communications biology

Article

https://doi.org/10.1038/s42003-024-06052-5

Platinum iodido drugs show potential
anti-tumor activity, affecting cancer cell
metabolism and inducing ROS and
senescence in gastrointestinal

cancer cells
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Cisplatin-based chemotherapy has associated clinical disadvantages, such as high toxicity and
resistance. Thus, the development of new antitumor metallodrugs able to overcome different clinical
barriers is a public healthcare priority. Here, we studied the mechanism of action of the isomers trans
and cis-[Ptl,(isopropylamine),] (15 and 16, respectively) against gastrointestinal cancer cells. We
demonstrate that 15 and 16 modulate mitochondrial metabolism, decreasing OXPHOS activity and
negatively affecting ATP-linked oxygen consumption rate. Consequently, 15 and 16 generated
Reactive Oxygen Species (ROS), provoking oxidative damage and eventually the induction of
senescence. Thus, herein we propose a loop with three interconnected processes modulated by these
iodido agents: (i) mitochondrial dysfunction and metabolic disruptions; (i) ROS generation and
oxidative damage; and (jii) cellular senescence. Functionally, 15 reduces cancer cell clonogenicity and
tumor growth in a pancreatic xenograft model without systemic toxicity, highlighting a potential
anticancer complex that warrants additional pre-clinical studies.

The development of metallocomplexes with potential applications in cancer
treatment has been a hot topic since the approval, in 1978, of the anticancer
drug cisplatin (CDDP). Despite the efficacy of platinum-based che-
motherapy for the treatment of certain tumors, only a very limited number
of new metallodrugs have gained clinical approval over the past 40 years.
Nonetheless, research in this field has' and continues™’ to advance with new
design approaches to improve pharmacological outcomes and, at the same
time, reduce side-effects’.

Our group has expertize in designing antitumor platinum(II) com-
plexes with non-conventional structures’. One approach in their design
consists in modifying the leaving halide group, from chloride (in CDDP) to
iodide. Iodido complexes have been excluded from anticancer drug libraries
because in the earlier stages of CDDP development they were reported to be
inactive’. Only a few publications late in the 1990s reconsidered the study of
iodido complexes™"’, reporting some interesting clues about their solution
behavior. Years later, our group took on the challenge of evaluating cis and
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trans Pt isomers bearing aliphatic amines as antitumor complexes, high-
lighting these prototypes as emerging therapeutics for the treatment of solid
tumors with poor prognosis and for those cancers where conventional
chemotherapies are ineffective' ™. Since then, a review of these platinum
iodido drugs showed a common and interesting trend: some of these
complexes are able to overcome CDDP resistance in different cancer cells'.

We have focused on the study of the biological effect of two iodido
prototypes: the trans and cis-[PtI,(ipa: isopropylamine),], hereafter I5 and
I6, respectively. We found that both drugs induce apoptosis, partially
independent of p53 (tumor suppressor protein), in contrast to CDDP".
These results increased the interest in these drugs for tumors that have p53
mutated (nearly 50% of solid tumors)', highlighting other targets
beyond DNA.

The mitochondria (i.e., metabolism) has emerged as a main target for
the newest metallodrug designs due to its role in tumorigenesis and cell
death processes'”'*. However, although different metal complexes can
produce mitochondrial damage, this is not always enough to achieve a
therapeutic effect owing to the ability of tumor cells to alter their metabolic
phenotypes for energy compensation (i.e., oxidative phosphorylation
(OXPHOS) to glycolysis) in response to metabolic inhibitors'*”. Mito-
chondrial dysfunction can also activate cell death signaling pathways,
including apoptosis, autophagy (and mitophagy) and senescence™. The role
of senescence in cancer treatment is controversial, due to the dual action of
the Senescence-Associated Secretory Phenotype (SASP)***; however, there
is recent evidence showing the advantages of using a combinatorial therapy-
based approach, where the first treatment is a chemotherapy that induces
senescence in cancer cells followed by a second treatment with a senolytic
that selectively kills these senescent cells™.

In addition to DNA adducts induced by CDDP, it is known that CDDP
also produces oxidative stress, increasing reactive oxygen species (ROS)*
and provoking subsequent oxidative DNA damage™. ROS generation is a
phenotype shared with other CDDP-derivatives and metallodrugs™. As a
protective mechanism against the deleterious effects of excessive ROS
production, cells express several enzymatic antioxidant defenses, such as
superoxide dismutases, glutathione (GSH) peroxidase, and catalase, loca-
lized in distinct cellular compartments. Superoxide Dismutases (SODs) are
a group of enzymes that selectively eliminate O, forming hydrogen per-
oxide. SOD1 (Cu-Zn) can be found in the cytoplasm and in the mito-
chondrial intermembrane space; SOD2, also known as MnSOD, is
responsible for converting mitochondrial 0,7%; and catalase, CAT, is likely
the main enzyme to reduce H,O, levels™.

Gastrointestinal (GI) cancer includes cancers in organs of the GI tract
(e.g., esophageal, stomach, intestine, pancreas, colon, liver, rectum, anus,
and biliary system), making GI cancer one of the most lethal diseases
worldwide. Stomach (Gastric) cancer (GC) is the sixth most common
diagnosed cancer and the third leading cause of cancer-related death™".
The main treatment for this disease in its early stages is surgery and the
administration of adjuvant radio-chemotherapy. The poor prognosis in GC
patients is related to its late diagnosis and the development of cellular
resistance to treatment™”. Pancreatic Ductal Adenocarcinoma (PDAC) is the
fourth most frequent cause of cancer-related death worldwide, primarily
due to the inherent chemo-resistant nature and metastatic capacity of this
tumor”. PDAC is highly resistant to standard of care chemotherapy and
radiation, and due to a lack of early symptoms, patients are generally
diagnosed with late advanced disease, characterized by extensive metastasis
to secondary organs. Therefore, the clinical reality and the main problem
associated with PDAC is an inability to effectively treat the disease at the
time of diagnosis, highlighting the urgent healthcare need to develop more
effective treatments for patients with advanced PDAC™.

In this manuscript, we aimed to study the mechanisms by which I5 and
16 affect two types of GI tumor cells in vitro. Towards this end, we measured
cytotoxicity and evaluated DNA oxidation damage in GC and PDAC cell
lines. We further studied the mitochondrial status and metabolism
(OXPHOS and glycolysis) as well as cellular senescence after treatment and
evaluated ROS generation and its possible role in cell viability and the

aforementioned processes. We concluded that I5 and 16 induce oxidative
DNA damage, senescence, increase ROS levels and we demonstrated that
cell death may be related to these processes. Finally, we show that admin-
istration of I5 in vivo has potent anti-tumor effects in a PDAC cell xenograft
model, with no apparent adverse effects on energy balance, nor on hema-
tocrit, blood plasma or urine parameters. In summary, these data suggest
that I5 and 16 represent new and safe iodine-based metal complexes that can
be used to treat GI tumor cells, including GC and PDAC, warranting
additional pre-clinical studies.

Results

The iodido prototypes cause DNA oxidative damage and mito-
chondrial dysfunction

CDDP produces covalent binding, but the mechanism of action of platinum
drugs is not simple and they also cause oxidative DNA damage™. Thus, we
investigated potential DNA oxidation damage in the GC cell line MKN45
and the PDAC cell line PANC1 by gPCR amplification of three different
target regions: telomeric (Tel), genomic (36B4) and mitochondrial
(mtDNA: COX1 and CYB) following treatment with I5 and 16, as well as
CDDRP as a positive control. The results showed an increase in oxidative
damage in all genes (except for Tel, Fig. 1a). As the mtDNA appeared to be
the most affected and mtDNA damage is one of the main drivers of mito-
chondrial dysfunction, we measured mitochondrial mass and mitochon-
drial membrane potential (A¥m) in AGS (i.e., GC cell line), MKN45 and
PANCI cells continuously exposed to CDDP, I5 and 16 at their ICs, dose for
24 h. Mitochondrial mass and AY,, were measured by using MitoTracker™
Green and MitoTracker™ Red CMXRos, respectively (Fig. Sla) and used to
calculate the AY,,,/Mit. Mass ratio (Fig. 1b), a way to normalize the mem-
brane potential respective to the total mitochondrial mass (MM). Our
results indicate that CDDP, I5 and 16 decrease the AY,,/Mit. Mass ratio
indicative of dysfunctional/damaged mitochondria.

15 and 16 modulate cell metabolism

Mitochondria are the main cellular organelles responsible for energy pro-
duction (i.e., ATP), and loss of A¥m results in ATP depletion, which is also
associated with a metabolic switch from OXPHOS to glycolysis®. To
investigate if I5 and 16 affect mitochondrial-mediated respiration in AGS,
MKN45 and PANCI cells, we measured the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) in cells as indicators of
mitochondrial respiration and glycolysis, respectively (Fig.2a-b, S1b-c).
Specifically, using the Seahorse XF extracellular flux analyzer, OCR in cells
24 h after treatment with I5 or 16 was calculated (Fig. 2a-b). Normalized
OCR and key parameters of mitochondrial function, such as basal and
maximal respiratory capacity, spare respiratory capacity (SRC) and ATP-
production coupled to respiration were all affected by I5 and I6. SRC reflects
the differences between maximal respiration and basal OCR, indicating that
cells treated with I5 and I6 are less able to overcome ATP demands under
different types of mitochondrial stress. To further analyze the metabolic
phenotype of treated cells, we assessed cell viability in OXPHOS-
independent and OXPHOS-dependent conditions: in the presence of
Glucose (OXPHOS-independent conditions) or Galactose (OXPHOS-
dependent conditions)”’. A similar reduction in cell viability was observed in
glucose and galactose cultures, suggesting that I5 and I6 affect overall cellular
metabolism (i.e., both glycolysis and OXPHOS) (Fig. S2a). In support of this
claim, global ATP and lactate levels (Fig. S2b, c) were significantly lower
following treatment, with I5 showing a more potent effect than I6 on lactate
inhibition. Indeed, I6 had no apparent effect on ECAR (Fig. S1b, ¢), while I5
had a strong effect on both OCR and ECAR (Fig. S1b, ¢ upper panels).
Finally, using OCR and ECAR to generate energetic plots, a clear switch in
the metabolic profile of cells treated with I5 and I6 to a more quiescent
profile, especially for I5, was observed (Fig. S1b, ¢ bottom panels).

lodido prototypes induce cellular senescence in Gl cancer cells
As mentioned above, mitochondrial dysfunction triggers apoptosis, and
senescence™ . While we have already described the apoptotic effect of these
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Fig. 1 | Iodido agents induce oxidative DNA damage and produce mitochondrial
dysfunction in GI cancer cells. a Oxidative DNA damage (FPG sensitive lesions) at
telomeres (left up), mitochondria regions encoding for mitochondrial MT-COX1
(right up) and MT-CYB (right down) genes, as well as the nuclear 36B4 single copy
gene (left down) in cells exposed, or not, to ICs, concentrations (see Methods for
details) of CDDP or compounds I5 or I6 during 24 h. The differences in PCR kinetics
(ACt) between FPG-digested vs undigested DNA (Buffer) is represented for each
sample. Bars represent the mean fold change + SEM 10-12 replicates from three

independent experiments normalized to the control. Statistical significance was
calculated using two-tailed unpaired #-test (*p < 0.05, **p < 0.01, *** p <0.001, ns
not significant). b Mean fold change + SD of the ratio of A¥m probe (CMX-ROS)/
Mitochondrial mass probe (MitoGreen) as a measurement to evaluate mitochon-
drial functionality in AGS, MKN45 and PANCI treated with CDDP, I5 or 16 (ICs
doses for 24 h). *p < 0.05, **p < 0.01, as determined by unpaired two-sided Student’s
t-test, compared to untreated (C: Control) set as 1.0.
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Fig. 2 | I5 and I6 affect gastric and pancreatic tumor cells oxygen consumption
and mitochondrial functional properties. a, b (upper panels) Representative plots
showing mean * SD of the oxygen consumption rate (OCR) calculated for untreated
(Control) and I5- or I6-treated AGS, MKN45 and PANCI cells (according to ICs,
24 h), normalized to total protein using a BCA kit (measured as BCA absorbance).
Cells were treated with distinct inhibitors of mitochondrial function: O

(oligomycin), F (FCCP), A (antimycin A), and R (rotenone). Continuous OCR
values (pmoles/min/ug protein) are shown. a, b (bottom panels) Mean + SD of
measured and calculated mitochondrial function parameters (n = 3 biological
replicates with 3 readings). *p < 0.05, **p < 0.01, ***p < 0.001, as determined by
unpaired two-sided Student’s ¢-test.
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iodido agents in the MKIN45 cell line", in this study, we further evaluated
their toxicity across all GI cell lines, measuring additional parameters. While
CDDP induced the phosphorylation of CHK1/2, I5 and 16 complexes did
not activate this signaling pathway indicating that these agents do not
principally use the DNA Damage Response (DDR) pathway (Fig. S3a).
CDDP mainly induces apoptosis via a mitochondria-intrinsic apoptosis
pathway, via the pore-forming effector BCL2-family proteins*'. None of the
BCL2-family proteins measured were markedly affected after treatment
with the iodido prototypes. Only a transient expression of MCL1 and a
decrease in the BID full length protein was observed (Fig. S3b). Together,
these data suggest that the effect of these agents on viability does not depend
exclusively on the induction of apoptosis.

Since CDDP triggers cellular senescence in some cell types, we next
evaluated the capacity of the I5 and I6 complexes to induce senescence, as an
alternative mechanism to explain cell death. To do that, we assessed the
expression of the senescence-associated B-galactosidase (SABGAL), one of
the most common hallmarks of senescence, by flow cytometry or by a
SABGal colorimetric assay”>****. First, AGS, MKN45 and PANCI cells were
incubated for 24 h with the compounds and the percentage of senescent cells
was calculated using a flow cytometry-based assay. Secondly, to evaluate the
effect of each compound at early stages, AGS cells were incubated with
H,0,, CDDP, I5 and I6 for 3 h, and then stained with an SAPGal colori-
metric kit (see Methods). We observed that both iodido complexes
increased the percentage of senescent cells in both assays, even more effi-
ciently than CDDP, with a stronger increase in the SAPGal-positive
population produced with 16 (Fig. 3a and Fig. S4a).

We next analyzed the DNA double-strand breaks in AGS, MKN45,
and PANCI cells as they are often associated with senescence'". Quanti-
fication of H2AX*"* and 53BP1 positive nuclei (Fig. 3b and Fig. S4b)
showed that the number of foci per cell significantly increased 3 h after
treatment (but not as much as CDDP) on a range of 16-45 foci per nuclei. In
the case of 53BP1, we observed that the number of foci increased in the
16-30 range in AGS and PANCI cells. In both examples, the effect of the
iodido prototypes was not as a strong compared to CDDP, whose main
target is nuclear DNA.

Our next step was to analyze other senescence molecular markers such
as p53, p21, Ki67, TNFRSF10D, and the two SASP proteins IL6 and
MMP1*. 15, 16 and CDDP increased the expression of CDKNI1A (p21), IL6
and MMP]I in the three cell lines, although levels were variable between cell
lines (Fig. 3c). We also observed an increase in TNFRSF10D and a reduction
in MKI67 levels (Fig. S4c). WB analysis showed that I5 and I6, in contrast to
CDDP, did not activate p53 (Fig. 4a), also demonstrated in MKN45 cells".
Moreover, activation of MAPKSs has also been associated with senescence.
We observed that I5 robustly activated p38, JNK and ERK1/2 with transient
kinetics, reaching maximum levels at ~6 h. I6 also increased p38 phos-
phorylation in a persistent manner throughout time, and transiently acti-
vated JNK and ERK1/2 (Fig. 4a). RT-qPCR analysis confirmed that all drugs
(CDDP, I5 and I6) increased the expression of MAP2K3, the kinase that
phosphorylates p38, 24 h after treatment (Fig. 4b). The sum of these data
suggests that p38 could be involved in I5- and 16-senescence induction.

The iodido prototypes generate ROS in Gl cancer cells

Mitochondrial dysfunction can also increase cellular ROS. Alterations in the
electron transport chain, whose final substrate is O,, are the main source of
intracellular ROS. Moreover, oxidative stress and increased ROS levels could
act as inducers of senescence. Since CDDP has been reported to induce
oxidative stress in various cell types”, we investigated whether the iodido
prototypes generate ROS in vitro. As a first approach, we measured varia-
tions in different detoxification enzyme-coding genes following treatments
with CDDP, I5 and 16, to determine if these agents could be acting as ROS
generators. Indeed, a strong induction of SODI was observed after 24 h with
all the treatments (Fig. 5a) suggesting O, generation across all the cell lines
tested. The expression of SOD2 and CAT, however, was not significantly
affected after treatment. The results encouraged us to continue studying
ROS generation and associated effects with the iodido prototypes.

Accordingly, the generation of cellular ROS in response to treatment with
CDDP, I5 and 16 was examined. MKN45 and PANCI1 cells were incubated
with CDDP, I5 and 16 for 1 h and the levels of cytosolic and mitochondrial
superoxide anions (O, ) were measured in live cells (See Methods for
details). Incubation with 200 uM H,O, for 1h (positive control) rapidly
increased fluorescence of DHE and Mitosox, compared with untreated cells.
Similarly, the compounds significantly increased fluorescence with respect
to untreated cells, being higher for prototypes I5 and 16 than for CDDP
(Fig. 5b and S5). Finally, we investigated the GSH/GSSG system to elucidate
the cellular redox status after treatment with the complexes. The ratio of
reduced GSH to oxidized GSH (GSSG) is an indicator of cellular health.
A lower GSH/GSSG ratio indicates a higher amount of ROS in cells. We
observed that PANC1 and AGS cells treated with CDDP, I5 and 16
decreased the GSH/GSSG ratio, over time, similar to that obtained after
H,O0, treatment (positive control) (Fig. 5c). These results strengthen the
evidence that the iodido prototypes can effectively generate ROS and
probably oxidative damage associated with these harmful radicals, evenin a
more efficient way than CDDP.

NAC has a protective effect in Gl cell viability after treatment with
iodido complexes

N-acetylcysteine (NAC) has been widely reported to have a strong protec-
tive effect against oxidation damage in cultured cells by acting as a general
ROS scavenger. Thus, we tested the ability of CDDP, I5 and 16 complexes to
affect cellular viability in the presence or absence of a non-toxic con-
centration of NAC (0.5 mM), which has been used in different publications
for a similar purpose**. As expected, NAC treatment reversed the toxic
effects of the iodido drugs, but not CDDP (Table 1, Fig. S6a). We confirmed
this effect at the level of cell proliferation by using a colony formation assay.
Specifically, an increase in the number of CFUs (colony forming units) was
obtained in those plates that combined NAC with I5 or I6 but not with
CDDP (Fig. S6b), indicating that anti-tumor effects of the iodido complexes
can be due mostly to ROS induction and oxidation damage, which can be
rescued by scavenging ROS with ROS scavengers like NAC.

I5 reduces in vitro clonogenicity and inhibits in vivo tumor growth
with no systemic toxicity
Systemic toxicity to normal cells is one of the main obstacles in platinum
chemotherapy with severe side effects due to the lack of specificity. The
fibroblast cell line CC2509 and the Human Pancreatic Duct Epithelial cells
(HPDE) were used as in vitro cell culture models to evaluate the potential
cytotoxicity of the complexes in non-cancer control cells compared with
tumor cells and with CDDP. Both complexes displayed moderate toxicity,
higher in HPDE than in the fibroblasts, but markedly lower than CDDP
(Fig. S7a, Table 2). Specially I5 showed low toxicity in CC2509 (>70 uM) and
the ICso in HPDE was higher than in tumor PANCI cells (26 vs 18 uM). Cell
proliferation was evaluated with a CFU-assay to assess the capability of
PANCI to form clones. To this end, we exposed PANCI cells for 1, 3 and
24h to CDDP, I5 and I6 and after 10 days colonies were quantified. We
observed a marked decrease in the clonogenic capacity of PANCI cells
following treatment, even with as little as 1 or 3 h of treatment. As the effect
with I5 was more potent compared to 16 (Fig. S7b), we next performed
in vivo proof-of-concept studies to validate the anti-tumor properties of I5
in xenograft mouse models.

As a first approximation, PANCI cells were treated for 24 h with I5
(20 uM) and then injected into immunocompromised nude mice
(Fig. 6a). In parallel, we also injected PANCI diluent-treated control
cells. Every 2-3 days for 4 weeks, we monitored tumor take and tumor
growth in both treatment arms, and on day 28 mice were sacrificed and
the tumor volume and weight of the tumors formed were determined.
Not only did we observe a clear delay in tumor take and growth in the
treatment arm throughout the course of the experiment (Fig. 6b), but the
tumors that did form following pre-treatment of cells with I5 had sig-
nificantly reduced volumes and weights (Fig. 6¢). These promising results
encouraged us to perform direct in vivo treatments with I5; however, we
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first tested the safety of I5 in vivo. To this end, C57Bl6 mice were treated
with a maximum feasible dose of I5 (1.4 mg/kg), administered via tail
vein injection, and mice were weighed and monitored. Importantly, no
adverse effects on weight nor on subtle neurological perturbations (as
determined by Irwin’s test) were observed at early acute time points.
Next, an indirect calorimetry analysis was performed, and no differences

were observed between treated and untreated mice at the level of
Respiratory Exchange Rate (RER), Energy Expenditure (EE), Locomotor
activity, nor on food or water intake (Fig. 6d and S8), illustrating that,
under these conditions, I5 is non-toxic in vivo. With these safety results in
hand, mice subcutaneously implanted with PANCI1 tumors (see Methods
for details) were randomized and administered I5i.p (1.4 mg/kg, daily) or
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Fig. 4 | A stress signaling pathway is activated after treatment with iodido pro-
totypes. a Top: Representative western blots of phosphorylated forms of p53, JNK,
p38 and ERK, in AGS and PANCI cells after the treatment with ICs, concentration
of CDDP, I5 or 16 at different times (1, 3, 6 and 24 h). a-Tubulin was used as an
endogenous loading control. Bottom: Graphs show the mean + SD densitometric
analyses of each protein normalized with a-tubulin from three independent
experiments by using Image]J (Area under the peak method), Control cells (C, white

bars), CDDP (gray), I5 (light blue) and 16 (dark blue). b RNA was isolated from AGS,
MKN45 and PANCI cell lines stimulated with a 24 h treatment of the complexes.
MAP2K3 expression levels were quantified by RT-qPCR and normalized with
GAPDH. Shown are the mean fold change + SD from triplicate samples (n = 3). The
statistical significance was evaluated with Student’s 2-tailed #-test (*p < 0.05,

**p <0.01, ¥**p < 0.001, ****p < 0.0001) compared to the untreated cells (C:
Control) set as 1.0.

r.o. (1.4 mg/kg, daily) (Fig. 6e). Monitorization of tumor volume by
caliper measurement revealed that I5 i.p. and r.o. administration reduced
tumor growth over the course of the experiment, with r.o. administration
showing a statistically significant effect on tumor volume and a marked
reduction in tumor weight at the conclusion of the experiment (Fig. 6f-g).
Importantly, following 17 days of daily I5 treatment, no adverse effects
on hematocrit parameters nor on plasma blood and urine analyses were
observed (Fig. S9 and Table S1-S2), indicating again that I5 has anti-
tumor activity with no associated in vivo toxicity.

Discussion

Since the discovery of CDDP, interest in developing new platinum agents
has increased, focusing on minimizing the severe side effects and the
inherent resistance associated with CDDP. Among those developed, dif-
ferent iodido complexes have shown the capacity to overcome CDDP
resistance (intrinsic or acquired) in different cancer cell lines', including our
studies with I5 and 16" . Herein we build upon these studies and show that
I5 and 16 also modulate tumor cell metabolism by reducing OXPHOS and
glycolysis and increasing ROS and cellular senescence. Our detailed analyses
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of the mechanism of action of these iodido agents indicate a triple accu-
mulative loop with three interconnected processes: (i) mitochondrial dys-
function and metabolic disruptions; (i) ROS generation and oxidative
damage; and (iii) cellular senescence. To the best of our knowledge, these are
the first mechanistic studies related to the biomolecular action of platinum
iodido compounds, revealing their safety in vivo and their potent anti-

CHO,3 24 3 24 3 24
Time (h)

cancer activity in xenograft assays. Thus, I5 and 16 could be considered
potential chemotherapeutics for GI tumors and should be further developed
and studied.

We previously described that I5 and 16 induce apoptosis in GC MKN45
cells partially independent of p53, which is a mechanism of action opposite
of CDDP", In this work, we further confirm a p53-independent mechanism
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Fig. 5 | Iodido compounds modulate redox cell response and generate ROS in GI
cancer cells. a RNA was isolated from AGS, MKN45 and PANCI cell lines stimu-
lated with a 24 h treatment of CDDP or the iodido complexes (ICs, concentration,
see Methods). SOD1, SOD2 and CAT were quantified by RT-qPCR. Target gene
expression levels were normalized with GAPDH. Shown are the mean fold

change + SD from triplicate samples (# = 3). b Detection of ROS in MKN45 cells
after the treatment with H,O, (200 uM) and the ICs, concentration of CDDP, I5 or
16 by confocal microscopy using DHE and MitoSox as O,"~ fluorescence indicator, in
cytosol and mitochondria, respectively. Cells were treated with the compounds for
1 h followed by 30 min of incubation with the probes. Left: Representative images of

each condition were taken. Scale bar represents 20 um. Right: Mean fluorescence
intensity + SD (per cell) was quantified and depicted in the graph. The experiment
was performed three independent times in duplicate. a.u. = arbitrary units. ¢ Ratio of
GSH/GSSG determined with a commercial colorimetric kit (see Methods). AGS and
PANCI cells were treated with the ICs, concentration of the compounds and were
collected after 3 h and 24 h to perform the assay. n = 3. Shown is the ratio of GSH/
GSSG + SD. In all the experiments, statistical significance was evaluated with Stu-
dent’s 2-tailed t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) compared
to the untreated cells (C: Control) set as 1.0.

Table 1 | ICso concentration (= SD) at 48 h in the presence and absence of NAC (0.5 mM)

AGS MKN45 PANC1
NAC () NAC (+) NAC (-) NAC (+) NAC (-) NAC (+)
CDDP 26.67 +2.21 22.65+4.03 9.45+1.10 10.283 +1.56 12.33+1.16 9.46+1.29
15 38.19+3.50 >100 28.70 +1.03 >100 18.16 +5.06 >100
16 51.52 +3.68 >100 56.75+1.53 >100 18.84 +10.29 >100
N=3

Table 2 | ICso concentration (= SD) at 48 h in non-tumoral
cell lines

HPDE CC2509
CDDP 0.45+0.05 23.82+9.55
15 26.83 +2.43 74.13+5.42
16 14.25£5.37 33.81+6.24
N=3

of action for I5 and I6 in two additional GI cell lines (AGS, and PANC]1).
Neither I5 nor 16 induced PUMA or BAX, which are p53 target genes™’,
results that are in agreement with other publications with iodido
complexes™,

The most extended target of CDDP and derivatives is nuclear DNA.
The ability of CDDP to affect the mitochondria and, in particular, mtDNA
has also been reported™. In fact, recent reports highlight the importance of
ROS generation and oxidation damage associated with these platinum-
based treatments in cell death®”’. Comparable with CDDP, I5 and I6 caused
significant oxidative damage of genomic and mtDNA. As such, we studied
the mitochondrial status in treated cells, detecting a decrease in the ratio
AVY,,/Mit. Mass suggesting mitochondrial perturbations. Mitochondrial
damage was higher than CDDP (regarding A¥,,) pointing to the mito-
chondria as a potential target for I5 and I6.

CDDP-resistant cancer cells can evade drug toxicity by reprogram-
ming their metabolism™. As such, metabolic plasticity of cancer cells has
become a new challenge for cancer therapy'’***"”". We demonstrated that
both I5 and 16 disrupted the metabolism of treated cells; however, when
comparing both compounds, we observed differences in their mode of
action regarding cell metabolism. 16 modulates OXPHOS while glycolysis
seems to be less affected. 16-based therapies could be advantageous in those
tumor cells where OXPHOS is the main route of obtaining ATP, such as in
cancer stem cells”**”, On the other hand, the trans prototype I5 achieved a
promising hypometabolic state. This scenario is very advantageous as tumor
cells can undergo metabolic plasticity, compensating OXPHOS with gly-
colysis and vice versa in order to meet their energetic ATP requirements™*".
Moreover, the presence of hypoxic regions is also common in a majority of
solid tumors, where proliferative cancer cells only obtain ATP via glycolysis.
Thus, by inhibiting both metabolic pathways (OXPHOS and glycolysis),
I5 stands out as a very attractive metabolic modulator, as it could target both
glycolytic and OXPHOS-dependent cancer cells. Indeed, a main focus in

chemotherapy rational designs lies in searching for new compounds able to
target multiple metabolic weaknesses and/or the metabolic plasticity/het-
erogeneity of tumor cells”. 15, and to a lesser extent 16, meet these
requirements.

Physiologically, we also show that I5 and I6 induce senescence more
efficiently than CDDP, which has been widely reported as a senescent
inductor in different carcinomas: Lung”, Ovarian®, Melanoma®, and also
GC*. In contrast to CDDP and other platinum-based drugs, the senescence
induced by I5 and 16 was shown to be independent of p53; however, we did
observe an increase in the expression of CDKNIA (gene that encodes p21
protein, commonly associated with p53 activation) that could be induced by
other transcription factors (ELK1, SP1) via MAPKs"*”". Related to the SASP,
we observed a strong increase in MMP1 expression, and also IL-6 showed a
clear induction after I5 and I6 treatments. There is still a controversy
between the benefits of using pro-senescent drugs in cancer treatment,
generally due to the dual role of SASP***. On the one hand, SASP could
favor tumor progression, while on the other hand, SASP can activate the
inflammatory response and the immune system to eliminate tumor cells.
There are recent reports supporting the advantages of using a combinatorial
therapy-based approach, with a first line treatment consisting in a che-
motherapy that induces senescence in cancer cells, followed by a second line
treatment with a senolytic that selectively kills these senescent cells™®.
Although further studies will have to be carried out, SASP seem to have a key
role in the cellular senescence provoked by I5 and I6. Likewise, further
studies using I5 or 16 in combination (or sequentially) with standard che-
motherapy are still needed.

Mitochondrial dysfunction is considered a general feature of cellular
senescence, usually related with an increase in ROS levels and oxidative
damage”. The electron transport chain is the last step in OXPHOS, with
molecular oxygen being the final electron-acceptor. Thus, modulation of
mitochondrial metabolism can lead to an enhancement in ROS levels, which
can disrupt different signaling networks and generate a wide array of
harmful radicals leading, in many cases, to cell death”. The presence of ROS
activates the cell stress response, usually via MAP kinases. Many MAP
kinases, especially ERK1/2, can also be activated by the SASP®. Accordingly,
I5 and 16 induced the phosphorylation of ERK1/2, and also p38 and JNK1/2,
suggesting a common scenario in senescence associated with oxidative
damage’"””. In addition, it is widely reported that senescent cells have
increased ROS levels™”.

Biological organisms have developed different strategies to confront
redox injuries caused by endogenous or exogenous stimuli. We did not
observe a proper detoxification mechanism, only detecting SODI
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overexpression after treatment with I5 or 16. This imbalance could
increase oxidation damage in different organelles, which could lead to cell
death. We used NAC, a well-stablished antioxidant and ROS scavenger,
to support this claim””°. While CDDP activity remained unaltered, we
detected a clear protective effect in cells when NAC was combined with I5
or I6. One concern associated with metallodrugs studies and model

proteins is the direct interaction between them. Our group, however, has
previously demonstrated that the interaction between these iodido
compounds (especially I5) and NAC and other sulfur donor model
proteins were lower than in the case of CDDP'*". So, we can conclude
that the upregulation in ROS caused by I5 and 16 could be responsible of
their physiological effect.
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Fig. 6 | I5 reduces in vivo PANC1 tumor growth. a Summary of the in vivo
experimental design for the pre-treated PANCI cell xenograft in vivo studies. Sche-
matic created with BioRender.com. b Growth curves indicating tumor take (left,
defined as no. tumors formed/no. of injections at the indicated time point) or the
mean tumor volume (mm’) (right) + SD over 28 days following injection of 1 x 10°
Control diluent-treated or I5-treated PANCI cells. (no. of injections = 8-9).

¢ Quantification of the mean tumor volume and mean weights (g) + SD for control (c)
and I5-pre-treated tumors (no. of injections = 8-9). Statistical significance was eval-
uvated with Student’s 2-tailed #-test (**p < 0.01, ***p < 0.001). d Indirect calorimetry
analyses of mice treated with I5. Left: Respiratory exchange ratio (RER) was deter-
mined as Voy/Vop and right: Energy expenditure (EE) was calculated as

(3.185 + 1.232 x RER) x V. Shown are the mean RER and mean EE (Kcal/h/Kg)
values + SD for mice implanted treated intravenously with I5 (1.4 mg/Kg) or phy-
siological saline (i.e., Sham) as a function of time (24 h). e Summary of the in vivo
experimental design for the treatment of mice harboring PANCI xenografted tumors.
Schematic created with BioRender.com. f Average fold change in tumor volume +
SEM in mice bearing PANCI xenografts and treated with diluent control (Control), I5
(1.4 mg/kg i.p. or r.o.; 3-times per week) and compared to dO (n = 5-7 tumors/group).
g Mean fold change in tumor volume + SEM (left) or tumor weight + SEM (right)
determined at treatment cessation. *p < 0.05, as determined by one-way ANOVA
with Dunnett post-test, compared to Control. ns not significant; g gram; d0 day 0.

Cultured cells are useful, economic, and powerful tools for initial
wide screenings of the pharmacological activity and properties of new
drugs; however, candidate compounds still need to be studied in other
more complex experimental models, such as 3D cultures (e.g., organoids)
or animal models, to truly appreciate their potential and future clinical
applicability. Indeed, additional in vivo or 3D-based experiments are
needed, but our pilot in vivo studies with xenografted cells shows proof-
of-principle that I5 has strong anti-cancer properties in vivo. Specifically,
I5 showed a potent effect on the growth of pre-treated PANCI cell in vivo
and in vivo in I5-treated mice with already established PANCI xeno-
grafts, resulting in decreased overall tumor mass and volume. Further-
more, I5 had no systemic toxicity, within the parameters tested, which
included energy balance, behavior, blood and urine analyses. To the best
of our knowledge, this is the first report of this type of iodido agent being
safely administered in vivo to treat a GI cancer. These promising anti-
tumor results therefore position I5 as an emerging and very promising
antitumorigenic metallodrug, which should be further studied in other
preclinical tumor models.

Finally, we summarize our work by establishing a triangular inter-
action between the aforementioned processes. Oxidative damage and the
increase in ROS levels could be the cause of senescence and mitochondrial
perturbations. However, it is also feasible that cellular senescence pro-
duces an increase in dysfunctional mitochondria, and altogether results
in higher ROS generation. Another possibility is that mitochondrial and
metabolic disruption could trigger senescence and enhance the con-
centration of cellular ROS. We cannot assess which process occurs first,
nor which has a prominent role in toxicity, but altogether, the effects are
quite potent in GI cancer cells, and in PDAC xenografts in vivo. Despite
the advances in new therapies, chemotherapy continues to be the most
used alternative. Consequently, the development of new antitumor
metallodrugs able to overcome different clinical barriers in platinum-
based chemotherapy is a public healthcare priority. In comparison with
CDDP, the clinical interest in these prototypes lies in: (i) their greater
solution stability”; (ii) their lower interaction with sulfur and serum
proteins, minimizing deactivation processeslz, and (iii) their greatest
advantage being their ability to overcome CDDP resistance'*"*. Despite
the structural analogy between the complexes, the isomerism has a key
role in their final activity and mechanism of action. Both iodido agents
generate ROS and oxidative damage, which finally affects cell viability.
Although both compounds induce cellular senescence, I6 seems to have a
more profound effect emerging as a pro-senescent compound, that in
combination with a second senolytic treatment could potentiate its
effects. On the other hand, I5 has demonstrated an important effect on
cellular metabolism, achieving a hypometabolic state, which is of great
interest due to the metabolic plasticity of cancer cells. In theory, I5 would
affect both metabolic pathways (i.e., glycolysis and OXPHOS), almost
inhibiting total ATP production, leading to cell death in those cells that
depend on glycolysis and in those cells that are OXPHOS-dependent, like
CSCs. This fact could be responsible for its high activity in decreasing
colony formation and tumor growth in vivo. Importantly, while I5
appears to be a global metabolic inhibitor, in vivo we observed no adverse
or toxic effects, boding well to its possible clinical utility. In summary, the
promising results described herein for I5 (and 16) are encouraging and

warrant further studies in additional in vivo models to translate these
results to the clinical setting.

Methods

Cell culture

The human gastric adenocarcinoma cell lines MKN45 (poorly differ-
entiated; DSMZ: Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen GmbH), and AGS (primary tumor; ATCC/LGC Standards, Spain)
were cultured in RPMI 1640 (Sigma) and HAM’s F-12 + AA’s (Gibco),
respectively, according to the specifications of the manufacturer’s datasheet.
The pancreatic cell line PANC1 (ATCC) was cultured in RPMI 1640
(Sigma). Control normal cell lines CC2509 (fibroblasts, ATCC) and HPDE
(Human Pancreatic Duct Epithelial cells, ATCC) were cultured in RPMI
and DMEM/F12 (Gibco), respectively. HAM’s F-12 and RPMI were sup-
plemented with 10% Fetal Bovine Serum, 2 mM L-Glutamine, Fungizone
(2.5 ug/mL) and Gentamicin (0.035 mg/mL). DMEM/F-12 was supple-
mented with B-27 (10889038, Gibco), 2mM L-Glutamine, Fungizone
(2.5 pg/mL), Gentamicin (0.035 mg/mL) and 20 ng/mL bFGF (PeproTech).
Cells were cultured at 37 °C, 5% CO,, and 95% humidity. Mycoplasma
contamination tests are frequently run in our laboratory. Experiments were
performed between passage two to eight.

Chemicals

CDDP was supplied by Ferrer FARMA. The compounds used for the assays
(I5 and 16) were synthesized following previously reported procedures'. In
all the experiments cells were treated with the metallodrugs following the
appropriate sample preparation: CDDP was dissolved in water, I5 and I6 in
DMSO and then immediately diluted with culture medium to the appro-
priate concentration, with a final DMSO concentration of 1%. Control
conditions also contained 1% of DMSO.

Cell viability

Cell viability was assessed using a crystal violet-based staining method. ICs,
concentrations were calculated at 48 h. (i) AGS: CDDP 25 pM, I5 40 uM, 16
50 uM; (i) MKN45: CDDP 10 pM, I5 30 pM, 16 50 ulj; (iii) PANC1: CDDP
10 M, 15 20 uM, 16 20 uM (Fig. S6a); (iv) HPDE: CDDP 0.5 uM, 15 25 pM,
16 15 uM; (v) CC2509: CDDP 25 M, 15 75 uM, 16 35 uM (Fig. S7 and
Table S1). The cells (2 x 10°) were seeded in 24-multiwell dishes in 0.5 mL of
complete medium and incubated overnight. To evaluate the role of ROS in
cytotoxicity, the growth medium was supplemented with NAC 0.5 mM (a
reported non-toxic concentration***), a general ROS scavenger. After 48 h,
cells were fixed with 1% glutaraldehyde (20-30 min), washed with distilled
water, and stained with 0.1% crystal violet. A colorimetric-based assay set at
595 nm was used to estimate the number of cells per well for CDDP, I5 and
I6. ICs, were calculated by using GraphPad Prism (version 8.0). Nonlinear
regression was used to fit the data to the log (inhibitor) versus response
(variable slope).

DNA extraction and quantification of oxidized bases in specific
genome regions by qPCR

Total cellular DNA from MKN45 and PANCI cells was extracted using
an NZY Tissue gDNA Isolation Kit (Nzytech, MB13503) following the
manufacturer’s instructions and quantified using a Nanodrop
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(Nanodrop Spectrophotometer ND-1000, ThermoFisher Scientific,
Wilmington, DE, USA). We adapted the procedure described by
O’Callaghan et al.”® to measure oxidative DNA damage at telomeres,
36B4 genomic region and at mitochondrial DNA (MT-COX1, MT-
CYB). This is a qQPCR method based on differences in PCR kinetics
between DNA template digested by Formamidopyrimidine DNA Gly-
cosylase (FPG, Cat no. M0240S) and undigested DNA. This enzyme
recognizes and cuts 8-oxoguanine, producing apurinic sites that are
converted into single-strand breaks by its apurinic sites lyase activity.
These single-strand breaks inhibit the PCR, thus, the ACT after digesting
DNA by 8-oxoguanine (Ct digested—Ct undigested) is proportional to the
oxidative damage in the amplified region. DNA was incubated with 8
Units of FPG during 3 h in FPG buffer (NEB1, M0240S). The reaction
was stopped by incubation at 95 °C for 5 min. qPCR analysis was per-
formed on 40 ng of digested or undigested genomic DNA. Each qPCR
was performed in triplicate including no-template controls in a StepOne
Real-time PCR System (Applied Biosystems, 4376357). Target genes
(Table 3) were amplified using SYBR Green (Applied Biosystems,
MB345). Thermal cycling of the qPCR reaction was initiated with a
denaturation step at 95 °C for 10 min. The process consisted of 40 cycles
(denaturation at 95°C for 15 sec, annealing at 60 °C for 30 sec, and
elongation at 72°C for 30sec). This experiment was repeated three
independent times with 10-12 replicates.

Flow cytometry

We used flow cytometry to study the mitochondrial mass, mitochondrial
membrane potential (AW¥,,) and cellular senescence of untreated and
treated cells. Cells (5 x 10*) were seeded in 24-multiwell dishes and cul-
tured overnight. Then, cells were treated for 24 h with the ICs, con-
centration of each compound. Cells were tripsinized, stained with
Mitoprobes and resuspended in Flow buffer [1X PBS; 3% Fetal Bovine
Serum (v/v); 3mM EDTA (v/v)] before analysis with a 4-laser Attune
NxT Acoustic Cytometer (Thermo Fisher Scientific). For Mitoprobe
assays, 2 mg/ml DAPI (Sigma) was used to exclude dead cells. Data were
analyzed with FlowJo 9.3 software (Tree Star Inc., Ashland, OR). For
mitochondrial mass and AY, measurement, Mitotracker Green
(MTGreen, M7514, Invitrogen) and Mitotracker Red CMXRos
(CMXROS, M7512, Invitrogen) were used, respectively. Probes were
incubated with cells for 30 min at 37 °C at a concentration of 100 nM
(MTGreen) and 20 nM (CMXROS), and fluorescence was detected using
the filters (Ex488nm/Em530/30) BL1 and (Ex561nm/Em585/16) YLI,
respectively. To determine mitochondria functionality, the ratio between
AY,, (MitoTracker Red CMXRos) versus Mit. Mass (MitoTracker
Green) was calculated. The gating strategy used in all the Flow Cytometry
experiments is reflected in Fig.S10.

Cell metabolism
Oxygen Consumption Rate (OCR), Extra Cellular Acidification Rate
(ECAR) and Energy map measurements. Cells were plated in XF HS
Miniplates (Seahorse Bioscience) at a cellular density of 1 x 10* cells/well
and incubated overnight. Then, cells were treated for 24 h with the IC5,
concentration of each compound. For OCR determination, cells were
incubated in Seahorse XF DMEM media (103680, Agilent) supplemented
with 2 mM glutamine, 10 mM glucose, and 1 mM pyruvate for 1 h, prior to
the addition of inhibitors (Seahorse XFp Cell Mito Stress Kit, Cat no.
103010, Agilent). After an OCR baseline measurement, the minimum
oxygen consumption was determined by adding 1.5 uM oligomycin (O) and
the maximal respiration rate was assessed by adding 1 pM carbonyl cyanide
p-trifluoro methoxyphenylhydrazone (FCCP, F). At the end of the experi-
ment, the non-mitochondrial oxygen consumption was evaluated by adding
both 0.5 uM rotenone (R) and antimycin (A). Experiments were run in a XF
HS Mini analyzer (Seahorse Agilent), and raw data were normalized to total
protein using a BCA protein assay kit (Cat. no. 23225, Thermo Scientific).
ATP determination assay. Lysate pellets from cells treated with the IC5,
concentrations of I5 or 16 were collected to evaluate the changes in the levels

Table 3 | Primer sequences for the quantification of oxidation
DNA damage assay

Primer Sequence
36B4 F: CAGCAAGTGGGAAGGTGTAATCC
R: CCCATTCTATCATCAACGGGTACAA
Telomere F: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT
R: GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT
MT-COX1 F: CACAGCCCATGCATTTGTAA
R: GATGCGAGCAGGAGTAGGAG
MT-CYB F: CCACCCTCACACGATTCTTT

R: TGGCTTAGTGGGCGAAAT

of ATP. The analysis was performed using the ATP Bioluminescense Assay
Kit CLS II (Cat. no. 11699695001, Roche) according to the manufacturer’s
instructions. Bioluminescence was determined using a Synergy™ HT Multi-
Mode Microplate Reader (BioTek, Winooski, Vermont, USA). Data were
normalized to total protein using the BCA protein assay kit (Thermo
Scientific).

Lactate production assay. Supernatants from cells treated with the ICs,
concentrations of I5 or 16 were collected to evaluate the changes in the levels
of lactate production. Lactate was measured in the medium harvested from
the cells treated 24 h with I5 and 16 ICs. Proteins were removed from 50 pL
of the medium by adding 100 pL of 8% Percloric Acid and 40% EtOH at
4°C, and centrifuging at 2 x 10* g for 10 min at 4 °C. The supernatants were
then frozen until the lactate in 15 uL of each sample, or lactate standard, was
measured mixed with 150 pl of assay buffer (0.5 M glycine [pH 9.5], 0.2 M
Hydrazine, 3.4 mM EDTA), 100 pl of H,0, 5 uL 0of 1100 U/mL LDH (Roche)
and 30 uL of 15 mM NAD + . NADH production was evaluated by mea-
suring absorbance at 340 nm in a multiplate reader (Synergy HT, Biotek)
and it was proportional to the lactic acid concentration in the sample after a
2h incubation”. The lactate concentration was normalized to the total
amount of protein measured with the Micro BCA Protein Assay Kit
(Thermo Scientific). Assays were performed in triplicate in three indepen-
dent experiments.

Cell viability after I5 and 16 treatment in glucose or galactose con-
ditions. AGS, MKN45 and PANCI cells were trypsinized and seeded at a
concentration of 5 x 10* cells per well in 24-well plates and cultured in
RPMI 1640 containing 10% FBS at 37 °C, 5% CO,. After 24 h, cells were
treated with the ICs, doses of I5 and 16 for 24 h. Subsequently, cells were
cultured with either glucose-free Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific) supplemented with 5 mM glucose
(0.9 g/1), 10% FBS, 50 units/ml of penicillin and streptomycin, and 1 mM
of pyruvate [Glucose: OXPHOS-independent conditions] or glucose-free
DMEM medium (Thermo Fisher Scientific) supplemented with 5 mM
galactose (0.9 g/L), 10% FBS, 50 units/ ml of penicillin and streptomycin,
and 1 mM of pyruvate [Galactose: OXPHOS-dependent conditions].
Sugar concentrations of 5 mM were chosen to mimic physiological sugar
levels (glucose, 5 mM) and to avoid potential biological artifacts medi-
ated by supraphysiological sugar levels”. After 24 h, cells were fixed with
PFA 4% (Paraformaldehyde, 16% w/v aqueous solution, methanol free,
Alfa Aesar™, Cat no. 11400580) for 10 min, washed with PBS and stained
with Crystal violet (Sigma, Cat no. C3886-100G) for 1 h. Images of wells
were digitalized, and cell viability was quantified by lysing stained cells in
1XPBS with 1%SDS followed by colorimetric absorbance analysis using a
Synergy™ HT Multi-Mode Microplate Reader (BioTek, Winooski,
Vermont, USA).

Immunofluorescence assay

Cells (7 x 10*) were seeded on 20 mm coverslips. After 24 h, cells were
challenged (for 3h) with the ICsq concentration of the compounds:
CDDP, I5 and I6. Cells were then fixed in 4% formaldehyde for 15 min,
washed with PBS, permeabilized with 0.2% Triton for 5 min and finally
blocked with 1% BSA for 1 h. Coverslips were incubated for 1 h with the
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primary antibody (Cell Signaling: H2AX Ser139 (#2595) and 53BP1
(#4937)) at room temperature, followed by a 1h incubation with the
appropriate secondary antibody. DNA was stained with DAPI. Fluor-
escence microscopy was performed using a NIKON Eclipse 90i. The
image analysis was performed using the software program Nikon NIS-
Elements and Image J.

SA-p-Gal activity assays

SA-B-Gal activity was measured following two different approaches. (i)
AGS, MKN45 and PANCI cells (5 x 10*) were seeded in 24-multiwell dishes
and incubated overnight. Then, cells were treated for 24 h with the IC5,
concentration of each compound. For flow cytometry cell senescence
detection, cells were tripsinized, fixed for 15 min with PFA 4% and stained
with the CellEvent Senescense Green Flow Cytometry Assay Kit (C10840,
Invitrogen) according to manufacturer’s instructions. CellEvent Senescense
Green Probe was used at a 1:500 dilution and fluorescence was detected
using the filter (Ex488nm/Em530/30) BL1 with a 4-laser Attune NxT
Acoustic Cytometer (Thermo Fisher Scientific). (ii) For histochemical
staining assays, AGS cells (2 x 10%) were seeded in a 6-well plate, incubated
overnight, and treated with CDDP (20 uM), H,O, (200 uM) and a IC,s
concentration of I5 (15 uM) or 16 (15 uM). After 3 h, the treatments were
removed, new supplemented medium was added, and cells were incubated
for an additional 24 h. Finally, SA-B-Gal staining was performed using the
Senescence Cells Histochemical Staining Kit (CS0030-1KT) according to
the manufacturer’s instructions.

RT-qPCR

Total cellular RNA was extracted using Tri-Reagent (Life Technologies),
following the manufacturer’s instructions. One pg of total RN A was primed
with random primers and cDNA synthesized with an M-MLV reverse
transcriptase following the manufacturer’s instructions (Promega). Target
genes were amplified using a SYBR Green polymerase chain reaction assay,
working with the specific primer sets listed in Table 4.

Thermal cycling of the qPCR reaction was initiated with a denaturation
step at 95 °C for 10 min. The process consisted of 40 cycles (denaturation at
95 °C for 15 sec, annealing at 60 °C for 30 sec, and elongation at 75 °C for
30 sec). PCR amplifications were carried out in a StepOne Real-time PCR
System (Applied Biosystems, 4376357). Relative mRNA levels were calcu-
lated by the delta-Ct method (2-AACt), where each 1-Ct difference equals a
two-fold change in transcript abundance, using GAPDH as an endogenous
gene reference. AACT represents the difference between the mean ACT
value of the cells tested and the mean ACT value of the calibrator, both
calculated for the same PCR run.

Western Blotting

Total protein extracts were obtained by adding the lysis buffer: 25 mM
HEPES pH 7.5, 0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
DTT, 20 mM pB-glicerophosphate, 0.1 mM Na3VOy, 0.1% triton X-100; in
the presence of protease inhibitors’. Twenty pg of protein per sample
were loaded and resolved using 8%, 10% or 15% SDS-PAGE poly-
acrylamide gels, and then transferred onto PVDF membranes, followed
by immunodetection using appropriate antibodies, purchased from
Santa Cruz Technology: Mcl-1 (sc-819), Cell Signaling Technology: BIM,
BID, BAX (#9942), p-p38 (1:2000, #4631), p-p53*"" (#9284), p-ERK1/2
(1:2000, #9106), p-CHK1*"** and p-CHK2*"" (#9931), Promega Cor-
poration-Spain: p-JNK (#V7932), or Sigma-Aldrich: a-tubulin (1:10000,
#TP026). Unless indicated, all antibodies were diluted 1:1000. Secondary
antibodies conjugated with horseradish peroxidase were purchased from
BioRad, and chemiluminescence detection was performed using ECL
(Santa Cruz Biotechnology).

Confocal microscopy

Tumor cells were seeded at a density of 3 x 10° cells in 15 um 8-well IBIDI
plates and incubated overnight. Cells were then treated with compounds at
their ICs, concentrations and incubated for 1h. Subsequently, cells were

Table 4 | Primer Sequences for the RT-qPCR analysis

Primer Sequence
MMP1 F: CTTGCACTGAGAAAGAAGACAAAGG
R: ACACCCCAGAACAGCAGCA
CDKN1A F: GCTGCAGGGACAGCAGAG
R: GCTTCCTCTTGGAGAAGATCAG
MAP2K3 F: CCCCAGTCCAAAGAGAGGCTG
R: TTCACTGCGCAGATGGGGACC
SOD1 F: GGGCCAAAGGATGAAGAGA
R: CTTTCTTCATTTCCACCTTTG
SOD2 F: GCTGCTTGTCCAAATCAGG
R:C AGATAATCAGGCCT
CAT F: GCCAGAGCTGTGCAGATGAG

R: CAGTGGACAGGTTTCTGACC

IL6 F: GCCAGAGCTGTGCAGATGAG
R: CAGTGGACAGGTTTCTGACC

F: GAGAGACCCTCACTGCTG
R: GATGGTACATGACAAGGTGG

GAPDH

stained with 10 uM of dihydroethidium (DHE, cytosolic O," probe, Sigma-
Aldrich) or with 5uM of Mitosox (mitochondrial O, probe, Sigma-
Aldrich) for 15-30 min” and then visualized on a confocal microscope
(Confocal LSM 710 Zeiss, Biomedical Research Institute Alberto Sols, IIBm-
CSIC-UAM, Madrid, Spain). The image analysis was realized using the
software program Image J.

Ratio GSH/GSSG

GSH and GSSG levels were determined in AGS and PANCI cells after 3 and
24 h of treatment with the compounds (using H,O, as a positive control)
with the Glutathione Colorimetric Detection Kit (ThermoFisher) following
the manufacturer’s instructions. Thirty minutes after adding the Colori-
metric Detection Reagent and the Reaction Mixture, the absorbance was
read at 405 nm. A standard curve was generated with each assay to inter-
polate the sample results. To measure GSSG, standards and samples must be
diluted with the Sample Diluent containing 2-vinylpyridine.

Clonogenic assay

For the clonogenic assay we used two different approaches. In Fig. S7b,
PANCI cells were treated with the metallodrugs for 1, 3 and 24 h (ICs,
concentrations). Then, cells were cultured in a 6-well plate at a very low
concentration (2 x 10° cells per well) and incubated for 10 days. In Fig. S6b
GC cells were cultured in a 6-well plate at a very low concentration (2 x 10
cells per well), incubated overnight to ensure attachment and then treated
with the ICsy and a suboptimal concentration close to the IC,s of the
compounds. To evaluate the role of ROS in cell proliferation, we supple-
mented the growth medium with 0.5 mM NAC. After 10 days, the cells were
fixed with 1% glutaraldehyde and stained with 0.1% crystal violet. The
number of colonies was quantified directly and reflected as CFUs: Colony
Forming Units.

Indirect calorimetry analyses (PhenoMaster)

Indirect calorimetry analyses were carried out using a 16-chamber TSE
PhenoMaster monitoring system (TSE Systems GmbH, Bad Homburg,
Germany). Full access to food and water was continuously available, and
intake was monitored using built-in devices located within each cage.
Calorimetry measurements were carried out during a period of 72h,
according to animal weight, to exclude changes in body weight that would
contribute to differences in energy expenditure measurements”. Twenty-
four hours prior to introducing mice into the PhenoMaster monitoring
system, 10 week-old C57Bl6 mice (Janvier, France) were injected intrave-
nously (i.v; tail vein injection) with 100 ul of I5 (concentrated stock in
DMSO) diluted in physiological saline (0.9% NaCl) to 1.4 mg/kg or 100 pl of
physiological saline (i.e, Sham Control). Mice were introduced into
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individual chambers and were on a 12h light-dark cycle (lights on at
07:00am) during the course of the experiment, with a maintained room
temperature of 22 +2°C. Oxygen consumption and CO2 release was
measured. From these values, respiratory exchange ratio (RER) was deter-
mined as VCO2/VO2 and energy expenditure (EE) was calculated as =
(3.185 4 1.232 x RER) x VO2. Locomotor activity was reported as the
average light beam breaks (XT + YT) per min. XT and YT (T = total) were
calculated from the sum of the ambulatory and fine movements. Water and
food consumption (DRINK and FOOD, respectively, Fig. S8) were also
monitored and recorded.

Tumor xenograft models

Two in vivo approximations were used: (i) For pre-treatment in vivo
experiments, 1 x 10° PANCI cells were treated with 20 uM of I5 or diluent
control 24 h before trypsinization. PANCI cells were then trypsinized and
resuspended in RPMI culture medium with 40% Matrigel (no. 45354234,
Corning® Matrigel® Basement Membrane Matrix, LDEV-free, Cultek,
Spain) at a concentration of 1 x 10° cells per 50 pL, and then 50 uL of the
resuspended cells were subcutaneously injected into the right and left flanks
of female 8 week-old NU-Foxnlnu nude mice (Janvier Labs, France). Tumor
growth and volumes were monitored every 2-3 days for up to 4 weeks with a
caliper, and tumor volumes (mm’) were computed using the formula:
0.5 x D12 x D2, where D1 and D2 are the width or the largest diameter and
the length or the smallest diameter of a given tumor, respectively. At the end
of the experiment, mice were sacrificed, and tumors extracted, photo-
graphed, and weighed. (ii) For xenograft in vivo treatment experiments,
1 x 10° PANCI cells resuspended in RPMI culture medium supplemented
with 40% Matrigel (Corning®) were orthotopically injected in the pancreas
of female NU-Foxnlnu nude mice (Janvier Labs, France). Approximately
2 months post injection, tumors were excised, cut into identical pieces of
~50 mm’ and implanted (with RPMI culture medium supplemented with
40% Matrigel® Corning®) subcutaneously into the left and right flanks of 15
8 week-old NU-Foxnlnu nude mice (Janvier, France). Three weeks later,
tumors were measured to ensure volumes of 125-150 mm’, mice were
weighed to calculate treatment concentrations per Kg, randomized into
treatment groups (5 mice per group) and treatments were initiated for
approximately three consecutive weeks. I5 stock (diluted in DMSO) was
resuspended in physiological saline (0.9% NaCl) to a concentration of
~1.4 mg/Kg. Two routes of administration for I5 were tested: (1) via retro-
orbital injection (r.0., 100 yl, 3 times/week) or (2) intraperitoneally (ip.,
100 pl, 3 times/week). Control mice were treated with 100 pl of physiological
saline (0.9% NaCl). Tumor volumes were determined twice per week by
caliper measurements throughout the course of the study as described above.
At the indicated end point, mice were sacrificed, weighed, blood was col-
lected in EDTA tubes (Aquisel, Cat no. 107545), urine was collected in 1.5 ml
Eppendorf tubes, and tumors were excised, weighed, photographed, and
fixed in 4% Paraformaldehyde (Alfa Aesar™).

Whole blood was analyzed with an Element HT5, Veterinary Hema-
tology Analyzer (Scil animal care company GmbH, Madrid, Spain) and
plasma was analyzed at the Analytical Laboratory of the Hospital Fundacion
Jiménez Diaz. Plasma-EDTA samples were examined for markers of renal
(urea, BUN, and creatinine) and liver [bilirubin and GGT (y-Glutamyl-
transferase)] injury. Urine was analyzed for protein, creatinine and glucose.
Urea, creatinine, and glucose were detected by enzymatic assays, total
protein by turbidimetry, and bilirubin and GGT via a colorimetric assay in
the Cobas® Roche 701 module (a fully automated, high throughput pho-
tometric analyzer for a large array of quantitative and qualitative in vitro
tests), following the manufacturer’s instructions.

Ethics

All in vivo procedures in mice were conducted in accordance with protocols
approved by the Use Committee for Animal Care from the Universidad
Auténoma de Madrid (UAM) (Ref# CEI-25-587) and the Comunidad de
Madrid (PROEX 294/19). For all in vivo experiments, mice were housed
according to institutional guidelines and all experimental procedures were

performed in compliance with the institutional guidelines for the welfare of
experimental animals and in accordance with the guidelines for Ethical
Conduct in the Care and Use of Animals as stated in The International
Guiding Principles for Biomedical Research involving Animals, developed by
the Council for International Organizations of Medical Sciences (CIOMS).

Statistics and reproducibility

Statistical analyses were performed using GraphPad prism 8.0 Student’s
2-tailed t-test and one-way ANOVA with Dunnett post-test. Values of
*P < 0.05 were considered significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and its supplementary information. All the uncropped blots are collected in
Fig. S11. The source data behind the graphs in the main and Supplementary
Figures can be found in the Supplementary Data file.

Received: 24 May 2023; Accepted: 14 March 2024;
Published online: 22 March 2024

References

1. Kelland, L. The resurgence of platinum-based cancer chemotherapy.
Nat. Rev. Cancer 7, 573-584 (2007).

2. Rottenberg, S., Disler, C. & Perego, P. The rediscovery of platinum-
based cancer therapy. Nat. Rev. Cancer 21, 37-50 (2021).

3. Fouani, L., Menezes, S. V., Paulson, M., Richardson, D. R. &
Kovacevic, Z. Metals and metastasis: exploiting the role of metals in
cancer metastasis to develop novel anti-metastatic agents.
Pharmacol Res. 115, 275-287 (2017).

4. Choi, Y.-M. et al. Mechanism of cisplatin-induced cytotoxicity is
correlated to impaired metabolism due to mitochondrial ROS
generation. PLoS One 10, e0135083 (2015).

5. Matesanz, A. |., Herrero, J. M., Faraco, E. J., Cubo, L. & Quiroga, A. G.
New platinum (ll) triazole thiosemicarbazone complexes: analysis of
their reactivity and potential antitumoral action. ChemBioChem 21,
1226-1232 (2020).

6. Medrano, M. A. et al. Oxidation of anticancer Pt(ll) complexes with
monodentate phosphane ligands: towards stable but active Pt(IV)
prodrugs. Chem. Commun. (Camb) 49, 4806-4808 (2013).

7. Cabrera, S. et al. Versatile route to trans-platinum(ll) complexes via
manipulation of a coordinated 3-(Pyridin-3-yl)propanoic acid ligand.
Inorg. Chem. 58, 7200-7208 (2019).

8. Cleare, M. J. &Hoeschele, J. Studies on the antitumor activity of group
VIl transition metal complexes. Part |. Platinum (Il) complexes.
Bioinorg. Chem. 2, 187-210 (1973).

9. Kratochwil, N. A. et al. Surprising reactions of iodo Pt (IV) and Pt (Il)
complexes with human albumin: detection of Cys34 sulfenic acid. J.
Am. Chem. Soc. 121, 8193-8203 (1999).

10. Talman, E. G., Brining, W., Reedijk, J., Spek, A. L. & Veldman, N.
Crystal and molecular structures of asymmetric cis-and trans-
platinum (1Il/1V) compounds and their reactions with DNA fragments.
Inorg. Chem. 36, 854-861 (1997).

11. Messori, L. et al. Cytotoxic profile and peculiar reactivity with
biomolecules of a novel “rule-breaker” lodidoplatinum(ll) complex.
ACS Med. Chem. Lett. 1, 381-385 (2010).

12. Messori, L. et al. Reactivity and biological properties of a series of
cytotoxic Ptl2(amine)2 complexes, either cis or trans configured.
Inorg. Chem. 51, 1717-1726 (2012).

13. Quiroga, A. G. Understanding trans platinum complexes as potential
antitumor drugs beyond targeting DNA. J. Inorg. Biochem. 114,
106-112 (2012).

Communications Biology | (2024)7:353

14



https://doi.org/10.1038/s42003-024-06052-5

Article

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Starha, P., Vanco, J. & Travnicek, Z. Platinum iodido complexes: a
comprehensive overview of anticancer activity and mechanisms of
action. Coord Chem. Rev. 380, 103-135 (2019).

Quiroga, A. G., Cama, M., Pajuelo-Lozano, N., Alvarez-Valdes, A. &
Perez, |. Sanchez New findings in the signaling pathways of cis and
trans platinum lodido complexes’ interaction with DNA of cancer cells.

ACS Omega. 4,21855-21861 (2019).

Chen, X. et al. Mutant p53 in cancer: from molecular mechanism to
therapeutic modulation. Cell Death Dis. 13, 974 (2022).

Weinberg, S. E. & Chandel, N. S. Targeting mitochondria metabolism
for cancer therapy. Nat. Chem. Biol. 11, 9-15 (2015).

Alcala, S. et al. Targeting cancer stem cell OXPHOS with tailored
ruthenium complexes as a new anti-cancer strategy. J. Exp. Clin.
Cancer Res. 43, 33 (2024).

Schulze, A. & Harris, A. L. How cancer metabolism is tuned for
proliferation and vulnerable to disruption. Nature 491, 364-373 (2012).
Wang, K. et al. Restraining cancer cells by dual metabolic inhibition
with a mitochondrion-targeted platinum(ll) complex. Angew. Chem.
Int. Ed. Engl. 58, 4638-4643 (2019).

Bock, F. J. & Tait, S. W. G. Mitochondria as multifaceted regulators of
cell death. Nat. Rev. Mol. Cell Biol. 21, 85-100 (2020).

Munoz-Espin, D. & Serrano, M. Cellular senescence: from physiology
to pathology. Nat. Rev. Mol. Cell Biol. 15, 482-496 (2014).

Fakhri, S., Moradi, S. Z., Ash-Rafzadeh, A. & Bishayee, A. Targeting
cellular senescence in cancer by plant secondary metabolites: a
systematic review. Pharmacol. Res. 177, 105961 (2022).

Wang, L., Lankhorst, L. & Bernards, R. Exploiting senescence for the
treatment of cancer. Nat. Rev. Cancer 22, 340-355 (2022).

Kim, Y. K., Jung, J. S., Lee, S. H. & Kim, Y. W. Effects of antioxidants
and Ca2+ in cisplatin-induced cell injury in rabbit renal cortical slices.
Toxicol. Appl. Pharmacol. 146, 261-269 (1997).

Siomek, A. et al. Severe oxidatively damaged DNA after cisplatin
treatment of cancer patients. Int. J. Cancer 119, 2228-2230 (2006).
Agostinelli, E. & Seiler, N. Non-irradiation-derived reactive oxygen
species (ROS) and cancer: therapeutic implications. Amino Acids 31,
341-355 (2006).

Case, A. J. On the origin of superoxide dismutase: an evolutionary
perspective of superoxide-mediated redox signaling. Antioxidants
(Basel) 6, 82 (2017).

Giorgi, C. et al. Mitochondria and reactive oxygen species in aging
and age-related diseases. Int. Rev. Cell Mol. Biol. 340, 209-344
(2018).

Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J. Clin. 68, 394-424 (2018).

Bargiela-lparraguirre, J. et al. Regulatory effects of miR-19a on MAD2
expression and tumorigenesis in gastric cancer. Genes Dis. 10,
1180-1182 (2023).

Makovec, T. Cisplatin and beyond: molecular mechanisms of action
and drug resistance development in cancer chemotherapy. Radiol.
Oncol. 563, 148-158 (2019).

Valle, S., Martin-Hijano, L., Alcala, S., Alonso-Nocelo, M. & Sainz, B. Jr
The ever-evolving concept of the cancer stem cell in pancreatic
cancer. Cancers (Basel) 10, 33 (2018).

D’Errico, G. et al. Tumor-associated macrophage-secreted 14-3-
3zetassignals via AXL to promote pancreatic cancer chemoresistance.
Oncogene 38, 5469-5485 (2019).

Fong, C. W. Platinum anti-cancer drugs: free radical mechanism of Pt-
DNA adduct formation and anti-neoplastic effect. Free Radic. Biol.
Med. 95, 216-229 (2016).

Ashton, T. M., McKenna, W. G., Kunz-Schughart, L. A. & Higgins, G. S.
Oxidative phosphorylation as an emerging target in cancer therapy.
Clin. Cancer Res 24, 2482-2490 (2018).

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Valle, S. et al. Exploiting oxidative phosphorylation to promote the
stem and immunoevasive properties of pancreatic cancer stem cells.
Nat. Commun. 11, 5265 (2020).

Ghosh-Choudhary, S. K., Liu, J. &Finkel, T. The role of mitochondriain
cellular senescence. FASEB J. 35, €21991 (2021).

Correia-Melo, C. & Passos, J. F. Mitochondria: Are they causal players
in cellular senescence? Biochim. Biophys. Acta. Bioenerg. 1847,
1373-1379 (2015).

Chapman, J., Fielder, E. & Passos, J. F. Mitochondrial dysfunction and
cell senescence: deciphering a complex relationship. FEBS Lett. 593,
1566-1579 (2019).

Kirkin, V., Joos, S. & Zornig, M. The role of Bcl-2 family members in
tumorigenesis. Biochim. Biophys. Acta. 1644, 229-249 (2004).
Romero, A. et al. The angiotensin-(1-7)/mas receptor axis protects
from endothelial cell senescence via klotho and Nrf2 activation. Aging.
Cell 18, €12913 (2019).

Espitia-Corredor, J. A. et al. Resolvin E1 attenuates doxorubicin-
induced cardiac fibroblast senescence: A key role for IL-1b. Eta.
Biochim. Biophys. Acta. Mol. Basis Dis. 1868, 166525 (2022).
Pajuelo-Lozano, N. et al. XPA, XPC, and XPD modulate sensitivity in
gastric cisplatin resistance cancer cells. Front. Pharmacol. 9, 1197 (2018).
Zhang, R. et al. Formation of MacroH2A-containing senescence-
associated heterochromatin foci and senescence driven by ASF1a
and HIRA. Dev. Cell 8, 19-30 (2005).

Faget, D. V., Ren, Q. & Stewart, S. A. Unmasking senescence:
context-dependent effects of SASP in cancer. Nat. Rev. Cancer 19,
439-453 (2019).

Srinivas, U. S., Tan, B. W. Q., Vellayappan, B. A. & Jeyasekharan, A. D.
ROS and the DNA damage response in cancer. Redox Biol. 25,
101084 (2019).

Hariharakrishnan, J., Satpute, R. M., Prasad, G. B. & Bhattacharya, R.
Oxidative stress mediated cytotoxicity of cyanide in LLC-MK2 cells
and its attenuation by alpha-ketoglutarate and N-acetyl cysteine.
Toxicol. Lett. 185, 132-141 (2009).

Yedjou, C. G. & Tchounwou, P. B. N-acetyl-I-cysteine affords
protection against lead-induced cytotoxicity and oxidative stress in
human liver carcinoma (HepG2) cells. Int. J. Environ. Res. Public
Health 4, 132-137 (2007).

Jiang, M. et al. Regulation of PUMA-alpha by p53 in cisplatin-induced
renal cell apoptosis. Oncogene 25, 4056-4066 (2006).

Chipuk, J. E. et al. Direct activation of Bax by p53 mediates
mitochondrial membrane permeabilization and apoptosis. Science
303, 1010-1014 (2004).

Raudenska, M., Balvan, J., Fojtu, M., Gumulec, J. & Masarik, M.
Unexpected therapeutic effects of cisplatin. Metallomics 11,
1182-1199 (2019).

Attia, S. M. Influence of resveratrol on oxidative damage in genomic
DNA and apoptosis induced by cisplatin. Mut. Res. Genet Toxicol.
Environ. Mutagen. 741, 22-31 (2012).

Wang, L., Zhao, X, Fu, J., Xu, W. & Yuan, J. The role of tumour
metabolism in cisplatin resistance. Front. Mol. Biosci. 8, 691795 (2021).
Nayak, A. P., Kapur, A., Barroilhet, L. & Patankar, M. S. Oxidative
phosphorylation: a target for novel therapeutic strategies against
ovarian cancer. Cancers (Basel) 10, 337 (2018).

Rodriguez-Enriquez, S., Marin-Hernandez, A., Gallardo-Perez, J. C.,
Carreno-Fuentes, L. & Moreno-Sanchez, R. Targeting of cancer
energy metabolism. Mol. Nutr. Food Res. 53, 29-48 (2009).

Smith, L. K., Rao, A. D. & McArthur, G. A. Targeting metabolic
reprogramming as a potential therapeutic strategy in melanoma.
Pharmacol. Res. 107, 42-47 (2016).

Sancho, P. etal. MYC/PGC-1alpha balance determines the metabolic
phenotype and plasticity of pancreatic cancer stem cells. Cell Metab.
22, 590-605 (2015).

Communications Biology | (2024)7:353

15



https://doi.org/10.1038/s42003-024-06052-5

Article

59. Alcala, S. etal. ISG15 and ISGylation is required for pancreatic cancer
stem cell mitophagy and metabolic plasticity. Nat. Commun. 11,
2682 (2020).

60. Jose, C., Bellance, N. & Rossignol, R. Choosing between glycolysis
and oxidative phosphorylation: a tumor’s dilemma? Biochim.
Biophys. Acta 1807, 552-561 (2011).

61. Zheng, J. Energy metabolism of cancer: glycolysis versus oxidative
phosphorylation (Review). Oncol Lett. 4, 1151-1157 (2012).

62. Martinez-Outschoorn, U. E., Peiris-Pages, M., Pestell, R. G., Sotgia, F.
& Lisanti, M. P. Cancer metabolism: a therapeutic perspective. Nat.
Rev. Clin. Oncol. 14, 11-31 (2017).

63. Ge, H. et al. Dexamethasone reduces sensitivity to cisplatin by
blunting p53-dependent cellular senescence in non-small cell lung
cancer. PLoS One 7, €51821 (2012).

64. Li, W. et al. Cisplatin-induced senescence in ovarian cancer cells is
mediated by GRP78. Oncol. Rep. 31, 2525-2534 (2014).

65. Sun, X. et al. Senescence-associated secretory factors induced by
cisplatin in melanoma cells promote non-senescent melanoma cell
growth through activation of the ERK1/2-RSK1 pathway. Cell Death
Dis. 9, 260 (2018).

66. Passos, J. F. et al. Feedback between p21 and reactive oxygen
production is necessary for cell senescence. Mol. Syst. Biol. 6, 347 (2010).

67. Hou, X. et al. The involvement of ERK1/2 and p38 MAPK in the
premature senescence of melanocytes induced by H(2)O(2) through a
p53-independent p21 pathway. J. Dermatol. Sci. 105, 88-97 (2022).

68. Schosserer, M., Grillari, J. & Breitenbach, M. The dual role of cellular
senescence in developing tumors and their response to cancer
therapy. Front. Oncol. 7, 278 (2017).

69. Piskorz, W. M. & Cechowska-Pasko, M. Senescence of tumor cells in
anticancer therapy-beneficial and detrimental effects. Int. J. Mol. Sci.
23, 11082 (2022).

70. Gaschler, M. M. & Stockwell, B. R. Lipid peroxidation in cell death.
Biochem. Biophys. Res. Commun. 482, 419-425 (2017).

71. Anerillas, C., Abdelmohsen, K. & Gorospe, M. Regulation of
senescence traits by MAPKs. Geroscience 42, 397-408 (2020).

72. Borodkina, A., Shatrova, A., Abushik, P., Nikolsky, N. & Burova, E.
Interaction between ROS dependent DNA damage, mitochondria and
p38 MAPK underlies senescence of human adult stem cells. Aging
(Albany NY) 6, 481-495 (2014).

73. Davalli, P., Mitic, T., Caporali, A., Lauriola, A. & D’Arca, D. ROS, cell
senescence, and novel molecular mechanisms in aging and age-
related diseases. Oxid. Med. Cell Longev. 2016, 3565127 (2016).

74. Aldini, G. et al. N-acetylcysteine as an antioxidant and disulphide
breaking agent: the reasons why. Free Radic. Res. 52, 751-762 (2018).

75. Zhitkovich, A. N-acetylcysteine: Antioxidant, aldehyde scavenger,
and more. Chem. Res. Toxicol. 32, 1318-1319 (2019).

76. O’Callaghan, N., Baack, N., Sharif, R. & Fenech, M. A gPCR-based
assay to quantify oxidized guanine and other FPG-sensitive base
lesions within telomeric DNA. Biotechniques 51, 403-411 (2011).

77. Cruz-Bermudez, A. et al. Enhanced tumorigenicity by mitochondrial
DNA mild mutations. Oncotarget 6, 13628-13643 (2015).

78. Séanchez-Perez, |., Murguia, J. R. & Perona, R. Cisplatin induces a
persistent activation of JNK that is related to cell death. Oncogene 16,
533-540 (1998).

79. Novohradsky, V. et al. Molecular superoxide radical photogeneration
in cancer cells by dipyridophenazine iridium (lll) complexes. Inorg.
Chem. Front. 6, 2500-2513 (2019).

80. Butler, A. A. & Kozak, L. P. A recurring problem with the analysis of
energy expenditure in genetic models expressing lean and obese
phenotypes. Diabetes 59, 323-329 (2010).

Acknowledgements
This research was funded by PID2019-106220RB100, RTC2019-007227-1
granted by MICIU/ AEI / 10.13039/501100011033, and PID2022-

1373730B-100 granted by MICIU/ AEI / 10.13039/501100011033 / FEDER,
UE. This study was supported by ISCIII FIS grants PI20/0335 (RP) and PI21/
01110 (BSJ), co-financed through Fondo Europeo de Desarrollo Regional
(FEDER) 'Una manera de hacer Europa’. JMH was supported by a grant FPI-
UAM 2021 from Universidad Autonoma de Madrid (Molecular BioSciences
PhD program). We thank Gonzalo Vilchez and Sofia Figueiras for their
contribution to this work via Comunidad de Madrid grants PEJ-2020-Al/
BMD-18538; PEJ-2021-TL/BMD-22441. Silvia Cuena (IIBM image facility)
and, Monica Martin Belinchén and Lucia Guerrero (IIBm Microscopy facility)
for their technical assistance. The authors thank the UAM Biochemistry
Department (Ana | Rojo) for the use of Biorender.com. In memoriam of
Ramon Sanchez Varas who sadly died during the preparation of this
manuscript.

Author contributions

J.M.H.: conceptualization, methodology, validation, formal analysis,
investigation, writing original draft, visualization. S.A. conceptualization,
methodology, validation, formal analysis, investigation, writing original draft,
visualization. L.R.-C. and S.B. conceptualization, methodology, validation,
formal analysis, and investigation of in vivo studies. C.B.-B.
conceptualization, methodology, validation, formal analysis, investigation.
A.G.Q. methodology conceptualization, Funding acquisition. R.P. and O.L.
resources. C.C. visualization writing—review and editing. B.S. and I.S.-P.
devised study designs. B.S. and |.S.P. Conceptualization, methodology,
investigation, resource, visualization, supervision, project administration,
writing—review and editing, and funding acquisition.

Competing interests
The authors declare no competing interest.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06052-5.

Correspondence and requests for materials should be addressed to
Bruno Sainz Jr. or Isabel Sanchez-Pérez.

Peer review information Communications Biology thanks Roshan Kumar
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Primary Handling Editors: Dana Reichmann and Manuel
Breuer.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:353

16


https://doi.org/10.1038/s42003-024-06052-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Platinum iodido drugs show potential anti-�tumor activity, affecting cancer cell metabolism and inducing ROS and senescence in gastrointestinal cancer�cells
	Results
	The iodido prototypes cause DNA oxidative damage and mitochondrial dysfunction
	I5 and I6 modulate cell metabolism
	Iodido prototypes induce cellular senescence in GI cancer�cells
	The iodido prototypes generate ROS in GI cancer�cells
	NAC has a protective effect in GI cell viability after treatment with iodido complexes
	I5 reduces in vitro clonogenicity and inhibits in�vivo tumor growth with no systemic toxicity

	Discussion
	Methods
	Cell culture
	Chemicals
	Cell viability
	DNA extraction and quantification of oxidized bases in specific genome regions by�qPCR
	Flow cytometry
	Cell metabolism
	Immunofluorescence�assay
	SA-β-Gal activity�assays
	RT-qPCR
	Western Blotting
	Confocal microscopy
	Ratio GSH/GSSG
	Clonogenic�assay
	Indirect calorimetry analyses (PhenoMaster)
	Tumor xenograft�models
	Ethics
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




