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ABSTRACT: A small molecule screen has identified a benzodioxol anilide as a ferroptosis inhibitor. To determine the struc-
ture-activity relationship (SAR) of this compound class, we have synthesized a library of 35 derivatives followed by testing 
their ability to inhibit cell death that was induced via RSL3, an inhibitor of the main ferroptosis regulator glutathione perox-
idase 4 (GPX4), in the mouse embryonic fibroblast cell line Pfa-1. Choosing 12 representative structures, rescue experi-
ments were performed following the tamoxifen-induced deletion of GPX4 in Pfa-1 cells to complement the pharmacological 
induction of ferroptosis with a genetic induction and the experiments were extended to the human epithelial lung adeno-
carcinoma cell line HCC827. To assess if the compounds act as radical trapping antioxidants (RTAs) that scavenge peroxy 
radicals which drive lipid peroxidation, a hallmark of ferroptotic cell death, we have used a fluorescence-enabled inhibited 
autoxidation (Fenix) assay. Mitochondria were identified as the site-of-action using an alkynylated benzodioxol probe to-
gether with a copper-catalyzed alkyne-azide cycloaddition (CuAAC)-based Alexa Fluor 488 imaging kit. Our SAR study has 
yielded insights into the substitution-dependent activity of benzodioxol, aniline and phenol groups as RTAs that inhibit 
ferroptosis which led to the design of MM-12-Urea as a new broadly applicable chemical probe. Since the investigated func-
tional groups are common motifs in small molecule ligands or natural products, we highlight that it is worth testing their 
ability to act as RTAs to avoid a potentially compounding factor in their bioactivities. 

Introduction: 

 

Ferroptosis is an atypical oxidative form of regulated ne-
crotic cell death that is characterized by the peroxidation 
of membrane phospholipids which contain polyunsaturat-
ed fatty acids.1 This process is dependent on Fe2+ which 
generates hydroxyl (·OH) and hydroperoxyl (·OOH) radi-
cals from H2O2 via a Fenton reaction.2 If the production of 
these reactive oxygen species (ROS) exceeds beyond the 
antioxidant capacity of a cell, accumulated lipid peroxides 
initiate an autoxidation cascade that results in the rupture 
of the membrane. In general, enzymes that are involved in 
H2O2 production, the oxidation of phospholipids and/or 
accumulation of Fe2+ in cells contribute to ferroptotic cell 
death, whereas enzymes that inhibit lipid oxidation, reduce 
lipid peroxides and/or remove Fe2+ protect cells from 
ferroptosis.3 A central node of the ferroptotic pathway is 
GPX4.4,5 This antioxidant enzyme reduces lipid peroxides 
to the corresponding alcohols through an interplay be-
tween the active-site selenocysteine and the cofactor gluta-
thione (GSH).6 The induced global deletion of Gpx4 in mice 
causes acute renal failure and associated death.5 Apart 
from renal failure, ferroptosis has been implicated in a 

variety of tissue7 and organ injuries8–10 as well as neuro-
degenerative,11,12 cardiovascular,13 inflammatory14 and 
infectious diseases.15 A key connection was uncovered 
between the progression of ischemia reperfusion (IR)-
induced-acute organ damage and ferroptotic cell death in 
the lungs, heart, liver and intestinal tract has been exten-
sively studied and validated in animal models.5,8,9,13 Re-
markably, the pharmacological inhibition of ferroptosis 
with radical trapping antioxidants (RTAs)16 protect against 
synchronizing kidney tubular cell death in both severe IR-
induced injury as well as oxalate crystal‒induced models 
of acute kidney injury.17 These ferroptosis inhibitors have 
also shown beneficial effects in models for brain injuries 
and neurodegenerative disorders,18 such Parkinson’s dis-
ease,19 Huntington’s disease7 and hemorrhagic stroke.20  

Several natural RTAs have been identified as anti-
ferroptotic defense mechanisms, such as vitamin E (e.g. α-
tocopherol),21 vitamin K (e.g. MK-4),22 7-
dehydrocholesterol (7-DHC)23 and glutathione hydroper-
sulfide (GSSH)24,25 (Fig. 1A). The synthetic ferroptosis 
inhibitors ferrostatin-1 (Fer-1) as well as liproxstatin-1 
(Lip-1) were discovered via high-throughput screenings 
(Fig 1B).1,5 Structure-activity relationship (SAR) studies 
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were used to complement and optimize these chemical 
probes which led to the development of phenothiazine 51 

(PTZ-51),26,27 lipophilic 1,8-tetrahydronaphthyridinols (e.g. 
C15-THN) and UAMC-3203.21,28–30 

 

Figure 1. Overview of RTAs that with the ability to inhibit the induction of ferroptosis that were identified in the literature. 

 

While THN derivatives in general constitute potent anti-
oxidants, their ability to rescue cells from ferroptosis re-
quired optimizing their interaction with bilayer mem-
branes through appending a lipid side-chain to increase 
the overall lipophilicity of the molecule.28 Fer-1 and Lip-1 
are predominantly used as chemical tools for studying 
ferroptosis-related processes in cell-based systems. It was 
demonstrated that Lip-1 is additionally suitable to in vivo 
studies.5 While the presence of an electron-withdrawing 
group was essential for the activity of Fer-1, changing the 
ester moiety ― a functional group well-known to be sus-
ceptible to hydrolysis in plasma7,17,31 ― to sulfonamide,32 
significantly improved its ADME properties. A comprehen-
sive medicinal chemistry study on the Fer-1 scaffold yield-
ed UAMC-3203 with a superior potency compared to Fer-1 
and a terminal plasma half-life of ~3 h in mice which is 
suitable to in vivo studies.32,33  

To enable testing the benefits of anti-ferroptotic agents 
in a clinical setting, approved drugs were studied for their 
ability to act as RTAs that protected against lipid peroxida-
tion leading to the identification of edaravone34 and pro-
methazine.35 Promethazine contains a phenothiazine scaf-
fold which is a well-known RTA that was found to inhibit 
the induction of ferroptosis alongside phenoxazines and 
diarylamines.26,36,37 While these compounds allow to inves-
tigate the potential of inhibiting ferroptosis in human sub-
jects suffering from a particular condition, they are not 
broadly effective or applicable to long-term usage which is 
required for e.g. neurodegenerative or inflammatory dis-
eases, due to severe side effects and/or off-target binding. 
Promethazine, for instance, demonstrates activity on a 
range of receptors that produce its activity as an antihis-
tamine, antipsychotic, sedative, and antiemetic used to 
treat allergies, insomnia, and nausea with confusion and 
sleepiness being the most prominent side-effects. Edara-
vone is used to treat stroke and early-stage amyotrophic 
lateral sclerosis (ALS). It has shown to be effective in only a 
narrow ALS patient population and it can cause hypersen-
sitivity reactions as well as common adverse effects such 
as bruising, gait disturbances, headache, skin inflamma-

tion, eczema, problems breathing, excess sugar in urine, 
and fungal skin infections. As such, the quest for new RTA-
based scaffolds with anti-ferroptotic activity is still ongo-
ing to generate insights into SAR profiles and thereby aid 
the effort to generate drug candidates. 

 

Results: 

 

With the goal to identify cysteine-reactive ferroptosis 
inhibitors, a library of ~50 structurally diverse acryla-
mide-substituted small molecules were synthesized in our 
laboratory. These compounds were employed at a concen-
tration of 25 µM to assesses their ability to rescue a small 
panel of Non-Small Cell Lung Cancer (NSCLC) cell lines, i.e. 
HCC827, H1975 and H358, which were sensitive to the 
inhibition of GPX4 and treated with the ferroptosis inducer 
RSL3 at its cell-type-specific EC90. Within our small mole-
cule library, KL169 was identified to significantly increase 
the viability in all the tested cell lines. To investigate 
whether its activity relied on its reactivity towards cyste-
ine residues, we have synthesized MM-1-1, which har-
bored a non-reactive propanamide group. Since this com-
pound also had the ability to inhibit RSL3-induced ferrop-
tosis in NSCLC cells, we deduced that the activity of KL169 
did not stem from its ability to react with cysteine resi-
dues. Due to the small fragment-like size of MM-1-1, we 
reasoned that it was unlikely to bind to a protein through a 
non-covalent, reversible mechanism to an extent that it 
would exert a strong inhibitory action onto its target at a 
25 µM concentration.38 In addition, the similarity of its 
activity to Fer-1 led to the hypothesis that the compound 
acts as an RTA. To aid in confirming our hypothesis and 
since no SAR was established for benzodioxol derivatives 
complemented by anilide groups as potential anti-
ferroptotic RTAs to date, we synthesized a library of 34 
derivatives to investigate the following principles: 1) The 
impact of the lipid tail length on their ability to inhibit 
ferroptosis (Fig 2B). Studies on the THN scaffold showed 
that increasing the lipophilicity by appending longer lipid 
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tails enhanced the ability to interact with bilayer mem-
branes, a requirement to enable the inhibition of ferropto-
sis.28 In addition, it was described that a substitution of 
pharmacophores with medium-size lipids can increase 
bioactivity and the ability to pass through membranes.39 2) 
The visualization of the intracellular localization by ena-
bling bioorthogonal CuAAC with between a terminal al-
kyne groups and fluorophore azides (Fig 2C). This investi-
gation will gain insights into the organelle that is involved 

in the activity of the compounds and are therefore associ-
ated with the progression of ferroptosis. 3) The influence 
of the stereoelectronic properties of the aromatic func-
tionality on the small molecule activity (Fig 2D). 4) The 
importance of the amide group for the ability to inhibit 
ferroptosis (Fig 2E). 5) The ability to increase the anti-
ferropototic activity of a molecule by stitching two aro-
matic head-groups together using a urea moiety. 

 

Figure 2. Small molecule library to investigate the SAR profile of the lead structures KL169 and MM-1-1. 

Albeit we identified the activity of KL169 and MM-1-1 in 
NSCLC cell lines, we have performed the initial SAR charac-
terization in the 4-hydroxytamoxifen (TAM)-inducible 
Gpx4-/- mouse embryonic fibroblasts Pfa-1,12 since they 
were used in many studies to characterize RTAs with the 
ability to inhibit ferroptosis. Doing so holds the advantage 
to enable comparing our results to prior investigations 
and, while the NSCLC cells can only be used to test the 
impact of the pharmacological induction of ferroptosis, the 
Pfa-1 cells additionally allow to assess the impact of the 
RTAs on the genetic Gpx4 deletion.5,21,36  

We first tested the concentration-dependent toxicity of 
the small molecules through a resazurin viability assay 
(Fig. S1A, Supporting Information p. 27). Lip-1, which was 
reported to have an EC50 value of 22 nM and a TC50 value of 
6 µM,5 was included as a reference.  MM-12-Amine and Lip-
1 were identified to become toxic at concentrations higher 
than 8.1 µM. MM-12-Urea showed a viability decrease 
below 25% from 32.5 µM and MM-3-1 from 75 µM. MM-1-
6, MM-1-1-Ester and MM-1-Amine became toxic (viability 
below 25%) at a concentration of 150 µM. At 300 µM, the 
viability dropped below 25% for MM-6-1. This experiment 
showed that most compounds did not strongly affect the 
viability of the Pfa-1 cells. Next, we assessed the concentra-
tion-dependent ability of our potential RTA library to res-
cue Pfa-1 cells after the induction of ferroptosis with 
100 nM RSL3 (Fig. 3A). The most potent ferroptosis inhibi-
tor, Lip-1, showed a complete rescue at a 1 µM concentra-

tion, which is in accordance with its reported EC50 value in 
the low nanomolar range. At 8.1 µM, the benzodioxol am-
ide MM-1-1 and phenol urea MM-12-Urea rescued the Pfa-
1 cells by more than 60% and 80%, respectively. Due to 
the lack of toxicity, the activity of MM-1-1 extended to a 
concentration of 300 µM, while the viability with MM-12-
Urea dropped below 25% again from 32,5 µM. MM-1-1-
Ester slightly raised the viability within a concentration 
range of 8.1 µM and 75 µM to between 25% to 45%. MM-1-
Urea showed a concentration dependent increase in cell 
viability from 16.3 µM to 32.5 µM up to ~60% which was 
followed by a decrease from 75 µM to 300 µM to ~32%, 
likely originating from an increasing toxicity of the com-
pound. At 32.5 µM, the benzodioxol amides MM-2-1 and 
KL169, the phenol amide MM-12-1 as well as the benzodi-
oxol amine MM-1-Amine gained the capacity to rescue Pfa-
1 cells (viability >25%) from RSL3-mediated ferroptosis. 
The viability increase with MM-2-1 and MM-1-Urea was 
retained up to a concentration of 75 µM before gradually 
dropping below 20% at 300 µM. For KL169, the viability 
reached a maximum of ~64% at 150 µM while MM-12-1 
fully rescued the cells at 300 µM. Compounds that gained 
the ability to inhibit ferroptosis at a concentration of 
75 µM and beyond included the benzodioxol amides MM-1-
3, MM-1-4, MM-1-5-yne, MM-1-SA and MM-1-PA. It is 
worth noting that, due to a limited solubility from a con-
centration of 150 µM for MM-1-7, from 75 µM for MM-1-8-
yne and from 8.1 µM for MM-1-8, MM-1-9 as well as MM-1-
10, the corresponding values were excluded. 
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Figure 3. Assessing the ability of the potential RTAs to rescue Pfa-1 (A) and HCC827 (C) cells from the pharmacological 
induction of ferroptosis using RSL3. B) Rescue experiments following the induction of ferroptosis through the genetic dele-
tion of GPX4 induced by TAM treatment. D) and E) Visualization of the compound- and time-dependent increase in oxidated 
STY-BODIPY in a Fenix assay. F) Values for the duration of inhibition, stoichiometry for the trapping of peroxyl radicals, rate 
of inhibition and inhibition rate constants.  
 
From this point, we selected 12 molecules out of our li-
brary which were used to perform a detailed investigation 
into their activity. Our selection included 11 structurally 
diverse ferroptosis inhibitors with different activity levels 
along with MM-1-1-Me as a negative control. To comple-
ment the rescue experiments that were performed with 
the RTAs in response to the pharmacological induction of 
ferroptosis with RSL3, we have assessed the activity of the 
compounds in concert with the TAM-induced genetic dele-
tion of Gpx4 (Fig. 3B). This approach enables to exclude 
the possibility that the evaluated chemical probes act e.g. 
through by interfering with the action of RSL3 or by engag-
ing with GPX4. The results showed similar activities and 
overall trends, with two exceptions: MM-1-Urea and MM-

12-Amine did not demonstrate the ability to rescue Pfa-1 
cells at the concentrations that were tested, and MM-1-1 
has a significantly decreased activity. Next, we assessed if 
the compounds have a general activity as ferroptosis inhib-
itors by expanding the tests to the human epithelial lung 
adenocarcinoma cell line HCC827. To identify optimal 
conditions that would allow us to evaluate the effects of 
RTAs in this cell line, we studied the concentration- and 
duration-dependent effects of RSL3 on cell viability com-
plemented by rescue experiments with Fer-1 (2 µM). 
These experiments allowed us to generate dose-response 
curves for 24, 48 and 72 h treatment periods (Fig. S1C-D, 
Supporting Information p. 27). The biggest impact of Fer-1 
on cell viability was found after 24 h where the EC50 was 
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shifted by a factor of ~200 from 36 nM to 6.5 µM through 
the addition of Fer-1. In this setting, inducing ferroptosis 
with 100 nM RSL3 which roughly corresponds to the EC90 
value could still be fully rescued and thereby constitutes 
and ideal experimental set-up for testing our compounds. 
In these tests, we set out to determined EC50 values for 
each studied example (Fig. 3C). We found that the three 
most potent ferroptosis inhibitors MM-12-Amine, MM-1-
Amine and MM-12-Urea harbored EC50 values of 3.6, 4.5 
and 5.3 µM, respectively. Intriguingly, the viability that was 
observed through rescue experiments with MM-12-Urea 
(≥10 µM, <50 µM) and MM-1-Amine (≥10 µM) in the 
resazurin assay was higher than that of the vehicle-treated 

cells. The originally identified compounds KL169 (EC50 = 
50.2 µM) and MM-1-1 (EC50 = 94.3 µM) along with MM-1-1-
Ester (EC50 = 53.8 µM), produced a moderate effect. MM-
12-1 (EC50 = 168.4 µM), MM-1-5-yne (EC50 = 189.1 µM), 
MM-1-Urea (EC50 = 298.6 µM) and MM-1-1-SA (EC50 = 
424.2 µM) were active but had a low potency. For the com-
pounds MM-1-1-Me and MM-1-3, no activity was observed 
in a concentration range up to 300 µM. Analogous to the 
experiments in Pfa-1 cells, we found that Lip-1 MM-12-
Amine as well as MM-12-Urea became toxic at elevated 
concentrations, whereby the corresponding TC50 values 
were 8.1, 25.9 and 98.9 µM, respectively (Fig. S1E, Sup-
porting Information p. 27). 

 
 
Figure 4. Determining the 
subcellular compartment 
that serves as the RTA site-
of-action. A) and D) MM-1-5-
yne coupled in situ to Alexa 
Fluor 488 in green. B) Mito-
chondrial staining using 
Mitotracker in red. C) Merg-
ing A and B together with 
nuclear staining using the 
Hoechst dye in blue. E) Lyso-
somal staining with the 
LAMP1 antibody. F) Merging 
D and E together with nucle-
ar staining using the Hoechst 
dye in blue. 

 

 

To assess whether the effects of the compounds stem from 
their ability to act as an RTAs, we performed a fluores-
cence-enabled inhibited autoxidation (Fenix) assay.21,40 A 
Fenix assay allows to investigate the reactivity of small 
molecules towards peroxyl radicals in the lipid bilayers of 
unilamellar liposomes prepared from egg phosphatidyl-
choline (PC). The reaction progress is monitored through 
the competitive oxidation of the fluorescent substrate STY-
BODIPY (Fig. 3D and E). To enable relating our results to 
those available in the literature, we included Lip-1, Fer-1 
and PMC as benchmarks together with the 12 compounds 
that were selected from our library. The experiments were 
performed using a 0.81 µM concentration for each small 
molecule. In accordance with prior results,21 we found that 
Fer-1 and PMC have similar reactivities with rate constants 
of kinh = 2.5 × 104 M−1s−1 and kinh = 1.7 × 104 M−1s−1, respec-
tively (Fig. 3F). Compared to Fer-1, the reactivity of Lip-1 
is decreased by a factor of ~3.5 to kinh = 0.7 × 104 M−1s−1. 
We observed reactivities similar to Fer-1 and PMC with the 
benzodioxol-derived KL169, MM-1-1, MM-1-3, MM-1-5-
yne and MM-1-1-Ester with kinh ≥ 1.8 × 104 M−1s−1. The 
aminophenol MM-12-Amine has a particularly high reac-
tivity with kinh = 8.5 × 104 M−1s−1. Medium level reactivities 
(1.7 × 104 M−1s−1 ≥ kinh ≥ 1.0 × 104 M−1s−1) were found for 
MM-1-1-SA, MM-1-1-Me and MM-1-Amine. Low reactivities 
(kinh < 1.0 × 104 M−1s−1) were determined for MM-12-1, 
MM-1-Urea and MM-12-Urea. The stoichiometry for the 

trapping of peroxyl radicals was normalized to the inhibit-
ed periods for PMC, which is a well-studied RTA in the 
literature with n = 2.21 The benzodioxol-derived KL169, 
MM-1-1, MM-1-3, MM-1-5-yne, MM-1-1-Me, MM-1-1-Ester, 
MM-1-1-SA and MM-1-Urea had low stoichiometries 
(n < 1). MM-12-1, MM-1-Amine, MM-12-Amine and MM-
12-Urea had a comparable ability to trap peroxyl radicals 
to Fer-1 with 1 ≤ n < 2. Only Lip-1 showed a stoichiometry 
higher than 2. 

Finally, we set out to identify the subcellular compartment 
that serves as the site-of-action for the newly discovered 
class of RTAs with the Click-iT Alexa Fluor 488 Imaging Kit 
in combination with confocal microscopy. Pfa-1 cells were 
treated with the alkynylated MM-1-5-yne as a representa-
tive structure at a concentration (150 µM) close to its EC50 
value as a ferroptosis inhibitor. After fixing the cells, an 
intracellular CuAAC was performed with an azide-
substituted Alexa Fluor™ 488 dye to visualize the localiza-
tion of the RTA (Fig. 4A and D). This was complemented 
by a staining with MitoTracker™ Red CMXRos dye to high-
light the mitochondria (Fig. 4B) or the LAMP1 antibody to 
highlight lysosomes (Fig. 4E). Merging Fig. 4A and B with 
nuclear staining using the Hoechst dye (Fig. 4C) confirmed 
accumulation in mitochondria as potential site-of-action, 
while merging Fig. 4D and E ruled out lysosomal localiza-
tion. 
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Discussion: 
 
The bond dissociation energy (BDE) for a homolytic hy-
drogen abstraction from the benzodioxol methylene group 
is 374  kJ/mol41 while the anilide N-H bond corresponds 
to414 kJ/mol.42 As such, we reason that the functional 
group that imparts KL169, MM-1-1, MM-1-3, MM-1-4, MM-
1-5-yne, MM-2-1 and MM-1-Urea with the ability to inhibit 
ferroptosis is the benzodioxol moiety. This hypothesis is 
supported by the finding that substituting the benzodioxol 
hydrogen atoms on MM-1-1 with fluorine or changing the 
substitution pattern on the aryl group (MM-5-1 – MM-11-
1, Fig. 2D) abolishes the activity in Pfa-1 cells. Retaining a 
benzodioxol substitution but shifting the arrangement of 
the functionalities or adding additional substituents (MM-
2-1 and MM-4-1, respectively) that change the orientation 
or flexibility of the amide group, which can act as both 
hydrogen bond donor and acceptor, retains the ability to 
inhibit cell death, but decreases the potency. Prior studies 
have shown that hydrogen bonding between RTAs and the 
phosphatidylcholine head group influences the activity 
RTAs in lipid bilayers.26 As such, we are considering that 
the amide group functions as a hydrogen bond donor 
which can contribute to the arrangement of the com-
pounds within the membrane and thereby increase their 
potency as RTAs. Modulating the length of the lipid chain 
(MM-1-0, MM-1-2, MM-1-5 – MM-1-10, MM-1-2-yne and 
MM-1-8-yne, Fig. 2B and C), in this regard, likely abolishes 
the biological activity by an unfavorable arrangement of 
the hydrogen radical donor within the lipid bilayer or by 
leading to a decreased solubility in aqueous media. As part 
of our assessment of different aryl structures, we have 
found that substituting the benzodioxol with a methoxy-
phenol group (MM-12-1) led to an active ferroptosis inhib-
itor at concentrations >32.5 µM. Derivatives of phenol, 
which has a BDE of 365 kJ/mol,43 such as α-tocopherol and 
2,2,5,7,8-pentamethyl-6-chromanol (PMC, Fig. 1A) were 
described in the literature as RTAs.21,40 Exchanging the 
arrangement of the methoxy and hydroxy groups to posi-
tion the OH functionality meta to the amide (MM-11-1), 
however, abolished the activity. We reason that this find-
ing results from a combination of two factors: 1) Moving 
the electron-donating propylamide substituent from the 
para to the meta position decreases its ability to stabilize a 
phenoxy radical; and 2) The positioning of the compound 
within a lipid bilayer is modified due to a potential hydro-
gen bonding interaction between the amide proton and the 
phosphate group on PC. Next, we performed a more de-
tailed investigation into the connection between the activi-
ty and the properties of the hydrogen bonding donor (Fig. 
2E) using benzodioxol (MM-1-1) as a lead structure. Re-
moving the hydrogen-bond donor (MM-1-1-Me), moving 
from an anilide to a benzamide structure that either hosts 
an ethyl (MM-13-EA) or a second benzodioxol (MM-1-
Amide) substituent removes the ability to inhibit ferropto-
sis, likely owning to a poor supramolecular arrangement of 
the compounds within a membrane. Modulating the 
strength of the hydrogen bond donor by using a sulfona-
mide (MM-1-SA) or phosphate amide (MM-1-PA) weakens 

the activity but retains the ability to inhibit ferroptosis at 
high concentrations. Intriguingly, formally exchanging the 
amine group with oxygen to generate an ester (MM-1-1-
Ester) demonstrates a moderate rescue activity at concen-
trations between 8.1 – 75 µM. It is well-known that ester 
groups are susceptible to hydrolysis in plasma.17,31 As such, 
it is reasonable to assume that the activity of MM-1-1-Ester 
stems from the formation of the corresponding phenol 
with the cell. Even though aniline has a high BDE of 
387 kJ/mol,44 the active motif within Fer-1 and Lip-1 are 
aromatic amine groups. This is why we have next comple-
mented the benzodioxol and phenol groups with an aniline 
structure by formally cleaving the propylamide within 
MM-1-1 and MM-12-1 to give MM-1-Amine and MM-12-
Amine. In the Pfa-1 cells, MM-1-Amine was moderately 
active as a ferroptosis inhibitor with a low toxicity, while 
MM-12-Amine demonstrated an activity below an 8.1 µM 
concentration and became toxic at concentrations above 
8.1 µM. Since anilines tend to be slowly oxidized by air45 
which limits their utility due to an inability to store these 
compounds for prolonged periods of time without decom-
position, we aimed to identify a derivative that has a simi-
lar activity and remains stable. Based on our findings, we 
hypothesized that employing a urea moiety is a promising 
choice since it hosts a similar BDE (389 kJ/mol)46 as ani-
line, can function as a hydrogen bond donor and, at the 
same time, link two benzodioxol (MM-1-Urea) or methox-
yphenol groups (MM-12-Urea) together to double the 
number of hydrogen radical donors per molecule. While 
MM-1-Urea had a low activity, MM-12-Urea exhibited a 
high activity at an 8.1 and 16.3 µM concentration with a 
toxicity that emerged at 32.5 µM. 

We found that KL169, MM-1-1-Me, MM-12-Urea and Lip-1 
have similar activities between the two conditions used 
with Pfa-1 cells and one condition used with HCC827. 
However, the level of activity of MM-1-1, MM-1-3, MM-1-5-
yne, MM-1-1-Ester, MM-1-1-SA, MM-12-1, MM-1-Amine 
and MM-12-Amine showed a dependency on the condi-
tions and the cell lines that were used. By correlating our 
results in the HCC827 viability assays with the Fenix assay, 
we found that compounds with a high stoichiometry for 
the trapping of peroxyl radicals are, in many cases, better 
ferroptosis inhibitors. Examples for this observation are 
MM-1-Amine, MM-12-Amine and MM-12-Urea. MM-12-1 
with n = 1.45, however, showed only a moderate activity. 
Apart from the amine-substituted variant, the benzodioxol 
scaffold hosted low stoichiometries (n < 0.6), while the 
derivatives that displayed higher activities in the inhibition 
of ferroptosis were found to harbor higher reactivities (kinh 

> 1.8 × 104 M−1s−1). Based on its ability to produce analo-
gous effects between the cell lines and conditions that 
were used, along with one of the highest potencies that 
were observed in this study, we reason that MM-12-Urea is 
the most promising RTA-based chemical probe amongst 
the investigated compound library to inhibit the induction 
of ferroptosis.  
 

Conclusion: 
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Our results suggest that benzodioxols are moderate radical 
trapping antioxidants whereby their activity is subject to 
strong shifts based on slight variations of the substitution 
pattern. Albeit potent RTAs commonly contain phenol or 
aniline groups, we found that the potency of chemical 
probes that host these functionalities strongly depends on 
the nature and relative positioning of the substituents that 
are installed on the same aryl group. For example, the 
phenol derivatives MM-11-1 and MM-12-1 have low to 
moderate activities, while MM-12-Urea and MM-12-Amine 
are highly active. We reason that these effects stem from 
two factors: 1) The ability to stabilize a phenoxy radical; 
and 2) The propensity to favorably position the compound 
within a lipid bilayer through potential hydrogen bonding 
interaction with the phosphate group on PC. Based on 
these factors, the benzodioxol group can produce a strong-
er effect as RTA-based ferroptosis inhibitor than phenol 
derivatives by embedding the functionality into an ideal 
scaffold. This tend becomes apparent when comparing the 
benzodioxol-derived KL169 with the phenol-derived MM-
11-1 and MM-12-1.  

In conclusion, our SAR study has yielded insights into the 
substitution-dependent activity of benzodioxol, phenol and 
aniline as RTAs that inhibit ferroptosis which led to the 
design of MM-12-Urea as a new broadly applicable chemi-
cal probe. By employing the Click-iT Alexa Fluor 488 Imag-
ing Kit, we showed that the site-of-action of benzodioxol-
derived MM-1-5-yne are the mitochondria. This finding 
provides an association between the progression of ferrop-
totic cell death and mitochondria since blocking lipid pe-
roxidation in this organelle inhibits the induction of cell 
death. Since phenol,47 aniline48 or benzodioxol49 functional 
groups are common motifs in small molecule ligands or 
natural products, it is worth cautioning that their ability to 
act as RTAs, if undesired, can potentially pose a compound-
ing factor in their bioactivities. 
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