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Bioinspired honheme iron complex that triggers
mitochondrial apoptotic signalling pathway
specifically for colorectal cancer cellst

Yool Lee,? Chaeun Oh, @ 1° Jin Kim, < Myong-Suk Park,® Woo Kyun Bae,*?¢
Kyung Hyun Yoo*® and Seungwoo Hong & *2

The activation of dioxygen is the keystone of all forms of aerobic life. Many biological functions rely on the
redox versatility of metalions to perform reductive activation-mediated processes entailing dioxygen and its
partially reduced species including superoxide, hydrogen peroxide, and hydroxyl radicals, also known as
reactive oxygen species (ROS). In biomimetic chemistry, a number of synthetic approaches have sought
to design, synthesize and characterize reactive intermediates such as the metal-superoxo, -peroxo, and
-oxo species, which are commonly found as key intermediates in the enzymatic catalytic cycle.
However, the use of these designed complexes and their corresponding intermediates as potential
candidates for cancer therapeutics has scarcely been endeavored. In this context, a series of biomimetic
first-row transition metal complexes bearing a picolylamine-based water-soluble ligand, IM(HN30.)1>* (M
= Mn?*, Fe®*, Co?', Cu®*; HN;O, =
synthesized and characterized by various spectroscopic methods including X-ray crystallography and
their dioxygen and ROS activation reactivity were evaluated in situ and in vitro. It turned out that among
these metal complexes, the iron complex, [Fe(HNsO,)(H,0)]?*, was capable of activating dioxygen and

2-(2-(bis(pyridin-2-ylmethyl)lamino)ethoxy)ethanol) were

hydrogen peroxide and produced the ROS species (e.g., hydroxyl radical). Upon the incubation of these
complexes with different cancer cells, such as cervical, breast, and colorectal cancer cells (MDA-MB-231,
AU565, SK-BR-3, Hela S3, HT-29, and HCT116 cells), only the iron complex triggered cellular apoptosis
specifically for colorectal cancer cells; the other metal complexes show negligible anti-proliferative
activity. More importantly, the biomimetic complexes were harmless to normal cells and produced less
ROS therein. The use of immunocytochemistry combined with western blot analysis strongly supported
that apoptosis occurred via the intrinsic mitochondrial pathway; in the network,
[Fe(HN3O,)(H,0)I%* resulted in (i) the activation and/or production of ROS species, (i) the induction of
intracellular impaired redox balance, and (iii) the promotion of the mitochondrial apoptotic signaling
pathway in colorectal cancer cells. The results have implications for developing novel biomimetic
complexes in cancer treatments and for designing potent candidates with cancer-specific antitumor

intracellular

activity.

Introduction

Cancer is one of the most harmful and serious heterogeneous
diseases that represent abnormal cellular energy metabolism
and remains one of the major causes of death in most devel-
oping and developed countries.’ Although extensive labours
have been devoted to discovering targeted therapies, it is still
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challenging to overcome poor prognoses and high mortality.
Thus, the pursuit of new chemical tools dealing with biomed-
ical functions of metal complexes has garnered tremendous
interest due to their broad pharmaceutical properties as potent
anticancer agents. For instance, cisplatin, one of the most
clinically successful examples of platinum-based anticancer
drugs, opened a new era for the development of anticancer
transition metal compounds by covering about 50% of all
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cancer treatments to date.”* Despite the outstanding applica-
bility of Pt-based drugs, they suffer from low stability under
physiological conditions resulting in copious toxic side effects
such as necrosis, tissue injury, nausea, vomiting, and neuro-
toxicity.>® Ever since the pioneering work of the Au(i)-NHC
complex was reported by Bernes-Price and co-workers in 2004,°
recent developments in the design of non-Pt-based metal N-
heterocyclic carbene (NHC) complexes, such as those of Ru,
Au, Ir, and Pd, have succeeded in the significant improvement
of their stability due to the strong donating ability of the NHC
ligand.'*** still, these metals are non-existing elements for the
human body and may be the source of unexpected side effects
along with the development of drug resistance.***® Therefore,
the use of first-row transition metals such as Mn, Fe, Co, and Cu
would be a credible alternative route for next generation anti-
cancer agents with low general toxicity because they are bio-
relevant trace elements. In particular, iron, a redox-active
essential element involved in oxygen transport in mammals
and electron transport in iron-sulfur proteins,*** would be
expected to bypass the cytotoxicity concerns and function both
as an electron donor and acceptor in order to disturb the redox
homeostasis of the reactive oxygen species (ROS) level in
tumors.>® However, the anticancer activity of first-row transition
metal-based drugs have mostly been examined by introducing
or vectorizing metal chelators as potential chemotherapeu-
tics;***! their in situ mechanism of action and reactivity were
scarcely scrutinized due to the intrinsic instability of reactive
metal-oxygen intermediates.

Recent investigations have highlighted the importance of
redox balance and the deregulation of redox signalling in cancer
cells due to the raised levels of ROS from multiple intracellular
factors such as increased metabolic activity, mitochondrial
dysfunction, and peroxisome activity.**** On the contrary, ROS,
which are by-products of normal cellular activity mainly
generated in mitochondria and membrane-bound NADHP
oxidase,***” are persistently produced in a highly controlled
manner in normal cells because the canonical production of
ROS is required for the signalling processes of cell division,
autophagy, and cellular proliferation.*®*** Hence, a wealth of
recent evidences have underlined ROS as a double-edged sword
in cancer cells (e.g, a cancer-stimulating or a cancer-
suppressing agent). Such dichotomic role in cancer is also
relevant to nitric oxide.***' Nevertheless, aiming ROS regulation
for the clinical treatment of cancer represents a valuable chal-
lenge to advance cancer therapeutic approaches. In this context,
we reasoned that the use of biomimetic metal complexes would
(i) advance our understanding of the molecular basis of their
mechanism of action, (ii) offer an elegant way to control intra-
cellular ROS dysregulation, and (iii) provide a wealth of reper-
toire of metallodrugs having a broader spectrum of cancer-
specific antitumor activity with a prudent choice of ligands.

In the course of our investigation, we employed biomimetic
metal complexes having picolylamine-based water-soluble
ligand, which accommodates first-row transition metals such
as manganese, iron, cobalt, and copper. Their reactivity toward
dioxygen and ROS was examined and then their anticancer
activity was directly evaluated upon their incubation with
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Scheme 1 Proposed mitochondrial apoptotic pathway of colorectal
cancer cells promoted by the iron complex.

cancer cells. It was found that the iron complex that was capable
of activating both dioxygen and ROS triggered an efficient
mitochondrial apoptotic signalling pathway of colorectal cancer
cells by producing hydroxyl radicals and provoking the intrinsic
mitochondrial apoptotic pathway (Scheme 1).

Results and discussion

Synthesis and characterization of first-row transition metal
complexes

First-row transition metal complexes bearing a N,N-bis(2-
picolyl)amine backbone with a pendant ethoxyethanol side
chain (HN;0,), [M(HN;0,)]*" (M = Mn, Fe, Co, and Cu) were
synthesized according to the modified literature procedure (see
ESIT).* The X-ray crystal structures of manganese and iron
complexes, [Mn(HN;0,)(Cl),] and [Fe(HN;0,)(H,O0)]** (1), were
obtained when recrystallization was carried out under nitrogen
atmosphere (Fig. 1a, b and Table S17). As depicted in Fig. 1,
both the iron(u) and manganese(u) centers in 1 and [Mn(HN;-
0,)(Cl),], were coordinated to the HN;0, ligand, which afforded
a facial array of two pyridine N donors and one O donor from an
ethoxy group; a water molecule or counterion completed the
distorted octahedral coordination sphere. Electrospray ioniza-
tion mass (ESI MS) spectra of 1 and [Mn(HN;0,)(Cl),] displayed
prominent peaks at m/z of 442.0 and 377.1, whose mass and
isotopic distribution patterns correspond to [Fe(HN;0,)(Cl0,)]"
and [Mn(HN;0,)(CI)]", respectively (Fig. S17). Since a 2-His-1-
carboxylate facial triad is a common feature of the active sites
in dioxygen-activating nonheme metalloenzymes,*™*® we first
explored the dioxygen activation reactivity of [M(HN;0,)]**
under aerobic reaction conditions. Upon exposure to air,
CH;CN-solution and an aqueous solution of [M(HN;O,)*
complexes did not show any spectral changes for several hours
(Fig. S2 and S3t). This indicated that these metal complexes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure of ligand, HN3O, and X-ray crystal structures of (b)

Fig. 1
IMN(HN3O.)(Clol, () [Fe(HN3OL)(H,0)?", and  (d)  [Fex(u-
O)(HN30,),]*" with thermal ellipsoids showing 50% probability.
Perchlorate ions and solvent molecules were omitted for clarity. Mn,
pink; Fe, orange; Cl, aquamarine; N, blue; O, red; C, gray; H, white.

were stable in both organic and aqueous solution; they did not
undergo demetallation, aggregation, and precipitation. Inter-
estingly, only when 1 was recrystallized in a solvent mixture of
CH;CN : ether (v/v 1:2) under aerobic conditions for several
days, deep yellow single crystals due the formation of the p-oxo-
bridged diferric complex, [Fe,(1-O)(HN30,),]*" (2), was obtained
(Fig. 1c and Table S2t). This suggested that among
[M(HN;0,)**, only 1 was susceptible to conduct the dioxygen
activation reaction depending on the reaction conditions (vide
infra).*”*® From the charge consideration, the iron ions in 2 were
both in the +3 oxidation state. Each Fe ion was at the center of
a distorted N3;O; octahedron with one bridging oxo ligand
forming a {Fe,(u-O)} core with a Fe-O-Fe angle of 165.08(6)°
(Table S2f). The Fe---Fe distance (3.530(1) A) and the Fe-O
distance (1.7799(4) A) were consistent with a p-oxo bridged
diiron complex (Table S27).%-5*

Reactivity of 1 toward dioxygen and hydrogen peroxide

To provide more insight into the reactivity of complex 1, we
scrutinized the reactivity of complex 1 toward dioxygen and
hydrogen peroxide (H,0,). The UV-vis spectrum of isolated 2
clearly exhibited an intense absorption band at 355 nm (¢ =
6000 M~ cm™ ') in CH;CN at 20 °C, which differed from that of
1 (Fig. 2a). Interestingly, when 1 was treated with iodo-
sylbenzene (PhIO) or H,0,, 2 was generated instantaneously
(Fig. S4t). The ESI MS spectrum of 2 clearly exhibited two
prominent peaks at m/z of 350.1 and 799.1, whose mass and
isotopic distribution patterns are in a good agreement with
[Fe,(O)(N30,),]" and [Fe,(0)(N30,)5(ClO4)]", respectively
(Fig. 2, inset and Fig. S5af). The use of '®O-labeled PhIO
resulted in two mass unit shift of the peak at m/z from 799.1 to
801.1, indicating that the oxygen atom is originated from PhI'*O
(Fig. 2, inset).

On the hand, the addition of 1-benzyl-1,4-
dihydronicotinamide (BNAH), known as an NADH analog, to
an CH;CN-solution of 1, also afforded the formation of 2 in the

other
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Fig. 2 (a) UV-vis spectra of 1 (black line, 0.25 mM) and 2 (red line, 0.25
mM) in CH=zCN at 20 °C. Insets show the isotopic distribution patterns
of 2-%0 and 2-'80 (also see Fig. S5%). (b) Overlaid fluorescence
spectra (Aex at 310 nm) obtained in the reaction of terephthalic acid
(10 mM, black line) and ligand (green line) or IM(HN3O,)1?* (M: Mn (blue
line), Fe (red line), Co (pink line), Cu (yellow line)) in deionized water
(DW) at room temperature after 24 h incubation. The HNzO, ligand
exhibits weak fluorescence at 395 nm in deionized water in the
presence of TA at room temperature.

presence of acid (e.g., perchloric acid or hydrochloric acid)
under aerobic conditions (Fig. S61).** The ESI MS spectrum of 2
generated upon the use of 0, evenly showed a peak at m/z
801.1, demonstrating that the source of the bridging oxygen
atom was dioxygen (Fig. S5b¥). Therefore, 1 is capable of acti-
vating dioxygen using biological ingredients (e.g., proton and
cofactors). The electrochemical property of 1 was examined by
cyclic voltammetry. Despite an irreversible redox wave of 1, the
reduction peak potential (E.q) value of —0.15 V vs. Fc/Fc' in
CH;CN was found; when an identical experiment was per-
formed in deionized water, the E,.q value was positively shifted
(e.g., 0.08 V vs. Fc/Fc') (Fig. S7f). According to the well-
established results in the literature, the E.q value below
~—0.1 V vs. Fc/Fc' is defined to be a prerequisite value for
dioxygen activation by nonheme iron(u) complexes.*”* Hence, 1
activates dioxygen with the help of a cofactor such as the NADH
analog and proton under aerobic conditions or activates H,O,
(Fig. S4 and S6t); this results in the formation of the p-oxo-
bridged dinuclear iron complex.

Furthermore, we attempted to detect the generation of ROS
species such as hydroxyl radical (-OH) due to 1 using fluores-
cence probe (e.g., terephthalic acid (TA) assay).*® Upon incuba-
tion of 1 with non-fluorescent TA under aerobic conditions for
24 h, a brilliant fluorescence at 395 nm was detected by
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fluorescence spectrophotometry (Aex = 310 nm), indicating the
hydroxylated product, 2-hydroxyterephthalic acid (TA-OH) was
formed upon 24 h incubation (Fig. 2b). Indeed, over 50%
generation of TA-OH in the reaction between TA and 1 can be
achieved within 1 h under identical reaction conditions
(Fig. S81). Since TA, 1, and 2 did not show any fluorescence at
310 nm excitation wavelength, the appearance of the fluores-
cence intensity at 395 nm due to TA-OH solely comes from the
reaction between 1 and TA under aerobic conditions. Interest-
ingly, the incubation of other metal complexes or ligands only
with TA did not afford such strong fluorescence (Fig. 2b).
Therefore, the present result confirmed the efficacy of 1 for the
in situ production of -OH under aerobic conditions.

By virtue of well-established dioxygen activation mecha-
nism,**>*” 1 could react with dioxygen to form a putative iron-
superoxo species (Scheme 2, pathway a), which might further be
converted to a p-peroxo-bridged diferric species (Scheme 2,
pathway b). Subsequent homolytic O-O bond cleavage results in
the generation of iron-oxo species (Scheme 2, pathway c), fol-
lowed by a comproportionation reaction with 1 to produce 2
(Scheme 2, pathway d). The addition of H,0, might facilitate the
formation of the iron-oxo species and produce the cytotoxic
hydroxyl radical species as seen in the Fenton-like reaction
(Scheme 2, pathway e and f).*®

Cell viability and intracellular ROS detection

Encouraged by the abovementioned dioxygen and ROS activa-
tion by the iron complex, we surmised that 1 could promote the
deregulation of the intracellular ROS level and could induce
cancer cell cycle arrest and cell death. Indeed, it has also been
shown that the p-oxo-bridged diiron(m) complexes could exhibit
tumor-specific anticancer activity by generating the toxic
hydroxyl radical.>>** The potential anti-proliferative activities of
the above-mentioned biomimetic metal complexes against
breast cancer cells (e.g., MDA-MB-231, AU565, and SK-BR-3),
cervical cancer cell (e.g., HeLa S3), and colorectal cancer cells
(e.g., HT-29 and HCT116), were examined by the WST-8 assay
(tetrazolium salt WST-8 = 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt), which relies on the mitochondrial activity (Fig. 3
and S91). Among biomimetic metal complexes, the iron
complex, 1, only exhibits the anticancer activity toward the
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Scheme 2 Proposed mechanism for the formation of the p-oxo-
bridged diferric complex via the reductive activation of dioxygen or
hydrogen peroxide.
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Fig. 3 Effects of treatment of negative control (NC), deionized water
(DW), ligand (L), and [M(HN3OZ)]ZJr (M(L); M = Mn, Fe, Co, and Cu) on (a)
HCT116 and (b) HT-29. (c) Plot of normalized absorbance of HCT116
cells with respect to the logarithm concentration of 1 in order to
determine the ICsq value. (d) CCD-986Sk cells on the total cell viability
after 24 h by means of the WST-8 assay. The viability of cells without
additional complexes is normalized to 100%. Statistical analysis was
performed using one way ANOVA-Dunnett's test (* =p < 0.05, ** =p <
0.01, *** = p < 0.0001; ns = nonsignificant as compared to control).

cancer cells, more specifically, the colorectal cancer cell lines
such as HT-29 and HCT116; 1 is significantly effective to
HCT116 than HT-29 (Fig. 3a and b). As shown in Fig. S10,} 1
clearly revealed enhanced cytotoxicity against HCT116 cells
while other metal complexes did not. The half-maximal inhib-
itory concentration (ICso) of 1 toward HCT116 cells is deter-
mined to be 24.5 uM (Fig. 3c). Such an ICs, value is greater than
that of other reported Pt-based anticancer agents; however, it is
still largely below the millimolar range, thereby showing
significant cytotoxic activity against HCT116 cells.®*** This
result led us to, notably, the time-dependent WST-8 viability,
which showed that the anticancer activity of 1 was observed
with a clear viability decay up to ~50% within 24 h while other
metal complexes did not exhibit any kinetics of cytotoxicity on
the HCT116 cells (Fig. S117).

To show that 1 is not harmful to normal cells, we incubated 1
with CCD-986Sk cells, which are fibroblast cells for skin, under
identical conditions. Very interestingly, all first-row transition
metal complexes including 1 did not show any perceivable cell
death (Fig. 3d). Contrary to other abiological metal-based anti-
cancer drugs including Pt, Pd, and Ru that are cytotoxic by
nature, these biomimetic metal complexes are significantly less
toxic in the biological environment. These results strongly
advocate that the use of the bio-relevant metal ions accommo-
dating complexes might circumvent the side effects by better
dealing with human physiological homeostasis.*

The qualitative and quantitative detection of intracellularly
generated ROS by 1 in HCT116 cells and CCD-986Sk cells were
carried out under identical incubation conditions using the cell
permeant reagent 2’,7'-dichlorofluorescin diacetate (DCFDA)
(Fig. 4). Consistent with previously demonstrated results with

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1SC05094J

Open Access Article. Published on 11 December 2021. Downloaded on 5/31/2024 9:51:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article
(@) HCT116
8 2.54 P
[ [ .
8% 20 ' .
n D
E c
5% 1.54 ﬁ‘
Lo
e ﬂ ’J—‘ I
w
(8]
(=]

Mn(L) Fe(L) Co(L) Cu(L) Vehicle TBHP

1.0 1l
0.5- ’1‘ ﬂ
0.0- .
NC  DW
T}

(b) CCD-986Sk
8

. E

S 19 Y
) s

25 ns

3 _s 1.0

L g

<3 ol

[T

(8]

Q 0.0 .

NC  DW Mn(L) Fe(L) Co(L) Cu(L) Vehicle TBHP

Fig.4 DCFDA assay for the detection of intracellular ROS produced in
response to oxidative stress caused by DW, L, [IM(HN3O,)12* (M(L); M =
Mn, Fe, Co, and Cu), vehicle, and tert-butylhydroperoxide (TBHP) in (a)
HCT116 and (b) CCD-986Sk cells. Cells were treated with 50 uM of
metal complexes for 24 h and with 50 uM of TBHP alone for 4 h as the
positive control. Data are shown as mean fold change (FC) to control +
standard error of the mean (SEM). The statistical analysis was per-
formed using one way ANOVA-Dunnett's test and t test. Statistical
significance is shown as: * =p < 0.05, **=p < 0.01, ***=p < 0.001, ns
= nonsignificant as compared to control (n = 3).

TA, only 1 effectively generated the ROS in HCT116 cells; the
amount of intracellularly generated ROS was ~1.8 fold greater
than that observed in the negative control (NC) case (Fig. 4a).
This result revealed that 1 efficiently penetrated into the
HCT116 cells and produced intracellular ROS in the heteroge-
neous environment. Very importantly, the intracellular
production of ROS by 1 in normal cells (i.e., CCD-986Sk) was
determined to be ~1.2 fold greater (Fig. 4b). These observations
allowed us to speculate that the intracellular generation of ROS
by 1 may be favored in heterogeneous environment (i.e., cancer
cells) than in homogeneous environment (i.e., normal cells). It
has been demonstrated that an increase in ROS was associated
with cancer cell growth as compared to normal cells and there
might exist a certain threshold of ROS concentration that is
incompatible with cellular survival.®® In the present case, we
proposed that (i) 1 in HCT116 cells would activate intracellular
ROS, (ii) provoke excessive levels of ROS that reaches a certain
threshold, and (iii) finally exert cytotoxic effect. However, the
less activation of ROS by 1 in normal cells would barely reach
the threshold and the redox homeostasis would be maintained.
Therefore, we concluded that once 1 was penetrated into the
heterogeneous HCT116 cells, 1 increased the intracellular
concentration of ROS in order to prompt the cell death by
presumably affecting many regulatory signalling processes
closely related to intracellular ROS homeostasis (vide infra).

Immunocytochemistry, qRT-PCR, and western blot analysis

To verify that 1 roused the signalling pathway of cell death in
colorectal cancer cells, we first performed immunofluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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staining with 4',6-diamidino-2-phenylindole (DAPI), which is
frequently used to visualize the nuclear DNA in both living and
fixed cells, in HCT116 cells within 24 h after treatment with 1
(Fig. 5a). The structural changes of the nuclei including nuclear
condensation and shrinkage were noticed in HCT116 cells
treated with 1; this result suggested the production of the
apoptotic nuclei upon treatment with 1 (Fig. 5a, shown with
a white arrow). We further examined the area and number of
nuclei in HCT116 cells treated with 1 (Fig. 5b). A significant
decrease in the nuclei area as well as the average nuclei area per
image in HCT116 cells incubated with 1 as compared to the
control were confirmed. In addition, a decreased number of
nuclei also suggested that 1 has a critical role in anticancer
activity.

In order to understand whether the anticancer effect of 1
influenced the apoptosis of HCT116 cells, we monitored the
level of genes and proteins closely related to the apoptotic
pathways. We first checked the expression of the BCL-2 family
members using qRT-PCR (Fig. 5¢). It is well-documented that
the BCL-2 family is considered to be divided into anti-apoptotic
and pro-apoptotic members according to their functions.®” Even
though the expression of BCL-2 alpha and beta, known as anti-
apoptotic members, was slightly attenuated, the expression of
BAX and BAK, known as pro-apoptotic members, was increased
and prominent in HCT116 cells treated with 1. This clearly
suggested that 1 induced apoptotic cell death.

Since up-regulated BAX and BAK commonly concerned the
release of cytochrome c into the cytosol by increasing the
permeability of the mitochondrial membrane,*® we performed
immunofluorescence for COX IV to ascertain whether 1-trig-
gered apoptosis was mediated by the mitochondria. COX 1V is
an inner membrane mitochondrial marker and their level is
increased at the early stage of apoptosis and then decreased
after the release of cytochrome c into the cytosol during the
apoptotic process.* As shown in Fig. 5d, COX IV was remarkably
reduced in HCT116 cells treated with 1, whereas its level was
abundant in control. These results supported that the apoptosis
of HCT116 cells caused by 1 might be accompanied by
a decrease in the mitochondrial function. Since it has been well-
established that the decrease in the level of COX IV affected the
activation of caspases, for instance, caspase 9 and 3, we
examined the level of the cleaved caspase 9 and 3 after incu-
bating HCT116 cells with 1 for 24 h. Western blot analysis
undoubtedly showed that the level of the cleaved caspase 9 and
3 were remarkably increased in HCT116 cells (Fig. 5e). More-
over, an increased level of the cleaved poly(ADP-ribose) poly-
merase 1 (PARP1), which is a hallmark of apoptosis due to the
caspases,’” was noticeably perceived in HCT116 cells treated
with 1 (Fig. 5e).

Next, to investigate whether 1-triggered apoptosis was
mediated by the extrinsic pathway through FADD (fas-
associated protein with death domain), immunofluorescence
for E-cadherin, which collaborates with death receptors, was
conducted (Fig. S12 and S13t).””> We observed that there was
no significant change in the E-cadherin level after treatment
with 1. In addition, the expression of BID, which is proteolyti-
cally activated by FADD signalling, was not significant between
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(a) Confocal images of nuclei stained with DAPI in HCT116 cells incubation with DW and 1 (50 puM) for 24 h. Scale bar: 20 pm. Arrows

indicated nuclei with structural changes related to apoptosis. (b) Analysis of nuclei area and the number of nuclei measured by Imaged. (c)
Expression of BCL2 alpha, BCL2 beta, BAX, and BAK in HCT116 with DW and 1 (50 uM) for 24 h. (d) Confocal images of COX IV (green) and DAPI
(blue) in HCT116 cells incubation with DW and 1 (50 uM) for 24 h. Scale bar: 20 um. (e) Western blot analysis of caspase-9, 3 and PARP in HCT116
cells at day 0, negative control (NC), after incubation with deionized water (DW), and 1 (50 pM) for 24 h. (f) Cell viability of HCT116 and CCD-
9865k cells after 24 h was measured by the WST-8 assay. These cells incubated with or without 1 (50 pM) and Z-VAD-FMK (25 uM) for 24 h. The
viability of cells without additional complexes is normalized to 100%. The statistical analysis was performed using two-tailed paired t test (* =p <

0.01, ** = p < 0.001, *** = p < 0.0001, ns = nonsignificant as compared to the control).

HCT116 cells treated with 1 and the controls (Fig. S14t). These
results supported that the apoptosis induced by 1 was
presumably mediated by the intrinsic pathway including mito-
chondrial dysfunction but not by the extrinsic pathway. In
addition, we performed the cell viability assay in the presence
and absence of Z-VAD-FMK to evaluate the apoptotic effect of 1
on HCT116 cells. Z-VAD-FMK is a cell permeable caspase
inhibitor that impedes caspase processing and apoptosis by
irreversibly binding to the catalytic site.” 1 induced cell death
only in HCT116 and co-treatment with Z-VAD-FMK partly
improved the viability level (Fig. 5f). CCD-986Sk is not affected
by 1 and Z-VAD-FMK. These results showed that 1 was closely
associated with the apoptosis-dependent pathway.

742 | Chem. Sci, 2022,13, 737-747

Taken together, we propose that after cellular uptake, the
intracellular generation of ROS by 1 prompted mitochondrial
dysfunction and resulted in the apoptotic signalling pathway as
follows: (i) the mitochondrial release of cytochrome c in cytosol,
followed by (ii) the cleavage of caspase 9 and then that of cas-
pase 3 occurred to finally (iii) stimulate the cleavage of PARP1.
Thus, the intrinsic mitochondrial apoptosis pathway was acti-
vated to cause HCT116 cell cycle arrest upon treatment with 1.

In vivo studies

Having established that 1 elevated the intracellular ROS
concentration, we investigated the anticancer activity of 1 in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vivo. To evaluate the anticancer effect of 1 in vivo, six mice
models injected with HT29 cells were used; three were used as
the vehicle with sterile distilled water and another three were
treated with 1 intraperitoneally for 5 days (Fig. 6a). When the
mice were treated with 5 mg kg™* of 1, no adverse side effects
were detected. Three cases of 1 resulted in approximately 50%
to 80% tumor growth inhibition with respect to the control
(Fig. 6b). Furthermore, the injection of 1 at 5 mg kg™ ' signifi-
cantly inhibited the tumor growth of the xenograft relative to
the control in the subcutaneous colorectal cancer model, indi-
cating that 1 is a potential antitumor agent that operates in vivo
(Fig. 6¢). These results supported that 1 has the possibility of
therapeutic target in vivo.

Conclusions

In conclusion, we successfully synthesized and characterized
a series of biomimetic first-row transition metal complexes with
various spectroscopic methods including X-ray crystallography.
Among these chemically designed complexes, only iron
complex, 1, was capable of activating dioxygen and reactive
oxygen species and producing hydroxyl radical species. This
illustrated the importance of the choice of the redox active
metal ion at the center of the biomimetic complex in order to
judiciously attribute their chemical functionality and reactivity.
This interesting chemical property of 1 was believed to trigger
the cell cycle arrest of the cancer cells, more specifically colo-
rectal cancer cells, by efficiently producing intracellular ROS in
a heterogeneous environment. Strikingly, when normal cells
were treated with 1 under identical conditions, cell death did
not occur due to the less production of ROS under homoge-
neous environment. The accumulated evidences presented in
the cell viability assays clearly supported the effective intracel-
lular generation of ROS by 1 as compared to other biomimetic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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metal complexes. More detailed investigation on the signaling
pathway of cell cycle arrest revealed that the intrinsic mito-
chondrial apoptotic pathway was activated by 1 through (i) the
release of cytochrome c, (ii) the cleavage of caspase 9 and cas-
pase 3, and (iii) the cleavage of PARP1 located in the nucleus.
Finally, we confirmed the anticancer effect of 1 both in vitro and
in vivo as the inhibition of tumor growth by 1 in the subcuta-
neous colorectal cancer model was verified. Overall, the present
strategy (e.g., the use of biomimetic metal complexes) might
tremendously reduce the occurrence of off-target effects,
thereby proving the possibility of a wide range of biological
application and justify further investigation. Moreover, this
would be an important asset—or, at least one of the central
functions—that the designed biomimetic metal complexes
merit more attention in the future direction of the cancer
therapeutic research.

Materials and methods
Materials

Commercially available chemicals were used without further
purification unless otherwise indicated. Solvents were dried
according to the published procedures and distilled under Ar
prior to use.”* H,'®0 (95% "®0-enriched) was purchased from
ICON Services Inc. (Summit, NJ, USA). Iodosylbenzene (PhIO)
was prepared by a literature method.” The nonheme manga-
nese, iron, cobalt, copper(i1) complexes were prepared according
to the modified literature methods.**

Instrumentation

The UV-vis spectra were recorded on a Hewlett Packard Agilent
Cary 8454 UV-visible spectrophotometer equipped with a T2/
sport temperature-controlled cuvette holder. Electrospray ioni-
zation mass spectra (ESI MS) were collected on a Thermo Fin-
nigan (San Jose, CA, USA) LTQ™ XL ijon trap instrument by
infusing the samples directly into the source at 5.0 uL min "
using a syringe pump. The spray voltage was set at 4.7 kV and
the capillary temperature at 120 °C. Electrochemical measure-
ments were performed on a CHI617B electrochemical analyzer
(CH Instruments, Inc.) in CH3CN containing 0.10 M Bu,NPFg
(TBAPF,) or in H,O containing 0.10 M NaClO, as the supporting
electrolytes at 25 °C. A conventional three-electrode cell was
used with a glassy carbon working electrode (surface area of
0.030 cm?), a platinum wire as the counter electrode, and an Ag/
Ag' electrode as the reference electrode (in CH;CN) or an Ag/
AgCl, 1.0 M KClI electrode as a reference electrode (in H,O),
respectively. The glassy carbon working electrode was routinely
polished with BAS polishing alumina suspension and rinsed
with acetone and acetonitrile before use. The measured
potentials were recorded with respect to an Ag/Ag’ (0.010 M)
reference electrode (in CH3;CN) or an Ag/AgCl, 1.0 M KCl refer-
ence electrode (in H,0), respectively. All potentials (vs. Ag/Ag” or
Ag/AgCl) were converted to values vs. Fc/Fc¢' by subtracting
0.09 V or 0.02 V, respectively.”®

For the measurement of cell viability, CCK-8 solution from
Enzo (Farmingdale, NY, USA) with the culture media was added
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to each well and the absorbance at 450 nm was measured by
Synergy™ HTX Multi-Mode Microplate Reader from Bio-Tek
(Winooski, VT, USA) and VICTOR Nivo™ Multimode Plate
Reader on a PerkinElmer (Waltham, MA, USA). Chemilumi-
nescent signals were induced by chemiluminescent detection
reagent from ATTO (Taito, Tokyo, Japan) and detected by
Amersham Imager 600 from GE Healthcare (Chicago, IL, USA).
The images observed with a LSM 700 laser scanning confocal
microscope and Axio Vert. Al-inverted microscope from Zeiss
(Oberkochen, Baden-Wiirttemberg, Germany) and analyzed
using Image] from NIH (Bethesda, Maryland, USA). qRT-PCR
was measured by LightCycler 96 Instrument from Roche
(Basel, Basel-Stadt, Switzerland).

Synthesis and characterization of mononuclear
manganese(u), iron(u), cobalt(u), and copper(u) complexes

[Mn"(HN;0,)(Cl),], [Fe"(HN;0,)(H,0)]*" (1), [Co"(HN;O,)]**
and [Cu"(HN;0,)]**, were prepared by reacting HN;0O, ligand
and equimolar MnCl,, Fe(ClO,),-6H,0, Co(NO;),-6H,0, and
Cu(NO3),-6H,0, respectively, in CH;CN.** The UV-vis spectra of
1, [Mn"(HN;0,)(Cl),], [Co"(HN;O,)]*" and [Cu"(HN;0,)]*,
exhibited characteristic shoulder absorption bands at 330 nm
for 1, about 300 nm for [Mn"(HN;0,)(Cl),], [Co"(HN;0,)*", and
600 nm for [Cu"(HN;0,)]**, respectively, in CH;CN at 20 °C.

Synthesis and characterization of pi-oxo-Bridged diferric
complex

The p-oxo bridged diferric complexes bearing the HN3;O,HN;O,
ligand, [Fe,(O)(HN3O,),(ClO4)] (2), was prepared by three
different ways: (i) by exposing 1 under aerobic conditions, (ii) by
reacting 1 with excess solid iodosylbenzene (PhIO) or H,0,, (iii)
by treating 1 with 1-benzyl-1,4-dihydronicotinamide (BNAH) in
the presence of perchloric acid (1.0 equiv.) in CH;CN at 20 °C.
The UV-vis spectrum of 2 exhibited a strong charge transfer
band at 355 nm (¢ = 6000 M~ ' cm™*). The ESI MS spectrum of 2
displayed a prominent peak at m/z of 799.1, whose mass and
isotopic distribution patterns are in a good agreement with
[Fe,(0O)(N30,),(ClO,)]". **0-labeled PhIO was prepared by incu-
bating PhIO with H,"®0 (20 pL) for 20 min. The use of PhI**O
resulted in the formation of [Fe,(**0)(N;0,),(Cl0,)]", which
appeared at m/z of 801.1 in the ESI MS spectrum.

X-ray structural analysis

Single crystals of [Mn(HN;0,)(Cl),], 1, and 2 suitable for X-ray
crystallographic analysis were obtained by the slow diffusion
of Et,O into a CH3;CN solution of each metal complex. These
crystals were taken from the solutions by a nylon loop (Hamp-
ton Research Co.) on a handmade cooper plate and mounted on
a goniometer head in a N, cryostream. The diffraction data for
[Mn(HN;0,)(Cl),], 1, and 2 were collected at 120 K on a Bruker
SMART AXS diffractometer equipped with a monochromator in
the Mo Ko. (A = 0.71073 A) incident beam. The cell parameters
were determined and refined by the SMART program.”” The
CCD data were integrated and scaled using the Bruker-SAINT
software package.” An empirical absorption correction was
applied using the SADABS program.” The structures were
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solved by direct methods, and all non-hydrogen atoms were
subjected to anisotropic refinement by full-matrix least squares
on F* using SHELXTL Ver. 6.14.%° The crystallographic data and
selected bond distances and angles are listed in Tables S1 and
S2,7 respectively.

Dioxygen and hydrogen peroxide activation reactivity

Kinetic measurements were performed on a Hewlett Packard
8453 photodiode-array spectrophotometer for dioxygen and
H,0, activation reactions by 1 in CH;CN at 20 °C. Reactions
were run in a 1.0 cm UV cuvette, monitoring the UV-vis spectral
changes of the reaction solutions. The stability of the metal
complexes were determined by monitoring the absorption band
at 330 nm for 1, about 300 nm for [Mn"(HN;O,)(Cl),],
[Co™(HN;0,)]**, and 600 nm for [Cu"(HN;0,)]*", respectively, in
CH;CN and H,O0 at 20 °C. The formation of 2 was detected by
monitoring the absorbance at 355 nm in CH3CN at 20 °C. The
kinetic experiments were run at least in triplicate, and the data
reported represent the average of these reactions.

Cell culture

The human carcinoma-derived cells such as HCT116 and HT-
29, colorectal cancer cell line, MDA-MB-231 and AU565, breast
cancer cell line and HeLa S3, cervical cancer cell line were
maintained as the monolayer culture in the Roswell Park
Memorial Institute (RPMI) 1640 medium, and SK-BR-3, breast
cancer cell line was maintained in Dulbecco's Modified Eagle
Medium (DMEM), and CCD-986Sk, Fibroblast cells were
cultured in Iscove's Modified Dulbecco's Medium (IMDM)
supplemented with 10% fetal bovine serum (FBS) and 1.0%
penicillin-streptomycin. Cells were grown at 37 °C in a humidi-
fied atmosphere containing 5.0% CO,.

Cell viability

To determine cell viability, cells were seeded in 96-well plates
and allowed to recover for 24 h. Then, the cells were exposed to
the metal complexes for 24 h. The metal complexes were dis-
solved in distilled water and diluted in fresh culture medium
(final metal complex concentration is 50 pM). The added
concentration of Z-VAD-FMK was 25 uM (Selleck Chem.
#S7023). After 24 h treatment of the complexes, the cytotoxicity
of the metal complexes was determined using the 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetra-
zolium monosodium salt (WST-8) assay as previously
described.®*

Cellular reactive oxygen species (ROS) assay

ROS were detected using 2',7'-dichlorofluorescin diacetate
(DCFDA) cellular ROS detection assay kit (Abcam # ab113851)
following the manufacturers' protocol. Cells were plated over-
night in 96-well plates in their medium with or without metal
complex. The fluorescence excitation/emission 485/535 was
measured using the Synergy HTX Multi-Mode Microplate
Reader (Bio-Tek).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Statistical analysis

Statistical analysis was performed using two-tailed paired ¢ test,
one way ANOVA-Dunnett's test, and nonlinear regression anal-
ysis in GraphPad Prism 5.01 Software (San Diego, CA, USA).

Western blot analysis

Cells were seeded in a 6-well plate and cultured in a 37 °C, 5.0%
CO, incubator to adhere to the cells. The old culture medium
was discarded and replaced with a fresh medium containing 50
uM of the iron complex. Incubation was then continued for
24 h. After treatment was completed, the cells were washed with
PBS. The total protein was extracted using an RNA/protein
extraction kit (MACHEREY-NAGEL) according to the manufac-
turer's instructions. Lysates (50 pg) were subjected to 8-12%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and
then proteins were transferred to polyvinylidene fluoride
(PVDF) membranes. Primary antibodies diluted 1% skim milk
in PBS with 1.0% Tween-20 (Sigma) and then incubated at 4 °C
overnight. Primary antibody: caspase-9 (cell signaling tech-
nology (CST), 9508), cleaved caspase-9 (CST, 7237), caspase-3
(CST, 9662), cleaved caspase-3 (CST, 9661), PARP (CST, 9542),
cleaved PARP1 (CST, 5625), B-actin (bethyl laboratories, A300-
491A). The horseradish peroxidase-conjugated secondary anti-
bodies in 2.0% skim milk in PBS with 1.0% Tween-20 were
incubated at room temperature for 1 h. Signals were induced
using the chemiluminescent detection reagent (ATTO) and
detected using an Amersham Imager 600 (GE Healthcare).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde and permeabilized
with 0.20% Triton X-100 in phosphate-buffered saline (PBS).
Following fixation, cells were incubated at 4 °C overnight with
anti-COX IV and anti-E-cadherin primary antibody in PBS with
1.0% bovine serum albumin (BSA) and 0.20% Triton X-100. The
stained proteins were visualized using Alexa Fluor 488 and Alexa
Fluor 594-conjugated secondary antibodies. The nuclei were
counterstained with DAPI. The stained cells were observed with
a LSM 700 Confocal Laser Scanning Microscope (Zeiss). The
nuclei area and number of nuclei were measured by the Image]J
software (NIH).

Quantitative reverse transcription-polymerase chain reaction
(qQRT-PCR)

The total RNA was extracted using an RNA/Protein extraction kit
(MACHEREY-NAGEL). ¢cDNA was synthesized from total RNA (2
pg) using M-MLV Reverse Transcriptase (Promega, M1705).
gRT-PCR was performed on a LightCycler 96 System (Roche)
using qPCRBIO SyGreen Blue Mix (PCR Biosystems, PB20.15),
according to the manufacturer's instructions. The following
targets were amplified using the indicated primer pairs (Table
S37).

In vivo experiments

All animal experiments were performed according to the
guidelines of the Chonnam National University Medical School
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Research Institutional Animal Care Committee, and all experi-
mental protocols were approved by the committee. Five-six-
week-old Balb/c-nu mice were obtained from OrientBio, Inc.
(Seongnam, Korea) and housed in metal cages with free access
to water and food. To generate the subcutaneous colon cancer
models, HT29 human colon cancer cells were harvested during
exponential growth and resuspended in a 1 : 1 mixture of saline
and Matrigel (BD Biosciences). Next, 1 x 10”7 HT29 cells per
mouse were injected subcutaneously into the flank of Balb/c-nu
mice. Mice were randomly assigned to three groups (N = 3):
sterile distilled water (control), 1 (concentration: 1 mg kg %),
and 1 (concentration: 5 mg kg~ '). When the average tumor size
reached a volume of approximately 100 mm?®, 1 was adminis-
tered via intraperitoneal injections five times for 5 days. Tumor
growth was monitored every 2 to 3 days; mice were monitored
for signs of toxicity, and the size of the tumors were measured.

Author contributions

YL, CO and JK designed and conducted all the experiments, and
analyzed the data. M.-S. P. and W. K. B. performed in vivo study.
SH and KHY drafted the manuscript. SH and KHY provided
overall guidance throughout the process including experi-
mental design, data analysis, and manuscript preparation. SH
and KHY also revised the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by NRF of Korea through MSIP (NRF-
2020R1C1C1008886 to S. H.) and the Collaborative Genome
Program for Fostering New Post-Genome Industry of the
National Research Foundation (NRF) and funded by the
Ministry of Science and ICT (MSIT) (NRF-2017M3C9A6044519 to
K. H. Y.), and the Bio & Medical Technology Development
Program of the National Research Foundation (NRF) funded by
the Korean government (MSIT) (NRF-2020M3A9G3080330 to W.
K. B).

Notes and references

1 F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre
and A. Jemal, Ca-Cancer J. Clin., 2018, 68, 394-424.

2 B. Stordal, N. Pavlakis and R. Davey, Cancer Treat. Rev., 2007,
33, 347-357.

3 S. Dasari and P. B. Tchounwou, Eur. J. Pharmacol., 2014, 740,
364-378.

4 D. A. Fennell, Y. Summers, ]J. Cadranel, T. Benepal,
D. C. Christoph, R. Lal, M. Das, F. Maxwell, C. Visseren-
Grul and D. Ferry, Cancer Treat. Rev., 2016, 44, 42-50.

5 P. Heffeter, U. Jungwirth, M. Jakupec, C. Hartinger,
M. Galanski, L. Elbling, M. Micksche, B. Keppler and
W. Berger, Drug Resist. Updates, 2008, 11, 1-16.

Chem. Sci., 2022, 13, 737-747 | 745


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1SC05094J

Open Access Article. Published on 11 December 2021. Downloaded on 5/31/2024 9:51:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

6 X. Y. Wang and Z. ]J. Guo, New Trends and Future
Developments of Platinum-Based Antitumor Drugs. in
Bioinorganic Medicinal Chemistry, ed. E. Alessio, WILEYVCH
Verlag GmbH & Co. KGaA, Weinheim, 2011, pp. 97-149.

7 L. Qi, Q. Luo, Y. Zhang, F. Jia, Y. Zhao and F. Wang, Chem.
Res. Toxicol., 2019, 32, 1469-1486.

8 A.-M. Florea and D. Biisselberg, Cancers, 2011, 3, 1351-1371.

9 P.]. Barnard, M. V. Baker, S. J. Berners-Price and D. A. Day, J.
Inorg. Biochem., 2004, 98, 1642-1647.

10 P. C. A. Bruijnincx and P. J. Sadler, Curr. Opin. Chem. Biol.,
2008, 12, 197-206.

11 K. J. Kilpin and P. J. Dyson, Chem. Sci., 2013, 4, 1410-1419.

12 N. Muhammad and Z. J. Guo, Curr. Opin. Chem. Biol., 2014,
19, 144-153.

13 M. N. Hopkinson, C. Richter, M. Schedler and F. Glorius,
Nature, 2014, 510, 485-496.

14 J. Liu, C. Jin, B. Yuan, Y. Chen, X. Liu, L. Jia and H. Chao,
Chem. Commun., 2017, 53, 9878-9881.

15 T. Zou, C.-N. Lok, P.-K. Wan, Z.-F. Zhang, S.-K. Fung and
C.-M. Che, Curr. Opin. Chem. Biol., 2018, 43, 30-36.

16 S. L. Grivennikov, F. R. Greten and M. Karin, Cell, 2010, 140,
883-899.

17 G. Housman, S. Byler, S. Heerboth, K. Lapinska,
M. Longacre, N. Snyder and S. Sarkar, Cancers, 2014, 6,
1769-1792.

18 N. Vasan, J. Baselga and D. M. Hyman, Nature, 2019, 575,
299-309.

19 C. Holohan, S. V. Schaeybroeck, D. B. Longley and
P. G. Johnston, Nat. Rev. Cancer, 2013, 13, 714-726.

20 K. Gkouvatsos, G. Papanikolaou and K. Pantopoulos,
Biochim. Biophys. Acta, Gen. Subj., 2012, 1820, 188-202.

21 M. Sanchez, L. Sabio, N. Galvez, M. Capdevila and
J. M. Dominguez-Vera, IUBMB Life, 2017, 69, 382-388.

22 C. P. Matos, Y. Yildizhan, Z. Adiguzel, F. R. Pavan,
D. L. Campos, J. C. Pessoa, L. P. Ferreira, A. I. Tomaz,
I. Correia and C. Acilan, Dalton Trans., 2019, 48, 8702-8716.

23 J. Kaplan and D. M. Ward, Curr. Biol., 2013, 23, R642-R646.

24 V. A. Rao, Antioxid. Redox Signaling, 2013, 18, 930-955.

25 V. Corcé, S. G. Gouin, S. Renaud, F. Gaboriau and
D. Deniaud, Bioorg. Med. Chem. Lett., 2016, 26, 251-256.

26 W. Zhang, C. Chen, H. Shi, M. Yang, Y. Liu, P. Ji, H. Chen,
R. X. Tan and E. Li, Phytomedicine, 2016, 23, 1-8.

27 A. Winter, M. Gottschaldt, G. R. Newkome and
U. S. Schubert, Curr. Top. Med. Chem., 2012, 12, 158-175.

28 D. S. Kalinowski and D. R. Richardson, Pharmacol. Rev.,
2005, 57, 547-583.

29 M. Whitnall, J. Howard, P. Ponka and D. R. Richardson, Proc.
Natl. Acad. Sci. U.S.A., 2006, 103, 14901-14906.

30 Y. Yu, Y. S. Rahmanto and D. R. Richardson, Br. J.
Pharmacol., 2012, 165, 148-166.

31 B. Ma, B. C. Goh, E. H. Tan, K. C. Lam, R. Soo, S. S. Leong,
L. Z. Wang, F. Mo, A. T. C. Chan, B. Zee and T. Mok,
Invest. New Drugs, 2008, 26, 169-173.

32 T. P. Szatrowski and C. F. Nathan, Cancer Res., 1991, 51, 794-
798.

33 P. Storz, Front. Biosci., 2005, 10, 1881-1896.

34 B. M. Babio, Blood, 1999, 93, 1464-1476.

746 | Chem. Sci, 2022,13, 737-747

View Article Online

Edge Article

35 N. A. Bonekamp, A. Volkl, H. D. Fahimi and M. Schrader,
Biofactors, 2009, 35, 346-355.

36 D. Ha, E. Williams and E. Cadenas, Biochem. J., 2001, 353,
411-416.

37 G. S. Shadel and T. L. Horvath, Cell, 2015, 163, 560-569.

38 G.-Y. Liou and P. Storz, Free Radic. Res., 2010, 44, 479-496.

39 J. Kim, J. Kim and ].-S. Bae, Exp. Mol. Med., 2016, 48, €269.

40 S. Mijatovi¢, A. Savi¢c-Radojevi¢, M. Pljesa-Ercegovac,
T. Simi¢, F. Nicoletti
Antioxidants, 2020, 9, 374.

41 D. Maksimovic¢-Ivani¢, P. Fagone, J. McCubrey, K. Bendtzen,
S. Mijatovic and F. Nicoletti, Int. J. Cancer, 2017, 140, 1713-
1726.

42 H. Oh, W.-M. Ching, J. Kim, W.-Z. Lee and S. Hong, Inorg.
Chem., 2019, 58, 12964-12974.

43 P. C. A. Bruijnincx, G. van Koten and R. J. M. Klein Gebbink,
Chem. Soc. Rev., 2008, 37, 2716-2744.

44 S. Kal and L. Que, J. Biol. Inorg Chem., 2017, 22, 339-365.

45 M. Srnec, S. R. Iyer, L. M. K. Dassama, K. Park, S. D. Wong,
K. D. Sutherlin, Y. Yoda, Y. Kobayashi, M. Kurokuzu,
M. Saito, M. Seto, C. Krebs, J. M. Bollinger Jr and
E. L. Solomon, J. Am. Chem. Soc., 2020, 142, 18886-18896.

. R. Miller, J. D. Paretsky, A. H. Follmer, T. Heinisch,

Mittra, S. Gul, L-S. Kim, F. D. Fuller, A. Batyuk,
K. D. Sutherlin, A. S. Brewster, A. Bhowmick, N. K. Sauter,
J. Kern, J. Yano, M. T. Green, T. R. Ward and A. S. Borovik,
Inorg. Chem., 2020, 59, 6000-6009.

47 S. Hong, Y.-M. Lee, K. Ray and W. Nam, Coord. Chem. Rev.,
2017, 334, 25-42.

48 S. O. Kim, C. V. Sastri, M. S. Seo, J. Kim and W. Nam, J. Am.
Chem. Soc., 2005, 127, 4178-4179.

49 R. Surendhran, A. A. D'Arpino, B. Y. Sciscent, A. F. Cannella,
A. E. Friedman, S. N. MacMillan, R. Guptad and D. C. Lacy,
Chem. Sci., 2018, 9, 5773-5780.

50 E. Y. Tshuva and S. J. Lippard, Chem. Rev., 2004, 104, 987-
1012.

51 S. Friedle, E. Reisner and S. J. Lippard, Chem. Soc. Rev., 2010,
39, 2768-2779.

52 T. Guchhait, S. Sasmal, F. S. T. Khan and S. P. Rath, Coord.
Chem. Rev., 2017, 337, 112-144.

53 T. Glaser, Coord. Chem. Rev., 2019, 380, 353-377.

54 S.Hong, Y.-M. Lee, W. Shin, S. Fukuzumi and W. Nam, J. Am.
Chem. Soc., 2009, 131, 13910-13911.

55 S. Sahu and D. P. Goldberg, J. Am. Chem. Soc., 2016, 138,
11410-11428.

56 Y. Nosaka and A. Y. Nosaka, Chem. Rev., 2017, 117, 11302-
11336.

57 J. B. Gordon, A. C. Vilbert, I. M. DiMucci, S. N. MacMillan,
K. M. Lancaster, P. Moénne-Loccoz and D. P. Goldberg, J.
Am. Chem. Soc., 2019, 141, 17533-17547.

58 H. J. H. Fenton, J. Chem. Soc. Trans., 1894, 65, 899-910.

59 S. B. Chanu, S. Banerjee and M. Roy, Eur. J. Med. Chem.,
2017, 125, 816-824.

60 S. Saha, R. Majumdar, M. Roy, R. R. Dighe and
A. R. Chakravarty, Inorg. Chem., 2009, 48, 2652-2663.

61 T. Sarkar, R. J. Butcher, S. Banerjee, S. Mukherjee and
A. Hussain, Inorg. Chim. Acta., 2016, 439, 8-17.

and D. Maksimovi¢-Ivani¢,

46 K
K

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1SC05094J

Open Access Article. Published on 11 December 2021. Downloaded on 5/31/2024 9:51:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

62 G. Genc, V. Kilinc, A. Bedir and O. Ozkaya, Ren. Fail., 2014,
36, 1104-1107.

63 R. Raveendran, J. P. Braude, E. Wexselblatt, V. Novohradsky,
0. Stuchlikova, V. Brabec, V. Gandin and D. Gibson, Chem.
Sci., 2016, 7, 2381-2391.

64 N. S. Ng, M. J. Wu, S. J. Myers and J. R. Aldrich-Wright, J.
Inorg. Biochem., 2018, 179, 97-106.

65 P. P. Jia, R. Z. Ouyang, P. H. Cao, X. Tong, X. Zhou, T. Lei,
Y. F. Zhao, N. Guo, H. Z. Chang, Y. Q. Miao and S. Zhou, J.
Coord. Chem., 2017, 70, 2175-2201.

66 D. Tracotham, J. Alexandre and P. Huang, Nat. Rev. Drug
Discovery, 2009, 8, 579-591.

67 P. Pihan, A. Carreras-Sureda and C. Hetz, Cell Death Differ.,
2017, 24, 1478-1487.

68 P. E. Czabotar, G. Lessene, A. Strasser and J. M. Adams, Nat.
Rev. Mol. Cell Biol., 2014, 15, 49-63.

69 S. Schiill, S. D. Giinther, S. Brodesser, J. M. Seeger, B. Tosetti,
K. Wiegmann, C. Pongratz, F. Diaz, A. Witt, M. Andree,
K. Brinkmann, M. Kronke, R. J. Wiesner and H. Kashkar,
Cell Death Discovery, 2015, 6, €1691.

70 S. H. Kaufmann, S. Desnoyers, Y. Ottaviano, N. E. Davidson
and G. G. Poirier, Cancer Res., 1993, 53, 3976-3985.

71 M. Lu, S. Marsters, X. Ye, E. Luis, L. Gonzalez and
A. Ashkenazi, Mol. Cell, 2014, 54, 987-998.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

72 J. L. Marin-Rubio, L. Vela-Martin, J. Fernandez-Piqueras and
M. Villa-Morales, Cancers, 2019, 11, 1462.

73 M. Fransolet, L. Noel, L. Henry, S. Labied, S. Blacher,
M. Nisolle and C. Munaut, J. Assist. Reprod. Genet., 2019,
36, 349-359.

74 W. L. F. Armarego and C. L. L. Chai, Purification of Laboratory
Chemicals, 6th ed.; Pergamon Press, Oxford, 2009.

75 H. Saltzman and J. G. Sharefkin, Organic Syntheses, Wiley,
New York, 1973, Collect. vol. V, p. 658.

76 C. K. Mann and K. K. Barnes, in Electrochemical Reactions in
Non-aqueous Systems, Marcel Dekker, New York, 1970.

77 SMART, Data collection software; Bruker AXS Inc.: Madison,
Wisconsin, USA, 2012.

78 SAINT, Data integration software; Bruker AXS, Inc.: Madison,
Wisconsin, USA, 2012.

79 G. M. Sheldrick, SADABS, Program for absorption correction
with the Bruker SMART system; Universitit Gottingen,
Germany, 1996.

80 G. M. Sheldrick, SHELXTL, Version 6.14; Bruker AXS Inc.,
Madison, Wisconsin, USA, 2003.

81 H. Tominaga, M. Ishiyama, F. Ohseto, K. Sasamoto,
T. Hamamoto, K. Suzuki and M. Watanabe, Anal
Commun., 1999, 36, 47-50.

Chem. Sci., 2022,13, 737-747 | 747


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1SC05094J

	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...

	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...

	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...
	Bioinspired nonheme iron complex that triggers mitochondrial apoptotic signalling pathway specifically for colorectal cancer cellsElectronic...


