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Abstract: Reactive oxygen species (ROS) are produced by every aerobic cell during mitochondrial
oxidative metabolism as well as in cellular response to xenobiotics, cytokines, and bacterial invasion.
Superoxide Dismutases (SOD) are antioxidant proteins that convert superoxide anions (O2

•−) to hy-
drogen peroxide (H2O2) and dioxygen. Using the differential in the level of oxidative stress between
normal and cancer cells, SOD mimetics can show an antitumoral effect and prevent oxaliplatin-
induced peripheral neuropathy. New Pt(IV) conjugate prodrugs (OxPt-x-Mn1C1A (x = 1, 1-OH, 2)),
combining oxaliplatin and a Mn SOD mimic (MnSODm Mn1C1A) with a covalent link, were de-
signed. Their stability in buffer and in the presence of sodium ascorbate was studied. In vitro, their
antitumoral activity was assessed by the viability and ROS production of tumor cell lines (CT16,
HCT 116, KC) and fibroblasts (primary culture and NIH 3T3). In vivo, a murine model of colorectal
cancer was created with subcutaneous injection of CT26 cells in Balb/c mice. Tumor size and volume
were measured weekly in four groups: vehicle, oxaliplatin, and oxaliplatin associated with MnSODm
Mn1C1A and the bis-conjugate OxPt-2-Mn1C1A. Oxaliplatin-induced peripheral neuropathy (OIPN)
was assessed using a Von Frey test reflecting chronic hypoalgesia. Tolerance to treatment was assessed
with a clinical score including four items: weight loss, weariness, alopecia, and diarrhea. In vitro,
Mn1C1A associated with oxaliplatin and Pt(IV) conjugates treatment induced significantly higher
production of H2O2 in all cell lines and showed a significant improvement of the antitumoral efficacy
compared to oxaliplatin alone. In vivo, the association of Mn1C1A to oxaliplatin did not decrease its
antitumoral activity, while OxPt-2-Mn1C1A had lower antitumoral activity than oxaliplatin alone.
Mn1C1A associated with oxaliplatin significantly decreased OIPN and also improved global clini-
cal tolerance of oxaliplatin. A neuroprotective effect was observed, associated with a significantly
improved tolerance to oxaliplatin without impairing its antitumoral activity.

Keywords: Pt(IV) prodrugs; superoxide dismutase mimetic; colorectal cancer; oxaliplatin-induced
peripheral neuropathy

1. Introduction

Reactive oxygen species (ROS) are highly reactive oxygenated chemical species. All
eukaryotic cells, due to their aerobic cellular metabolism, produce ROS. Superoxide anion
(O2
•−) is a free radical, toxic to the cell if not regulated, which is transformed into hydrogen

peroxide (H2O2) and dioxygen (O2) by an enzyme called superoxide dismutase (SOD).
The Manganese superoxide dismutase (MnSOD) is located in the mitochondria and is
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indispensable for life [1]. Increased oxidative stress occurs due to a disbalance between
ROS production and detoxification. Cellular homeostasis is maintained by the presence of
detoxification systems such as SODs, catalase, and glutathione (GSH) [2]. ROS production
at low intracellular concentrations can lead to cellular proliferation [3–5]. When produced
at higher levels, they can induce antitumoral activity [6,7]. Indeed, cancer cells were found
to have increased sensitivity to oxidative stress compared to normal cells [8] due to a lower
detoxification system and higher basal ROS production close to the toxic threshold [9].

Superoxide dismutase mimetics are low-molecular-weight complexes that mimic the
activity of superoxide dismutase [10–12]. Such compounds may present antioxidant and
anti-inflammatory activity [13–16], and they have also been evaluated for their antitumoral
activity [17]. SOD mimetics are proposed to lead to an increase in cellular H2O2, which
induces antitumoral activity in vitro due to the difference in hydrogen peroxide cellular
sensitivity between normal and cancer cells [3,6,18–20]. In particular, mangafodipir, a con-
trast agent used in magnetic resonance imaging that concentrates in the liver and displays
superoxide dismutase antioxidant properties, has been shown to prevent colorectal tumor
growth in mice [21,22]. Oxaliplatin is a major drug in digestive oncology, in adjuvant [23]
or metastatic situations [24–27], in colorectal cancer, and in oesogastric cancer, pancre-
atic adenocarcinoma, and bile duct carcinoma. Platinum derivatives are known to form
adducts with the DNA of cells, thus inducing cell cycle blockade and cell apoptosis. This
chemotherapy leads to an oxidative burst in the cancer cell, which is part of its antitumoral
activity [6] but is also associated with side effects [28]. It has been shown that mangafodipir
can prevent and/or relieve oxaliplatin-induced neuropathy in cancer patients [21].

Oxaliplatin-induced peripheral neuropathy occurs in >90% of treatments, is respon-
sible for chronic pain and disability, and is dose-limiting [29]. It has been shown that
oxaliplatin-induced peripheral neuropathy is induced by the oxidative burst and direct
toxicity of O2

− in the dorsal ganglion [28].
Mangafodipir, as a MnSOD mimetic, has been shown as neuroprotective when co-

administrated with oxaliplatin, leading to a significant decrease of oxaliplatin-induced
peripheral neuropathy in mice in a phase I trial [21]. In Coriat et al., 22 cancer patients with
grade≥ 2 oxaliplatin-associated peripheral neuropathy received intravenous mangafodipir
following oxaliplatin [21]. In 77% of cases, oxaliplatin-induced neurotoxicity improved or
stabilized after four cycles. After eight cycles, oxaliplatin-induced neurotoxicity was down-
graded in six out of seven patients. Glimelius et al. [30] conducted a phase II study with
179 colorectal cancer patients with oxaliplatin-induced peripheral neuropathy, randomized
between calmangafodipir and placebo. Calmangafodipir-treated patients had significantly
less cold allodynia (mean 1.6 versus 2.3, p < 0.05) and significantly fewer sensory symptoms
in the Leonard scale (cycle 1–8 mean 1.9 versus 3.0, p < 0.05 and during follow-up after
3 and 6 months, mean 3.5 versus 7.3, p < 0.01). Response rate, progression-free, and overall
survival did not differ among groups. A phase III study (POLAR study) comparing PledOx
(calmangafodipir) to placebo in patients with oxaliplatin-induced peripheral neuropathy
was shut down early because PledOx 5 µmol/kg in combination with chemotherapy did
not reduce the risk of moderate to severe chemo-induced peripheral neuropathy (CIPN) at
9 months after the first cycle. Mangafodipir commercialization stopped, and the manganese
atom was replaced by gadolinium as a contrast MRI agent. Thus, mangafodipir availability
has been impaired. Moreover, the overall negative charge of mangafodipir, impairing its
cellular penetration, has been suspected for the lack of antitumoral efficacy in vivo [9].

Mn1 [31] is a MnSOD mimic bio inspired by the active site of MnSOD, specific of
superoxide, [32] with better intracellular diffusion compared to mangafodipir [13,15,16]. It
was shown to exert anti-inflammatory activity in a cellular model of inflammatory bowel
diseases (HT29-MDM2) associated with an antioxidant effect [13]. Guillaumot et al. stud-
ied this complex (called MAG in the study) in vitro and in vivo. In vitro, MAG induced
hydrogen peroxide production in tumoral cells (HT 29, CT 26) and embryonic fibroblasts
(NIH 3T3). A cytotoxic additive effect in combination with oxaliplatin (oxaliplatin + Mn1
treatment) was observed on cancer cells. In vivo, in a murine model of colorectal can-
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cer, Mn1 (MAG) in association with oxaliplatin did not have a better antitumoral effect
than oxaliplatin but showed a significant decrease in peripheral neuropathy induced by
oxaliplatin [33].

In this work, we developed and evaluated a panel of new chimeric molecules in the
form of Pt(IV) prodrugs that covalently link oxaliplatin with a MnSOD mimetic derived
from Mn1—Mn1C1A. Pt(IV) prodrugs constitute one of the alternative strategies to combi-
nation treatments devised to achieve, using appropriate axial moieties, targeted delivery,
reduced side effects and toxicity, increased anticancer activity, or improved bioavailabil-
ity [34,35]. Pt(IV) complexes are reduced in cells or tumor microenvironments, releasing the
active parent Pt(II) anticancer agent and axial moieties. A covalent conjugation between the
two active components is expected to present several advantages compared to combination
treatment, such as the possible control of the ratio of active components penetrating the
cells. Three conjugates were synthesized and characterized (Figure 1). We assessed the
cytotoxic activity of these new compounds in vitro and, for one of them, the protective
effect against oxaliplatin-induced peripheral neuropathy and antitumoral activity in vivo
on a murine model of colorectal cancer.
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Figure 1. Structure of MnSOD mimics and Pt(IV) conjugates developed in this study. OxPt-x-Mn1C1A
conjugates are Pt(IV) complexes combining oxaliplatin and Mn1C1A complex on axial position (MAG
(Mn1) in association with oxaliplatin see [33]).

2. Results
2.1. Synthesis of 1C1A, Pt(IV) Conjugates and the Corresponding Mn Complexes

The 1C1A ligand of the MnSOD mimic Mn1C1A was prepared starting from ligand
1 of the SOD mimic Mn1 (MAG), already described in ref. [31]. Ligand 1 was alkylated by
reductive amination with ethylglyoxalate in the presence of sodium cyanoborohydride to
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afford the desired ester after HPLC purification. The 1C1A ligand was obtained after ester
hydrolysis with excess sodium hydroxide and further HPLC purification (Scheme 1).
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Scheme 1. Synthesis of the 1C1A ligand and the three Pt(IV) conjugates before Mn coordination,
which is performed in situ.

For synthetic purposes, oxaliplatin (PtII(dach)(ox)) was prepared by a classical pro-
cedure in three steps (see supplementary information) with a 74% overall yield starting
from potassium tetrachloroplatinate: chloride ligands were exchanged for iodide, coordi-
nation was established with the (1R,2R)-cyclohexane-1,2-diamine (dach) ligand, and the
complex formed was treated with freshly prepared silver oxalate [36,37]. Oxidation of
oxaliplatin in the presence of aqueous hydrogen peroxide alone or in acetic acid afforded
the Pt(IV) intermediates PtIV(dach)(ox)(OH)2 (73% yield) and PtIV(dach)(ox)(OAc)(OH)
(71% yield) [38]. The Pt(IV) conjugates were obtained by ester coupling between 1C1A
and a Pt(IV) intermediate in different conditions (Scheme 1). The bis-conjugate compound
with the MnSOD mimic ligand in both axial positions, OxPt-2-1C1A, and the mono-OH
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conjugate OxPt-1OH-1C1A, were prepared by reaction of PtIV(dach)(ox)(OH)2 with 2.1 and
1.2 equivalents of 1C1A using TBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate) as a coupling agent in the presence of Et3N in DMF. The mono-OAc
conjugate OxPt-1-1C1A was obtained using PtIV(dach)(ox)(OAc)(OH) and 1C1A with DCC
(N,N′-dicyclohexylcarbodiimide) as coupling agent. The three conjugates were purified by
preparative reverse-phase HPLC and fully characterized (Supporting Information).

Mn(II) coordination was performed in situ before each experiment using a solu-
tion of MnCl2 and the titrated conjugate-ligand in desired ratios. The three compounds
OxPt-x-1C1A (x = 1OH, 1, 2) were titrated by UV-visible spectrophotometry as already
described [13,15] using a solution of ZnCl2, known to bind to ligand 1 with higher affinity
than Mn2+ and being redox inactive (Supplementary Figures S1–S5).

The hydrolytic stability of the conjugate ligands OxPt-x-1C1A (x = 1OH, 1, 2) and
of the corresponding complexes OxPt-x-Mn1C1A (x = 1OH, 1, 2) obtained via in situ Mn
coordination was evaluated in buffer (HEPES buffer 50 mM at pH = 7.4) by analytical
HPLC. The compounds OxPt-x-1C1A (x = 1OH, 1, 2) were stable in buffer for more than
24 h, with no sign of hydrolysis [39,40]. Instability of the compounds in the presence
of Mn(II) salt (1 equivalent for x = 1OH,1, and 2 equivalents for x = 2) was observed
with half-lives of the complexes (time to lose 50% of the signal of the compound) of
≈30 min for OxPt-1OH-Mn1C1A and OxPt-1-Mn1C1A and 4 h for OxPt-2-Mn1C1A (Sup-
plementary Figures S6, S9, S10, S13 and S14). The stability of the compounds was then
evaluated in the presence of a cellular reductant (excess of sodium ascorbate) to reflect
the kinetics of reduction of the Pt(IV) conjugates to Pt(II) oxaliplatin in cells (Supplemen-
tary Figures S7, S9, S11, S14 and S15). Half-lives of reduction for the Pt(IV) compounds
OxPt-1OH-1C1A, OxPt-1-1C1A, and OxPt-2-1C1A were found to be ≈7 h, >24 h and
≈7 h and in line with data from the literature on Pt(IV) conjugate hydroxydo/acetato-
type ligands [39–42]. The same experiment performed on the corresponding complexes
OxPt-x-Mn1C1A (x = 1OH, 1, 2) directly after in situ Mn coordination indicated a rapid
disappearance of the compounds’ HPLC signature with half-lives of ≈1 h, 30 min, and
≈2.5 h, respectively (Supplementary Figures S8, S9, S12, S14 and S15).

Further studies by UV-Vis spectroscopy (titration with MnCl2) and mass spectrometry
(see Supporting Information for full description, Figures S16–S22) lead us to rationalize the
reactivity of the Pt(IV) conjugates upon Mn coordination as follows: upon coordination
of the ligand with Mn2+, the Pt-O bond of the acetate-type ligand is cleaved through
hydrolysis with coordination of the carboxylato group to the metal ion (Mn), forming a
favorable five-membered metallacycle and generating a six-coordinated oxidized MnIII

complex. Although no signature from a Pt species could be unambiguously assigned on
the HPLC chromatograms or by MS spectrometry (see supplementary information), the
hydrolysis prompted by Mn coordination is expected to produce the Pt(IV) intermediates
Pt(dach)(ox)(OH)2 in the case of OxPt-1OH-Mn1C1A and OxPt-2-1C1A conjugates and
Pt(dach)(ox)(OAc)(OH) for the OxPt-2-Mn1C1A conjugate. Further hydrolysis of the
equatorial oxalate ligand may occur [39]. Detailed mechanistic investigations were not
pursued (vide infra).

The intrinsic SOD activity, or activity outside of any cellular context, refs. [12,13,32]
of the new MnSOD mimic Mn1C1A (prepared in situ by Mn coordination of the titrated
ligand 1C1A, see Supporting Information) and of the freshly prepared OxPt-x-Mn1C1A
(x = 1OH,1,2) conjugates was determined by the McCord–Fridovich assay, as previously
described in refs. [12,32]. The parent MnSOD mimic Mn1 was included as a reference [13,43].
The results provided as kMcCF are presented in Table 1. The SOD activity of the new
complex Mn1C1A was found to be higher than that of the parent complex Mn1, with kMcCF
of 3.11 × 108 M−1 s−1, indicating a favorable impact of the additional carboxylate group.
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Table 1. SOD activity values determined by the McCord–Fridovich assay.

Mn1C1A OxPt-1OH-
Mn1C1A

OxPt-1-
Mn1C1A

OxPt-2-
Mn1C1A Mn1

IC50 (µM) a 0.0931 0.1432 0.1324 0.1804 0.5261
kMcCF

(M−1 s−1) 3.11 × 108 2.02 × 108 2.19 × 108 1.61 × 108 5.51 × 107

a. Mean value over duplicate experiments.

Although this first generation of Pt(IV) oxaliplatin–MnSOD mimic conjugates have
limited stability upon Mn coordination, they generate mixtures composed of the Pt(IV) con-
jugate, the MnSOD mimic Mn1C1A, and a Pt(IV) species (Pt(dach)(ox)(OH)2 or Pt(dach)(ox)
(OAc)(OH)) that generates oxaliplatin upon reduction [41]. They may present interest-
ing biological activity, keeping in mind that, in the time scale of the cellular experiments
(incubation of 24–72 h in the extracellular medium), the conjugates will be completely
hydrolyzed in the medium [39,42]. The three Pt(IV) conjugates were further evaluated in
cells along with the association condition Mn1C1A + oxaliplatin and oxaliplatin alone.

2.2. ROS Levels In Vitro

The Pt(IV) conjugates and Mn1C1A associated with oxaliplatin increased H2O2 lev-
els in all cell lines. Figure 2 shows the mean H2O2 levels measured in HCT 116, CT26,
NIH 3T3, and KC cells after treatment with the three Pt(IV) conjugates, oxaliplatin alone,
Mn1C1A + oxaliplatin, or vehicle (at 2.5 µM, 5 µM, and 10 µM) for 24 h. In HCT 116 cells, treat-
ment with Mn1C1A + oxaliplatin significantly increased the mean H2O2 levels (p < 0.01) com-
pared to oxaliplatin alone with all tested concentrations. In CT26 cells, treatment with OxPt-2-
Mn1C1A and Mn1C1A + oxaliplatin significantly increased the mean H2O2 levels (p < 0.05)
compared to oxaliplatin alone with all tested concentrations. In NIH 3T3 cells, treatment with
OxPt-1OH-Mn1C1A, OxPt-1-Mn1C1A, OxPt-2-Mn1C1A, and Mn1C1A + oxaliplatin signifi-
cantly increased the mean H2O2 levels (p < 0.001) compared to oxaliplatin alone with all tested
concentrations. In KC cells, treatment with Mn1C1A + oxaliplatinsignificantly increased the
mean H2O2 levels (p < 0.01) compared to oxaliplatin alone with all tested concentrations.
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Figure 2. H2O2 levels in vitro. Mean H2O2 levels (fluorescence intensity) as measured by spectropho-
tometry (H2-DCFDA) in cell lines treated with vehicle, oxaliplatin, OxPt-1OH-Mn1C1A, OxPt-1-Mn1C1A,
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OxPt-2-Mn1C1A, and Mn1C1A + oxaliplatin at 2.5 µM, 5 µM, and 10 µM for 24 h. The p-values are
denoted as follows: * p < 0.05, ** p < 0.01, and **** p < 0.0001. H2O2 levels were higher in all cell lines
with conjugate compounds or with Mn1C1A + oxaliplatin compared to oxaliplatin alone (p < 0.05).

Mean O2
.− levels in all cell lines were measured after 24 h of treatment exposure.

O2
.− levels were significantly higher in HCT 116 and NIH 3T3 cell lines treated with

Mn1C1A + oxaliplatin than oxaliplatin alone. In HCT 116 cells, oxaliplatin + Mn1C1A
significantly increased O2

.− levels compared to oxaliplatin alone (p < 0.05). In CT26 and
KC cells, no significative difference was observed in O2

.− levels. In NIH 3T3 cells, OxPt-
2-Mn1C1A and oxaliplatin + Mn1C1A significantly increased O2

.− levels compared to
oxaliplatin alone (p < 0.05) (Supplementary Figure S23). GSH cellular levels, reflecting the
detoxification system, were stable in CT26, HCT 116, and NIH 3T3 and lowered in KC cells
treated with MnSOD mimetics (Supplementary Figure S24).

2.3. In Vitro Cell Viability

Cell viability was assessed by crystal violet on day 2 after 24 h of treatment (3 Pt(IV)
compounds, oxaliplatin alone, and Mn1C1A + oxaliplatin or vehicle, at 2.5 µM, 5 µM, and
10 µM) (Figure 3). In vitro antitumoral activity was significantly higher in tumoral cell
lines treated with Pt(IV) conjugate compounds and Mn1C1A associated with oxaliplatin
compared to oxaliplatin alone. The antitumoral effect was proportional to H2O2 levels.
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Figure 3. Crystal violet cell viability assessed on day 2 after 24 h of treatment exposure. Mean
absorbance (at 570 nm) in cell lines treated with vehicle, oxaliplatin, OxPt-1OH-Mn1C1A, OxPt-1-
Mn1C1A, OxPt-2-Mn1C1A, and Mn1C1A + oxaliplatin at 2.5 µM, 5 µM, and 10 µM. The p-values are
denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001. In all cell lines, cytotoxic activity was higher
than oxaliplatin in cells treated with OxPt-2-Mn1C1A and Mn1C1A + oxaliplatin (p < 0.05).
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Cell viability assessed by crystal violet was also measured on a primary culture
of murine fibroblasts (Figure 4). The Pt(IV) conjugates and oxaliplatin + Mn1C1A had
significantly higher cytotoxicity on primary fibroblast culture cells than oxaliplatin alone.
The MnSODm Mn1C1A alone was not cytotoxic on fibroblasts.
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Figure 4. Crystal violet viability of fibroblasts (primary fibroblasts from murine skin cells) on day
2 after 24 h of treatment with vehicle, oxaliplatin, oxaliplatin associated with Mn1C1A, OxPt-1OH-
Mn1C1A, OxPt-1-Mn1C1A, OxPt-2-Mn1C1A, and Mn1C1A alone at 2.5 µM, 5 µM, and 10 µM: mean
absorbance (at 570 nm). The p-values are denoted as follows: * p < 0.05. All the conjugate compounds
and the association of oxaliplatin with Mn1C1A were more cytotoxic than oxaliplatin and vehicle
on primary fibroblasts. The Mn1C1A complex showed no cytotoxic activity on murine primary
fibroblast cells.

2.4. In Vivo Antitumoral Effect

In vivo, a murine model of colorectal cancer was created with subcutaneous injection
of CT26 cells. After tumor growth, Balb/c mice underwent randomization in four groups:
vehicle, oxaliplatin, the bis-conjugate OxPt-2-Mn1C1A, and oxaliplatin associated with
Mn1C1A. The tumoral volume was followed during treatment (Figure 5).

In the control group treated with the vehicle, tumoral growth was exponential. Mice
treated with OxPt-2-Mn1C1A had significantly slower tumoral growth than the control
group but significantly faster tumoral growth than mice treated with oxaliplatin alone
(p < 0.05). The association of Mn1C1A to oxaliplatin did not affect oxaliplatin’s antitumoral
activity. Mice treated with Mn1C1A + oxaliplatin had the same and highest tumoral
response compared to OxPt-2-Mn1C1A and control.

2.5. Treatment Tolerance In Vivo

The clinical tolerance of the treatments was assessed with a clinical score composed of
four items (weight loss (0–2), alopecia (0–2), diarrhea (0–1), and asthenia (0–2)) measured in
all mice treated with the vehicle, oxaliplatin 10 mg/kg weekly (IP), Mn1C1A + oxaliplatin
10 mg/kg weekly (IP), and OxPt-2-Mn1C1A 10 mg/kg weekly (IP) (Figure 6) The higher
the score, the poorer the clinical tolerance.

Mice treated with oxaliplatin alone had significantly poorer clinical tolerance than
mice treated with Mn1C1A + oxaliplatin. Thus, 80% of mice treated with oxaliplatin could
not receive their second injection due to severe weight loss, but every injection could be
received in the Mn1C1A + oxaliplatin group with no significant weight loss.
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Figure 5. Tumor volume (mean value, mm3) evolution with time: Balb/c mice inoculated with
CT26 cells treated by weekly intraperitoneal injection with vehicle (8 mice), oxaliplatin (8 mice,
10 mg/kg/week), OxPt-2-Mn1C1A (9 mice, 10 mg/kg/week), and Mn1C1A + oxaliplatin (9 mice,
10 mg/kg/week). Tumor growth was exponential with the vehicle. OxPt-2-Mn1C1A treatment had
higher antitumoral activity than the vehicle but lower antitumoral activity than oxaliplatin alone.
The Mn1C1A associated with oxaliplatin had the same antitumoral activity as oxaliplatin alone.

Mice treated with oxaliplatin alone had a high mean clinical score [4] after one in-
traperitoneal injection, and 80% could not receive the second injection due to weight loss
of >20%. In the vehicle, OxPt-2-Mn1C1A, and Mn1C1A + oxaliplatin groups, each mouse
received weekly injections. Figure 6A shows the mean clinical score during the whole
experiment. Mice treated with Mn1C1A + oxaliplatin had a significantly lower clinical
score showing better clinical tolerance of the treatment (p < 0.01) than mice receiving ox-
aliplatin alone with the same dose. Mice treated with the conjugate OxPt-2-Mn1C1A also
had a significantly lower clinical score than mice treated with oxaliplatin alone (p < 0.05).
Figure 6B shows the clinical score evolution over time.

Mice treated with oxaliplatin + Mn1C1A showed significant less hypoalgesia induced
by oxaliplatin than mice treated with oxaliplatin alone. The Von Frey test reflecting chronic
hypoalgesia, with force (grams) necessary to induce paw withdrawal, was performed
before treatment and during the whole experiment (Figure 7). Figure 7A shows the mean
Von Frey score during the whole experiment in mice treated with the vehicle, oxaliplatin,
Mn1C1A + oxaliplatin, and OxPt-2-Mn1C1A. In the Mn1C1A + oxaliplatin group, signifi-
cantly less hypoalgesia occurred than in the oxaliplatin alone group (mean: 2.57 g vs. 3.95 g,
p < 0.05). The difference between OxPt-2-Mn1C1A and oxaliplatin alone was not signifi-
cant. Figure 7B shows the Von Frey score evolution over time (days). Mice treated with
oxaliplatin had progressive chronic hypoalgesia with an increase in the force necessary
to withdraw their paw. Mice treated with the same dose of oxaliplatin associated with
Mn1C1A exhibited the same behavior as mice treated with the vehicle.
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Figure 6. Clinical score in BALB/c mice inoculated with CT26 and treated by weekly intraperi-
toneal injection with vehicle (8 mice), oxaliplatin (8 mice, 10 mg/kg/week), OxPt-2-Mn1C1A (9 mice,
10 mg/kg/week), and Mn1C1A + oxaliplatin (9 mice, 10 mg/kg/week). The clinical score, propor-
tional to toxicity, was evaluated blindly in each mouse, by the investigator with four criteria: asthenia,
alopecia, diarrhea, and weight loss. (A) Mean clinical score in each group depending on the treatment
received. The p-values are denoted as follows: * p < 0.05 and ** p < 0.01. (B) Clinical score evolution
over time. Each dart represents 1 intraperitoneal injection of each treatment. In the oxaliplatin group,
80% of the mice did not receive the second oxaliplatin IP injection due to weight loss of >20%. In the
Mn1C1A + oxaliplatin and OxPt-2-Mn1C1A group, the clinical score raised with tumor growth over
time but no significant toxicity was observed, and every IP injection could be received.

2.6. ROS Production In Vivo

The mean advanced oxidation protein products (AOPP) level in mice serum was mea-
sured after sacrifice (Figure 8). Oxidative stress represented by seric AOPP was significantly
lower in the Mn1C1A + oxaliplatin and OxPt-2-Mn1C1A groups than in the oxaliplatin
group (p < 0.001 and <0.05, respectively), reflecting the MnSOD activity of the molecules.
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Figure 7. Von Frey test evaluating chronic hypoalgesia reflecting oxaliplatin-induced neuropathy.
Balb/c mice inoculated with CT26 cells treated by weekly intraperitoneal injection with vehicle
(8 mice), oxaliplatin (8 mice, 10 mg/kg/week), OxPt-2-Mn1C1A (9 mice, 10 mg/kg/week), and
Mn1C1A + oxaliplatin (9 mice, 10 mg/kg/week). (A) Mean Von Frey scores over the whole exper-
iment, showing statistical significance between Mn1C1A + oxaliplatin with less hypoalgesia than
oxaliplatin alone (p < 0.05). (B) Von Frey score evolution over time (days) in the different groups. The
Von Frey basal score was the same in each group. In the oxaliplatin group, hypoalgesia appeared after
the first oxaliplatin injection and worsened over time. In the OxPt-2-Mn1C1A group, hypoalgesia
appeared later and with lower intensity, but no statistical difference was observed compared to
oxaliplatin. In the Mn1C1A + oxaliplatin group, no hypoesthesia appeared at the end of the experi-
ment. The difference was statistically significant and showed neuroprotective activity of Mn1C1A
associated with oxaliplatin compared to oxaliplatin alone.

2.7. VEGF Production In Vivo

After sacrifice, the tumoral RNA of VEGF was measured with PCR (Figure 9). Figure 9A
represents the PCR VEGF/βactin in tumoral tissue of mice treated with either the vehicle,
oxaliplatin, OxPt-2-Mn1C1A, or Mn1C1A + oxaliplatin, showing a significantly higher
production of VEGF RNA in the Mn1C1A + oxaliplatin group.
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Figure 8. Mean advanced oxidation protein products (AOPP) measured in mice serum. AOPP
concentration (µmol/L of chloramine-T equivalents). Balb/c mice inoculated with CT26 cells treated
by weekly intraperitoneal injection with the vehicle (8 mice), oxaliplatin (8 mice, 10 mg/kg/week),
OxPt-2-Mn1C1A (9 mice, 10 mg/kg/week), and Mn1C1A + oxaliplatin (9 mice, 10 mg/kg/week) and
sacrificed. In the sera of mice treated with Mn1C1A+ oxaliplatin and with OxPt-2-Mn1C1A, AOPP
levels were significantly lower than the vehicle and the oxaliplatin group (p < 0.05), reflecting seric
MnSOD activity. The p-values are denoted as follows: * p < 0.05 and *** p < 0.001.
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Figure 9. (A) VEGF expression (PCR) in tumoral tissue: relative RNA expression in fold change.
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Balb/c mice inoculated with CT26 cells treated by weekly intraperitoneal injection with the vehicle
(8 mice), oxaliplatin (8 mice, 10 mg/kg/week), OxPt-2-Mn1C1A (9 mice, 10 mg/kg/week), and
Mn1C1A + oxaliplatin (9 mice, 10 mg/kg/week). (B) Western blot for LC3 expression in tumoral
tissue: mean LC3/β-actin ratio. Balb/c mice inoculated with CT26 cells treated by weekly intraperi-
toneal injection with the vehicle (8 mice), oxaliplatin (8 mice, 10 mg/kg/week), OxPt-2-Mn1C1A
(9 mice, 10 mg/kg/week), and Mn1C1A + oxaliplatin (9 mice, 10 mg/kg/week).

2.8. Autophagy Markers In Vivo

Figure 9B represents the autophagy marker LC3 measured in Western blot, showing
a significantly higher production of the LC3 protein in the Mn1C1A + oxaliplatin group.
There was no difference in SQSTM1 production among the groups.

2.9. Histological Analysis

No significant difference in histological tumoral analysis was found between the
groups. Caspase 3 expression in immunohistochemistry was dependent on tumoral re-
sponse. Luxol fast blue coloration in paw skin showed no significant difference between
the groups.

3. Discussion

We designed and synthesized the first Pt(IV) complexes as covalent conjugates between
oxaliplatin and MnSOD mimics derived from complex Mn1 (MAG) [13,31,43] to evaluate
them for their antitumoral activity and effect on oxaliplatin-induced peripheral neuropathy.
Three Mn-uncoordinated Pt(IV) conjugate OxPt-x-1C1A (x = 1OH,1,2) were prepared and
characterized. In situ, with half-lives t1/2 between 30 min and 2 h, Mn coordination induces
hydrolysis and cleavage of the Pt-O linkage bond with the folding of the carboxylate arm
onto the Mn ion, releasing the Mn1C1A MnSODm and a Pt species derived from oxaliplatin
(Supplementary Figure S22). This reactivity is proposed to arise from the favourable
formation of a five-membered metallacycle between the carboxylate group and the Mn
ion [44]. Conjugates with suitable hydrolysis stability and stability upon Mn coordination
can be prepared by increasing the carbon linker length, which supports our hypothesis.
Results on this second generation of conjugates will be reported in due course. Therefore,
the in situ preparation of the OxPt-x-Mn1C1A (x = 1OH,1,2) complexes for the cellular
assays and in vivo injections lead to a mixture of compounds that depend on the time scale
of the experiment: Pt(IV) conjugate, Mn1C1A, and a Pt(IV) species eventually leading to an
oxaliplatin derivative. This first series of Pt(IV) conjugates were further evaluated in vitro
and in vivo in the case of the bis-conjugate.

In vitro, the three Pt(IV) conjugate OxPt-x-Mn1C1A (x = 1OH,1,2) and the Mn1C1A
MnSODm associated with oxaliplatin showed a significative rise of H2O2 cellular levels as-
sociated with superoxide dismutase activity in tumoral and fibroblasts cell lines compared
to oxaliplatin alone. This increase could be associated with the SOD activity of Mn1C1A.
This effect was proportional to the in vitro antitumoral activity with the strongest cyto-
toxicity for the association of Mn1C1A + oxaliplatin. This result confirms our hypothesis
of an oxidative burst maximizing the antitumoral activity of oxaliplatin and is the same
effect as observed by Guillaumot et al. [33] with Mn1 (MAG) and Coriat et al. [21] with
mangafodipir. The O2

.− levels were not lower in cells treated with MnSODm, contrary to
what was expected. This result may be explained by the delay of the measure (24 h after
treatment), which is potentially late for an O2

.− change in cellular content [45].
Although the Mn1C1A alone was not cytotoxic on primary fibroblasts, the conjugate

compounds showed higher toxicity in fibroblasts and NIH3T3 cells than oxaliplatin alone.
This result is surprising due to the fact that tumoral cells show a lower cytotoxic threshold
of H2O2 than normal cells. This result can be explained by the high rise of H2O2 levels, with
OxPt-x-Mn1C1A (x = 1OH,1,2) exceeding all thresholds for innocuity. This result contrasts
with the good in vivo tolerance of the conjugate compounds (clinical, haematological).
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In vivo, in the model of murine colorectal cancer with subcutaneous injection of CT26
cells, the association of Mn1C1A to oxaliplatin did reduce the antitumoral activity of
oxaliplatin but did not maximize its antitumoral activity. The same phenomenon was
observed by Guillaumot et al. [33] with Mn1 (MAG). The intra-tumoral penetration of the
compound is not certain, but the low levels of AOPP in the mice sera reflect seric MnSOD
activity in vivo. This parallels the reduction in the protein MnSOD expression in inflamed
cells incubated with Mn1 in comparison with non-treated inflamed cells [13]. For the OxPt-
2-Mn1C1A bis-conjugate compound, lower antitumoral activity than oxaliplatin alone was
observed with no significant neuroprotective effect. The lower anti tumoral activity of
OxPt-2-Mn1C1A could be explained by the lower relative dose of Platinum received: in
oxaliplatin, 10 mg·kg−1 = 4.91 mg·kg−1 of Pt, in oxaliplatin and Mn1C1A, 10 mg·kg−1 of
each compound = 4.91 mg·kg−1 of Pt and 1.095 mg·kg−1 of Mn but in OxPt-2-Mn1C1A, 10
mg·kg−1 = 1.39 mg·kg−1 of Pt and 0.785 mg·kg−1 of Mn. Furthermore, intratumoral and
intracellular concentrations of Pt and/or Mn in the case of OxPt-2-Mn1C1A and oxaliplatin
+ Mn1C1A treatments should be quantified to compare the penetration and the capacity to
reach the tumor site.

A possible explanation for the lack of additive antitumoral effect of the combination
treatment in vivo is the vascular protective effect of MnSOD mimetics, with an increase
in VEGF production, which has already been shown with these molecules [46,47]. We
established a significant rise in VEGF production with the MnSODm Mn1C1A associated
with the oxaliplatin group. VEGF production by tumoral cells participates in tumor
growth and proliferation [48]. With increasing VEGF production and thus neoangiogenesis,
stimulation could impair the additional antitumoral activity of the MnSOD mimic. An
association between the Mn1C1A or the conjugate OxPt-2-Mn1C1A and an anti-VEGF as
already used in colorectal cancer, such as bevacizumab or aflibercept, could be interesting
in further studies.

The role of autophagy in tumoral response is crucial in colorectal cancer. It has been
shown in human colorectal tumors that overexpression of Beclin-1 determines a poor
prognosis factor with lower efficacy of chemotherapy [49]. Oxaliplatin inhibits autophagy
in colorectal cancer with microsatellite stability [50]. In contrast, the oxidative burst induces
autophagy, as shown in the literature [51,52] and the experiment with a higher LC3 tumoral
production in the Mn1C1A + oxaliplatin group [53]. An association of the MnSODm
with an autophagy inhibitor could be interesting to maximize the antitumoral activity of
the MnSODm.

In vivo, the association of Mn1C1A with oxaliplatin significantly reduced oxaliplatin-
induced peripheral neuropathy compared to the oxaliplatin group. This neuroprotective
effect was shown in mice and humans with MnSOD mimetics [21,33] with protection from
demyelination. The significant efficacy of the Mn1C1A MnSODm in mice should therefore
be confirmed in phase I trials associated with oxaliplatin.

The association of Mn1C1A and oxaliplatin is the first to have shown a better global
clinical tolerance of oxaliplatin with a clinical score based on weight loss, fatigue, diarrhea,
and alopecia. Mice receiving Mn1C1A with the same full dose of oxaliplatin as mice
receiving oxaliplatin alone had significantly better clinical tolerance of the treatment and
therefore received more oxaliplatin at the end of the experiment compared to mice receiving
oxaliplatin alone of whom 80% did not receive the second injection due to significant
weight loss.

The improvement of clinical tolerance without impairing antitumoral efficacy asso-
ciated with a neuroprotective effect raises the oxaliplatin cumulative dose tolerated and,
therefore, could improve its antitumoral efficacy. In the study by Guillaumot et al. [33], Mn1
(MAG) showed significant in vitro tumoral cytotoxicity, a neuroprotective effect in vivo
but no antitumoral activity in vivo. Clinical tolerance was not assessed.

In conclusion, this new MnSOD mimetic Mn1C1A, when associated with oxaliplatin,
improves clinical tolerance of oxaliplatin in vivo and prevents oxaliplatin-induced pe-
ripheral neuropathy without impairing its antitumoral activity. Given these results, this
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new MnSOD mimetic molecule shows promising perspectives with clinical relevance and
should be confirmed in a human phase I clinical trial. This Pt(IV) prodrug strategy combin-
ing oxaliplatin and MnSODm in a covalent conjugate will be further evaluated during a
second-generation study with optimized properties.

4. Material and Methods
4.1. Ligand and Conjugate Compounds

A detailed description of the synthesis and characterizations of the intermediates,
1C1A and MnSOD complex Mn1C1A and OxPt-x-1C1A (x = 1OH,1,2) conjugates, UV-Vis
titrations, HPLC experiments, MS spectrometry experiments with direct infusion, and
McCord–Fridovich assays is available in the supporting information.

The chemical formula and molecular weights of the compounds studied in this work
are as follows: Mn1C1A C21H26MnN6O3 with a molecular weight of 465.14 g/mol, OxPt-
1OH-Mn1C1A (C29H41ClMnN8O8Pt) with a molecular weight of 914.18 g/mol (associated lig-
and OxPt-1OH-1C1A: C29H42N8O8Pt, 825.78 g/mol), OxPt-1-Mn1C1A (C31H43ClMnN8O9Pt)
with a molecular weight of 957.20 g/mol (associated ligand OxPt-1-1C1A: C31H44N8O9Pt,
molecular weight 867.81 g/mol), and OxPt-2-Mn1C1A (C50H66Cl2Mn2N14O10Pt), with
a molecular weight of 1397.29 g/mol (associated ligand OxPt-2-1C1A: C50H68N14O10Pt,
molecular weight 1220.25 g/mol). The three OxPt-x-Mn1C1A (x = 1OH,1,2) complexes and
Mn1C1A were prepared in situ by mixing the corresponding titrated ligands (OxPt-x-1C1A
(x = 1OH,1,2) and 1C1A) in aqueous solutions with a solution of MnCl2 (M = 125.84 g·mol−1)
in HEPES (100 mM, pH 7) at a 4 mM concentration at the desired ratio: 1:1 molar ra-
tio (ligand:Mn) for Mn1C1A, OxPt-1OH-1C1A, and OxPt-1-1C1A and 1:2 molar ratio for
OxPt-2-1C1A.

Oxaliplatin used in the in vitro and in vivo experiments was obtained from Accord
healthcare® (Lille, France, flask of 200 mg/40 mL).

4.2. Cell Cultures and Treatments

All immortalized cell lines were routinely tested for mycoplasma. All cell lines were
purchased from the ATCC. Mouse embryonic fibroblast cells (NIH 3T3), mouse colorectal
cancer cells (CT26), mouse pancreatic cancer cells (KC), and human colorectal cancer
cells (HCT 116) were grown in Dulbecco’s Modified Eagle Medium high glucose 500mL
(Thermofisher®, Waltham, MA, USA) with 10% Fetal bovine serum (Thermofisher®) and
5mL penicillin/streptomycin (Thermofisher®). The primary fibroblast cell culture was
isolated from mouse skin and grown in the same culture medium.

4.3. ROS Levels In Vitro

When grown to confluence, the different cell lines were treated with trypsin (Thermofi-
sher®), counted, and seeded in flat bottom 96-well plates (Corning®, New York, NY,
USA). CT 26, KC, and HCT 116 cells were seeded with 105 cells/well, and NIH 3T3 with
5. 104 cells/well. A decreasing range was made for each cell line. After 24 h, experi-
mental treatment was applied in triplicate with different concentrations: 2.5 µM, 5 µM,
and 10 µM of oxaliplatin, Mn1C1A + oxaliplatin, OxPt-1OH-Mn1C1A, OxPt-1-Mn1C1A,
OxPt-2-Mn1C1A, or control (culture medium). After 24 h of treatment exposure, cel-
lular levels of H2O2, GSH, and O2

.− were assessed by spectrofluorimetry with 2–7 di-
chlorodihydroFluorescein diacetate (H2-DCFDA), monochlorobimane, and dihydroethid-
ium (DHE) (D23107, Thermofisher®, Waltham, MA, USA), respectively. Cells were washed
with Phosphate Buffer saline (PBS) and incubated in a dark environment with 100 µL per
well of 5 µM H2-DCFDA (D399, Thermofisher®, Waltham, MA, USA), 15 µM DHE, or 5 µM
monochlorobimane (M1381MP, Thermofisher®, Waltham, MA, USA) diluted in PBS. ROS
levels were assayed by spectrofluorimetry on a Fusion spectrofluorimeter (PerkinElmer,
Waltham, MA, USA.), and fluorescence intensity was recorded every hour over a period
of 6 h. Crystal violet viability was assessed at the same time for each cell line, and ROS
production was calculated with subtraction of fluorescence between hour 6 and hour H0
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reported to crystal violet viability. Student t- and ANOVA tests were performed. Data are
presented as the mean results of all concentrations tested.

4.4. Cell Viability In Vitro

When grown to confluence, the different cell lines were treated with trypsin (Thermofi-
sher®), counted, and seeded in flat bottom 96-well plates (Corning® New York, NY,
USA). CT 26, KC, and HCT 116 cells were seeded with 105 cells/well, and NIH 3T3 with
5 × 104 cells/well. A decreasing range was determined for each cell line. After 24 h, exper-
imental treatment was applied in triplicate with different concentrations: 2.5 µM, 5 µM,
and 10 µM of oxaliplatin, Mn1C1A + oxaliplatin, OxPt-1OH-Mn1C1A, OxPt-1-Mn1C1A,
OxPt-2-Mn1C1A, or control (culture medium). For primary fibroblasts, 104 cells per well
were seeded, and the experimental treatment was applied after 48 h, with 2.5 µM, 5 µM,
and 10 µM of oxaliplatin, Mn1C1A + oxaliplatin, OxPt-1OH-Mn1C1A, OxPt-1-Mn1C1A,
OxPt-2-Mn1C1A and Mn1C1A alone, or control. For all cells, the treatment was removed
from the well after 24 h and replaced by a cell medium. Cell viability was assessed 24 h
later by crystal violet assay and read with UV spectrometry (Fusion, PerkinElmer). Data
are presented as the mean results of all concentrations tested.

4.5. Animals

The mice model was performed on Balb/c female mice, aged 6 weeks, purchased
from Janvier Labs® (Rte du Genest, 53940 Le Genest-Saint-Isle, France). All animals were
housed in ventilated cages, from 7 to 10 per cage, with rodent diet and water ad libitum
(Teklad global 16% protein, Envigo® Indianapolis, IN, USA). All animals were exposed to a
standard light cycle of 12 h on and 12 h off. All efforts were pursued to minimize animal
distress and to reduce the number of animals used. Mice were euthanized by cervical
dislocation under isoflurane+02 anesthesia. All animal manipulations were presented and
approved by the Ethics Committee of Paris University (Saisine #8394). All experiments
were performed in accordance with European and French institutional guidelines.

4.6. Colorectal Cancer Mice Model

A subcutaneous injection of 1.5× 106 CT26 cells was performed on female Balb/c mice
aged 6 weeks. Until a measurable tumoral growth, mice were randomized into 4 groups
with similar mean tumor sizes. One group of 8 mice received oxaliplatin 10 mg/kg/week
by intraperitoneal injection, a group of 9 mice received OxPt-2-Mn1C1A 10 mg/kg/week
by intraperitoneal injection, 9 mice received Mn1C1A + oxaliplatin 10 mg/kg/week by
intraperitoneal injection, and 8 mice received vehicle once a week by intraperitoneal
injection. The injection was cancelled if weight loss was superior to 20% of the initial weight.

Tumor growth was assessed with a numeric caliper once a week for 4 weeks. Sacrifice
occurred after a threshold of maximum tumor size in order to comply with ethical guide-
lines. Tumor volume was calculated as follows: TV (mm3) = (L ×W2)/2, where L is the
longest and W is the shortest radius of the tumor in millimeters. Results were expressed
as means ± standard deviation of tumor volumes. Data were analyzed with the Cox and
Anova models.

4.7. Clinical Score

A clinical score based on 4 items: diarrhea (scoring 0 = absence to 1 = presence),
fatigue (0 = normal activity, 1 = diminution of locomotor activity, 2 = prostration), alopecia
(0 = none, 1 = mild, 2 = severe), and weight loss (0 = none, 1 = 10–20%, 2 ≥ 20%) was
calculated by 2 different investigators, twice a week.

4.8. Oxaliplatin-Induced Peripheral Neuropathy Assessment

Chronic oxaliplatin-induced peripheral neuropathy was assessed with a Von Frey
Test [33,54,55]. The Von Frey test assesses chronic hypoesthesia induced by oxaliplatin
peripheral neuropathy. Mice were accustomed to the test twice a week for 2 weeks before
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tumoral injection. The Von Frey test is standardized with the same experimental conditions
to limit stress on animals. Mice are placed on a grid. After 5 min, when the mouse is calm
and motionless, a hind paw is touched with the tip of a flexible fiber of a given length
and diameter. The fiber is pressed on the plantar surface with a vertical force. Once the
fiber bends, the force applied is maximal. Thus, a reproducible force can be applied by the
investigator. It is known that rodents withdraw their paw as soon as it is touched [56]. The
Von Frey standardized kit includes filaments with bending force from 0.008 g to 300 g. Each
filament was tested from the lower force until the mouse pulled back its paw, considering
the Von Frey test positive. Paw movements associated with locomotion were not counted
as a withdrawal response. The control group (receiving vehicle) was considered a reference
for normal Von Frey values.

4.9. Samples Analysis

After sacrifice, mice blood was analyzed to assess blood cell count, renal function
(urea), and alanine aminotransferase. Advanced oxidation protein products (AOPP)
on blood samples were measured by spectrophotometry. The assay was calibrated us-
ing chloramine-T. The absorbance was read at 340 nm on a microplate reader (Fusion,
PerkinElmer). AOPP concentrations were expressed as µmol/L of chloramine-T equiva-
lents [57].

Polymerase chain reaction (PCR) for VEGF (Vascular Endothelial Growth Factor)
was processed with tumoral samples of each group. Total mRNA was extracted from
crushed tumoral samples with Trizol reagent (Invitrogen®, Waltham, MA, USA). The
qRT-PCR was performed with a Quanti Tect SYBR® Green RT-PCR kit on a Light Cycler
480 II instrument (Roche Applier Science, Meylan, France). We used RTQ RT–PCR for the
relative quantification of VEGF mRNA in tumor specimens, using β-actin mRNA as an
internal control. The relative fold-change was calculated for the reference group using the
formula −2∆∆Ct.

Autophagy assessment with measurement of LC3 and SQSTM1 production was
performed through Western blots on the tumoral samples of each group. Tumor cells
were lysed in ice-cold RIPA buffer, supplemented with 25 mmol/L sodium fluoride, anti-
protease 1%, and 0.5 mmol/L sodium orthovanadate. Equal amounts of proteins were
loaded and separated by 10% sodium dodecyl-sulfate-polyacrylamide gel electrophoresis
(45101023Biorad®, Gémenos, France). After transfer and blocking with 5% fat-free milk
and 0.1%tween in PBS, the nitrocellulose membrane was incubated overnight at 4 ◦C
with a 1:1000 dilution of an anti-mouse SQSTM1 monoclonal antibody (20839, Invitrogen,
Thermofisher®, Waltham, MA, USA) and a 1:1000 dilution of an anti LC3 monoclonal
antibody (3868, Cellsignal®, Waltham, MA, USA). Specific unconjugated proteins were
detected using a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-Rabbit
IgG (A16104, Thermofisher®, Waltham, MA, USA) and visualized by an enhanced chemilu-
minescence system (Advansta Diagnostics, Menlo Park, CA, USA).

A part of each tumor was treated with formalin for histological analysis. After
paraffin inclusion, transversal sections of 5 µm were made. Vital coloration with hema-
toxylin and eosin was applied to tumoral tissue. Immuno-staining for Caspase 3 antibody
(32351Abcam®, Cambridge, MA, USA), revealed with an anti-Rabbit antibody, was realized
on 3 tumoral sections of each group. Paw skin was also included in paraffin after formalin
treatment, and a histological analysis with Luxol Fast Blue protocol was made [58,59].

4.10. Statistics

Statistical analysis was performed using GraphPad Prism 5 and Excel v.16.48. Student’s
t-test, ANOVA, and the Dunnett test were performed. The p-values were denoted as
follows: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The artwork was created
with GraphPad Prism 5 and Excel v.16.48.
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ROS Reactive Oxygen Species
DNA Deoxyribonucleic Acid
NADPH Nicotinamide Adenine Dinucleotide Phosphate
MnSOD Manganese Superoxide Dismutase
OIPN Oxaliplatin-induced peripheral neuropathy
RP-HPLC Reverse Phase High-Pressure Liquid Chromatography
GSH Glutathione
CT26 Mus musculus colon carcinoma cell line
HCT116 Human Colon Cancer Cell Line
KC Mouse Pancreatic Ductal cCarcinoma Cell Line
NIH 3T3 Mouse Embryonic Fibroblast Cell Line
ENS Ecole Normale Supérieure
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References
1. Lebovitz, R.M.; Zhang, H.; Vogel, H.; Cartwright, J.; Dionne, L.; Lu, N.; Huang, S.; Matzuk, M.M. Neurodegeneration, myocardial

injury, and perinatal death in mitochondrial superoxide dismutase-deficient mice. Proc. Natl. Acad. Sci. USA 1996, 93, 9782–9787.
[CrossRef]

2. Nicco, C.; Batteux, F. ROS Modulator Molecules with Therapeutic Potential in Cancers Treatments. Molecules 2017, 23, 84.
[CrossRef] [PubMed]

3. Laurent, A.; Nicco, C.; Chéreau, C.; Goulvestre, C.; Alexandre, J.; Alves, A.; Lévy, E.; Goldwasser, F.; Panis, Y.; Soubrane, O.;
et al. Controlling tumor growth by modulating endogenous production of reactive oxygen species. Cancer Res. 2005, 65, 948–956.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232112938/s1
https://www.mdpi.com/article/10.3390/ijms232112938/s1
http://doi.org/10.1073/pnas.93.18.9782
http://doi.org/10.3390/molecules23010084
http://www.ncbi.nlm.nih.gov/pubmed/29301225
http://doi.org/10.1158/0008-5472.948.65.3
http://www.ncbi.nlm.nih.gov/pubmed/15705895


19 of 21

4. Laurent, A.; Nicco, C.; Tran Van Nhieu, J.; Borderie, D.; Chéreau, C.; Conti, F.; Jaffray, P.; Soubrane, O.; Calmus, Y.; Weill, B.; et al.
Pivotal role of superoxide anion and beneficial effect of antioxidant molecules in murine steatohepatitis. Hepatology 2004, 39,
1277–1285. [CrossRef]

5. Malassagne, B.; Ferret, P.J.; Hammoud, R.; Tulliez, M.; Bedda, S.; Trébéden, H.; Jaffray, P.; Calmus, Y.; Weill, B.; Batteux, F.
The superoxide dismutase mimetic MnTBAP prevents Fas-induced acute liver failure in the mouse. Gastroenterology 2001, 121,
1451–1459. [CrossRef] [PubMed]

6. Alexandre, J.; Nicco, C.; Chéreau, C.; Laurent, A.; Weill, B.; Goldwasser, F.; Batteux, F. Improvement of the therapeutic index of
anticancer drugs by the superoxide dismutase mimic mangafodipir. J. Natl. Cancer Inst. 2006, 98, 236–244. [CrossRef]

7. Ferret, P.J.; Hammoud, R.; Tulliez, M.; Tran, A.; Trébéden, H.; Jaffray, P.; Malassagne, B.; Calmus, Y.; Weill, B.; Batteux, F.
Detoxification of reactive oxygen species by a nonpeptidyl mimic of superoxide dismutase cures acetaminophen-induced acute
liver failure in the mouse. Hepatology 2001, 33, 1173–1180. [CrossRef]

8. Burdon, R.H.; Alliangana, D.; Gill, V. Hydrogen Peroxide and the Proliferation of Bhk-21 Cells. Free Radic. Res. 1995, 23, 471–486.
[CrossRef]

9. Salvemini, D.; Muscoli, C.; Riley, D.P.; Cuzzocrea, S. Superoxide dismutase mimetics. Pulm. Pharmacol. Ther. 2002, 15, 439–447.
[CrossRef]

10. Batinic-Haberle, I.; Tovmasyan, A.; Roberts, E.R.H.; Vujaskovic, Z.; Leong, K.; Spasojevic, I. SOD Therapeutics: Latest Insights
into Their Structure-Activity Relationships and Impact on the Cellular Redox-Based Signaling Pathways. Antioxid. Redox Signal
2014, 20, 2372–2415. [CrossRef]

11. Policar, C. Redox Active Therapeutics; Reboucas, J.S., Batinic-Haberle, I., Spasojevic, I., Warner, D.S., Clair, D.S., Eds.; Springer:
Cham, Switzerland, 2016; Chapter 17; pp. 125–164.

12. Policar, C.; Bouvet, J.; Bertrand, H.C.; Delsuc, N. SOD mimics: From the tool box of the chemists to cellular studies. Curr. Opin.
Chem. Biol. 2022, 67, 102109.

13. Mathieu, E.; Bernard, A.-S.; Delsuc, N.; Quévrain, E.; Gazzah, G.; Lai, B.; Chain, F.; Langella, P.; Bachelet, M.; Masliah, J.;
et al. A Cell-Penetrant Manganese Superoxide Dismutase (MnSOD) Mimic Is Able To Complement MnSOD and Exerts an
Antiinflammatory Effect on Cellular and Animal Models of Inflammatory Bowel Diseases. Inorg. Chem. 2017, 56, 2545–2555.
[CrossRef] [PubMed]

14. Mathieu, E.; Bernard, A.S.; Ching, V.H.Y.; Somogyi, A.; Medjoubi, K.; Rodon Fores, J.; Bertrand, H.C.; Vincent, A.; Trépout, S.;
Guerquin-Kern, J.L.; et al. Anti-inflammatory activity of superoxide dismutase mimics functionalized with cell-penetrating
peptides. Dalton Trans. 2020, 49, 2323–2330. [CrossRef] [PubMed]

15. Mathieu, E.; Bernard, A.-S.; Quévrain, E.; Zoumpoulaki, M.; Iriart, S.; Lung-Soong, C.; Lai, B.; Medjoubi, K.; Henry, L.; Nagarajan,
S.; et al. Intracellular location matters: Rationalization of the anti-inflammatory activity of a manganese(ii) superoxide dismutase
mimic complex. Chem. Commun. 2020, 56, 7885–7888. [CrossRef] [PubMed]

16. Schanne, G.; Zoumpoulaki, M.; Gazzah, G.; Vincent, A.; Preud’Homme, H.; Lobinski, R.; Demignot, S.; Seksik, P.; Delsuc, N.;
Policar, C. Inertness of Superoxide Dismutase Mimics Mn(II) Complexes Based on an Open-Chain Ligand, Bioactivity, and
Detection in Intestinal Epithelial Cells. Oxidative Med. Cell. Longev. 2022, 2022, e3858122. [CrossRef]

17. Batinic-Haberle, I.; Tovmasyan, A.; Spasojevic, I. Mn Porphyrin-Based Redox-Active Drugs: Differential Effects as Cancer
Therapeutics and Protectors of Normal Tissue Against Oxidative Injury. Antioxidants Redox Signal. 2018, 29, 1691–1724. [CrossRef]

18. Azzolin, V.F.; Cadoná, F.C.; Machado, A.K.; Berto, M.D.; Barbisan, F.; Dornelles, E.B.; Glanzner, W.G.; Gonçalves, P.B.; Bica,
C.G.; da Cruz, I.B.M. Superoxide-hydrogen peroxide imbalance interferes with colorectal cancer cells viability, proliferation and
oxaliplatin response. Toxicol. Vitr. 2016, 32, 8–15. [CrossRef] [PubMed]

19. Doering, M.; Ba, L.A.; Lilienthal, N.; Nicco, C.; Scherer, C.; Abbas, M.; Zada, A.A.P.; Coriat, R.; Burkholz, T.; Wessjohann, L.;
et al. Synthesis and Selective Anticancer Activity of Organochalcogen Based Redox Catalysts. J. Med. Chem. 2010, 53, 6954–6963.
[CrossRef] [PubMed]

20. Vilema-Enríquez, G.; Arroyo, A.; Grijalva, M.; Amador-Zafra, R.I.; Camacho, J. Molecular and Cellular Effects of Hydrogen
Peroxide on Human Lung Cancer Cells: Potential Therapeutic Implications. Oxidative Med. Cell. Longev. 2016, 2016, 1908164.
[CrossRef] [PubMed]

21. Coriat, R.; Alexandre, J.; Nicco, C.; Quinquis, L.; Benoit, E.; Chéreau, C.; Lemaréchal, H.; Mir, O.; Borderie, D.; Tréluyer, J.-M.;
et al. Treatment of oxaliplatin-induced peripheral neuropathy by intravenous mangafodipir. J. Clin. Investig. 2013, 124, 262–272.
[CrossRef]

22. Karlsson, J.O.G.; Kurz, T.; Flechsig, S.; Näsström, J.; Andersson, R.G.G. Superior Therapeutic Index of Calmangafodipir in
Comparison to Mangafodipir as a Chemotherapy Adjunct. Adjunct. Transl. Oncol. 2012, 5, 492–502. [CrossRef] [PubMed]

23. Andre, T. Adjuvant chemotherapy with oxaliplatin, in combination with fluorouracil plus leucovorin prolongs disease-free
survival, but causes more adverse events in people with stage II or III colon cancer Abstracted from: Andre T, Boni C, Mounedji-
Boudiaf L; et al. Multicenter international study of oxaliplatin/5-fluorouracil/leucovorin in the adjuvant treatment of colon
cancer (MOSAIC) investigators. Oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment for colon cancer. N. Engl. J. Med.
2004, 350, 2343–2351. [PubMed]

24. Cunningham, D.; Starling, N.; Rao, S.; Iveson, T.; Nicolson, M.; Coxon, F.; Middleton, G.; Daniel, F.; Oates, J.; Norman, A.R.
Capecitabine and Oxaliplatin for Advanced Esophagogastric Cancer. N. Engl. J. Med. 2008, 358, 36–46. [CrossRef] [PubMed]

http://doi.org/10.1002/hep.20177
http://doi.org/10.1053/gast.2001.29590
http://www.ncbi.nlm.nih.gov/pubmed/11729124
http://doi.org/10.1093/jnci/djj049
http://doi.org/10.1053/jhep.2001.24267
http://doi.org/10.3109/10715769509065268
http://doi.org/10.1006/pupt.2002.0374
http://doi.org/10.1089/ars.2012.5147
http://doi.org/10.1021/acs.inorgchem.6b02695
http://www.ncbi.nlm.nih.gov/pubmed/28198622
http://doi.org/10.1039/C9DT04619D
http://www.ncbi.nlm.nih.gov/pubmed/32022053
http://doi.org/10.1039/D0CC03398G
http://www.ncbi.nlm.nih.gov/pubmed/32520039
http://doi.org/10.1155/2022/3858122
http://doi.org/10.1089/ars.2017.7453
http://doi.org/10.1016/j.tiv.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26674755
http://doi.org/10.1021/jm100576z
http://www.ncbi.nlm.nih.gov/pubmed/20836556
http://doi.org/10.1155/2016/1908164
http://www.ncbi.nlm.nih.gov/pubmed/27375834
http://doi.org/10.1172/JCI68730
http://doi.org/10.1593/tlo.12238
http://www.ncbi.nlm.nih.gov/pubmed/23323161
http://www.ncbi.nlm.nih.gov/pubmed/15175436
http://doi.org/10.1056/NEJMoa073149
http://www.ncbi.nlm.nih.gov/pubmed/18172173


20 of 21

25. De Gramont, A.; Tournigand, C.; Louvet, C.; André, T.; Molitor, J.L.; Raymond, E.; Moreau, J.; Le Bail Vignoud, N.; Krulik, M.
Oxaliplatin, folinic acid and 5-fluorouracil (folfox) in pretreated patients with metastatic advanced cancer. The GERCOD. Rev.
Med. Interne 1997, 18, 769–775. [CrossRef]

26. Vaccaro, V.; Sperduti, I.; Milella, M. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. N. Engl. J. Med. 2011, 365,
768–769.

27. Lamarca, A.; Palmer, D.H.; Wasan, H.S.; Ross, P.J.; Ma, Y.T.; Arora, A.; Falk, S.; Gillmore, R.; Wadsley, J.; Patel, K.; et al. Second-line
FOLFOX chemotherapy versus active symptom control for advanced biliary tract cancer (ABC-06): A phase 3, open-label,
randomised, controlled trial. Lancet Oncol. 2021, 22, 690–701. [CrossRef]

28. Areti, A.; Yerra, V.G.; Naidu, V.; Kumar, A. Oxidative stress and nerve damage: Role in chemotherapy induced peripheral
neuropathy. Redox Biol. 2014, 2, 289–295. [CrossRef]

29. Yang, Y.; Zhao, B.; Gao, X.; Sun, J.; Ye, J.; Li, J.; Cao, P. Targeting strategies for oxaliplatin-induced peripheral neuropathy: Clinical
syndrome, molecular basis, and drug development. J. Exp. Clin. Cancer Res. 2021, 40, 331. [CrossRef]

30. Glimelius, B.; Manojlovic, N.; Pfeiffer, P.; Mosidze, B.; Kurteva, G.; Karlberg, M.; Mahalingam, D.; Jensen, P.B.; Kowalski, J.;
Bengtson, M.; et al. Persistent prevention of oxaliplatin-induced peripheral neuropathy using calmangafodipir (PledOx®): A
placebo-controlled randomised phase II study (PLIANT). Acta Oncol. 2017, 57, 393–402. [CrossRef]

31. Cisnetti, F.; Lefèvre, A.-S.; Guillot, R.; Lambert, F.; Blain, G.; Anxolabéhère-Mallart, E.; Policar, C. A New Pentadentate Ligand
Forms Both a Di- and a Mononuclear MnII Complex: Electrochemical, Spectroscopic and Superoxide Dismutase Activity Studies.
Eur. J. Inorg. Chem. 2007, 2007, 4472–4480. [CrossRef]

32. Bernard, A.-S.; Giroud, C.; Ching, H.Y.V.; Meunier, A.; Ambike, V.; Amatore, C.; Collignon, M.G.; Lemaître, F.; Policar, C.
Evaluation of the anti-oxidant properties of a SOD-mimic Mn-complex in activated macrophages. Dalton Trans. 2012, 41,
6399–6403. [CrossRef]

33. Guillaumot, M.-A.; Cerles, O.; Bertrand, H.C.; Benoit, E.; Nicco, C.; Chouzenoux, S.; Schmitt, A.; Batteux, F.; Policar, C.; Coriat, R.
Oxaliplatin-induced neuropathy: The preventive effect of a new super-oxide dismutase modulator. Oncotarget 2019, 10, 6418–6431.
[CrossRef] [PubMed]

34. Gibson, D. Platinum(iv) anticancer prodrugs—Hypotheses and facts. Dalton Trans. 2016, 45, 12983–12991. [CrossRef] [PubMed]
35. Kenny, R.G.; Chuah, S.W.; Crawford, A.; Marmion, C.J. Platinum (IV) Prodrugs- A step closer to Ehrlich’s vision? Eur. J. Inorg.

Chem. 2017, 2017, 1596–1612. [CrossRef]
36. Dhara, S.C. A rapid method for the synthesis of cis-[Pt(NH3)2C12]. Ind. J. Chem. 1970, 8, 193.
37. Escribano, E.; Font-Bardia, M.; Calvet, T.; Lorenzo, J.; Gamez, P.; Moreno, V. DNA binding studies of a series of cis-[Pt (Am) 2X2]

complexes (Am = inert amine, X = labile carboxylato ligand). Inorg. Chim. Acta 2013, 394, 65–76. [CrossRef]
38. Zhang, J.Z.; Bonnitcha, P.; Wexselblatt, E.; Klein, A.V.; Najajreh, Y.; Gibson, D.; Hambley, T.W. Facile Preparation of Mono-,

Di-and Mixed-Carboxylato Platinum (IV) Complexes for Versatile Anticancer Prodrug Design. Chem. Eur. J. 2013, 19, 1672–1676.
[CrossRef]

39. Kastner, A.; Poetsch, I.; Mayr, J.; Burda, J.V.; Roller, A.; Heffeter, P.; Keppler, B.K.; Kowol, C.R. A Dogma in Doubt: Hydrolysis of
Equatorial Ligands of PtIV Complexes under Physiological Conditions. Angew. Chem. Int. Ed. 2019, 58, 7464–7469. [CrossRef]

40. Wexselblatt, E.; Raveendran, R.; Salameh, S.; Friedman-Ezra, A.; Yavin, E.; Gibson, D. On the Stability of PtIV Pro-Drugs with
Haloacetato Ligands in the Axial Positions. Chem. Eur. J. 2015, 21, 3108–3114. [CrossRef]

41. Zhang, J.Z.; Wexselblatt, E.; Hambley, T.W.; Gibson, D. Pt(iv) analogs of oxaliplatin that do not follow the expected correlation
between electrochemical reduction potential and rate of reduction by ascorbate. Chem. Commun. 2011, 48, 847–849. [CrossRef]

42. Wexselblatt, E.; Yavin, E.; Gibson, D. Platinum(IV) Prodrugs with Haloacetato Ligands in the Axial Positions can Undergo
Hydrolysis under Biologically Relevant Conditions. Angew. Chem. Int. Ed. 2013, 52, 6059–6062. [CrossRef]

43. Zoumpoulaki, M.; Schanne, G.; Delsuc, N.; Preud’homme, H.; Quévrain, E.; Eskenazi, N.; Gazzah, G.; Guillot, R.; Seksik, P.; Vinh,
J.; et al. Deciphering the Metal Speciation in Low-Molecular-Weight Complexes by IMS-MS: Application to the Detection of
Manganese Superoxide Dismutase Mimics in Cell Lysates. Chem. Int. Ed. 2022, 61, e202203066.

44. Corey, E.J.; Bailar, J.C., Jr. The Stereochemistry of Complex Inorganic Compounds. XXII. Stereospecific Effects in Complex Ions. J.
Am. Chem. Soc. 1959, 81, 2620–2629. [CrossRef]

45. Nauseef, W.M. Detection of superoxide anion and hydrogen peroxide production by cellular NADPH oxidases. Biochim. Biophys.
Acta (BBA) Gen. Subj. 2014, 1840, 757–767. [CrossRef] [PubMed]

46. Bir, S.C.; Shen, X.; Kavanagh, T.J.; Kevil, C.G.; Pattillo, C.B. Control of angiogenesis dictated by picomolar superoxide levels. Free
Radic. Biol. Med. 2013, 63, 135–142. [CrossRef]

47. Karlsson, J.-E.; El-Saadi, W.; Ali, M.; Puskar, W.; Skogvard, P.; Engvall, J.; Andersson, R.G.; Maret, E.; Jynge, P. Mangafodipir as a
cardioprotective adjunct to reperfusion therapy: A feasibility study in patients with ST-segment elevation myocardial infarction.
Eur. Hear. J. Cardiovasc. Pharmacother. 2015, 1, 39–45. [CrossRef] [PubMed]

48. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
49. Koustas, E.; Sarantis, P.; Theoharis, S.; Saetta, A.A.; Chatziandreou, I.; Kyriakopoulou, G.; Giannopoulou, I.; Michelli, M.; Schizas,

D.; Papavassiliou, A.G.; et al. Autophagy-related Proteins as a Prognostic Factor of Patients with Colorectal Cancer. Am. J. Clin.
Oncol. 2019, 42, 767–776. [CrossRef]

50. Ciccarone, F.; Castelli, S.; Ciriolo, M.R. Oxidative Stress-Driven Autophagy acROSs Onset and Therapeutic Outcome in Hepato-
cellular Carcinoma. Oxidative Med. Cell. Longev. 2019, 2019, 6050123. [CrossRef]

http://doi.org/10.1016/S0248-8663(97)89966-3
http://doi.org/10.1016/S1470-2045(21)00027-9
http://doi.org/10.1016/j.redox.2014.01.006
http://doi.org/10.1186/s13046-021-02141-z
http://doi.org/10.1080/0284186X.2017.1398836
http://doi.org/10.1002/ejic.200601236
http://doi.org/10.1039/c2dt12479c
http://doi.org/10.18632/oncotarget.27248
http://www.ncbi.nlm.nih.gov/pubmed/31741707
http://doi.org/10.1039/C6DT01414C
http://www.ncbi.nlm.nih.gov/pubmed/27214873
http://doi.org/10.1002/ejic.201601278
http://doi.org/10.1016/j.ica.2012.07.018
http://doi.org/10.1002/chem.201203159
http://doi.org/10.1002/anie.201900682
http://doi.org/10.1002/chem.201405467
http://doi.org/10.1039/C1CC16647F
http://doi.org/10.1002/anie.201300640
http://doi.org/10.1021/ja01520a006
http://doi.org/10.1016/j.bbagen.2013.04.040
http://www.ncbi.nlm.nih.gov/pubmed/23660153
http://doi.org/10.1016/j.freeradbiomed.2013.05.015
http://doi.org/10.1093/ehjcvp/pvu021
http://www.ncbi.nlm.nih.gov/pubmed/27533964
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1097/COC.0000000000000592
http://doi.org/10.1155/2019/6050123


21 of 21

51. Zhou, J.; Li, X.-Y.; Liu, Y.-J.; Feng, J.; Wu, Y.; Shen, H.-M.; Lu, G.-D. Full-coverage regulations of autophagy by ROS: From
induction to maturation. Autophagy 2021, 18, 1240–1255. [CrossRef]

52. Kubota, C.; Torii, S.; Hou, N.; Saito, N.; Yoshimoto, Y.; Imai, H.; Takeuchi, T. Constitutive Reactive Oxygen Species Generation
from Autophagosome/Lysosome in Neuronal Oxidative Toxicity. J. Biol. Chem. 2010, 285, 667–674. [CrossRef] [PubMed]

53. Huang, C.-C.; Lee, C.-C.; Lin, H.-H.; Chen, M.-C.; Lin, C.-C.; Chang, J.-Y. Autophagy-Regulated ROS from Xanthine Oxidase Acts
as an Early Effector for Triggering Late Mitochondria-Dependent Apoptosis in Cathepsin S-Targeted Tumor Cells. PLoS ONE
2015, 10, e0128045. [CrossRef] [PubMed]

54. Godinho, P.A.R.; Silva, P.G.B.; Lisboa, M.R.P.; Costa, B.A.; Gifoni, M.A.C.; Filho, D.R.R.; Lima-Júnior, R.C.P.; Vale, M.L. Electronic
von Frey as an objective assessment tool for oxaliplatin-induced peripheral neuropathy: A prospective longitudinal study. Eur. J.
Cancer Care 2020, 30, e13360. [CrossRef]
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