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enol activates and enhances GPX4
to mitigate amyloid-b induced ferroptosis in
Alzheimer's disease†

Prayasee Baruah, ‡ Hariharan Moorthy,‡ Madhu Ramesh, Dikshaa Padhi
and Thimmaiah Govindaraju *

Ferroptosis, an iron-dependent cell death, plays a crucial role in the pathology of Alzheimer's disease (AD).

Several characteristics of AD, including excessive iron accumulation, elevated lipid peroxide and reactive

oxygen species (ROS) levels, and decreased glutathione peroxidase 4 (GPX4) levels, align with the

features of ferroptosis. While traditional methods of inhibiting ferroptosis have centered on chelating Fe

and trapping radicals, therapeutic strategies that modulate the GPX4 axis to mitigate ferroptosis in AD

are yet to be explored. This report introduces naturally occurring polyphenols (PPs) as dual-acting

therapeutic agents to synergistically alleviate ferroptosis and AD. The mechanisms of action encompass

modulation of amyloid and tau cascade, reduction of oxidative stress, mitochondrial rescue, and

inhibition of ferroptosis. For the first time, we show that a single multifunctional molecule, tannic acid

(TA) binds at the activator site of GPX4, augmenting both its activity and cellular levels, providing

a conceptually innovative and integrated approach for treating AD via the GPX4–ferroptosis axis. The

ability of TA to enhance GPX4 levels under conditions of AD pathology opens up newer promising

therapeutic avenues for combating the crosstalk between ferroptosis and AD.
Introduction

AD is a prevalent neurodegenerative disorder and the most
common form of dementia, characterized by a progressive
decline in memory and cognitive function.1,2 Despite signicant
research progress, the understanding of its etiology remains
limited. The primary factors contributing to AD include the
deposition of Ab plaques and tau neurobrillary tangles (NFTs),
decline in the neurotransmitter acetylcholine, synaptic
dysfunction, and neurodegeneration in the brain.3–5 Metal dys-
homeostasis, oxidative stress, and biomolecular and mito-
chondrial damage have been implicated in AD pathophysiology,
wherein the accumulation of metal ions (Cu, Fe, and Zn) exac-
erbates AD pathology by accelerating the aggregation of Ab and
tau.6–10 Currently prescribed medications for AD, including
cholinesterase inhibitors and N-methyl-D-aspartate receptor
antagonists provide symptomatic relief and do little to slow the
disease progression. While there are no fully approved treat-
ments targeting the core pathology of AD, recently, two mono-
clonal antibody-based drugs (aducanumab and lecanemab)
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targeting the Ab42 cascade have been given conditional
approval.11,12

Ferroptosis, an iron-regulated cell death, has recently
garnered attention in etiological research and treatment due to
its involvement in various disorders.13,14 Intracellular iron levels
are critical factors in ferroptosis. Elevated iron levels initiate the
Fenton-type reaction, which increases non-enzymatic lipid
peroxidation and drives ferroptotic cell death. Iron also facili-
tates enzymatic lipid peroxidation by serving as a cofactor for
specic lipoxygenase (LOX) enzymes. LOX, a non-heme iron-
containing dioxygenase family, catalyzes polyunsaturated fatty
acid (PUFA) oxidation to generate hydroperoxyl derivatives.14

Conversely, cells with low iron levels or robust iron sequestra-
tion mechanisms may exhibit greater resistance to ferroptosis.15

However, the iron concentration threshold for initiating fer-
roptosis remains elusive. Research has also revealed that
mitochondrial dysfunction, lipid peroxidation, and a decrease
in the activity and levels of the antioxidant enzyme glutathione
peroxidase 4 (GPX4) are associated with ferroptosis.16,17 GPX4,
themaster regulator of ferroptosis is known to reduce toxic lipid
peroxides formed by the reaction of polyunsaturated fatty acids
(PUFAs) with reactive oxygen species (ROS) to lipid alcohol.13

GPX4 activity is signicantly inuenced by the amount of iron
present in cells. The availability of GPX4's cofactor, glutathione
(GSH), which aids in the neutralization of lipid hydroperoxides,
is necessary for the enzyme's function. High levels of iron can
lead to the generation of excess reactive oxygen species (ROS)
Chem. Sci., 2023, 14, 9427–9438 | 9427
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Fig. 1 Schematic representation of the mechanism of action of TA. (A)
Ferroptosis is mediated by an accumulation of free Fe within cells.
GPX4 converts toxic lipid peroxides into lipid alcohols. TA inhibits RSL3
and Ab42–Fe induced ferroptosis through Fe-chelation, antioxidant
mechanisms, modulation of Ab42 and tau aggregation, and GPX4 and
Nrf2 activation. TA: tannic acid, GPX4: glutathione peroxidase 4, PUFA:
polyunsaturated fatty acid, Nrf2: nuclear factor erythroid 2-related
factor 2, RSL3: RAS-selective lethal 3, LIP: labile iron pool. (B) Struc-
tures of polyphenols (PPs) screened in this study.
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via the Fenton-type reaction, which involves iron-catalyzed
production of hydroxyl radicals from hydrogen peroxide.
These ROS can overwhelm GSH/GPX4's antioxidant capacity,
leading to increased lipid peroxidation and potential inactiva-
tion of the enzyme. Ferroptosis can also manifest indepen-
dently of the GPX4 axis. For instance, tumor protein 53 (TP53)
drives ferroptosis without GPX4 inhibition via the cysteine/
glutamate antiporter pathway.18 ML210-triggered ferroptosis
led by cytochrome P450 reductase (POR) can occur in the
absence of GPX4.19 Ferroptosis suppressor protein FSP1 has also
emerged as a regulator of ferroptosis, which can function both
in conjunction with and independent of GPX4. These ndings
highlight the complexity of ferroptosis and its involvement with
various molecular machineries.

While ferroptosis is being explored as a therapeutic route to
annihilate tumours, it has been found to play an antagonistic
role in several neurological conditions, including AD, hemor-
rhagic stroke, ischemic stroke, Parkinson's disease, and Hun-
tington's disease.20,21 Patients with mild cognitive impairment
(MCI) and high amyloid plaque loads exhibit an increase in
cortical iron accumulation, which heightens the risk of AD.22

Ferroptosis, a form of regulated cell death, has been implicated
in the development of AD, characterized by iron-driven lipid
peroxidation and glutamate excitotoxicity in the brain tissues of
AD patients and models. Cerebrospinal uid (CSF) ferritin
levels have been found to be inversely associated with MCI and
AD, with the Alzheimer's risk allele APOE-34 increasing ferritin
levels, indicating that iron imbalance may be a risk factor for
AD.23 Ferroptosis inhibitors have been shown to protect
neurons and restore cognitive function in animal models of
stroke.24 In mice, GPX4 knockout resulted in age-dependent
neurodegenerative changes and signicant neuronal loss.25 In
another study, treatment with Ab42 increased tissue Fe content
and ferritin levels while decreasing GPX4 levels in the hippo-
campus, suggesting that Ab42 may directly induce ferroptosis in
neurons.26 This complex interplay between iron imbalance and
ferroptosis highlights their contributions to neuronal death in
AD pathogenesis and holds potential for therapeutic insights.

Oxidative stress, induced by ROS, is a critical factor in the
development of AD and ferroptosis. Antioxidants that can
neutralize ROS show potential as dual therapeutic targets.
Hydroxylated chalcones have been reported as dual-functional
inhibitors of Ab42 aggregation and ferroptosis with the poten-
tial treatment for AD.27 Despite the established link between AD
and ferroptosis, there are very few dual-acting therapeutics that
target the complex causes of both conditions. The development
of ferroptosis inhibitors has mainly focused on Fe-chelation
and antioxidant capability; however, the activation of GPX4,
an important factor in combating ferroptosis, remains largely
unexplored. GPX4 protein synthesis is energetically demanding
with low efficiency, and therefore, molecules that can activate
and elevate GPX4 might be the key to modulate oxidative stress
implicated in chronic disorders.28 There is an unmet need for
the development of multifunctional molecules that target both
ferroptosis and AD and synergistically enhance and activate the
natural antioxidant mechanism involving GPX4 to mitigate the
complex pathology of ferroptosis in AD.
9428 | Chem. Sci., 2023, 14, 9427–9438
In this work, a set of structurally correlated natural poly-
phenols (PPs) were screened for their therapeutic ability
towards AD and ferroptosis. Tannic acid (TA) was identied as
a dual-acting therapeutic against AD and ferroptosis by modu-
lating Ab42 and tau cascade, metal chelation, reduction of
oxidative stress, mitochondrial rescue, binding and activation
of GPX4 and inhibition of ferroptosis (Fig. 1A). Surprisingly, TA
was found not only to enhance the GPX4 activity but also to
increase GPX4 levels in cells. To the best of our knowledge, this
is the rst report to identify a single molecule as both a GPX4
activator and enhancer to mitigate ferroptosis in the context of
AD pathology. Besides, TA was found to activate Nrf2, which is
known to regulate ferroptosis in neuronal cells. The combined
approach of Nrf2–GPX4 activation and ferroptosis inhibition,
along with modulation of Ab42 and tau pathways, presents
a new therapeutic avenue for the treatment of multifactorial AD.
Results
Fe-binding interaction of PPs

As ferroptosis is an Fe-dependent cell death, Fe-chelators are
considered to be viable and promising inhibitors of ferroptosis.
A set of PPs, mostly containing catechol and gallate moieties,
were evaluated for their Fe-chelation ability. The screened PPs
included gallic acid (GA), epigallocatechin gallate (EGCG),
tannic acid (TA), ellagic acid (EA), genistein (GEN), syringic acid
(SA), methyl gallate (MeG), 4-hydroxyavone (4-HF), and 2-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydroxyavone (2-HF) (Fig. 1B). The strength of interaction
between these PPs and Fe3+ was determined using UV-vis
absorption spectroscopy in HEPES buffer (10 mM, pH = 7.4).
Upon addition of FeCl3 (1 to 10 mM), the UV-vis absorption
spectra of the PPs (6 mM) showed an increase in absorbance,
with the maximum increase observed for TA (Fig. 2A). The data
were tted to the Benesi–Hildebrand equation to determine the
binding constant (KB). TA, which contains ve gallic acid
moieties, exhibited the highest Fe-chelation ability among all
PPs with a KB value of 6.64× 105 M−1 compared to 5.1×105 M−1

and 4.2 × 103 M−1 for EGCG and GA, respectively (Fig. 2B). The
binding constants forMeG, GEN, EA and 2-HF were found to be
Fig. 2 Fe-chelation and antioxidant studies of PPs. (A) UV-visible
spectra of TA in the presence of increasing concentrations of FeCl3. (B)
The graph was derived by fitting the data from (A) using the Benesi–
Hilderbrand equation. (C) Radical scavenging of PPs monitored by the
Ferric ascorbate assay, and concentration-dependent radical scav-
enging of TA (D) and TA in the presence of Ab42 (E). (F) Inhibition of
protein oxidation by PPs monitored by the 2,4-dinitrophenylhydrazine
(DNPH) assay. (G) Inhibition of lipid peroxidation by PPs monitored by
the thiobarbituric acid reactive substance (TBARS) assay and (H)
concentration-dependent inhibition of lipid peroxidation by TA and
EGCG.

© 2023 The Author(s). Published by the Royal Society of Chemistry
much lower than that of TA as listed (2.7 × 103, 1.5 × 104, 1.9 ×

105, and 9.8 × 103 M−1, respectively) in Table S1.†
To assess the selectivity for Fe, TA was titrated against other

metal ions implicated in AD (Cu2+, Zn2+, and Al3+) and common
biometal ions (Na+, K+, and Ca2+). The study revealed that the
binding constant of TA for Fe (6.64× 105 M−1) was two orders of
magnitude higher than that for Cu2+, Zn2+, and Al3+ (1.63 × 103

M−1, 2.9 × 103 M−1, and 9.9 × 103 M−1, respectively), while
there was no signicant binding interaction with Na+, K+, and
Ca2+ (Fig. S1 and Table S2†). The ability of PPs to chelate Fe3+

varied in the order of TA > EGCG > EA > GA >MeG > GEN > 4-HF
> 2-HF > SA (Fig. S2A–H and Table S2†). Furthermore, the
formation of the TA–Fe3+ complex was conrmed by the
appearance of a new peak at 580 nm (Fig. S3†). The data ob-
tained from Job's plot revealed 1 : 4 binding of TA : Fe3+ which
accounts for the high affinity of TA to Fe3+. These absorption-
based binding studies were further supported by isothermal
titration calorimetry (ITC) experiments performed with TA, the
strongest Fe-chelator. ITC experiments (Fig. S4†) revealed that
the titration of TA with FeCl3 resulted in an endothermic reac-
tion, revealing binding between the two components, with
a dissociation constant (Kd) of 31.1 ± 3.2 mM. The interaction
between TA and Fe3+ was found to be spontaneous (DG =

−6.73 kcal mol−1) and enthalpically favoured (DH = −77.9 ±

22.3 kcal mol−1) as revealed by the Kd and DG values implying
a strong interaction.
Antioxidant effect and inhibition of lipid peroxidation

a-Diphenyl-b-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), and ferric ascor-
bate assays were performed to evaluate the antioxidant activities
of the potent Fe-chelators TA and EGCG, along with GA, which
is the primary metal chelating and antioxidant moiety.29,30

DPPH and ABTS form stable free radicals that can be used to
determine the free radical scavenging capacity of antioxidants.
TA and EGCG exhibited better radical scavenging abilities
compared to ascorbate, a control used in the study (Fig. S5A and
B†). The ability of PPs to redox-silence Fe3+ and quench exces-
sive ROS was evaluated using the Ferric ascorbate assay in PBS
buffer (10 mM, pH = 7.4) with FeCl3 (20 mM) (Fig. 2C).31 TA
showed a reduction in emission at 452 nm in a concentration-
dependent manner (0 to 20 mM), suggesting that it arrests
Fe3+ and stabilizes the redox dormant state, and scavenges free
radicals (Fig. 2D). At the highest concentration of 20 mM, the
quenching of ROS by TA was ∼80%. Interestingly, a similar
experiment performed in the presence of Ab42 to mimic AD
conditions revealed that TA can effectively bind and arrest the
Fe3+ redox process thereby quenching ROS production (Fig. 2E).
EGCG was also found to be effective as an antioxidant, albeit
with slightly less activity compared to TA (Fig. S5C and D†). The
extent of protein oxidation under oxidative stress can be
approximated by measuring protein carbonyl levels. The
protective effect of PPs against the oxidation of bovine serum
albumin (BSA) was evaluated using a Fe2+ + H2O2 redox system
that generates ROS in situ and simulates an environment of Fe-
mediated oxidative stress similar to ferroptosis conditions.
Chem. Sci., 2023, 14, 9427–9438 | 9429
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Treatment with TA (20 mM) and EGCG (20 mM) reduced protein
oxidation by 30% and 35%, respectively (Fig. 2F). The DNPH
assay was performed using DFO and Ferrostatin-1, in addition
to TA. TA demonstrated comparable, albeit slightly superior,
efficacy in inhibiting protein oxidation compared to Ferrostatin-
1, while the effect of the iron chelator DFO was less than that of
all other compounds studied (Fig. S6A†).

Next, a lipid peroxidation assay (TBARS) was performed
using a-phosphatidylcholine as a model lipid and the Fe2+ +
H2O2 redox system to measure the extent of lipid peroxidation
under ferroptosis conditions.32 The peroxidation of a-phos-
phatidylcholine with Fe2+ + H2O2 was used as a control (100%)
and the percentage inhibition of lipid peroxidation in the
presence of TA (20 mM) and EGCG (20 mM) was found to be 42%
and 40%, respectively (Fig. 2G). The concentration-dependent
plot of lipid peroxidation in the presence of TA and EGCG
revealed their excellent peroxidation inhibition activity, which
can be attributed to their synergistic Fe-chelation and radical
trapping mechanism (Fig. 2H). The extent of lipid peroxidation
was also compared with that of known ferroptosis inhibitors,
DFO and Ferrostatin-1. The assay was performed using two
concentrations (10 and 20 mM) of all compounds. TA and
Ferrostatin-1 exhibited almost similar potency in inhibiting
lipid peroxidation, while the iron chelator DFO showed only
a marginal reduction in lipid peroxidation compared to the
other compounds (Fig. S6B†).
Modulation of Fe-independent and -dependent Ab42 and tau
aggregation

The ability of PPs to modulate the Fe-independent and -depen-
dent aggregation propensity of Ab42 was evaluated.32 Aggregation-
dependent Thioavin T (ThT) uorescence data revealed that
EGCG and TA exhibited superior activity among all the PPs, with
44% and 35% aggregation inhibition at a concentration of 20 mM
(Fig. 3A). The lag time (Tlag) for Ab42 aggregation was found to be
9.2 h with a rst-order aggregation rate constant (k) of 0.51 h−1.
The increasing concentrations of TA and EGCG increased Tlag and
decreased k, indicating a signicant delay in Ab42 aggregation
(Fig. 3B, S8A and Table S2†). At a 1 : 5 ratio (Ab42 : PP), EGCG
exhibited relatively better inhibitory efficiency (95%) compared to
TA (82%). The effect of Fe on Ab42 aggregation was studied due to
the key role of Fe-homeostasis in the etiology of AD. Ab42 with Fe3+

in a 1 : 1 ratio decreased Tlag to 8.72 h compared to pristine Ab42
(9.2 h), while k increased from 0.51 h−1 to 0.72 h−1 (Fig. 3C).
Interestingly, while EGCG showedmarginally better results for Fe-
independent aggregation, the inhibition propensities of TA and
EGCG were comparable in the case of Fe-induced aggregation
possibly due to the ability of TA to sequester Fe3+ (Tables S3 and
S4†). At a 1 : 5 ratio, TA and EGCG showed Tlag values of 10.12 h
and 10.9 h, with k values of 0.20 h−1 and 0.17 h−1, respectively
(Fig. 3D and S7B†). To verify that the affinity of Fe to TAwas higher
than that for Ab, ITC studies were performed for Ab–Fe
complexation. The dissociation constant of the Ab–Fe complex
(286± 19.7 mM) (Fig. S8†) was found to be much higher than that
of the TA–Fe (31± 3.2 mM) complex (Fig. S4†), which supports that
TA might be able to sequester Fe from the Ab–Fe complex.
9430 | Chem. Sci., 2023, 14, 9427–9438
The ability of PPs to modulate arachidonic acid-induced tau
(5 mM) aggregation was monitored using Thioavin T (ThT)
uorescence kinetics (Fig. 3E). EGCG and TA showed 53% and
46% aggregation inhibition, respectively, at a concentration of
20 mM. TA and EGCG exhibited concentration-dependent
activity with the highest inhibition of 70% and 81%, respec-
tively, at a ratio of 1 : 5 up to 2.5 h aer which no further
increase in ThT uorescence was observed (Fig. 3F and S8C†).
An experiment was performed to investigate the impact of Fe3+

on the aggregation of tau induced by AA. Tau was incubated
with FeCl3 in a 1 : 1 ratio and the aggregation kinetics was
monitored. The results indicated that the presence of Fe3+ did
not signicantly alter the aggregation kinetics of tau (Fig. S9†).

Molecular docking was performed to gain insights into the
interaction of compounds with Ab42 and tau. Docking studies of
TA and EGCG with Ab42 monomers and brils (PDB ID 1Z0Q
and 2BEG of https://www.rscb.org)33,34 showed negative free
energy change (DG) values, indicating favorable interaction
through spontaneous binding to the Ab42 monomer (−38 kJ
mol−1 and −34 kJ mol−1) and brillar aggregates (−39 kJ
mol−1 and −36 kJ mol−1), respectively (Fig. S10A, B, S11A and
B†). The elongated lag phase observed in the ThT kinetics
study suggested the inuence of TA and EGCG on both the
monomeric and brillar forms of Ab42, which was conrmed
by the docking studies. Molecular docking of TA and EGCG
was also performed with tau protobrils (PDB ID 5O3T of
https://www.rscb.org).35 The estimated negative DG values of
TA and EGCG (−34.1 kJ mol−1 and 33.3 kJ mol−1, respectively)
indicated thermodynamically favored interactions of these
PPs with tau (Fig. S12A†).
Activation of GPX4 and reversal of its RSL3-induced inhibition

A deciency of GPX4 increases the susceptibility of cells to fer-
roptosis.36,37 Despite their signicance, reports of small molecule
activators of GPX4 are rare, while inhibitors of GPX4 such as RAS-
selective lethal 3 (RSL3) and ML-162, that induce ferroptosis by
inhibiting GPX4, are well documented.38,39 RSL3 binds to the
inhibitor site of GPX4 and suppresses its activity while activating
nuclear factor kappa B (NF-kB), leading to ferroptosis and cell
death.40Molecular docking was performed to explore the potential
interaction of TA and EGCG binding to GPX4 (PDB ID 2OBI of
https://www.rscb.pdb). GPX4 has two distinct sites: a substrate
binding site and an allosteric site.41,42 Small molecule binding to
the former (inhibitor site) serves as an inhibitor while binding
to the latter (activating site) is predicted to enhance GPX4
activity (Fig. 4A). TA was found to bind to the activator site of
GPX4, while EGCG interacts at an alternate site that did not
conform with either activation or inhibition sites of GPX4.
Docking studies were performed with GPX4 inhibitor RSL3 and
GPX4 activator PKUMDL-LC-102 (Fig. 4A).42 The results showed
that RSL3 bound to the inhibition site while PKUMDL-LC-102
bound to the activator site, similar to TA. The GPX4 activator
PKUMDL-LC-102 was found to be surrounded by acidic residues
D21 and D23 and apolar residues V98, F100, and M102 at the
allosteric activator site (Fig. 4A). Interestingly, TA also bound to
the activator site through specic interactions with the same set of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Screening of PPs for their ability to inhibit Ab42 and tau aggregationmonitored using ThT assay (lex = 444 nm and lem= 484 nm). [Ab42]=
10 mM, [Tau] = 5 mM. (A) Effect of PP on Ab42 aggregation. [PP] = 20 mM. (B) Kinetics of Ab42 aggregation in the presence of increasing
concentrations of TA (10 to 50 mM). (C) Comparison of kinetic curves of Ab42 aggregation and Fe-induced Ab42 aggregation. [FeCl3] = 10 mM. (D)
Kinetics of Fe-induced Ab42 aggregation in the presence of an increasing concentration of TA (10 to 50 mM). (E) Screening of PPs for their ability to
inhibit AA-induced tau aggregation. [PP]= 20 mM, and [AA]= 185 mM. (F) Kinetics of tau aggregation in the presence of increasing concentrations
of TA (5 to 25 mM). AA: arachidonic acid.
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amino acid residues. Independent docking of TA and PKUMDL-
LC-102 to GPX4 showed that the binding interaction of TA was
favored over that of PKUMDL-LC-102 with DG values of −63.1 kJ
mol−1 and −33.0 kJ mol−1 respectively, indicating that TA is
a strong GPX4 activator. These results led to experimental veri-
cation of the TA effect on GPX4 activity and its ability to reverse
RSL3-inhibited GPX4 activity.

The effect of TA on GPX4 activity was assessed using a GPX4
inhibitor screening assay kit (Cayman Chemical, USA). In this
assay, the consumption of NADPH by GPX4 was used tomonitor
enzymatic activity. A steady decrease in absorbance over time
provided a reference kinetic curve for GPX4 activity. Incubation
of GPX4 with RSL3 (20 mM) for 60 min inhibited GPX4 activity by
22%. However, at a concentration of 20 mM, both TA and EGCG
were able to reverse the RSL3-induced inhibition by 12.3% and
9.5%, respectively (Fig. 4B). TA increases GPX4 activity by
binding to its activation site. In contrast, EGCG does not bind to
the GPX4 activation site but instead inhibits the binding of
RSL3 to GPX4 (Fig. S13†). The half maximal inhibitory
concentration (IC50) value of RSL3 was calculated by monitoring
its concentration-dependent inhibition of GPX4 activity (10 mM
to 50 mM) and was found to be 17.17 ± 0.17 mM (Fig. 4C and D).
This IC50 value for RSL3 was calculated independently and in
the presence of TA. The addition of 20 mM of TA to the reaction
mixture modulated the IC50 value of RSL3 from 17.17± 0.17 mM
to 29.98± 1.09 mM, indicating that TA can reduce RSL3-induced
GPX4 inhibition (Fig. 4E and F). EGCG (20 mM) showed a rela-
tively lower ability to restore intrinsic enzyme activity upon
© 2023 The Author(s). Published by the Royal Society of Chemistry
RSL3-induced GPX4 inhibition, changing the IC50 value to 21.01
± 0.47 mM (Fig. 5B). TA was able to revert RSL3-induced GPX4
activity in a concentration-dependent manner (Fig. S14†). The
docking results demonstrated the ability of TA to bind to the
activation site of GPX4. This, coupled with its effectiveness in
reversing RSL3-induced GPX4 inhibition, led us to investigate
whether TA could directly function as a GPX4 activator. Our data
showed that treatment of GPX4 with TA (0 to 100 mM) resulted in
a concentration-dependent increase in enzyme activity. At
a concentration of 100 mM TA, a 19% enhancement in GPX4
activity was observed (Fig. 4G). These results demonstrate that
TA can not only restore GPX4 activity from RSL3-induced inhi-
bition but also enhance its intrinsic activity. In contrast, EGCG
did not function as a GPX4 activator, consistent with its binding
at an alternate site in molecular docking analysis. A compre-
hensive analysis of all in vitro experiments identied TA as the
most promising candidate for combating ferroptosis. This was
primarily due to its ability to activate GPX4 accompanied by
multifunctional activity. In contrast, EGCG demonstrated
superior anti-amyloid and tau properties. Subsequent cell-
based experiments were conducted with the lead PP candi-
dates, TA and EGCG.
Rescue of ferroptosis-induced cell death

The viability of SH-SY5Y neuronal cells in the presence of lead
PPs was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay aer 48 h of incu-
bation. TA and EGCGwere relatively non-toxic up to 60 mM, with
Chem. Sci., 2023, 14, 9427–9438 | 9431
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Fig. 4 Enzymatic activity of GPX4 in the presence of small molecules binding to inhibitor and activator sites. (A) GPX4 docking with RSL3
(inhibitor), PKUMDL-LC-102 (activator), and TA (novel activator). TA binds at the activator site of GPX4. (B) GPX4 activity modulation in the
presence of RSL3 (20 mM) and RSL3 with TA and EGCG (20 mM). The graph displays the restoration of RSL3-inhibited enzyme activity by TA (C)
GPX4 activity modulation in the presence of increasing concentrations of RSL3 and (D) the corresponding IC50 plot. (E) GPX4 activity modulation
in the presence of increasing RSL3 concentrations with 20 mM of TA and (F) the corresponding IC50 plot. In the presence of TA, the IC50 value of
RSL3 changed from 17 mM to 30 mM. (G) The concentration-dependent effect of TA on GPX4 activity, demonstrating the enzyme-activating
effect of TA. GPX4 activity in (B–G) was measured by monitoring the change in absorbance of NADPH upon its consumption in the assay.
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cell viability exceeding 90% compared to untreated cells
(Fig. S15†). To determine the ability of TA and EGCG to inhibit
ferroptosis, SH-SY5Y cells were treated with RSL3 alone and in
the presence of TA and EGCG. Aer 48 h incubation, RSL3 (500
nM) treatment reduced cell viability to 46%, compared to that of
untreated cells (100%). Remarkably, treatment with TA and
EGCG demonstrated rescue of neuronal cells in a concentra-
tion-dependent manner, with cell viability reaching 84% and
62%, respectively, at a concentration of 20 mM (Fig. 5A and B). A
comparative study of TA with Ferrostatin-1 and DFO was per-
formed to investigate the rescue ability from RSL3-induced
ferroptotic cell death. Ferrostatin-1 showed almost 100% inhi-
bition of ferroptosis at a low concentration of 10 mM. The effect
of TA on rescuing RSL3-induced cell death was comparable to
that of Ferrostatin-1 at a lower concentration. On the other
hand, DFO did not demonstrate signicant rescue from fer-
roptotic damage at the given concentration, despite having
a stronger Fe chelating ability than TA. These data are very
interesting, as they clearly indicate that Fe chelation alone
cannot effectively alleviate ferroptotic stress. Though synthetic
9432 | Chem. Sci., 2023, 14, 9427–9438
molecule Ferrostatin-1 shows slightly better rescue ability from
RSL3-induced ferroptosis, it is important to note that TA being
a natural polyphenol available in high abundance and devoid of
any synthetic modication represents a highly efficient, viable,
and cost-effective approach for ferroptosis inhibition. GPX4
levels in cells treated with RSL3 alone and in the presence of TA
and EGCG were monitored using an immunouorescence
assay. RSL3 (1 mM) treatment for 24 h reduced GPX4 levels to
83% compared to that in healthy cells (100%). Notably, TA (20
mM) and EGCG (20 mM) treatment resulted in the restoration of
GPX4 levels in RSL3-treated cells to 96% and 91%, respectively,
signifying recovery from ferroptosis (Fig. 5D and S16†).
Furthermore, to validate these results, western blot analysis was
performed to quantify GPX4 levels. GPX4 levels were reduced to
73% compared to that in control cells (100%) upon treatment
with RSL3 (1 mM) (Fig. 5E, F and S20†). Notably, upon treatment
with TA (20 mM), complete restoration of GPX4 levels were seen.

An elevated LIP is a hallmark of ferroptosis, catalyzing lipid
peroxidation and leading to cellular death.43 To measure LIP in
cells treated with RSL3 alone and in the presence of TA and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Studies in cells show the ability of TA and EGCG to rescue neuronal cells from ferroptosis and Ab42-induced toxicity. The numbers in the
parentheses represent the concentration of the compounds in mM. Neuronal cell rescue from RSL3 (500 nM) induced ferroptosis by (A) TA and (B)
EGCG, (C) comparative study with ferrostatin and DFO, (D) immunofluorescence (IF) study to monitor relative GPX4 levels in cells treated with
RSL3 (1 mM) alone and in the presence of TA (20 mM) and EGCG (20 mM), and (E) western blot and its quantification to monitor GPX4 levels (F) (n >
3). (G) Monitoring LIP using calcein and visualization of LIP in (H) control, (I) RSL3 (2 mM), (J) RSL3 + TA (10 mM) and (K) RSL3 + TA (20 mM) treated
cells (scale bar: 30 mm), (L) monitoring LIP in the presence of EGCG using Calcein-AM, (M) intracellular mitochondrial ROS levels monitored using
MitoSOX in cells treatedwith RSL3 (1 mM) alone and in the presence of TA (20 mM) and EGCG (20 mM), (N) MMPmonitored usingMitotracker green

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 9427–9438 | 9433
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EGCG, we stained the cells with calcein–acetoxymethyl ester.
Calcein–acetoxymethyl ester is cleaved by esterases in cells to
produce the calcein uorophore in the cytosol, which exhibits
high uorescence.44 However, when calcein chelates with LIP,
its uorescence is quenched, allowing for the estimation of free
LIP levels. Cells treated with RSL3 (2 mM) showed an increase in
intracellular Fe levels (LIP) and a corresponding decrease in the
calcein uorescence to 67%, compared to healthy cells (100%)
(Fig. 5G–K). Notably, treatment with 50 mM of TA and EGCG
reduced LIP levels, resulting in a corresponding increase in
calcein uorescence to approximately 95% and 100%, respec-
tively, similar to control cells (Fig. 5L). This effect was dose-
dependent and demonstrates the ability of TA and EGCG to
sequester free Fe (LIP) and render it inactive. Ferroptosis trig-
gers lipid peroxidation and increases ROS generation, leading
to elevated intracellular mitochondrial ROS levels and
a decreased mitochondrial membrane potential (MMP),
resulting in mitochondrial fragmentation. We used a MitoSOX
probe to monitor mitochondrial ROS levels in cells. RSL3
treatment (1 mM) increased mitochondrial ROS levels to 148%,
compared to that in healthy cells (100%). In contrast, TA (20
mM) and EGCG (20 mM) reduced ROS levels in RSL3-treated cells
to 95% and 91%, respectively, demonstrating their ability to
prevent ferroptotic ROS-mediated mitochondrial damage
(Fig. 5M). RSL3-induced ferroptosis and its reversal by treat-
ment with PP was conrmed by measuring changes in MMP
using rhodamine 123 (Rho123), an MMP-sensitive mitochon-
drial probe. The MMP of RSL3-treated cells decreased to 76%,
compared to that of healthy cells (100%). However, treatment
with TA (20 mM) and EGCG (20 mM) restored the MMP to 93%
and 95%, respectively, indicating the prevention of functional
mitochondrial damage (Fig. 5N). To assess the ability of TA and
EGCG to prevent ferroptotic mitochondrial structural damage,
the healthy and RSL3-treated cells were stained with Mito-TG.45

Cells treated with RSL3 (1 mM) alone or in the presence of TA
and EGCG were observed using a live cell uorescence micro-
scope. Healthy cells exhibited long tubular mitochondrial
structures, while RSL3 treatment caused fragmentation (Fig. 5P
and Q). Notably, cells treated with TA (20 mM) and EGCG (20 mM)
maintained healthy tubular structures, supporting the protec-
tive role of these PPs against ferroptotic mitochondrial damage
as evidenced by ROS and MMP studies (Fig. 5R and S).
Rescue of neuronal cells from amyloid-induced ferroptotic
cell death

The effectiveness of TA and EGCG in modulating Ab42 aggre-
gation prompted us to investigate their ability to rescue
neuronal cells from Ab42-induced toxicity. SH-SY5Y cells were
treated with Ab42 alone and in the presence of TA and EGCG.
in cells treated with RSL3 (1 mM) alone and in the presence of TA (20 mM) a
treatedwith Ab42 : Fe (1 : 5), and in the presence of TA (20 mM) and EGCG (
in (P) healthy cells, and cells treated with (Q) RSL3 (1 mM), (R) RSL3 (1 mM
Concentration-dependent study of Ab42 (10 mM) induced toxicity and res
and (V) EGCG, and (W) AA-induced tau (5 mM) toxicity and rescue by TA (m
applied with one-way ANOVA; *p = 0.05).

9434 | Chem. Sci., 2023, 14, 9427–9438
Ab42 (10 mM) treatment reduced cell viability to 34.8%,
compared to that of untreated control cells (100%), aer 30 h of
incubation. However, rescue of Ab42 treated neuronal cells was
observed in the presence of lead PPs in a dose-dependent
manner, with the highest concentration of TA (20 mM) and
EGCG (20 mM) increasing cell viability to 63% and 69%,
respectively (Fig. 5T and S17†). In the context of ferroptosis in
AD, Fe accelerates the accumulation of toxic amyloid (Ab42–Fe)
brils, generating ROS and leading to membrane damage and
lipid peroxidation. We monitored the ability of TA and EGCG to
modulate toxic Ab42 + Fe aggregation and rescue neuronal cells
from Ab42 + Fe-induced ferroptotic cell death using MTT assay.
Cell viability decreased to 17% when treated with Ab42 : Fe (1 :
5), compared to that of untreated control cells (100%). However,
treatment with TA (20 mM) and EGCG (20 mM) improved the
viability of Ab42 + Fe treated cells to 74% and 77%, respectively,
in a dose-dependent manner (Fig. 5U and V). Notably, the
rescue ability of TA against Ab42 + Fe-induced toxicity was
higher than that of Ab42 toxicity and comparable to the modu-
lation ability of EGCG against Ab42 + Fe toxicity. This supports
the results from ThT studies where TA was found to have
a superior ability to modulate Ab42 aggregation in the presence
of Fe compared to Ab42 alone. The ability of TA and EGCG as
potent antioxidants in cells was investigated by monitoring
intracellular ROS levels in the presence of H2O2 and Ab42 + Fe
independently using 2′,7′-dichlorodihydrouorescein diacetate
(DCFDA). Treatment with TA (20 mM) and EGCG (20 mM)
reduced ROS in H2O2-treated cells to 34% and 51%, respec-
tively, compared to H2O2 treated cells (100%), indicating their
ability to quench intracellular ROS (Fig. S18†). Cells were
incubated with Ab42 + Fe alone and in the presence of TA and
EGCG, and intracellular ROS levels were monitored using
DCFDA. Ab42 + Fe (1 : 5) increased intracellular ROS to 100%,
compared to 31% for untreated cells, aer 6 h incubation.
However, treatment with TA (20 mM) and EGCG (20 mM) reduced
ROS levels in Ab42 + Fe treated cells to 36% and 38%, respec-
tively, indicating their ability to complex and render Fe redox-
inactive, modulate the Ab42–Fe Fenton-type reaction, and ulti-
mately prevent ROS generation (Fig. 5O). These cellular studies
strongly support the ability of TA and EGCG to alleviate RSL3-
induced ferroptosis and Ab42–Fe-associated toxicity, making
them potential candidates for synergistically targeting both
ferroptosis and AD. In conjunction with ThT studies, we eval-
uated TA's ability to protect neuronal cells from tau-induced
toxicity. In the presence of AA-induced tau aggregates, cell
viability decreased to 47%, compared to that of healthy cells
(100%) (Fig. 5W). A dose-dependent increase in cell viability was
observed with TA (20 mM), increasing the cell viability to 100%.

To corroborate the connection between Ab42 and ferroptosis,
an immunouorescence assay was performed to measure GPX4
nd EGCG (20 mM), (O) DCFDA assay tomonitor intracellular ROS in cells
20 mM). Mitochondrial fragmentationmonitored usingMitoTG (500 nM)
) + TA (20 mM) and (S) RSL3 (1 mM) + EGCG (20 mM) (scale bar: 10 mm).
cue by (T) TA, Ab42 : Fe (1 : 5) induced toxicity and its rescue with (U) TA
M). (the experiment was repeated atleast in triplicate, and statistics was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Protein quantification performed via immunofluorescence (IF)
assay. The numbers in the parentheses represent the concentration of
the compounds in mM. (A) IF imaging tomonitor the GPX4 levels, in the
presence of Ab42 : Fe (1 : 5) treated cells independently and in the
presence of TA (20 mM) and EGCG (20 mM), and its (B) quantification
(over 200 cells were quantified and statistics was applied with one-way
ANOVA; *p = 0.05) (scale bar: 20 mm).
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levels in the SH-SY5Y neuronal cell lines incubated with Ab42 +
Fe alone and in the presence of TA and EGCG. Treatment of
cells with Ab42 + Fe (1 : 5) for 30 h signicantly reduced GPX4
levels to 65%, compared to that of healthy cells (100%) (Fig. 6).
To our knowledge, this is the rst report of a direct correlation
between Ab42 + Fe and GPX4 levels in neuronal cells in the
context of ferroptosis, as determined by the immunouores-
cence assay that directly quanties protein levels. Remarkably,
TA substantially increased the GPX4 levels to 147% in Ab42 + Fe
treated cells compared to in untreated control cells (100%),
indicating that TA can elevate GPX4 levels under AD patholog-
ical conditions.

These ndings prompted us to examine TA as a GPX4
enhancer in neuronal cells. In consistence with the above study,
we observed an increase in intracellular GPX4 levels to 192% in
TA-treated cells compared to that in untreated cells (100%)
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 7A and B). This supports our assertion that TA not only
enhances GPX4 activity but also increases its levels in cells.
Furthermore, western blot analysis was performed to quantify
GPX4 levels. The results revealed that TA treatment increased
GPX4 levels to 127% compared to that in untreated cells (100%)
supporting our earlier observation (Fig. 7C, D and S21†).
Intrigued by these ndings, we examined changes in the anti-
oxidant master regulator nuclear factor erythroid 2-related
factor 2 (Nrf2), which is known to, directly and indirectly,
regulate GPX4 and its associated antioxidant proteins.46 While
there are reports indicating the ability of TA to activate the Nrf2
pathway, we assessed Nrf2 activation upon treatment with TA in
neuronal cells.47,48 Study revealed that the treatment with TA
resulted in Nrf2 accumulation and nuclear translocation in SH-
SY5Y cells. Intracellular Nrf2 levels increased to 148%
compared to that in untreated cells (100%), and there was a 2-
fold nuclear translocation of the Nrf2 protein from the cyto-
plasm upon treatment with TA (20 mM) (Fig. 7E–G). Thus, we
speculate that TA enhances GPX4 levels, possibly via the Nrf2–
GPX4 axis.

Discussion

Ferroptosis has been identied as a signicant contributing
factor in AD pathology, and targeting ferroptosis in conjunction
with amyloid pathways through a novel and integrated
approach can effectively mitigate the multifaceted AD.49,50

Despite emerging evidence suggesting a possible link between
ferroptosis and AD, the exact nature of crosstalk remains to be
elucidated and the search for dual therapeutics presents
a formidable challenge. While EGCG has shown a better ability
to modulate pristine Ab aggregation, TA demonstrates higher
Ab aggregation modulating ability in the presence of Fe.
Although, EGCG and TA showed comparable efficacy in most of
the other studies, TA eventually emerged as the lead candidate
in the context of ferroptosis due to its binding to the activator
site of GPX4, a selenoenzyme and master regulator of the
conversion of toxic lipid peroxides to lipid alcohol. The reduced
GPX4 levels by Ab42–Fe demonstrate the interplay between
amyloid toxicity and ferroptosis and may provide the missing
link between AD and ferroptosis. Remarkably, TA acts as an
activator of GPX4 and enhances its intracellular protein levels
even under AD pathological conditions. Despite ongoing efforts
to identify ferroptosis inhibitors, advancements in the activa-
tion axis of GPX4 are still in their infancy. Fe-chelators and lipid
ROS scavengers are less selective than GPX4 activators in sup-
pressing ferroptosis mainly because GPX4 inhibition is a direct
characteristic feature of ferroptosis.41 While selenium has been
utilized to stimulate GPX4 activity and few small molecule GPX4
activators have been reported,41,42 to the best of our knowledge,
this is the rst report identifying a single multifunctional
molecule as a GPX4 activator and enhancer of its levels that can
also work via Fe-chelation and radical trapping mechanisms.
The discovery of a natural polyphenol, TA as a GPX4 activator
that ameliorates Ab induced ferroptosis holds great signicance
and this study presents new opportunities for the synergistic
inhibition of ferroptosis in AD.
Chem. Sci., 2023, 14, 9427–9438 | 9435
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Fig. 7 Protein quantification performed via IF assay and western
blotting. (A) Relative GPX4 levels monitored via IF assay with TA (20 mM)
and its (B) quantification. (C) Western blot to monitor GPX4 in the
presence of TA and its corresponding quantification (n > 3) (D). (E) Nrf2
activation by TA (20 mM) leading to its (F) accumulation and (G) nuclear
translocation (over 200 cells were quantified or N > 3 and the statistics
was performedwith Student's t-test with ****P < 0.0001) (scale bar: 30
mm).
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GPX4 levels are modulated by various transcriptional factors
such as Nrf2, mechanistic target of rapamycin complex 1
(mTORC1), and twelve channel transmembrane protein trans-
porter vector family 7 member 11 (SLC7A11)-mediated cystine
transport, among others. Nrf2 regulates the synthesis of GPX4-
related enzymes including glucose-6-phosphate dehydrogenase
(G6PD), GSH and its reductase, glutamate–cysteine ligasemodier
subunit (GCLM), thioredoxin reductase 1, SLC711, glutamate–
cysteine ligase catalytic subunit, and the peroxisome proliferator
activator receptor gamma pathway.51 Studies have shown that
cyst(e)ine activates mTORC1 and promotes GPX4 protein
synthesis.24 Pharmacological activation of mTORC1 can increase
9436 | Chem. Sci., 2023, 14, 9427–9438
GPX4 protein levels. The enzymatic degradation of GPX4 is regu-
lated by acetyl-CoA carboxylate and its inhibition can prevent
GPX4 degradation.52 Our study demonstrated that TA activates the
Nrf2 pathway in neuronal cells, leading to its accumulation and
translocation to the nucleus where it activates several antioxidant
response elements. Nrf2 has been studied to regulate ferroptosis
based on its mechanism of action in Fe/metal metabolism,
intermediate metabolism, and glutathione metabolism.53 While
certain pathways for the enhancement of GPX4 treated by TA have
been discovered, there may be additional pathways yet to be
explored that warrant further investigation. From a therapeutic
perspective, TA has the ability to modulate Ab42 and tau pathways,
reduce oxidative stress, aid in mitochondrial rescue, inhibit fer-
roptosis, and crucially activate and increase GPX4 function and
levels. This positions TA as a promising candidate for the
amelioration of both ferroptosis and AD, as well as addressing the
liaison between them.

Conclusions

The interplay between ferroptosis and AD has been studied over
the past decade. Nonetheless, the intricate nature of the mecha-
nisms involved in both conditions presents a challenge in pin-
pointing a solitary factor connecting them. This study focused on
Ab42-induced decrease of GPX4 enzyme levels as a major
contributor to ferroptosis and a missing link with AD pathology.
Despite GPX4 being a key regulator of ferroptosis, therapeutic
approaches targeting GPX4 activation to combat ferroptosis
remain largely unexplored and unsuccessful. In this work, we
discover that the natural polyphenol TA is a highly effective
inhibitor of ferroptosis. It acts through all major routes of fer-
roptosis, including Fe-chelation, inhibition of lipid peroxidation,
rescue of mitochondrial damage, and activation of the Nrf2–GPX4
axis, thereby augmenting their levels. Concurrently, TA acts as
a potent inhibitor of Ab42 and tau aggregation and effectively
modulates highly toxic Fe-induced Ab42 aggregation, reduces
oxidative stress, and combats Fe-dyshomeostasis in AD. While
GPX4 protein synthesis is highly inefficient and energetically
demanding, we demonstrated how a natural polyphenol (TA),
offers a viable solution to synergistically modulate the multifac-
eted toxicity of both ferroptosis and AD, with GPX4 activation as
one of the crucial mechanisms. This may encourage researchers
to explore nontoxic natural products for solutions and underscore
the signicance of GPX4 in effectively modulating ferroptosis as
well as elucidating its role in AD.
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All experimental data are available within the article and the
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