#ab113851, Abcam, Cambridge, United Kingdom) according to the
manufacturer’s protocol and measured using DXT880 Multimode detector
(Excitation 488 nm, Emission: 530 nm, Beckman Coulter, Brea, California,
USA). Levels of mitochondrial ROS were quantified by flow cytometry using
the mitochondrial superoxide indicator MitoSOX (#M36008, Invitrogen)
according to the manufacturer’s instructions.

Intracellular Ca2* measurement
Intracellular Ca2* mobilization was assessed by flow cytometry (Excitation
488 nm, Emission: 530 nm) using the fluorescence-based assay Calcium
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Flux Assay Kit (Cal-520 AM dye, #ab233472, Abcam) according to the
manufacturer’s protocol.

Statistical analysis

Parametric data were analyzed using the two-tailed Student’s t-test for
comparison between two groups or one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test for multiple comparisons. Significance
was defined as p < 0.05.

DATA AVAILABILITY
The data generated during this study are available from the corresponding author
upon reasonable request.
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