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How does ferrocene correlate with ferroptosis?
Multiple approaches to explore ferrocene-
appended GPX4 inhibitors as anticancer agentst

i ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 10477

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry Wei Li, 2 Jing Yu,? Jing Wang,1®® Xuejing Fan,1?® Ximing Xu, & € Hui Wang,?®
Ying Xiong,? Xinyu Li,®® Xiaomin Zhang,?® Qianer Zhang,®® Xin Qi,?° Pascal Pigeon,’
Qing Gu,? Julia Bruno-Colmenarez, ©" Gérard Jaouen,® Michael J. McGlinchey,”

Xue Qiu,? Shu-Li You, ©9 Jing Li** and Yong Wang & *2°

Ferroptosis has emerged as a form of programmed cell death and exhibits remarkable promise for
anticancer therapy. However, it is challenging to discover ferroptosis inducers with new chemotypes and
high ferroptosis-inducing potency. Herein, we report a new series of ferrocenyl-appended GPX4
inhibitors rationally designed in a "one stone Kills two birds” strategy. Ferroptosis selectivity assays, GPX4
inhibitory activity and CETSA experiments validated the inhibition of novel compounds on GPX4. In
particular, the ROS-related bioactivity assays highlighted the ROS-inducing ability of 17 at the molecular
level and their ferroptosis enhancement at the cellular level. These data confirmed the dual role of
ferrocene as both the bioisostere motif maintaining the inhibition capacity of certain molecules with

GPX4 and also as the ROS producer to enhance the vulnerability to ferroptosis of cancer cells, thereby
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Accepted 3ist May 2024 attenuating tumor growth in vivo. This proof-of-concept study of ferrocenyl-appended ferroptosis
inducers via rational design may not only advance the development of ferroptosis-based anticancer

DOI: 10.1039/d4sc02002b treatment, but also illuminate the multiple roles of the ferrocenyl component, thus opening the way to
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Introduction

Ferroptosis was defined in 2012 as an iron-dependent form of
programmed cell death caused by increased cellular reactive
oxygen species (ROS) and lipid peroxidation (LPO)." Lipid
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novel bioorganometallics for potential disease therapies.

metabolism, ROS biology, and iron regulation have been
summarized as intersections from the centrality of the frame-
work of ferroptosis.> In the past few decades, ferroptosis has
been proven to engage in human diseases including cancer,
neurodegeneration and ischemic disease.*” Notably, accumu-
lating evidence shows that ferroptosis plays important roles in
cancer occurrence, development and metastasis, which high-
lights its great potential for the treatment of refractory tumors.*®
A deeper understanding of the epithelial-mesenchymal transi-
tion (EMT) in metastasis underscores the critical role of gluta-
thione peroxidase 4 (GPX4) in cancer cells undergoing EMT; it is
the only peroxidase in mammals capable of reducing lipid
hydroperoxides."** Indeed, when GPX4 function is impaired,
lipid peroxidation causes ferroptosis which is a tumor-
suppressive process. Moreover, further research suggested
that blocking GPX4 function or decreasing the protein level of
GPX4 can suppress tumor growth.” Thus, aggressive neoplastic
diseases might be treated through the use of GPX4 inhibitors.

Iron homeostasis composes the essential part of ferroptosis
which is mainly mediated via the Fenton chain reaction.'**
Therefore, elevated levels of iron can increase the vulnerability
to ferroptosis. The traditional Fenton system composed of H,0,
and Fe®" has been intensively investigated and used in cancer
treatment. The ferrocenyl group is perhaps the most widely
studied organometallic moiety and enables the generation of
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ROS, which has contributed to its wide-spread exploration for
use in medicinal chemistry.'® The electron donor-acceptor
ability of the central iron atom endows ferrocene with good
redox characteristics and high catalytic capacity as an excellent
Fenton catalyst, which effectively enhances the biological
behavior of the original drugs."”-** Considering the high level of
interest in ferroptosis, whose impetus towards the formation of
lipid hydroperoxides arises from the iron-catalyzed Fenton
reaction, exploration of the effect of ferrocene on the framework
of ferroptosis (Fig. 1A) could be a valuable contribution. Thus
far, however, comprehensive investigation of ferrocene in terms
of ferroptosis inducers has been rather limited, and reported
only for iron/ferrocene-based inorganic
nanomaterials.”***

In recent years, transition metal bioorganometallic chem-
istry has gradually come to the fore regarding its potential for
the development of metallodrugs to the
drawbacks®™' associated with platinum complexes.**”
Amongst the organometallic complexes that can be used as
antitumoral agents, ferrocene occupies a privileged position as
a compact, stable, non-toxic metallocene not only acting as
a bioisostere for aryl/heteroaryl rings but also interfering in
cellular redox homeostasis.””***** [Initially, a library of
ferrocene-based compounds (>100 entries) was established and
then used to screen for ferroptosis inducers. Unfortunately,
none of these random ferrocenyl-bearing entities could be
characterized as ferroptosis inducers, although some have
moderate cytotoxicities. These results indicated that regular

complexes or

circumvent
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ferrocenyl entities may not be able to induce ferroptosis
significantly, which contradicted the conservative perception of
ferrocene for ferroptosis and drove us towards the rational
design of ferrocene-based ferroptosis inducers.

Thus, a “one stone kills two birds” strategy has been devel-
oped in this paper integrating the ferrocene fragment into
typical ferroptosis inducers, such as the widely used GPX4
inhibitors (ML162, RSL3 and ML210, Fig. 1B). We here describe
multiple approaches towards the development of ferrocene-
appended GPX4 inhibitors as anticancer agents, including
structure-based drug design (SBDD), ferroptosis-targeted
phenotypic evaluation and other molecular and cellular inves-
tigations. The ferroptosis selectivity assays, GPX4 inhibitory
activity and CETSA experiments validated the inhibition of
these novel compounds on GPX4. The ROS-related bioactivity
assays emphasized the ROS-inducing ability of selected
compounds at the molecular level and their ferroptosis
enhancement at the cellular level. These data confirmed the
dual role of ferrocene as both the bioisostere fragment main-
taining the binding capacity of certain molecules with GPX4
and also as the ROS producer enhancing the vulnerability to
ferroptosis of cancer cells, thereby attenuating tumor growth in
vivo. This work describes a proof-of-concept study of ferrocene-
appended dual-function ferroptosis inducers for cancer thera-
pies via a rational design procedure, and consummated the
potential application of ferrocene in ferroptosis-targeted drug
development.

A J) ® GSH
Ll — ! )
I‘-'e = Ee"' +e
-— —
Ferrocene  Ferricinium cation (1S.3R)-RSL3
o GPX4 (Se ek
Fec+H,0, —» Fc"+ HO + OH" =
Fc*+H,0, — Fc + HOO + H* l Ferrostatin-1
J_ Liproxstatin-1

Fenton

reaction 2 Y

Fe2+/Fes+

B — cl
.
LR g W,
N ~\ O
o H A NO,
&
)
Cl ko)
ML162 (1) OCHS3; Cl ML210 (3)

Fig. 1

10478 | Chem. Sci., 2024, 15, 10477-10490

(A) lllustration of the basis of developing ferrocene-based ferroptosis inducers. (B) Typical small molecule ferroptosis inducers.
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Results and discussion

Ferrocene-based organometallic compound library
construction and screening

The bioorganometallic community has explored the use of ferro-
cenyl compounds as inhibitors or as auxiliary groups to augment
the efficacy of existing organic moieties, and some of them, such as
ferroquine,*> have entered clinical trials. In an initial approach to
explore the potential of ferrocenyl compounds as ferroptosis
inducers, an in-house ferrocene-based compound library was
constructed, consisting of simple mono- or di-substituted ferro-
cenes, known ferrocene-based drug candidates such as the ferro-
cifen derivatives developed in our own laboratories,®™*
aminoferrocene analogues from the Mokhir group
quine, as well as several chiral ferrocene derivatives reported by the
You group**™° (Fig. 2A). Approximately 10% of the library was
purchased from commercial sources and used without further

1047 and ferro-
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modification, while the majority of the remaining complexes were
either generous gifts from the original laboratory, or were prepared
according to literature procedures. Initially, a primary screening
was carried out for ferrocene complexes at two concentrations (1
and 10 pM) on ferroptosis-sensitive HT1080 cells, with or without
ferrostatin-1 (fer-1), a known specific ferroptosis inhibitor.! For the
complexes having moderate antiproliferative activities, their ICs,
values were further tested to double check their ferroptosis selec-
tivity. Unfortunately, although some of these organometallics can
inhibit proliferation of HT1080 cells at the micromolar level, these
cytotoxicities cannot be reversed significantly by the ferroptosis
inhibitor fer-1, as shown in Fig. S1.T These results indicated that
the antiproliferative effect of the tested ferrocene complexes may
not be relevant to ferroptosis, even though some molecules have
been claimed to produce ROS significantly at both the molecular
and cellular levels including ferrocifen and amino-ferrocene
derivatives. These observations suggested there is no
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(A) Illustration of the ferrocene-based organometallic compound library construction and screening. (B) Structure-based drug design

(SBDD) of ferrocene-appended GPX4 inhibitors. (C) Molecular structures of the ferrocene complexes 12, 15 and 17 with thermal ellipsoids shown

at 50% probability.
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immediate connection between ferrocene and ferroptosis, which
highlights its unique mechanism.

Rational design and synthesis of ferrocene-appended GPX4
inhibitors

Apparently, the currently available ferrocene-based chemical
entities could not induce ferroptosis, which prompted us to
explore the effect of ferrocene in terms of ferroptosis via
a rational design strategy. Inhibition of GPX4 with small
molecules has been established as a pharmacological stimu-
lator of ferroptosis, which can achieve durable responses in
a range of cancer types supported by evidence both in vitro and
in vivo.>>** The most well-known and potent GPX4 inhibitors
involve two covalent binders RSL3 and ML162 having chemi-
cally reactive chloroacetamides as warheads, as well as an
additional prodrug, ML210, that is converted to a nitrile oxide
reactant in cells.* In a preliminary analysis of the cocrystalline
structure of GPX4 with its covalent inhibitor ML162 in
a monomer model,* we noted that the solvent-exposed area of
the ligand ML162 exceeds 60%, especially in terms of rings A
and C (Fig. 2B). Assuming that the under-occupied lipophilic
pocket around rings A and C may be able to accommodate the
ferrocenyl sandwich motif, this could provide an approach
towards targeting GPX4 by ferrocene-appended GPX4
inhibitors.

To this end, 18 covalent GPX4 inhibitors with a ferrocenyl
substituent incorporated at varied positions were synthesized

View Article Online

Edge Article

so as to replace the aromatic ring of ML162, RSL3 and ML210, as
shown in Fig. 2B. Efficient syntheses of the designed ferrocenyl
dipeptide analogues 10-17 proceeded in moderate to good
yields, each via a Ugi four-component reaction from a diversity
of reactants, aryl aldehydes, amines, carboxylic acids and iso-
cyanides (Scheme S27). The synthesis of ferrocenyl RSL3 deriv-
atives 18-21 was accomplished by Pictet-Spengler condensation
of tryptophan analogues with formylferrocene, followed by an
amide coupling (Scheme S37). It took several steps to prepare
the third series, and ferrocenyl compounds 22-27 were each
obtained in a multi-step process (Scheme S47t). Benzoylferro-
cene derivatives were first prepared by a Friedel-Crafts acylation
and then reduced, using sodium borohydride, to the corre-
sponding alcohols FC-2a/2b. Treatment of FC-2a/2b with acetic
anhydride provided the ester analogues, and was followed by
treatment with excess piperazine in refluxing acetonitrile to
afford FC-3a/3b. Coupling of secondary amines FC-3a/3b with
carboxylic acids or acyl chlorides in dichloromethane delivered
the final compounds 22-27. The molecular structures of 12, 15
and 17 were unequivocally established by X-ray crystallography,
as illustrated in Fig. 2C and Tables S5-S8.}

In vitro anticancer evaluations and cellular uptake
measurements

As mentioned above, a preliminary screening on ferroptosis-
sensitive HT1080 cells, with or without fer-1, has been
routinely used to evaluate the anticancer activity of our

Table 1 Antitumor activities and ferroptosis selectivity of target compounds towards HT1080 cells

HT1080, IC50% (LM)

Comp. R, R, R; R, —fer-1 +fer-1 Selectivityb
;’\/CI —g—@l %G ‘g‘\A©
10 Fe \ 1.044 + 0.201 1.699 + 0.014 1.6
=
#.o —> o 8 +
11 & F'F §@ A@ 4.980 £ 0.954 6.732 £+ 1.228 1.4
=
?f\/c\ \e; Cl B S @
12 @o/ g@ *§ F:e 2.520 £+ 0.290 1.749 + 0.238 0.7
=
Lo ¥ cl o 8 — >
H T i 13 Oio/ 5@ * Fe 4.866 + 1.087 2.982 + 0.667 0.6
R{N\H)\I}l R4 =
O Ry H.0 NP S BV )
14 uo/ _5@ F'Ie 1.449 + 0.069 4.068 £+ 0.520 2.8
=
R ?@im 2 g
15 o F'Ie A@ 0.043 £+ 0.007 2.772 £+ 0.231 64.5
=
K= ?‘C[Cl +&2 ;
16 o F'Ie 8.510 + 1.371 9.391 + 0.459 1.1
-
= \ﬁ: IC[ *?@ A D
17 o Fe > 0.007 £ 0.001 1.486 + 0.193 212.3
ey
ML162 0.036 + 0.013 2.200 £+ 1.320 61.1

“ Values are expressed as the mean of three independent experiments + SD. ? Selectivity: HT1080 ICs, with fer-1/HT1080 IC;, without fer-1.
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molecules (as shown in Table 1). Encouragingly, in the case of
ML162 analogues, the designed compound 15 with a ferrocenyl
group instead of 2-thienyl showed comparable antitumor
activity and ferroptosis selectivity to that of ML162. However,
introducing the ferrocenyl group at either the R, or R, position
on the dipeptide scaffold of ML162 seems to have a negative
influence on both the antitumor activity and the ferroptosis
selectivity. Compounds 10-14 displayed only moderate cyto-
toxicity on HT1080 cells without significant ferroptosis selec-
tivity. More interestingly, the ferroptosis-inducing ability of
dipeptide analogues bearing a ferrocenyl group can be modu-
lated by changing the covalent warhead. Compound 17 pos-
sessing a propiolamide as its warhead showed a large
improvement in antitumoral activity on HT1080 with ICs,
values at the nanomolar level as well as excellent ferroptosis
selectivity. However, replacing chloroacetamide with acryl-
amide, as in 16, resulted in a very dramatic loss of activity
relative to that of ML162. The best combination therefore
appears to be a ferrocenyl group at the R; position and a pro-
piolamide as the warhead.

In contrast to the diverse role of ferrocene in the antitumor
behavior of ML162, incorporation of the ferrocenyl unit in RSL3
and ML210 by replacing the phenyl with ferrocenyl generally
triggers a global loss of activity (as shown in Table S97). In
particular, in the analogues of ML210, all synthesized
compounds bearing ferrocene show diminished ferroptosis-
inducing activity, even with varied covalent warheads. One
should note that, in the RSL3 series, only ferrocenyl complex 21
possessing a propiolamide warhead exhibited approximately
two-fold decreased antitumor activity, and five-fold reduced
ferroptosis selectivity, compared to that of RSL3. These data
emphasized the complexity of the effect of ferrocene on these
three classical ferroptosis inducers in terms of their antitu-
moral activities and ferroptosis selectivity.

Inspired by the above results, we next attempted to evaluate
the cytotoxicity effects of certain molecules on more cancers
including ferroptosis-susceptible human renal cell carcinoma
(OS-RC2), triple negative mouse breast cancer (TNBC 4T1), as
well as two non-tumorigenic cell lines (L02 and MCF-10A), as
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shown in Table 2. OS-RC2 cells display high vulnerability to
ferroptosis and are widely used to evaluate the specificity of
compounds to ferroptosis, and the inhibitory activities of
compounds against the GPX4 enzyme were evaluated on this
cell line at 1 uM. Gratifyingly, ferrocene-appended compounds
15 and 17 exhibited outstanding ferroptosis selectivity and
potent inhibition of GPX4 function, which was validated upon
the exceptional reversal of cytotoxicity by the ferroptosis
inhibitor. These data were in line with their antitumoral
behaviors on the aforementioned ferroptosis-sensitive HT1080
cells. It is interesting to see that compounds 12 and 13, each
with a ferrocene group at the R, position on the ML162 scaffold,
bring about more vulnerability on OS-RC2 cells than HT1080
cells, and these two compounds also possess certain inhibitory
activity on the GPX4 enzyme. This indicated that the growth of
OS-RC2 may be more dependent on the function of GPX4. This
phenomenon has also been observed for the ferrocene-
appended RSL analogue 21 which has remarkable ferroptosis-
inducing ability on OS-RC2 with a selectivity of 103.9 superior
to that of HT1080. An obvious decrease in the cytotoxic activity
was observed in the case of active derivatives on TNBC 4T1 cells,
which indicated the distinctive damage wrought by ferroptosis
on multiple cancer cells. On the other hand, compounds 15 and
17 display weaker cytotoxicity on human normal cells of L02
and MCF-10A compared to that of ML162, and this criterion
indicates that they may be good candidates for drug
development.

To comprehensively understand the synergistic effects
between ferrocene and GPX4 inhibitors on these dual-function
inducers, we then explored whether a simple combination of
ferrocene compounds and GPX4 inhibitors could enhance fer-
roptosis induction and antitumor effects. As shown in Fig. S10,
the combination of ferrocene with ML162 only resulted in
identical inhibition compared with ML162 alone on HT1080
cells; these antitumor effects are obviously weaker than those of
the ferrocene-appended GPX4 inhibitor, 17. These results
acknowledged that the synergies of ferrocene and GPX4 inhib-
itors exert stronger ferroptosis inducing activities. In addition,
ferrocenyl groups have been recognised as important

Table 2 Antitumor activities and ferroptosis selectivity of selected compounds on other cell lines: human renal cell carcinoma (OS-RC2), triple
negative mouse breast cancer (4T1), normal liver cells (L-02) and normal breast cells (MCF-10A)

0S-RC2, IC5o” (M)

GPX4 inhibition

Comp. —fer-1 +fer-1 Selectivity” (%) at 1.0 pM 4T1 IC5¢ (UM) L02 ICso (M) MCF-10A IC;, (uM)
12 0.055 £+ 0.017 10.16 + 0.28 185 25.40 + 4.24 0.634 + 0.074 4.98 + 0.87 NT

13 0.027 £ 0.003 2.42 £+ 0.70 89.6 42.37 £ 1.93 0.192 £ 0.008 14.87 + 5.78 7.81 £ 0.49
15 0.023 + 0.005 7.687 £+ 0.030 334.2 34.02 + 4.94 0.169 + 0.008 15.38 + 4.35 7.79 £ 0.44
17 0.009 + 0.001 6.917 £ 1.211 768.6 49.16 + 4.60 0.095 £ 0.006 3.54 + 0.56 7.32 £ 0.30
18 4.805 £+ 0.364 4.281 £ 0.275 0.9 17.88 £ 1.03 NT 4.04 + 0.79 NT

19 6.584 + 0.442 4.023 £ 0.307 0.6 12.80 £ 2.67 NT 9.98 £ 2.69 NT

20 26.320 £ 0.930 25.560 + 0.515 0.9 17.60 £+ 11.13 12.930 15.76 + 2.78 NT

21 0.028 £ 0.003 2.909 + 0.589 103.9 15.74 £ 0.34 2.63 + 0.6 4.27 + 1.55 6.77 £ 0.11
ML162 0.021 £ 0.009 2.574 £ 0.49 122.3 45.02 £+ 1.40 0.516 £ 0.059 1.20 £ 0.26 2.93 + 0.12
RSL3 0.024 + 0.004 0.69 + 0.32 28.8 46.14 + 5.44 0.34 £+ 0.062 0.89 + 0.13 16.93 + 1.40

“ Values are expressed as the mean of three independent experiments + SD. ? Selectivity: 0S-RC2 ICs, with fer-1/0S-RC2 IC5, without fer-1.
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hydrophobic organometallic units to improve the penetration
of the cell membrane in terms of biologically active
compounds;* the improvement of this effect is of interest to
investigate for the compounds herein. The cellular uptake effi-
ciency of ML162 and 17 were examined by the LC-MS/MS
method (Fig. S11}), which demonstrates that both complexes
accumulate rapidly within cells on a time scale of hours. The
internalization of 17 is significantly fast compared with that of

ML162 and leads to higher concentration inside of cells. As

8
-
:
o
o
c
-]
e
[32]
©
‘O
a} % 15
£ A 5
£
3 3 10
5 £
=z 2
1 -
c z S
° 2
g 2
2 3
= Q
=
< ML162 - - + + - -
2 7 = o« = = # &
g Ferl - + - + +
IS
Q =
S -
[<}]
= 5
B k)
S5 M
:
o E
2 >
g ML162 - - + & = = ML162 - -
o 17 = = = - F F 7 - -
E Nee-t - + - + + Wortmannin-  +
o
3]
i) B
]
%
2
'_
—
=
(¢

View Article Online

Edge Article

a consequence, the higher cytotoxicity of 17 may at least partly
emerge from its high cellular accumulation due to the lipophilic
ferrocenyl group.

Cell death and EMT process studies

To investigate the ferroptosis selectivity of ferrocene-appended
GPX4 inhibitors, their modes of cell death were explored by
employing the apoptosis inhibitor Z-VAD-FMK, the necrosis
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Fig. 3 (A) The percentage of cell viability after treatment of ML162 or 17 (0.4 uM) with Z-VAD-FMK (10 uM), Nec-1 (10 uM), Wortmannin (30 uM),

Fer-1(2 uM), and DFO (30 uM); analysis results represented the mean + SD. (B) Transwell assays were used to detect the invasion of cancer cells
after treatment of 17 (0.5 and 2 uM). (C) CETSA experiments were performed on OS-RC-2 cells treated with DMSO, ML162 and 17 (5 uM) for 4 h.
The protein levels were analyzed by western blotting after heating at different temperatures (30-60 °C), and the apparent T,44 values for GPX4 in
OS-RC-2 cells in the absence and presence of ML162 and 17 were 44.09 °C to 51.42 °C, and 44.05 to 58.00 °C, respectively. (D) Western blot
analysis of GPX4 levels in OS-RC-2 cells following treatment of 17 in 3and 24 h. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the control groups.
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inhibitor necrostatin-1 (Nec-1), the autophagy inhibitor Wort-
mannin and the typical ferroptosis inhibitors fer-1 and defer-
oxamine (DFO). As shown in Fig. 3A, the percentage of cell
viability of OS-RC2 upon combining the ferrocene-appended
molecule 17 and the apoptosis inhibitor Z-VAD-FMK
remained unchanged, indicating that 17 could not induce cell
apoptosis at the current concentration. Moreover, the co-
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treatment of 17 with Nec-1 and Wortmannin, respectively, did
not significantly thwart the cellular death of OS-RC2 induced by
these two compounds. This demonstrated that the cellular
death caused by 17 may not be attributable to necrosis and
autophagy. In contrast, when combined with typical ferroptosis
inhibitors fer-1 and DFO, the cytotoxicity of 17 was obviously
reversed. Of particular note are the higher ECs, values of
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(A) Monitoring of the generation of ROS of corresponding compounds (100 pM) using fluorescence spectroscopy in combination with

ROS-sensitive DCFH-DA (Aex = 501 nm and Aer, = 531 nm). (B) OS-RC2 cells were treated with ML162 (1 uM) and 17 (0.5, 1, and 2 uM) for 4 h, and
then the content of MDA was determined. (C) Flow cytometry analysis for intracellular LPO by C11-BODIPY of OS-RC-2 cells treated with DMSO,
ML162 and 17 (0.5 uM) with and without fer-1 (1.5 pM) respectively. (D) Flow cytometry analysis for intracellular ROS by DCFH-DA of OS-RC-2
cells treated with DMSO, ML162 and 17 (0.5 uM) with and without fer-1 (1.5 pM) respectively. (E) Representative confocal images and analysis of
C11-BODIPY staining of OS-RC-2 cells after incubation with ML162 and 17 (0.5 uM) with and without fer-1 (1.5 uM) respectively. (F) Repre-
sentative confocal images and analysis of DCFH-DA staining of OS-RC-2 cells after incubation with ML162 and 17 (0.5 pM) with and without fer-1
(1.5 uM) respectively. (G) Intracellular Fe?* was visualized with the FerroOrange fluorescent probe. OS-RC-2 cells were treated with ML162 and 17
(0.5 pM) for 4 h, and the content of intracellular Fe?* was determined. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the control groups.
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ferroptosis inhibitors to reverse the cellular death posed by 17
compared to that of ML162 (Table S107); these observations
confirmed that the potent antiproliferative activities of 17 were
achieved mainly by inducing ferroptosis of cancer cells, and
also underscored its remarkable ferroptosis selectivity.

EMT is connected to carcinogenesis, invasiveness, metas-
tasis, and therapeutic resistance in cancer. Increasing evidence
shows that cancer cells undergoing EMT are vulnerable to fer-
roptotic cell death.'™" Thus, the effect of the ferroptosis-
inducing agent 17 on the migration and invasion of cancer
cells was examined. Through a wound-healing assay, it was
found that those compounds significantly prevented the
migration of 4T1 cells time-dependently, especially in the case
of 17 (Fig. S11%). Similarly, transwell assays revealed that this
molecule disrupts the invasion of tumor cells dose-dependently
(Fig. 3B). These results indicated the superior capacity of
ferrocene-appended ferroptosis inducers to block the migratory
and invasive properties of 4T1 cells, denoting their enormous
promise for the treatment of refractory cancer metastasis,
taking into account that TNBC 4T1 cells have high invasiveness,
and approximately half of the TNBC cases will have distant
metastasis.””

GPX4 CETSA and western blotting evaluations

Since certain ferrocene-appended molecules exhibited high
selectivity for ferroptosis and remarkable GPX4 inhibition
activities, the effect of 17 on an intact GPX protein was further
determined, and the results are shown in Fig. 3C and D. The
ability of 17 for binding GPX4 was first validated by the cellular
thermal shift assay (CETSA) considering that the stability of the
protein is changed when it is bound with the molecule. It was
found that the aggregation temperature (T,g,) of GPX4 was
improved by ~14 °C in OS-RC2 cells after treatment of 17,
whereas the T,z in the case of ML162 increased by ~7 °C,
indicating the stronger interaction of 17 with GPX4 in the cells.
The increased thermal stability of GPX4 is in line with that of
ML210 and other alkyne analogues on the stabilization of GPX4
reported previously,* suggesting that they may bind to GPX4 in
a similar way. Meanwhile, the expression level of GPX4 was
further investigated by western blot, and it is noteworthy that
there was no obvious difference in the protein level of GPX4
compared to that of the control group within 3 h of 17 treatment
(Fig. 3D). However, the down-regulation of GPX4 was evident
after 24 h treatment. One could speculate that the potent
ferroptosis-inducing  ability of ferrocene-based ML162
analogues may result from both the inhibition and down-
grading of GPX4 during long-term cellular incubation. These
results accentuate the complex effects of covalent inhibitors on
GPX4.

LPO related bioactivity evaluations

It is well known that certain ferrocene complexes can induce the
formation of ROS via a Fenton type reaction. Therefore, the
ability of ferrocene-appended GPX4 inhibitor 17 to yield ROS
was first evaluated under physiological conditions by the widely
used fluorescent ROS indicator, 2’,7'-dichlorofluorescein
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diacetate (DCFH-DA). As shown in Fig. 4A, a known H,0,-
induced activation method was carried out to monitor the ROS
generation by using selected molecules in buffer,*” containing
FeSO, as a positive control. It is evident that 17 can facilitate the
conversion of H,0, to OH" and increase the production of ROS
in a time-dependent manner, reflected by the OH'-mediated
oxidation of nonfluorescent 2/,7'-dichlorofluorescein (DCFH) to
fluorescent 2',7'-dichlorofluorescein (DCF). In contrast, the
pure organic compound ML162 did not exhibit obvious catalytic
efficiency for yielding ROS. Unrestricted lipid peroxidation is
a hallmark of ferroptosis, which can be evaluated in cells by
multiple approaches. As a metabolite of LPOs, the level of MDA
is commonly used as a characteristic index for the determina-
tion of LPOs. As illustrated in Fig. 4B, 17 improved the contents
of MDA in cells dose-dependently and more prominently than
ML162 at the same concentration, which corresponds to the
phenomenon observed at the molecular level.

Accordingly, the fluorescent probes C11-BODIPY and DCFH-
DA were employed to investigate the intracellular ROS and LPOs
via flow cytometry and confocal laser scanning microscopy
(CLSM). As illustrated in Fig. 4C and D, 17 could significantly
induce the accumulation of LPOs slightly more than ML162 and
this trend could be reversed by fer-1 totally according to the flow
cytometry analysis, which emphasized its remarkable ferropto-
sis selectivity. In agreement with this, the oxidative fluorescence
intensity (green) of C11-BODIPY and DCFH-DA in OS-RC2 cells
significantly increased upon treatment with 17 (Fig. 4E and F).
Considering the iron dependence which can make cancer cells
more vulnerable to ferroptosis, the overall level of cellular
ferrous iron was detected by Fe**-sensitive FerroOrange stain-
ing. As shown in Fig. 4G, the images of FerroOrange staining
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Fig. 5 The binding models of ferrocenyl ligands in the GPX4 crystal
structure (PDB code 6HKQ). Compounds 15 (A), 17 (B), 12 (C), and 13
(D) were docked to GPX4 by Watvina with the template-based
method; then all the structures were minimized with the xtb program.
The original ligand ML162 was shown in green transparent stick mode,
and ferrocenyl ligands in cyan stick mode. The hydrogen bonds were
represented with a yellow dashed line by VMD software.
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intuitively illustrated that a notable fluorescence intensity of the
cells after treatment with 17 is found to be significantly higher
than that of cells incubated with ML162, suggesting that 17 can
increase the level of cellular ferrous iron. Overall, these results
verified by the increasing LPOs and Fe?*, lead to a consistent
conclusion that ferrocene-appended GPX4 inhibitors could
significantly induce the accumulation of LPOs and subse-
quently engender severe ferroptosis of cancer cells.

Molecular docking

The molecular simulation of small molecular ligands with GPX4
has been challenging due to the flat surface surrounding the
active site of GPX4,”® and thus a template-based docking by
Watvina was carried out. According to the atomic types and
their contribution to ligand-receptor interaction, we first
generate a template-containing mapping of heavy atoms,
aromatic atoms and hydrogen bond receptors (Fig. S12). Using
the genetic algorithm for global searching and BFGS for local
refinement in Watvina, the conformation with the highest
template matching score of docked ferrocene derivatives was
used for further analysis. As shown in Fig. 5, the selected
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ligands 12, 13, 15 and 17 docked well to the ML162 space with
a paired atom RMSD of less than 0.5 A. These four organome-
tallics enabled the formation of two key hydrogen bonds with
residues of GPX4 like that of ML162. One of the cyclo-
pentadienyl rings of 15 or 17 occupied the same hydrophobic
space as that of ML162, and the resulting conformation of 17
revealed that it filled the active pocket better than compound
15. In the case of 12 and 13, the ferrocene groups are placed in
lieu of the benzene (ring C) part in ML162 (Fig. 2B, 5C and D).
Since ring C occupied by ferrocene is flexible and distal from the
binding pocket, 12 and 13 may exhibit weak binding activity
with GPX4. As for compounds 10 and 11 with the ferrocenyl
group sited at the very cramped ring B part (Fig. 2B), they were
expected to lose the capacity of conjugating GPX4. Indeed, these
docking data, which held the binding mode of covalent inhib-
itors with GPX4, concur well with their GPX4 inhibitory activi-
ties and thus provided a reasonable interpretation.

In vivo profiling of ferrocene-based ferroptosis inducers

Considering the excellent antitumor activities of 17 on two
ferroptosis sensitive cell lines, the OS-RC2 xenograft model was
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(A) In vivo antitumor activity of ML162 and 17 in a human OS-RC2 renal carcinoma model (BALB/c nude mice, given medicine every three

days, n = 6). (B) Picture of excised tumors from the different groups after the treatment; (C) tumor volume curves during the treatment period; (D)
tumor weights after treatment; (E) tumor inhibition ratio after the treatment period. (F) Body weight curves of different groups after the treatment;
(G) H&E staining of the major organs of mice after treatment with compounds. (H) Anti-GPX4 immunohistochemistry images and analysis from
the OS-RC-2 xenograft model. (I) Western blot analysis of GPX4 levels in tumor tissue following treatment of the corresponding compounds.
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 versus the control groups.
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established in BALB/C nude mice to assess its in vivo efficacy.
The tested compounds were administered by intraperitoneal
injection every three days for approximately 4 weeks (Fig. 6). The
tumor growth inhibition (TGI) values of 17-treated groups were
44%@10 mg kg ' and 56%@20 mg kg~ ', which showed that 17
could suppress the progression of the renal tumor with
a significant dose-dependent effect. It is noteworthy that 17
displayed prominent antitumor activities in vivo compared to
ML162 in the same case of delivering a high dose of drugs.
Additionally, there was no obvious difference in body weight of
the 17 treatment groups compared with the control group.
Furthermore, hematoxylin and eosin (H&E) staining analysis of
the major organs was carried out to investigate the safety profile
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of ML162 and 17, which indicated that there was no apparent
toxic damage observed in major organs such as the heart, liver,
spleen, lung, and kidney. Subsequent immunohistochemical
analysis and western blot studies showed that 17 evidently
reduced the level of the GPX4 protein in tumor tissues, revealing
that ferrocenyl complex 17 effectively induced ferroptosis in
vivo. These results emphasized the superior potential of
ferrocene-based ferroptosis inducers as anticancer drug candi-
dates for further research.

RNA-seq analysis

To further illustrate the impact of 17 on the gene expression
pattern, we employed the NovaSeq 6000 PE150 platform
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Fig. 8 Proposed mechanisms of ferrocene-appended ferroptosis inducers.

(Illumina Inc., CA, USA) to analyze gene expression differences
(DEGSs) between the extracts of tumor tissues from OS-RC-2
xenograft model rats treated with 17 (20 mg kg~ ') and normal
control rats. A volcano plot illustrated significant differences in
mRNA expression patterns between the two groups (Fig. 7A and
Table S137). Utilizing the Limma package, we identified differ-
ential genes under the condition p-value < 0.05 & |log FC| > 1,
resulting in 790 differentially expressed genes (324 up-regulated
and 466 down-regulated).

Subsequently, we constructed a PPI network of the 790 DEGs
using Metascape. This analysis revealed enrichment in
ferroptosis-related signaling pathways and cell phenotypes,
including folate metabolism, the AGE-RAGE signaling pathway
in diabetic composites, negative regulation of lipid storage, and
mesenchymal migration (Fig. 7B). Further insight into the
biological functions and signaling pathways associated with
ferroptosis was gained through GO and KEGG analyses (Fig. 7C-
E). These analyses demonstrated the involvement of DEGs in
multiple biological processes related to iron homeostasis, such
as cyclooxygenase and G protein-coupled receptor signaling
pathways. Notably, the activation of multiple inflammation-
related signaling pathways leading to ferroptosis was
observed, with DEGs enriched in the inflammatory signaling
pathway Jak-stat, as indicated by GSVA analysis (Fig. 7D). KEGG
analysis also highlighted involvement in pathways related to
iron and lipid metabolism, including short-chain fatty acid
metabolism and tyrosine metabolism (Fig. 7E). To explore the
correlation of 17 with ferroptosis-related pathways, we exam-
ined the overlapping genes between the ferroptosis driver and
DEGs, or ferroptosis suppressor genes and DEGs after 17
treatment. The results revealed that 17 upregulated ferroptosis
driver genes (CYBB, TP53, CDCA3, PEX6, and IL6) and down-
regulated suppressor genes (CP, NUPR1, MEF2C, TRIB2,

© 2024 The Author(s). Published by the Royal Society of Chemistry

RICTOR, including GPX4). The correlation analysis showed
a significant negative correlation between the driving gene IL6
and GPX4 (Fig. 7F) and a significant positive correlation with
UPR1 and GPX4 (Fig. 7G), indicating the targeted inhibition of
GPX4 function by 17 to induce ferroptosis in renal cell carci-
noma in vivo.

Conclusions

According to the ferroptosis-based phenotypic screening of our
in-house organometallic compound library, the usual ferrocene
complexes did not possess visible ferroptosis-inducing activi-
ties, which contradicted the conventional understanding of
ferrocene for ferroptosis. As a result, a series of ferrocene-
appended GPX4 inhibitors has been rationally designed by
a one-stone-two-birds strategy for the first time. Distinct from
the known bioferrocene species, only using the ferrocenyl group
as an auxiliary fragment for existing organic moieties, or merely
taking advantage of the redox behaviors of ferrous iron to
generate ROS, complex 17 can both inhibit GPX4 effectively and
catalyze the Fenton-like reaction to yield ROS, and consequently
result in stronger antiproliferative activity and higher ferrop-
tosis selectivity than the corresponding organic compound
ML162 (Fig. 8). Therefore, as a proof-of-concept study, we
successfully achieved the goal to use a single molecule to
modulate the two main pathways of ferroptosis, iron homeo-
stasis and the antioxidant defense system. In particular, cellular
CETSA experiments confirmed the strong interaction of 17 with
an intact GPX4 protein, and this result was in accordance with
its capability to disrupt the function of GPX4 in OS-RC2 cells.
Moreover, the significant ROS-inducing ability of 17 at both the
molecular level and at the cellular level acknowledged the fer-
roptosis enhancement of the ferrocene-appended GPX4

Chem. Sci., 2024, 15, 10477-10490 | 10487
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inhibitor. Subsequent in vivo experiments demonstrated that 17
is a potent attenuator of the growth of renal tumors, and fer-
roptosis is pronounced to be involved in this inhibition process,
supported by the GPX4 content analysis and RNA-seq study of
tumor tissues. In conclusion, we present here a comprehensive
study of rationally designed ferrocene-appended ferroptosis
inducers, not only to promote the development of ferroptosis-
based anticancer treatments, but also to provide new insight
into the design of novel bioorganometallics based on ferrocene
for potential disease therapies.

Data availability

The data that support the findings of this study are available in
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