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A B S T R A C T   

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the build-up of extracellular amyloid 
β (Aβ) plaques and intracellular neurofibrillary tangles (NFTs). Ferroptosis, an iron (Fe)-dependent form of cell 
death plays a significant role in the multifaceted AD pathogenesis through generation of reactive oxygen species 
(ROS), mitochondrial damage, lipid peroxidation, and reduction in glutathione peroxidase 4 (GPX4) enzyme 
activity and levels. Aberrant liquid-liquid phase separation (LLPS) of tau drives the growth and maturation of 
NFTs contributing to AD pathogenesis. In this study, we strategically combined the structural and functional 
properties of gallic acid (GA) and cyclic dipeptides (CDPs) to synthesize hybrid molecules that effectively target 
both ferroptosis and amyloid toxicity in AD. This innovative approach marks a paradigm shift from conventional 
therapeutic strategies. This is the first report of a synthetic small molecule (GCTR) that effectively combats 
ferroptosis, simultaneously restoring enzymatic activity and enhancing cellular levels of its master regulator, 
GPX4. Further, GCTR disrupts Fe3+-induced LLPS of tau, and aids in attenuation of abnormal tau fibrillization. 
The synergistic action of GCTR in combating both ferroptosis and amyloid toxicity, bolstered by GPX4 
enhancement and modulation of Fe3+-induced tau LLPS, holds promise for the development of small molecule- 
based novel therapeutics for AD.   

1. Introduction 

Alzheimer’s disease (AD) is a major neurodegenerative disorder and 
a significant contributor to dementia [1–3]. It affects millions of people 
worldwide, manifesting as clinical deficit in learning and memory, as 
well as cognitive decline. AD is pathologically characterised by the 
deposition of extracellular Aβ plaques, intracellular NFTs of tau and 
associated neurodegeneration. Redox active metal ions such as, Fe3+ and 
Cu2+, and in their Aβ bound states can catalyse ROS production, leading 
to oxidative damage, accelerated Aβ aggregation, and neuro
inflammation, ultimately contributing to neurotoxicity in AD [4,5]. 
Specifically, Fe dyshomeostasis accelerates Aβ plaque formation and tau 
aggregation, exacerbating their toxic effects and fostering AD develop
ment [6]. Increased Fe3+ levels contribute to tau aggregation through 
hyperphosphorylation and by facilitating LLPS of tau, leading to NFTs 
[7,8]. Small molecules, natural products, and polymer-based inhibitors 

have shown potential in modulating tau fibrillization, while targeting 
Fe3+-induced LLPS of tau is an emerging approach [9–11]. 

Transferrin (Tf) plays a crucial role in intracellular transport of both 
Fe2+ and Fe3+ to various biological tissues, facilitating their distribution 
and utilization [12,13]. Fe3+ undergoes Fenton reaction in the presence 
of hydrogen peroxide (H2O2) generating excess ROS. This cascade of 
events leads to DNA damage, lipid peroxidation, and mitochondrial 
damage, collectively contributing to oxidative stress, inflammation, and 
neuronal death in AD [14]. Accumulation of Fe in the brain triggers a 
series of pathological processes, ultimately culminating in ferroptosis 
[15]. In principle, ferroptosis/oxytosis, a Fe-dependent cell death 
mechanism, has interconnected pathways in AD [16–18]. Cells rely on 
their innate defence mechanisms, with GPX4 as a pivotal player, to 
mitigate the detrimental effects of ferroptosis, such as lipid peroxidation 
[19,20]. GPX4 mitigates lipid hydroperoxides (LOOH) by catalysing 
their conversion into lipid alcohols using glutathione (GSH) as a 

Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid β; GPX4, glutathione peroxidase 4; LLPS, liquid-liquid phase separation; GA, Gallic acid; CDPs, cyclic 
dipeptides. 

* Corresponding author. 
E-mail address: tgraju@jncasr.ac.in (T. Govindaraju).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2024.103119 
Received 21 January 2024; Received in revised form 22 February 2024; Accepted 7 March 2024   

mailto:tgraju@jncasr.ac.in
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2024.103119
https://doi.org/10.1016/j.redox.2024.103119
https://doi.org/10.1016/j.redox.2024.103119
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Redox Biology 71 (2024) 103119

2

co-factor. In doing so, it acts as a crucial regulator that prevents 
Fe-dependent formation of toxic lipid ROS [21]. In addition to GPX4, 
other key players in the regulation of Fe3+ levels and the control of 
ferroptosis include Ferroptosis Suppressor Protein 1 (FSP1), Ferritin and 
Ferroportin (FPN) [22,23]. The intricate dynamics of Fe3+ accumula
tion, GSH depletion, reduced GPX4 activity and levels, and generation of 
LOOH predispose cells to ferroptosis. This characteristic pattern is 
notably observed in the brains of patients diagnosed with AD [24]. 
Therefore, targeting ferroptotic mechanisms holds promise for viable 
therapeutic interventions against both ferroptosis and AD [25]. 

Polyphenols like gallic acid (GA) and its derivatives are studied for 
metal chelation, antioxidant, anti-inflammatory, Aβ42 aggregation in
hibition, and neuroprotective properties [26–28]. Additionally, CDPs 
are a promising category of biologically active compounds, highly 
regarded for their antioxidant, anti-inflammatory, and neuroprotective 
properties [29]. Furthermore, their potential as brain shuttles for drug 
delivery is of significant interest [30,31]. The enhanced structural ri
gidity, molecular recognition and biocompatibility of CDPs make them 
attractive pharmacophores [9,32,33]. We rationally designed and syn
thesized hybrid molecules by strategically integrating the structural and 
functional features of GA and CDPs to enhance their multifunctional 
therapeutic properties [34]. In this study, GA was functionalized with 
CDPs derived from L-phenylalanine, L-tyrosine, L-tryptophan, and 
L-dopa, in combination with L-lysine, to obtain GA-CDP hybrid mole
cules (GCPH, GCTY, GCTR, and GCLD) (Scheme 1). These hybrids were 
strategically developed to target ferroptosis as well as Fe-dependent and 
independent amyloid toxicity in AD. Among the hybrids, GCTR 
demonstrated superior performance in terms of Fe-chelation and effec
tively inhibited the aggregation of Aβ42/Aβ42+Fe3+, the excess ROS 
production, and cytotoxicity. Notably, GCTR inhibited Fe3+-induced 
LLPS of tau, its aggregation and associated toxicity. GCTR rescued 
SH-SY5Y cells from RAS-selective lethal 3((1S,3R)-RSL3)-induced fer
roptosis, prevented mitochondrial damage, and alleviated lipid peroxi
dation. Remarkably, GCTR not only restored the enzymatic activity but 
also enhanced the cellular levels of GPX4, thereby positioning itself as a 
potential inhibitor of ferroptosis. To the best of our knowledge, this 
represents an innovative approach to simultaneously target 
Fe3+/Aβ42+Fe3+-induced ferroptosis and amyloid toxicity in AD using 
synthetic small hybrid molecules (Fig. 1). 

2. Materials and methods 

2.1. Materials and reagents 

Solvents and reagents were procured from Merck or Spectrochem 
and were used without further purification, unless otherwise specified. 
Protein expression and purification materials were obtained from 
HiMedia or Invitrogen, following the manufacturers’ instructions. The 
Glutathione Peroxidase Assay Kit was purchased from Cayman Chem
icals (Item No. 703102). 2,2-diphenyl-1-picrylhydrozyl (DPPH), 3-(4,5- 
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT), metal 
salts (FeCl3), thiobarbituric acid (TBA), butylated hydroxytoluene 
(BHT), and Atto 647 N-Nitrilotriacetic acid complexed to Ni2+ (NTA- 
Atto 647-N) were obtained from Merck Millipore, used without addi
tional purification. Isothermal titration calorimetry (ITC) measurements 
were conducted using a Malvern MicroCal-PEAQ ITC instrument. 
Absorbance and fluorescence readings in well plates were recorded with 
a Spectramax i3 (Molecular Devices) plate reader. Immunofluorescence 
studies were carried out using an Olympus Fluoview-3000 confocal laser 
scanning microscope and Leica Dmi8 fluorescent microscope with live 
cell imaging setup and analysed using ImageJ software. Dynamic light 
scattering (DLS) measurements for determining hydrodynamic diameter 
and zeta potential were performed with a Malvern Nano series light 
scattering instrument. Data analysis and plotting were carried out using 
Origin (Pro) Version 2022, and GraphPad Prism 8.0.1 software. Mo
lecular docking studies were performed using AutoDock Vina 2.0 and 
UCSF Chimera, and residual analysis of docked poses was conducted 
using Discovery Studio Visualizer (DSV). 

2.2. Design and chemical synthesis 

Rationally designed GA-CDP hybrids (GCPH, GCTY, GCTR and 
GCLD) were prepared by following the synthetic route shown in Scheme 
1 εN-Boc, αN-Boc-Lys-OH and respective amino acid esters were coupled 
using standard solution phase peptide coupling conditions to yield 
precursor dipeptides, εN-Boc, αN-Boc-Lys-(amino acid)-OMe (1a-d). The 
dipeptides 1a-d (3.9 g, 7.69 mmol) were treated with formic acid (30 
mL) for Boc deprotection and allowed to stir at room temperature for 3 h 
and monitored using thin layer chromatography (TLC). After completion 
of the reaction, as confirmed by TLC, formic acid was evaporated under 
reduced pressure, followed by co-evaporation with toluene (2 x 20 mL). 
The obtained residue was dried under a vacuum for 30 min and sub
jected to cyclization in sec-butanol (75 mL, 50 mM) under reflux 

Scheme 1. Synthesis of GA-CDP hybrids (GCPH, GCTY, GCTR, GCLD).  
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conditions at 110 ◦C until the formation of a white precipitate was 
observed [9,29,35]. 

The reaction mixture was evaporated to remove ~70% solvent under 
reduced pressure in a rotary evaporator, followed by filtration using a 
sintered funnel and washing with dichloromethane (DCM) to obtain the 
CDPs (2a-d). The amine functionality of CDPs (2a-d) was subsequently 
coupled with GA (163.32 mg, 0.96 mmol) using HBTU coupling reagent, 
and DIPEA as base in DMF, and allowed to stir for 16 h at 0 ◦C to RT. The 
purity of the obtained GA-CDP hybrids was monitored by thin layer 
chromatography (TLC), followed by evaporation of volatiles under 
reduced pressure. All the GA-CDP hybrids were purified by column 
chromatography and the integrity of the final compounds was ascer
tained by 1H NMR, 13C NMR, HR-MS, and LC-MS analysis. 

GCPH. Yield 71% (154 mg); colourless solid Rf=0.5 (MeOH/DCM =
0.5:9.5) 1H NMR (400 MHz, DMSO-d6) δppm 8.13 (s, 1H), 8.04 (s, 1H), 
7.92 (s, 1H), 7.24 (s, 2H), 7.22 (s, 2H), 7.15 (s, 2H), 7.09 (dt, J = 5.2, 2.5 
Hz, 1H), 7.07 (s, 1H), 6.90 (s, 1H), 6.79 (s, 1H), 4.17 (s, 1H), 3.55 (s, 
1H), 3.14 (s, 1H), 2.97 (s, 2H), 2.85 (s, 1H), 1.17 (s, 2H), 1.06 (s, 2H), 
0.76 (s, 2H). 13C NMR (100 MHz, DMSO-d6) 13C NMR (101 MHz) δppm 
167.6, 166.7, 14.3, 146.0, 136.7, 130.9, 128.5, 127.2, 125.7, 109.3, 
107.2, 55.9, 54.4, 38.7, 33.7, 29.4, 29.1, 21.8. HRMS (ESI-MS): m/z 
calcd for C22H24N3O6 [M − H]+ 426.1665, found 426.1670. 

GCTY. Yield 76% (175 mg); colourless solid Rf=0.4 (MeOH/DCM =
0.5:9.5) 1H NMR (400 MHz, DMSO-d6) δppm 8.46 (s, 2H), 8.11 (s, 2H), 

8.00 (s, 2H), 6.91 (d, J = 8.4 Hz, 4H), 6.65 (d, J = 8.3 Hz, 4H), 4.09 (s, 
2H), 3.53 (s, 2H), 3.05 (d, J = 10.5 Hz, 2H), 2.69 (d, J = 13.6 Hz, 2H), 
2.55 (s, 3H), 1.26 (s, 3H), 1.00 (s, 1H), 0.77 (s, 4H), 0.61 (s, 2H). 13C 
NMR (101 MHz) δppm 167.0, 156.8, 131.3, 125.5, 114.8, 55.5, 53.7, 
37.2, 33.0, 27.3, 20.9. HRMS (ESI-MS): m/z calcd for C22H24N3O7 [M −
H] + 442.1624, found 442.1644. 

GCTR. Yield 73% (185 mg); colourless solid Rf=0.4 (MeOH/DCM =
0.5:9.5) 1H NMR (400 MHz, DMSO-d6) δppm 10.89 (s, 3H), 8.09 (d, J =
11.4 Hz, 3H), 7.94 (s, 4H), 7.83 (d, J = 11.7 Hz, 1H), 7.73 (d, J = 7.3 Hz, 
2H), 7.57 (s, 3H), 7.51 (d, J = 7.4 Hz, 3H), 7.29 (s, 3H), 7.20 (s, 4H), 
7.05 (s, 6H), 6.91 (s, 6H), 4.13 (s, 3H), 3.25 (s, 5H), 3.02 (s, 3H), 2.98 (s, 
2H), 2.77 (s, 5H), 1.10 (s, 4H), 0.97 (s, 6H), 0.55 (s, 7H). 13C NMR (101 
MHz) δppm 168.2, 161.3, 146.0, 143.5, 138.5, 136.5, 128.5, 125.3, 
124.2, 123.4, 121.3, 118.8, 111.4, 109.2, 55.9, 54.4, 44.5, 37.4, 33.6, 
29.2, 21.5, 19.2. HRMS (ESI-MS): m/z calcd for C24H25N4O6 [M − H]+

465.1810, found 465.1800. 
GCLD. Yield 62% (154 mg); colourless solid Rf=0.3 (MeOH/DCM =

0.5:9.5) 1H NMR (400 MHz, DMSO-d6) δppm 8.13 – 7.92 (m, 12H), 7.73 
(d, J = 9.8 Hz, 4H), 7.52 (d, J = 8.0 Hz, 5H), 7.22 (d, J = 18.2 Hz, 7H), 
6.91 (s, 15H), 6.59 (s, 9H), 6.39 (d, J = 8.0 Hz, 3H), 6.32 (s, 3H), 4.09 (d, 
J = 29.7 Hz, 6H), 3.56 (s, 7H), 2.90 (s, 10H), 2.87 (s, 15H), 2.53 (s, 7H), 
1.29 (s, 11H), 1.19 (s, 6H), 1.17 – 1.07 (m, 9H), 0.81 (s, 12H). 13C NMR 
(101 MHz) δppm 168.2, 161.4, 146.0, 138.5, 124.5, 124.0, 123.9, 121.1, 
118.6, 115.7, 111.6, 109.3, 107.2, 56.1, 54.0, 44.7, 35.0, 33.6, 29.3, 

Fig. 1. Schematic shows the mechanism of action of GCTR in combating ferroptosis and amyloid toxicity in AD. GCTR chelates Fe3+, inhibits Aβ42/Aβ42+Fe3+

aggregation and associated toxicity, Fe3+-induced LLPS of tau and its aggregation, and lipid peroxidation. GCTR restores Nrf2 homeostasis, mitigates mitochondrial 
damage, and enhances GPX4 cellular levels. LLPS: Liquid-liquid phase separation, GPX4: Glutathione Peroxidase 4, ROS: Reactive Oxygen Species, Nrf2: Nuclear 
factor erythroid 2–related factor 2, RSL3: RAS-selective lethal 3 (Created with BioRender.com). 
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21.3. HRMS (ESI-MS): m/z calcd. for C24H25N4O6 [M + NH4]+

477.2785, found 477.2796. 

2.3. Cell culture 

SH-SY5Y cells were grown in Dulbecco’s modified Eagle medium 
(DMEM, Cat# MT-10-013-CV, Thermo Fisher Scientific, Waltham, MA) 
supplemented with 10% fetal bovine serum (FBS, Cat# 26140-079, 
Gibco), and 1% Penicillin-Streptomycin (PS, 10,000 U/mL, 
lCat#15140122), and cells were grown at 37 ◦C with 5% CO2 atmo
sphere for 24 h. Sterile T25 flasks (Eppendorf), 96-well plates (Thermo 
Fischer Scientific), and confocal dishes (SPL Lifesciences) were procured 
and used without further sterilization. 

2.4. Photophysical studies 

UV–visible spectroscopy was carried out using single beam Agilent 
8453 UV–Vis spectrophotometer at room temperature. Quartz cuvette of 
1 cm path length (1 mL) was used for the absorbance measurement (200- 
800 nm). Freshly prepared 10 mM stock solutions of the GA-CDP hybrids 
were prepared in DMSO. The Fe3+-binding properties of GA-CDP hy
brids were carried out in phosphate buffered saline (PBS) buffer (10 mM, 
pH = 7.4). Increasing concentrations of Fe3+ (0 to 15 μM) were titrated 
into the compound solutions, with 5 min incubation after each addition, 
and recorded the changes in absorbance spectra. The raw data were 
analysed using Origin (Pro) Version 2022. The changes in absorbance 
spectra of GA-CDP hybrids were recorded and analysed for their in
teractions with Fe3+. The Benesi-Hildebrand equation was employed to 
calculate the binding constant, KB. 

1
|A0 − A|

=
1

|Aα − A|
+

1
|Aα − A|KB[Q]

where, KB is the binding or association constant, and A0 and Aα repre
sent the peak absorbance of GA-CDP hybrids in the absence and presence 
of the highest concentration of Fe3+ (15 μМ). The dissociation constant, 
KD was elucidated as the reciprocal of KB. 

2.5. Isothermal titration calorimetry (ITC) measurements 

ITC measurements were carried out using a Malvern MicroCal-PEAQ 
ITC instrument. Solutions of GA-CDP hybrids and FeCl3 were prepared 
in HEPES buffer (10 mM, pH 7.4). A spinning syringe was used to inject 
26 consecutive 1.5 μL aliquots of Fe3+ into the solution of compounds to 
ensure continuous mixing. The reference power and temperature of the 
ITC cell were set at 5 cal/s and 25 ◦C, respectively. To ensure complete 
equilibration before the next injection, an interval of 150 s was main
tained between subsequent measurements. Heat of dilution was sub
tracted to correct obtained isotherms. The thermodynamic parameters 
and KD were calculated by nonlinear least squares fitting of the binding 
isotherms using a single site binding model in the MicroCal PEAQ-ITC 
analytical software. 

2.6. Aβ42 expression and purification 

Aβ42 plasmid construct was obtained from Prof. James S. Nowick, 
University of California, USA. The Aβ42 protein was expressed and pu
rified from E. coli in accordance with the protocols previously reported 
[36]. The Aβ42 plasmid was transformed into E. coli BL21 strain and 
cultured in Luria-Bertani (LB) broth at 37 ◦C with continuous shaking 
(180 rpm) overnight in the presence of ampicillin (100 μM). 1% Primary 
culture was inoculated to 1 L of LB broth pre-treated with ampicillin, 
incubated until it reaches an optical density (OD) of 0.4-0.45. This was 
followed by induction with 1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG), and further cultured for 4 h. Cells were pelleted by centrifuga
tion at 7000×g at 4 ◦C and resuspended in 10 mM Tris/HCl and 1 mM 

EDTA in water (pH 8.0). The cells were sonicated and centrifuged at 38, 
000×g to obtain the pellet, which was later resuspended in Tris buffer 
containing 8 M urea. This was followed by HPLC purification and 
lyophilization to obtain the white Aβ42 powder, which was characterised 
with MALDI and LC-MS, and stored in -80 ◦C until further use. 

2.7. Tau expression and purification 

The plasmid construct for full-length tau was procured from Dr. 
Sharad Gupta, IIT Gandhinagar, India, and was expressed and purified 
from E.coli, in accordance with the protocols previously reported [9,37]. 
Briefly, the tau plasmid was transformed into E. Coli BL21 strain and 
cultured in LB broth at 37 ◦C with continuous overnight shaking (180 
rpm), in the presence of ampicillin (100 μM) and chloramphenicol (50 
μM). Next, 1% primary culture was inoculated to 1 L of LB broth with 
antibiotics, incubated until it reaches OD of 0.6. This was followed by 
induction with 1 mM IPTG, and further cultured for 4 h. Cells were 
pelleted by centrifugation at 7000 rpm in 4 ◦C, followed by the resus
pension of pellet in 20 mM phosphate buffer (pH 7.4) and boiled to 
remove unwanted proteins. Ni-NTA affinity column chromatography 
was employed to purify the supernatant containing the tau protein. Tau 
protein was quantified by Bradford assay, characterised by SDS-PAGE 
and stored in -80 ◦C until further use. 

2.8. Fluorescent labelling of tau 

Tau was tagged with NTA-Atto 647-N, which binds to its C-terminal 
His-tag. This was achieved by incubating tau protein (50 μM) with NTA- 
Atto 647-N (50 μM) for 1 h at 37 ◦C in phosphate buffer (pH = 7.4). After 
centrifugation at 12,000 rpm for 15 min, the supernatant was collected 
for further experiments. 

2.9. Thioflavin T (ThT) fluorescence assay 

The Aβ42 peptide was dissolved in a PBS buffer (10 mM, pH = 7.4) 
containing 1% DMSO to prepare a stock solution with a final concen
tration of 10 μM. To evaluate the Aβ42 aggregation inhibition ability of 
GA-CDP hybrids, thioflavin T (ThT) assay was performed. A pre
determined quantity of Thioflavin T (ThT) was dissolved in filtered PBS 
(10 mM, pH = 7.4) to prepare a stock solution, with a working con
centration at 10 μM. Freshly reconstituted Aβ42 (10 μM) was incubated 
alone and with GA-CDP hybrids (10 μM) in PBS (10 mM, pH = 7.4) at 
37 ◦C for 48 h. Consequently, ThT (10 μM) was added to the respective 
samples and left for 10 min incubation. To monitor the tau aggregation 
kinetics, tau (10 μM) was incubated with varying concentrations of the 
GA-CDP hybrids (10, 20, 30, 40, and 50 μM) for 48 h at a temperature of 
37 ◦C. Arachidonic acid (AA) (185 μM) was used to induce aggregation 
of tau in the polymerisation buffer (20 mM PBS, 100 mM NaCl, pH 7.4, 
and 1 mM dithiothreitol). Finally, the extent of aggregation was 
measured using ThT fluorescence (λex = 440 nm and λex = 480 nm) in a 
396 well plate using multi-well plate reader. The data was plotted and 
analysed by GraphPad Prism 8.0.1 software. 

2.10. Monitoring the cellular uptake of GA-CDP hybrids 

Cells were seeded at a density of 1,00,000 cells per well in a 6-well 
plate in DMEM-F12 with 10% FBS, and 1% PS and incubated at 37 ◦C 
with 5% CO2 atmosphere for 24 h. Cells were treated with GA-CDP 
hybrids (10 μM) and incubated for 4 h under similar conditions. 
Following treatment, cells were gently rinsed with PBS and subjected to 
trypsinization. The trypsinized cells were collected in Eppendorf tubes 
and centrifuged at 2500 g for 7 min at 4 ◦C. The resulting pellet was 
gently resuspended in RIPA lysis buffer and kept for mild shaking for 30 
min at 4 ◦C. Next, ethyl acetate was added to the solution, vigorously 
shaken, and the less dense organic layer was separated, concentrated 
using a rotary evaporator, and characterized using High-Resolution 
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Mass Spectrometry (HRMS). 

2.11. (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay 

MTT assay was performed to access the cytotoxicity of GA-CDP hy
brids in SH-SY5Y cells. 20,000 cells/well were seeded in a 96-well plate 
in DMEM-F12 with 10% FBS, and 1% PS and incubated at 37 ◦C with 5% 
CO2 atmosphere for 24 h. Cells were treated with different concentra
tions of GA-CDP hybrids (10, 25, 50, 75 and 100 μM) and incubated for 
36 h under similar conditions. This was followed by the addition of 10 μL 
of MTT solution (5 mg/mL) into each well and incubation for 3 h. 
Finally, the media was removed and 1:1 DMSO-MeOH (100 μL) was 
added to dissolve the precipitate. The absorbance was measured at 570 
and 630 nm using a Spectramax microplate reader. The data was plotted 
and analysed by GraphPad Prism 8.0.1 software. 

2.12. Neuronal rescue from Aβ42/Aβ42+Fe3+-induced toxicity 

SH-SY5Y cells were cultured in 96 well plate in DMEM-F12 with 10% 
FBS, and 1% PS and incubated at 37 ◦C with 5% CO2 atmosphere for 24 
h. Subsequently, the cells were subjected to low serum conditions (2.5%) 
before treatment with Aβ42 or Aβ42+Fe, with or without a fixed con
centration (20 μM) of GA-CDP hybrids for 24 h. Neuronal rescue from 
Aβ42 or Aβ42+Fe3+-induced toxicity was assessed using an MTT assay. 
Additionally, the concentration-dependent effects of GCPH and GCTR 
on Aβ42 or Aβ42+Fe-treated cells were examined under the same 
conditions. 

2.13. Neuronal rescue from arachidonic acid (AA)-induced tau toxicity 

For monitoring cellular rescue from tau-induced toxicity, tau (5 μM) 
was incubated in the presence of AA (185 μM) alone and in the presence 
of GA-CDP hybrids for 48 h at 37 ◦C. Post incubation, the samples were 
centrifuged at 12,000 rpm for 20 min, and the pellet was resuspended in 
polymerisation buffer (20 mM PBS, 100 mM NaCl, pH 7.4, and 1 mM 
dithiothreitol). SH-SY5Y cells were treated with the aggregated samples 
and incubated for 48 h. Subsequently, an MTT assay was conducted to 
assess cellular rescue from tau-induced toxicity in the presence of GA- 
CDP hybrids. 

2.14. Neuronal rescue from Congo red (CR)-induced tau aggregates 

SH-SY5Y cells were cultured in 96 well plate in DMEM-F12 with 10% 
FBS, and 1% PS and incubated at 37 ◦C with 5% CO2 atmosphere for 24 
h. Subsequently, the cells were subjected to low serum conditions (2.5%) 
before treatment with CR (50 μM), with or without varying concentra
tions of GCTR for 24 h. Neuronal rescue from CR-induced toxicity was 
assessed using an MTT assay. 

2.15. 2,2-Diphenylpicrylhydrazyl (DPPH) radical scavenging assay 

DPPH radical quenching assay was performed to demonstrate the 
radical scavenging ability (RSA) of GA-CDP hybrids, GA, 2a and 2c. 
DPPH (100 μM) was incubated alone or with varying concentrations of 
compound (0, 2.5, 5, 7.5, 10, 20 μM) in MeOH: H2O (1:1) at 37 ◦C for 30 
min. Absorbance was measured at 540 nm using Spectramax microplate 
reader, and the data was plotted and analysed using GraphPad Prism 
8.0.1 software. 

2.16. Fe3+-ascorbate assay 

To assess the redox silencing and ROS inhibition ability of GA-CDP 
hybrids, we performed in vitro Fe3+-Ascorbate assay. Coumarin-3- 
carboxylic acid (3-CCA, 150 μM), Fe3+ (10 μM), GA-CDP hybrids, in 
the absence and presence of Aβ42 (10 μM) were incubated independently 

in PBS (10 mM, pH = 7.4) at 37 ◦C with ascorbate (200 μM). 3-CCA was 
used to assess the .OH generation which transformed from non- 
fluorescent to fluorescent, 7-OH-CCA (λex = 385 nm, λem = 450 nm). 
The fluorescence emission intensity of 7-OH-CCA was measured as a 
function of time using the Spectramax MicroPlate Reader and result was 
plotted and analysed using Origin (Pro) Version 2022. 

2.17. TBARS assay for lipid peroxidation 

In vitro lipid peroxidation assay was performed using α-phosphati
dylcholine as a model lipid and Fe2+-H2O2 ROS generating system. 
During lipid peroxidation, malondialdehyde (MDA) is commonly 
formed, which is used to estimate the extent of lipid peroxidation. MDA 
was measured using thiobarbituric acid (TBA), wherein TBA reacts with 
MDA to form thiobarbituric acid reactive substances (TBARS) with a 
characteristic absorbance at 532 nm. To a solution of Fe2+ (0.1 mM), 
α-phosphatidylcholine (10 mM), and GA-CDP hybrids (20 μM), H2O2 (1 
mM) was added, and the samples were incubated for 30 min at 37 ◦C. 
These samples were treated with TBA, and absorbance at 532 nm was 
measured. 

To assess lipid peroxidation in cells, SH-SY5Y cells (100,000 cells per 
well) were seeded in a 12-well plate and incubated for 24 h. The wells 
were treated with GA-CDP hybrids (GCPH or GCTR) at 20 μM in the 
presence of RSL3 and further incubated for 48 h at room temperature. 
After 48 h, the media was removed, and the plate was washed with cold 
PBS buffer. Cells were then scraped into 2.5% trichloroacetic acid (TCA) 
and centrifuged at 13,000 *g for 5 min. To 500 μL of the lysate super
natant, 400 μL of 15% TCA and 400 μL of 0.67% thiobarbituric acid 
(TBA) were added, followed by continuous vortexing and heating at 
95 ◦C for 8 h. The RSL3-treated cells exhibited an intense pink colora
tion, which gradually decreased in the cells treated with GA-CDP hy
brids. The solutions were cooled, followed by the addition of 3 mL 
butanol, and absorbance was recorded at 532 nm. 

2.18. Intracellular ROS measurement 

To demonstrate the ROS scavenging ability of our compounds in 
cells, 2′,7′-Dichlorofluorescin diacetate (DCFDA) assay was performed in 
cultured cells. SH-SY5Y cells were seeded in a 48-well plate (50,000 per 
well) in DMEM-F12 medium (Gibco, Invitrogen) with 10% FBS and 1% 
PS at 37 ◦C under 5% CO2 atmosphere. The cultured media was 
exchanged with low serum DMEM F12 media (2.5% FBS) and incubated 
with DCFDA (10 μM) for 30 min. The cells were washed with PBS fol
lowed by treatment with H2O2 (50 μM) alone and in the presence of 
GCPH or GCTR (10 μM) for 4 h. The media was removed, cells were 
washed with PBS buffer thrice and the total fluorescence (λem = 530 nm) 
of the entire well (in the well plate) was measured using Spectramax 
microplate reader and data was plotted and analysed by GraphPad Prism 
8.0.1 software. 

2.19. Turbidity assay 

Fe3+-induced Liquid–liquid phase separation (LLPS) of tau was 
studied in the buffer containing 10 mM HEPES, 150 mM NaCl, 10% PEG, 
0.1 mM EDTA and 2 mM DTT (pH 7.4). Fe3+(150 μM) was added, along 
with or without GA-CDP hybrids, followed by incubation at 37 ◦C for 20 
min. Turbidity measurements were conducted using a Spectramax 
microplate reader, and the data were plotted and analysed with 
GraphPad Prism 8.0.1 software. 

2.20. Confocal microscopy 

Fe3+-induced LLPS of tau was studied in the buffer containing 10 mM 
HEPES, 150 mM NaCl, 10% PEG, 0.1 mM EDTA and 2 mM DTT (pH 7.4), 
in the presence of Fe3+ and incubated for 20 min to induce LLPS. For 
inhibition studies, the tau in LLPS buffer was treated with GCTR at 

D. Padhi et al.                                                                                                                                                                                                                                   



Redox Biology 71 (2024) 103119

6

varying concentrations before the addition of Fe3+, and for control, the 
same volume of DMSO was added. Liquid droplets formed during tau 
LLPS were visualized using fluorescence microscopy, employing a 1:20 
M ratio of NTA-Atto 647-N-labeled to unlabelled tau protein. Samples 
(20 μL) were dropcasted on a glass bottom dish, covered with a micro
scopic cover glass, and sealed. Imaging was conducted with an Olympus 
FLUOVIEW 3000 microscope in DIC mode using a 63-oil immersion 
objective. Image analysis was performed in multiple areas and planes 
using ImageJ software, with mean fluorescence intensity plotted against 
the control and analysed in GraphPad Prism 8.0.1 software. 

2.21. Dynamic light scattering (DLS) 

Fe3+-induced LLPS of tau was studied in the buffer containing 10 mM 
HEPES, 150 mM NaCl, 10% PEG, 0.1 mM EDTA and 2 mM DTT (pH 7.4), 
in the presence of Fe3+ and incubated for 20 min to induce LLPS. For 
inhibition studies, the tau in LLPS buffer was treated with GCTR at 
varying concentrations before the addition of Fe3+. DLS measurements 
were analysed in the Zetasizer, Malvern Instrument. 

2.22. Neuronal rescue from RSL3-induced ferroptosis 

SH-SY5Y cells were cultured in 96 well plate using DMEM-F12 sup
plemented with 10% FBS, and 1% PS and incubated at 37 ◦C with 5% 
CO2 atmosphere for 24 h. Subsequently, the culture media was replaced 
by DMEM-F12 supplemented with 2.5% FBS and 1% PS before indi
vidual treatments with RSL3 (1 μM). Concurrently, cells were treated 
with a fixed concentration (20 μM) of either GCPH or GCTR for an 
additional 30 h. MTT assay was performed to assess the neuronal rescue 
by GA-CDP hybrids from RSL3-induced ferroptosis. Under similar con
ditions, concentration-dependent effect of GCPH or GCTR on RSL3- 
treated cells was studied. 

2.23. Mitochondrial membrane potential (MMP) measurement 

SH-SY5Y cells were seeded into 96 plates in DMEM-F12 with 10% 
FBS, and 1% PS and incubated at 37 ◦C with 5% CO2 atmosphere for 24 
h. The cells were treated with RSL3 (1 μM) alone and in the presence of 
GCPH or GCTR (20 μM) for 24 h and treated with Rho123 (500 nM) in 
media for 15 min, followed by washing twice with PBS buffer. Similarly, 

cells were treated with Aβ42 + Fe3+ (1:5) alone and in the presence of 
varied concentrations of GCTR (5, 10, and 20 μM) for 24 h followed by 
incubation with Rho123 (500 nM) in media for 15 min and washed twice 
with PBS buffer. Spectramax microplate reader was used to record 
fluorescence (λex = 508 nm and λem = 528 nm), using the well-scan 
mode (>80 points, with 6 flashes per read). To monitor changes in 
MMP, the relative fluorescence of control was compared with the 
treatments and analysed using GraphPad Prism 8.0.1 software. 

2.24. Mitochondrial ROS measurements 

SH-SY5Y cells were seeded into 96 plates in DMEM-F12 with 10% 
FBS, and 1% PS and incubated at 37 ◦C with 5% CO2 atmosphere for 24 
h. The cells were treated with RSL3 (1 μM) alone and in the presence of 
GCPH or GCTR (20 μM) for 8 h and stained with MitoSox Red (5 μM) in 
PBS buffer for 15 min followed by washing with PBS buffer thrice. The 
fluorescence was recorded using the Spectramax microplate reader in 
well scan mode (>80 points, with 6 flashes per read). To monitor ROS 

levels, the relative fluorescence of control was compared with the 
treatments and analysed using GraphPad Prism 8.0.1 software. 

2.25. Measurement of labile iron pool (LIP) 

The cells were treated with RSL3 alone and in the presence of GCPH 
or GCTR followed by staining with calcein-acetomethoxy ester (CA- 
AM). In cells, CA-AM is hydrolysed by esterases to produce calcein 
(fluorophore) in the cytosol [38]. The calcein chelates with Fe3+, 
resulting in quenching of fluorescence, which facilitates the quantifi
cation of LIP levels. In the experiment, SH-SY5Y cells were seeded onto 
confocal dishes in DMEM-F12 with 10% FBS, and 1% PS and incubated 
at 37 ◦C with 5% CO2 atmosphere for 24 h. Thereafter, cells were treated 
with RSL3 (2 μM) alone and varying concentrations of GCTR (10 and 25 
μM), followed by PBS buffer washing and staining with CA-AM for 20 
min. Cells were washed thrice with PBS and imaged in live cell set up in 
FITC channel using 63x oil immersion with Leica DMi8 fluorescence 
microscope. Image analysis was performed in multiple areas using 
ImageJ software, with normalized droplet size plotted against the con
trol and analysed in GraphPad Prism 8.0.1 software. 

2.26. GPX4 enzymatic assay 

Inhibitor Screening Assay Kit was purchased from Cayman Chem
icals, for measuring GPX4 enzymatic activity. The test facilitates the 
detection of GPX4 enzymatic activity by using a coupled reaction with 
glutathione reductase (GR). During the reaction, GPX4 reduces hydro
peroxide to produce oxidised glutathione (GSSG), which gets further 
recycled by GR and NADPH. 

The corresponding equations is depicted herein: 

ROOH+ 2GSH → ROH+GSSG + H2O  

GSSG+NADPH+H+ → 2GSH+NADP+

The oxidation of NADPH to NADP+ is marked by a reduction in 
absorbance at 340 nm (A340) due to the consumption of NADPH in 
presence of GPX4 enzyme. The rate of decrease in A340 is directly pro
portional to GPX4 activity. The % inhibition or activation of GPX4 ac
tivity was calculated by the following equation, 

2.27. RSL3 induced Nrf2 translocation to the nucleus 

SH-SY5Y cells were cultured in confocal dishes until the confluency 
reached 70%. The cells were treated with RSL3 (1 μM) independently 
and in the presence of GCTR (20 μM) and incubated for 36 h under 
ambient conditions. After 36 h, the cells were washed with warm PBS 
thrice for 5 min each, fixed with 4% PFA for 30 min, permeabilized, and 
blocked. They were then subjected to a 20 h incubation with a primary 
antibody specific to nuclear factor erythroid 2-related factor 2 (Nrf2), 
followed by a 1 h incubation with a secondary antibody labeled with 
Alexa Fluor-488 at room temperature. Subsequently, the cells were 
gently washed with PBS three times and stained with 4′,6-diamidino-2- 
phenylindole (DAPI). The fluorescence signals of Nrf2 were quantified to 
evaluate the nuclear-to-cytoplasmic Nrf2 ratio. 

2.28. Monitoring GPX4 levels in the presence of RSL3 and Aβ+ Fe3+

SH-SY5Y cells were cultured in confocal dishes until they reached a 

(Initial GPX4 enzyme activity − GPX4 activity in the presence of inhibitor or activator)
Initial GPX4 enzyme activity

∗ 100   
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confluency of 65%. Subsequently, the cells were incubated with GCTR 
(20 μM) alone or in combination with Aβ42 + Fe3+ for a duration of 30 h. 
The cells were gently washed thrice with warm PBS and fixed with 4% 
paraformaldehyde for 15 min. This was followed by washing with PBS 
twice for 5 min, followed by treatment with permeation buffer (PBS with 
0.1% Triton X-100) for 10 min. After removal of permeation buffer, the 
cells were washed thrice with PBS. Next, the fixed cells were blocked 
using 10% horse serum (HS) in PBS for 45 min at room temperature. The 
blocking solution was removed, followed by treatment with GPX4 spe
cific primary antibody (dilution 1:200) and incubated for 16 h in 4 ◦C. 
Next, the samples were washed with PBS twice, followed by treatment 
with secondary antibody conjugated to Alexa Fluor-488 for 1.5 h at 
room temperature. The cells were gently washed again and counter
stained with DAPI (1 μM) for 5 min before being imaged using a confocal 
microscope. Image analysis was performed in multiple areas using 
ImageJ software, with normalized droplet size plotted against the con
trol and analysed in GraphPad Prism 8.0.1 software. 

2.29. Partition coefficient determination 

BBB permeability of a compound is predicted by assessing the 
partition coefficient (P). We assessed the Log P value of GCTR, through 
shake flask method. To an immiscible solution of H2O and octanol (1:1), 
10 μM of GCTR was added. The solution was mixed vigorously and 
allowed to partition into two layers, while the concentration of GCTR in 
the octanol and water layer was found to be 17 μM and 3.0 μM with a 
calculated Log P value of 0.75. The positive Log P value suggests 
probable BBB crossing ability for GCTR. 

3. Results 

3.1. Fe3+ chelation by GA-CDP hybrids 

Fe3+ chelators are known for their ability to independently alleviate 
ferroptosis and oxidative stress in AD by suppressing the Fenton reaction 
triggered by excess Fe3+. However, the development of dual-function Fe 
chelators targeting both ferroptosis and AD is still in its early stages. The 
GA-CDP hybrids (GCPH, GCTY, GCTR, and GCLD) were assessed for 
their Fe-chelating abilities by UV–visible spectroscopy studies in HEPES 
buffer (10 mM, pH = 7.4). In this study, all compounds exhibited a 
significant absorption peak at 280 nm, which shifted hypochromically 
upon addition of Fe3+ (Fig. 2A and Supplemental Figs. 1A–1C). The 
Benesi-Hildebrand equation yielded KD indicating moderate affinity of 
GCPH, GCTY, GCTR and GCLD (78 ± 4 μM, 81 ± 5 μM, 50 ± 3 μM, and 
96 ± 6 μM, respectively) for Fe3+. 

ITC studies revealed the Fe3+-chelation ability and thermodynamic 
profiles of the hybrids (Supplemental Figs. 1D–1F). The isothermal 
titration calorimetry (ITC) binding isotherms fetched KD values of 187 
± 37 μM, 279 ± 18 μM and 120 ± 5.7 μM for GCPH, GCTY and GCTR, 
respectively. Similarly, the changes in ΔG were found to be -4.83 kcal/ 
mol, -6.22 kcal/mol, and -6.39 kcal/mol, respectively. Due to the 
inability to accurately fit the binding isotherm for GCLD, the extraction 
of the binding parameters was not feasible. Notably, the absorption and 
ITC studies have revealed the relatively higher potency of GCTR as an 
Fe-chelator. 

3.2. Interaction of GA-CDP with Aβ42 

The accumulation and aggregation of Aβ42 is an early event in AD 
pathology and targeting Aβ aggregation is a strategic therapeutic 
approach [39–44]. Molecular docking was performed to gain insights 
into the binding affinity and interaction of GA-CDP hybrids with Aβ42 
(-25.9 kJ/mol, -26.35 kJ/mol, -28.86 kJ/mol, and -25.94 kJ/mol, 
respectively) upon docking with Aβ42 monomers (PDB ID: 1Z0Q from 
www.rscb.org) (Supplemental Fig. 2H), which signify spontaneous and 
favourable interactions in all cases [45]. Similarly, comparable negative 

ΔG values (-26.35 kJ/mol, -25.52 kJ/mol, -27.19 kJ/mol, and -23.84 
kJ/mol, respectively) were observed for the fibrillar form of Aβ42 (PDB 
ID: 1Z0Q and 2BEG from www.rscb.org) (Supplemental Figs. 3A–3C) 
[25,46]. The docking studies revealed that GA-CDP hybrids can bind to 
both monomeric and fibrillar forms of Aβ42, with GCTR exhibiting the 
highest binding affinity. Analysis of the residues involved indicated that 
the binding of GA-CDP hybrids to Aβ42 monomers and fibrils is facili
tated by a variety of interactions, including hydrogen bonding, elec
trostatic, π-cation, π-sigma, and π-stacking interactions (Supplemental 
Figs. 3D–3G). In the case of the Aβ42 monomer, GCTR displays a π-π 
stacked interaction with the Tyr 10 moiety, which potentially impedes 
di-tyrosine crosslinking and contributes to its slightly higher binding 
affinity compared to other compounds (Fig. 2B) [47,48]. In the context 
of Aβ42 fibrils, GCTR binds to a distinct site compared to other GA-CDP 
hybrids (Fig. 2C). Aβ42 fibril formation is facilitated by a salt bridge 
formed between Asp 23 and Lys 28 [49]. Notably, GCTR forms a robust 
π-cation interaction with Lys 28, suggesting its potential to disrupt 
intramolecular salt bridge interactions in Aβ42 fibrils, which is respon
sible for the observed superior Aβ42 aggregation inhibition ability 
(Fig. 2D). Thioflavin-T (ThT) assay was employed to assess the efficacy 
of these compounds in inhibiting Aβ42 aggregation. 

3.3. Inhibition of Aβ42/Aβ42+ Fe3+ aggregation 

The ThT-based fluorescent assay demonstrated that at a concentra
tion of 20 μM, GCPH, GCTY, GCTR, and GCLD decreased Aβ42 (10 μM) 
aggregation by 46%, 40%, 51%, and 10%, respectively as shown in 
Fig. 2E. Further analysis indicated that GCTR significantly inhibited the 
aggregation by ~21%, 37%, 52%, and 80% at concentrations of 10, 20, 
30, and 50 μM, respectively. This performance superior to that of both 
GCPH and GCTY at equivalent concentrations (Supplemental 
Figs. 4A–4C). Evaluation of Aβ42 aggregation upon in the presence of 
individual components like CDPs (2a, 2c), GA and their hybrids (GCPH 
and GCTR), aggregation inhibition of ~41%, ~42%, ~34%, ~45% and 
~54%, respectively, was observed (Supplemental Fig. 4D). From this 
study, it is evident that GCTR is the most potent inhibitor of Aβ42 
aggregation. 

Fe3+ has been known to accelerate Aβ42 aggregation and exacerbate 
the associated toxicity [25,47]. GCTR demonstrated 
concentration-dependent activity against Fe3+-induced Aβ42 aggrega
tion with 45%, 56%, 67%, and 85% inhibition at 10, 20, 30, and 50 μM, 
respectively (Fig. 2F). The performance of GCTR was superior when 
compared to the other hybrids (Supplemental Figs. 4E–4F). For instance, 
GCPH and GCTY showed inhibition of ~70% and 50%, respectively, at 
concentrations of 50 μM, compared to 85% by GCTR. Similarly, the 
Fe3+-induced Aβ42 aggregation inhibition in control experiment 
involving 2a, 2c, GA, GCPH and GCTR was found to be 28%, 49%, 47%, 
32% and 54%, respectively (Supplemental Fig. 4G). The molecular 
docking and aggregation-inhibition studies emphasize the potency of 
GCTR as an effective modulator of Aβ42 and Aβ42+Fe3+ aggregation. 

3.4. Modulation of Aβ42/Aβ42+ Fe3+ toxicity 

The cellular uptake of GA-CDP hybrids was examined in SH-SY5Y 
cells using HRMS, which confirmed the ability of GA-CDP hybrids to 
effectively cross the cell membrane (Supplemental Figs. 5A and B). 
Subsequently, we meticulously assessed the cytotoxicity of GA-CDP 
hybrids before proceeding to evaluate their inhibitory potential 
against Aβ42/Aβ42+Fe3+-induced neurotoxicity in SH-SY5Y cells. In 
MTT assay, GCPH, GCTY and GCTR showed cytocompatibility up to 
100 μM in cells, while GCLD remained non-toxic up to 75 μM (Supple
mental Figs. 6A–6D). The viability reduced to 55% in cells treated with 
Aβ42 (10 μM) for 36 h. GCPH, GCTY, GCTR, and GCLD at concentrations 
of 20 μM rescued cells from Aβ42 toxicity with improved viability to 
~75%, 73%, 90%, and 64%, respectively (Supplemental Fig. 6E). The 
hybrids demonstrated a concentration-dependent activity, wherein 
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Fig. 2. Fe-chelation, in vitro and cellular Aβ42/Aβ42+Fe3+ aggregation inhibition and toxicity studies. (A) UV–visible spectra of GCTR with increasing concentrations 
of Fe3+ and binding constant derived from the plot of (1/|Ao-A|) versus 1/[Fe3+] (inset) using the Benesi-Hilderbrand equation. (B-D) Interaction between GCTR and 
amino acid residues in Aβ42 monomer (B), Aβ42 fibril (C) and amino acid residues in Aβ42 fibril (D) using molecular docking. (E) Aβ42 aggregation inhibition by GA- 
CDP hybrids (20 μM) monitored using ThT assay. (F) Dose-dependant Aβ42+Fe3+ aggregation inhibition by GCTR monitored using ThT assay. (G and H) Dose- 
dependent neuronal cell rescue by GCTR from Aβ42 (G) and Aβ42+Fe3+-induced toxicity (H). [Aβ42] = 10 μM, [FeCl3] = 10 μM, [ThT] = 10 μM. Experiments 
repeated with n = 4, Statistical analysis: one-way ANOVA, *p = 0.05). NFI: Normalized fluorescence intensity. 
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GCTR significantly outperformed GCPH by rescuing cells from Aβ42- 
induced toxicity by ~55%, 59%, 71%, and 85% at 5, 10, 15, and 20 μM, 
respectively (Fig. 2G and Supplemental Fig. 6F). 

Next, GA-CDPs were evaluated for their ability to modulate Fe3+- 

induced Aβ42 toxicity. The cells incubated with Aβ42 (10 μM) and Fe3+

(50 μM) for 36 h exhibited reduction in viability to 39%. Interestingly, 
treatment with GCPH, GCTY, GCTR, and GCLD at concentrations of 20 
μM rescued the cells from Aβ42+ Fe3+ toxicity with improved viability of 

Fig. 3. In vitro and cellular assessment of antioxidant properties of GA-CDP hybrids. (A) DPPH assay for % RSA. (B) Fe3+-ascorbate assay showing Aβ42+Fe3+- 
induced ROS quenching by GCTR. (C) DCFDA assay demonstrating the quenching of intracellular Aβ42+ Fe3+-induced ROS by GCPH and GCTR. (D) TBARS assay 
show the quenching of intracellular lipid peroxidation by GCPH and GCTR. [Aβ42] = 10 μM, [Fe3+] = 50 μM, and [GCPH] = [GCTR] = 20 μM. (E-F) Immuno
fluorescence (IF) assay to monitor RSL3 induced Nrf2 translocation to the nucleus and in the presence of GCTR (E) and its quantification (F). (Scale bar = 10 μm). 
Over 200 cells were quantified, the data between two groups were analysed by independent samples t-test, and one-way ANOVA was used to compare the means of 
three groups, *p = 0.05. RSA: Radical scavenging ability. 
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~78%, 62%, 95%, and 68%, respectively (Supplemental Fig. 6G). The 
hybrids displayed a concentration-dependent activity, wherein GCTR 
significantly outperformed other hybrids by rescuing cells from Aβ42+

Fe3+-induced toxicity by ~61%, 62%, 73%, and 90% at 5, 10, 15, and 
20 μM, respectively (Fig. 2H and Supplemental Fig. 6H). The synergistic 
effect of GCTR in Fe-chelation and inhibition of Aβ42 aggregation 
resulted in effectively mitigating the Aβ42+ Fe3+-induced cytotoxicity. 
Further to assess the possible blood brain barrier (BBB) crossing ability, 
we evaluated the partition coefficient (P) value for GCTR. The calcu
lated positive log P value of 0.75 indicated possible BBB crossing ability 
of GCTR (Supplemental Figs. 7A and 7B). 

3.5. GA-CDPs mitigate oxidative stress 

The antioxidant potential of GA-CDPs was evaluated through stan
dard radical scavenging assays. In DPPH assay, GCPH, GCTY, GCTR, 
and GCLD at concentrations of 10 μM exhibited radical scavenging ac
tivity (RSA) of 63%, 58%, 82%, and 71%, respectively, compared to 
natural antioxidant sodium ascorbate (68%) (Fig. 3A). Furthermore, a 
experiment involving 2a, 2c, GA, GCPH, and GCTR highlighted the 
superior RSA of GCTR, confirming its enhanced antioxidant potential 
compared to its individual components (Supplemental Fig. 8A). The 
Ferric-Ascorbate assay assessed the redox silencing of Fe3+ and ROS 
quenching effect of GCPH and GCTR at various concentrations (5, 10, 
15, and 20 μM) in PBS buffer (10 mM, pH = 7.4) containing FeCl3 (20 
μM). GCTR notably quenched ROS by ~80% at 20 μM, surpassing GCPH 
(65%) (Supplemental Figs. 8B and 8C), indicating its ability to stabilize 
Fe3+ in a redox-dormant state. Similarly, in an experiment mimicking 
AD-like conditions with the presence of Aβ42 (10 μM) and Fe3+, GCTR 
effectively reduced Aβ42+Fe3+-induced ROS by ~70% (Fig. 3B). Sub
sequently, DCFDA assay was performed to quantify intracellular ROS 
levels in the presence and absence of GCPH and GCTR, as assessed by 
monitoring DCF fluorescence (λem = 529 nm). Treatment of cells with 
Aβ42+Fe3+ (1:5) led to a 100% intracellular ROS generation, as 
compared to untreated cells (37%). Remarkably, treatment with GCPH 
and GCTR effectively mitigated this increase, reducing ROS levels to 
60% and 38%, respectively (Fig. 3C). These observations emphasize the 
superior activity of GCTR to silence Fe3+ redox cycle within the Aβ42+Fe 
complex and scavenge ROS production, highlighting its exceptional 
antioxidant property. 

In the context of ferroptosis and AD conditions, Fe3+-induced ROS 
via Fenton reaction led to lipid peroxidation. Modulating these adverse 
conditions is a potential therapeutic approach against ferroptosis and 
AD.44 The lipid peroxidation under Fenton conditions (Fe2++H2O2) was 
monitored using α-phosphatidylcholine as a lipid model in TBARS assay. 
The peroxidation of α-phosphatidylcholine induced by Fe2++H2O2, 
monitored by recording absorbance at 532 nm, served as the control and 
set at 100%. GCPH, GCTY, GCTR, and GCLD at 20 μM reduced lipid 
peroxidation by ~22%, 15%, 35%, and 20%, respectively (Supple
mental Fig. 8D). Subsequently, TBARS assay was performed to quantify 
lipid peroxidation in cells under ferroptosis conditions. On treating cells 
with the ferroptosis inducer RSL3, a 40% increase in lipid peroxidation 
was observed compared to untreated cells. Remarkably, GCPH and 
GCTR (20 μM) reduced lipid peroxidation by ~13% and 58%, respec
tively (Fig. 3D). GCTR exhibited an enhanced inhibitory effect in a 
cellular context, potentially involving mechanisms beyond radical 
trapping, possibly related to GPX4. 

The exceptional inhibitory efficacy of GCTR emphasizes its capacity 
for Fe3+ chelation and its potential to counteract the detrimental effects 
of lipid peroxides. In ferroptosis triggered by RSL3, Nrf2 serves as a 
crucial regulator of redox equilibrium [48,49]. Under normal condi
tions, Nrf2 is bound to KEAP1 in the cytoplasm, which under oxidative 
stress gets translocated to the nucleus [15,39,50]. In an IF assay, GCTR 
effectively reversed RSL3-induced Nrf2 nuclear translocation, restoring 
its location-specific levels to untreated cells, as measured by the ratio of 
nucleus/cytoplasm Nrf2 levels (Fig. 3E and F). A few reports have 

discussed the role of RSL3 in disrupting Nrf2 activity [51], and our study 
demonstrated the ability of GCTR to alleviate RSL3-induced oxidative 
stress in ferroptosis. 

3.6. Modulation of tau aggregation 

Dual targeting strategies for both Aβ42 and tau aggregation inhibition 
are sought after in AD therapy [52,53]. Therefore, the potency of 
GA-CDPs to target tau aggregation pathways were investigated. Molec
ular docking of these hybrids with tau protofibrils (PDB ID: 5O3T of 
www.rscb.org) showed favourable binding with calculated -ΔG values 
of -30.12, -31.79, -32.63, and -25.10 kJ/mol for GCPH, GCTY, GCTR, 
and GCLD, respectively (Fig. 4A and Supplemental Figs. 9A–9G) [9,54]. 
The binding site is similar for all the GA-CDPs which primarily involves 
interactions through hydrogen bonding and van der Waals forces. 
However, GCTR displays strong electrostatic and π-anion interactions, 
making it an effective tau binder as evident from its lowest ΔG value. In 
ThT assay, GCTR (20 μM) exhibited ~50% inhibition of tau (10 μM) 
aggregation, as compared to GCPH (~36%) and GCTY (~14%) 
(Fig. 4B). 

Next, ThT assay was performed with tau (10 μM) and varying con
centrations of GCPH and GCTR at 10, 20, 30, 40, and 50 μM, which 
revealed GCTR’s remarkable inhibition by ~26%, 52%, 74%, 84% and 
95 %, respectively. GCTR exhibited better inhibition at 50 μM (95%) 
compared to GCPH (70%) (Fig. 4C), establishing GCTR as the potent tau 
aggregation inhibitor (Supplemental Fig. 9H). Despite earlier observa
tions of Fe-induced Aβ aggregation, no significant impact on tau ag
gregation was observed during ThT assay when Fe was added at a 1:1 
ratio. The pronounced inhibitory potential of GCTR was reinforced by 
ITC studies, wherein the KD and ΔG values were found to be 9.6 μM and 
-31.08 kJ/mol respectively (Fig. 4D). Encouraged by strong inhibitory 
effects of GCTR on tau aggregation, its impact in cells was examined. 
The cells with arachidonic acid-induced tau aggregates showed reduced 
cell viability of ~66%. However, GCTR treatment at concentrations of 5, 
10, and 20 μM for 48 h restored cell viability to ~85%, 88%, and 100%, 
respectively (Fig. 4E). This confirms the ability of GCTR to inhibit tau 
aggregation and associated cytotoxicity. 

3.7. Targeting Fe3+-induced tau LLPS 

LLPS of tau triggers the formation of oligomeric tau species, which 
acts as intermediates for tau fibrillization, thus amplifying the neuro
toxicity associated with AD [7,55]. A few studies have investigated the 
pathological role of Fe3+ in enhancing LLPS of tau and we assessed the 
effect of GCPH and GCTR on Fe3+-induced tau LLPS. Initially, the 
turbidity was monitored in LLPS buffer (10 mM HEPES, 150 mM NaCl, 
10% PEG, 0.1 mM EDTA, 2 mM DTT, pH 7.4). An increase in turbidity 
was observed for 50 μM Fe3+, which attained saturation at 150 μM Fe3+, 
indicating Fe3+-induced LLPS of tau (Supplemental Fig. 10A). A similar 
experiment was performed to monitor the effect of GCPH and GCTR (20 
μM) on Fe3+-induced LLPS of tau. As expected, an increase in turbidity 
was observed in the presence of Fe3+ (150 μM) as compared to mono
meric tau, which was found to be inhibited on co-incubation with GCPH 
and GCTR (Supplemental Fig. 10B). The effective concentration for the 
inhibition of Fe3+-induced LLPS of tau was ascertained by monitoring 
phase separation with varying GCTR concentrations (0.5 to 20 μM), 
which showed a gradual decline in turbidity (Fig. 4F). To the best of our 
knowledge, GCTR is the one of its kind inhibitors of Fe3+-induced LLPS 
of tau, indicating its potential in modulating tau aggregation. 

The Fe3+-induced LLPS of tau was visualized using Atto647-labeled 
tau protein using confocal microscopy. Addition of Fe3+ (150 μM) into 
labeled tau protein (5 μM) in LLPS buffer resulted in the formation of 
phase-separated liquid droplets, which confirmed the role of Fe3+ in 
inducing LLPS of tau (Fig. 4G). Interestingly, the samples co-incubated 
with GCTR at concentrations of 0.5, 1, 2.5, and 5 μM, exhibited a 
gradual decline in the formation of phase-separated liquid droplets as 
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shown in Fig. 4G, validating the inhibitory potential of GCTR against tau 
LLPS (Supplemental Fig. 10C). DLS was employed to assess the impact of 
GCTR on the size distribution during Fe3+-induced LLPS of tau. As 
observed, incubation of tau devoid of Fe3+ exhibited a uniform droplet 
size distribution ~10 nm. However, incubation of tau with Fe3+ shifted 
the droplet size distribution to ~10 μm, indicating LLPS of tau. Inter
estingly, co-incubation of tau with varying concentrations of GCTR in 

the presence of Fe3+ and LLPS buffer resulted in a gradual decrease in 
the size (Fig. 4H). In the purview of monitoring aberrant tau aggregation 
in cells, congo red (CR) was used as an inducer of tau aggregation 
[56–58]. Treatment with CR (50 μM) led to a significant reduction in cell 
viability (~47%) compared to untreated cells. Intriguingly, 
co-treatment with varying concentrations of GCTR (5, 10, and 20 μM) 
restored cell viability to 66%, 73%, and 90%, respectively. This result 

Fig. 4. Inhibition of tau aggregation and associated toxicity by GA-CDP Hybrids. (A) Interactions between GCTR and amino acid residues in tau protofibril, using 
molecular docking. (B) ThT assay shows tau aggregation inhibition by GA-CDP hybrids (20 μM). (C) Dose-dependent tau aggregation inhibition by GCTR monitored 
using ThT assay. (D) ITC studies confirm the binding affinity of GCTR with tau. (E) Dose-dependent neuronal cell rescue by GCTR from tau aggregate. (F) Dose- 
dependent inhibition of Fe3+-induced tau LLPS by GCTR, using turbidity assay, and (G) confocal microscopy. (H) DLS studies monitor the inhibitory effect of 
GCTR on Fe3+- induced tau LLPS. [Tau] = 10 μM, [ThT] = 10 μM, [Fe3+] = 150 μM, LLPS buffer, i.e., 10 mM HEPES, 100 mM NaCl, 10% PEG. (Scale bar = 5 μm). 
Experiments were repeated with n = 4 and one-way ANOVA was used to compare the means of three groups, *p = 0.05. 
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highlights the inhibitory ability of GCTR against the formation of 
aberrant tau aggregation in cellular contexts (Supplemental Fig. 10D). 
These findings highlight dual capacity of GCTR for Fe3+ chelation and 
tau binding, contributing to its inhibitory effects on Fe3+-induced LLPS 
of tau and tau aggregation. 

3.8. Alleviating ferroptosis in cells 

The Fe3+-chelation, Aβ42 aggregation inhibition, and antioxidant 
potential of GA-CDPs prompted their evaluation for mitigating ferrop
tosis in cells. To address this, 2a, 2c, GA, GCPH and GCTY were eval
uated for their ability to rescue SH-SY5Y cells from RSL3-induced 
ferroptosis. On treatment of cells with RSL3 (500 nM), the viability 
reduced to ~40%. However, co-incubation with 2a, 2c, GA, GCPH and 

GCTY resulted in cellular rescue of 48%, 52%, 47%, 58% and 77%, 
respectively, which revealed an improved inhibition of ferroptosis by 
GCPH and GCTR, as compared to their individual components (Sup
plemental Fig. 11A). Furthermore, treating cells with varying concen
trations of GCPH and GCTR (10, 25, and 50 μM) revealed the excellent 
ability of GCTR to rescue cells from RSL3-induced ferroptosis, achieving 
~100% cell rescue at 50 μM (Fig. 5A and Supplemental Fig. 11B). 
Excessive ROS in ferroptosis disrupts mitochondrial function and 
membrane integrity, emphasizing the importance of mitochondrial 
protection and redox balance for AD therapy [59]. As evidenced by 
Rho123 emission, treating SH-SY5Y cells with RSL3 (1 μM) reduced 
MMP to ~76%, while treatment with GCPH and GCTR at 20 μM 
restored MMP to 88% and 95%, respectively (Fig. 5B). The presence of 
Aβ42 + Fe3+ induces significant mitochondrial changes, exacerbating 

Fig. 5. Cellular studies and GPX4 enzymatic assay show GCPH and GCTR as ferroptosis inhibitors. (A) Dose-dependent neuronal cell rescue by GCTR from RSL3 
induced toxicity. (B) Mitochondrial Membrane Potential (MMP) is monitored with GCPH and GCTR, using Rho123. (C) Intracellular mitochondrial ROS quenching 
by GCTR, using MitoSOX in RSL3-treated cells. (D and E) Monitoring labile iron pool (LIP) levels, using Calcein-AM (D) and its quantification (E) [RSL3] = 2 μM, 
[GCPH] = [GCTR] = 20 μM. (F) Monitoring GPX4 activity modulation in the presence of RSL3 treated with GCPH and GCTR. (G and H) Monitoring GPX4 activity on 
increasing concentrations of RSL3 and GCTR (20 μM) (G), and its IC50 plot (H). (I) Restoration of GPX4 activity in the presence of GCTR. (Scale bar = 25 μm). Over 
200 cells were quantified, the data between two groups were analysed by independent samples t-test, and one-way ANOVA was used to compare the means of three 
groups, *p = 0.05. 
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oxidative stress and disrupting cellular homeostasis. Similarly, 
Aβ42+Fe3+ treatment resulted in a reduction of MMP to 67%. Notably, 
the addition of GCTR at concentrations of 5, 10, and 20 μM effectively 
restored MMP to 80%, 89%, and 95%, respectively (Supplementary 
Fig. 10C). These findings underscore the promising effect of GCTR in 
preserving mitochondrial health. Similarly, MitoSox was used to mea
sure the mitochondrial ROS levels under ferroptosis. Treating cells with 
RSL3 (1 μM) increased mitochondrial ROS levels by ~1.5 times as 
compared to untreated cells (100%). However, treatment with GCTR 
(20 μM) completely reduced ROS levels, making them comparable to 
those of untreated cells (Fig. 5C). These findings emphasize the potential 
of GCTR in preserving mitochondrial integrity during ferroptosis. 
Elevated labile iron pool (LIP) in ferroptosis exacerbates oxidative stress 
and lipid peroxidation, thereby intensifying the pathogenesis [60]. 

To measure LIP in ferroptosis, we employed a cell-based assay with 
the Fe chelator calcein-AM (CA-AM), utilizing calcein (CA) fluorescence 
as quantitative measure of cellular free Fe levels. Cells treated with RSL3 
(2 μM) exhibited reduced CA fluorescence (48%) compared to healthy 
cells (100%). However, co-treatment with GCTR at 5, 10, and 20 μM 
concentrations gradually restored CA fluorescence, highlighting the 
effectiveness of GCTR in arresting excessive LIP due to its excellent Fe- 
chelating property (Fig. 5D and E). Cumulatively, these results affirm 
GCTR as an effective inhibitor of ferroptosis. 

3.9. GCTR restores GPX4 activity 

In ferroptosis and AD conditions, the activity and levels of GPX4 are 
compromised [61,62]. Thus, we monitored the effect of GA-CDPs 
(GCPH and GCTR) on the enzymatic activity of GPX4 by utilizing the 
GPX4 Inhibitor Screening Assay Kit (Cayman Chemical, USA). A refer
ence kinetic curve for GPX4 activity was established through a gradual 
decline in absorbance over time. In the presence of RSL3 (20 μM) GPX4 
activity reduced by ~22%, which is in accordance with the previous 
reports from literature [25]. It is noteworthy that GCPH and GCTR (20 
μM) reversed this inhibition by 2.7% and 10.1% respectively (Supple
mental Fig. 11D), suggesting the significant modulatory activity of 
GCTR (Fig. 5F). 

Next, we performed concentration-dependent inhibition of RSL3- 
induced GPX4 activity by RSL3, which revealed IC50 of 12.42 μM 
(Supplemental Figs. 11E and 11F). In the presence of GCTR (20 μM), the 
IC50 of RSL3 increased to 22.08 μM (Fig. 5G) indicating a ~29% 
reduction in GPX4 inhibition (Fig. 5H). Further, a concentration- 
dependent study (10 to 50 μM) demonstrated a significant restoration 
of GPX4 activity at 50 μM of GCTR, highlighting its potency to restore 
GPX4 function against the harmful effects of RSL3 (Fig. 5I). Therefore, 
GCTR emerged as a trojan horse, alleviating the pathological features of 
ferroptosis by restoring GPX4 enzymatic activity and protecting cells 
from RSL3-induced toxicity. 

3.10. GCTR enhances GPX4 levels 

Ferroptosis induced by Aβ42+Fe3+ results in elevated ROS produc
tion, lipid peroxidation, and neuronal impairment. We evaluated the 
influence of GCTR on cellular GPX4 levels through IF assay and western 
blot analyses. The treatment of SH-SY5Y cells with Aβ42+Fe3+ sub
stantially reduced GPX4 levels to ~55% compared to healthy cells 
(100%), indicating the induction of ferroptosis under AD conditions. 
Interestingly, treating SH-SY5Y cells under Aβ42+Fe3+ toxicity with 
GCTR significantly enhanced GPX4 levels by ~1.55 fold, emphasizing 
its ability to enhance GPX4 levels in the context of AD (Fig. 6A and B). 
Remarkably, cells treated with GCTR alone also increased GPX4 levels 
by ~1.6 fold, reaffirming its role as a potent GPX4 enhancer in cellular 
contexts. To further elucidate the expression of GPX4 in presence of 
GCTR, western blot analysis was performed. The results revealed that 
GPX4 expression was significantly increased by ~1.68 fold, as compared 
to untreated cells, corroborating our earlier observations (Fig. 6C and 

D). These results underscore the potential of GCTR as a formidable 
enhancer of GPX4 levels, suggesting its therapeutic relevance in miti
gating ferroptotic processes associated with AD. Encouraged by these 
observations, we investigated the influence of GCTR on cellular GPX4 
levels in the presence of RSL3. The treatment of cells with RSL3 (1 μM) 
significantly reduced GPX4 levels to ~55%. However, co-treatment with 
GCTR markedly elevated GPX4 levels by ~1.5 fold compared to healthy 
cells (100%) (Supplemental Figs. 12A and 12B). These findings 
emphasize the potential of GCTR to enhance cellular levels of GPX4, 
thereby demonstrating its ability to ameliorate Aβ42+Fe and RSL3- 
induced ferroptosis. This dual function positions GCTR as a promising 
modulator that addresses both ferroptosis and AD pathologies. 

4. Discussion 

Dyshomeostasis of Fe and its abnormal redox cycling can lead to 
ferroptosis, a programmed cell death pathway dependent on Fe, which is 
a key pathological process in many neurodegenerative diseases 
including AD [43,62]. The complex interplay between ferroptosis and 
AD presents a significant challenge, emphasizing the urgency to trans
late mechanistic insights into effective therapeutic strategies. Our study 
focuses on designing and synthesizing hybrid molecules that synergis
tically target ferroptosis and its ramifications in AD, exemplified by 
GCTR, a unique small molecule inhibitor. In ferroptosis, labile Fe serves 
a pivotal role in both enzymatic and non-enzymatic lipid peroxidation. It 
acts as a cofactor for lipoxygenase (LOX) enzymes, facilitating the 
oxidation of polyunsaturated fatty acids. Elevated Fe levels trigger the 
Fenton-type reaction, intensifying nonenzymatic lipid peroxidation and 
leading to ferroptotic cell death [63,64]. The Fe3+ chelation ability and 
antioxidant properties, of GCTR contribute to its excellent potency to 
inhibit lipid peroxidation, providing cellular defence against oxidative 
damage, thereby inhibiting ferroptosis. GCTR effectively keeps the 
labile iron pool (LIP) under check, and effectively mitigates lipid per
oxidation in ferroptosis. Aβ42 aggregates disrupt cellular membranes, 
forming pores that foster unregulated ion influx, especially Ca2+, ulti
mately triggering cell death in AD [65]. The imbalance of Fe regulation 
in AD intensifies the accumulation and harmful effects of Aβ42 aggre
gation. Iron binds to specific amino acid residues, including Asp, Glu, 
and His, within Aβ42, which contributes to the Fenton reaction and 
subsequent oxidative damage and amplified Aβ42 aggregation [66]. In 
this context, GCTR inhibits Aβ42/Aβ42 + Fe3+ aggregation, owing to its 
high Fe3+-chelation potency. Molecular docking and residue analyses 
unveil its enhanced inhibitory ability fostered by π-cation interactions 
with Lys 28, plausibly disrupting the salt bridges involved in Aβ42 
fibrillization. 

While molecules have been developed to control elevated Fe levels 
and lipid ROS, their success in addressing ferroptosis and AD remains 
limited. Notably, depletion of GPX4 activity and levels contributes to 
cell death under ferroptosis conditions, emphasizing the need for the 
development of effective GPX4 modulators. GPX4, a crucial ferroptosis 
regulator, fosters the conversion of toxic lipid peroxides to non-toxic 
lipid alcohols via system Xc-mediated GSH synthesis. The pathological 
nexus of ferroptosis and AD is exacerbated by reduced GPX4 levels in the 
presence of Aβ42+Fe3+. The exact mechanism of action for Aβ42+Fe3+

reducing GPX4 levels is not fully known, but it is likely that exacerbation 
in oxidative stress and ferroptosis induction are involved. Aβ42+Fe3+

contributes to elevated oxidative stress, substantial increase in lipid 
peroxidation, disruption of mitochondrial membrane and its function, 
which could plausibly result in depletion of GPX4 levels. GCTR 
remarkably restores GPX4 activity and enhances protein levels under AD 
conditions, offering a comprehensive strategy to combat ferroptosis and 
amyloid toxicity. The intricate regulation of GPX4 protein synthesis 
involves key players, including the light chain subunit solute carrier 
family 7 member 11 (SLC7A11)-mediated cystine uptake and the 
mechanistic target of rapamycin complex 1 (mTORC1). Cysteine, a 
crucial factor in this network, activates mTORC1, facilitating GPX4 
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Fig. 6. GCTR enhances GPX4 cellular levels. IF study to monitor GPX4 levels in Aβ42+Fe3+-treated cells in the absence and presence of GCTR (A) and its quanti
fication (B). (C) Western blot analysis to monitor the effect of GCTR on GPX4 levels, and its quantification (n = 3) (D). (Scale bar = 25 μm). Over 200 cells were 
quantified, the data between two groups were analysed by independent samples t-test, and one-way ANOVA was used to compare the means of three groups, *p 
= 0.05. 
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protein synthesis through the Rag-mTORC1-4EBP signalling axis [67]. 
Another regulatory mechanism involves upregulation of heat shock 70 
kDa protein 5 (HSPA5), orchestrated by activating transcription factor 4 
(ATF4), which inhibits GPX4 degradation through direct interaction 
[68]. While multiple pathways regulate GPX4 protein synthesis, the 
precise mechanism by which GCTR enhances GPX4 levels remains a 
focus for future investigations, and potential mechanisms for GPX4 en
hancers are still in infancy. GCTR’s potential antioxidant properties play 
a pivotal role in mitigating the detrimental effects of excessive ROS 
during ferroptosis and help preserve the antioxidant potential of GPX4. 
By neutralizing surplus ROS, GCTR provides overall cellular defence 
against oxidative stress and prevents GPX4 degradation during ferrop
tosis. Enhancers of GPX4 may foster cysteine uptake, support system 
Xc-mediated glutathione (GSH) synthesis, a critical factor in GPX4 
synthesis [69]. The regulatory role of acetyl-CoA carboxylase (ACC) in 
GPX4 enzymatic degradation suggests that GPX4 enhancers may operate 
through ACC inhibition [70]. Additionally, influencing the mevalonate 
(MVA) pathway, indirectly promotes GPX4 expression by regulating 
selenocysteine tRNA, vital for GPX4 synthesis [71]. Nevertheless, a 
deeper understanding of the metabolic underpinnings of GPX4 en
hancers is necessary to harness their full pharmacological potential to 
tackle ferroptosis. 

Intracellular phase separation of tau leads to the formation of 
metastable subcellular foci with high local concentrations of tau, pro
moting subsequent tau aggregation [55]. Dysregulated Fe3+ levels can 
enhance LLPS of tau, which lowers the critical concentration required 
for droplet formation and promotes tau aggregation [8]. GCTR has the 
potential to specifically target Fe3+-induced LLPS of tau, effectively 
averting subsequent tau fibrillization and cellular toxicity. Owing to its 
dual capability for Fe3+-chelation and tau binding, GCTR emerges as an 
innovative and effective small molecule-based therapeutic approach 
against tauopathies associated with AD. Combining the indole group of 
tryptophan with small molecules has proven effective in inhibiting Aβ42 
and tau in both in vitro and in vivo studies. Various hybrids, such as 
naphthoquinone-tryptophan and tryptophan-galactosylamin conju
gates, have demonstrated anti-amyloidogenic properties by significantly 
inhibiting and disrupting preformed fibrillar aggregates [72–74]. Plau
sible mechanisms contributing to their inhibitory activity include dis
rupting β-sheet formations, metal chelation, radical scavenging, 
regulating cellular signalling, and stabilizing non-toxic conformations of 
Aβ42 and tau. In this context, the tryptophan-based hybrid, GCTR, sur
passes its individual components (GA and CDP) and other hybrids. 
GCTR effectively addresses the surge in LIP, quenches toxic lipid per
oxides, inhibits Aβ42 and tau aggregation, mitigates oxidative stress and 
mitochondrial dysfunction, enhances GPX4 levels, and prevents 
Fe3+-induced LLPS of tau and its fibrillization. GCTR stands out as a 
first-of-its-kind small molecule-based hybrid, demonstrating focused 
and effective inhibition of ferroptosis and amyloid toxicity in the context 
of AD. 

5. Conclusion 

In summary, this study introduces GCTR as the first small hybrid 
molecule that dually mitigates the nuanced interplay between ferrop
tosis and amyloid toxicity in AD, based on its mechanism of action in 
restoring GPX4 activity and enhancing its cellular levels. Additionally, 
GCTR demonstrates a novel ability in ameliorating Fe3+-induced LLPS 
of tau. In essence, GCTR emerges as a potent small hybrid molecule, 
strategically positioned to disrupt the pathological symbiosis between 
ferroptosis and AD. This study provides a basis for the future of inno
vative drug discovery, promising novel small molecule-based drugs 
targeting these complex pathological pathways. 
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Karstedt, A.J. García-sáez, Ferroptotic pores induce Ca 2 + fl uxes and ESCRT-III 
activation to modulate cell death kinetics, Cell Death Differ. 28 (2021) 1644–1657, 
https://doi.org/10.1038/s41418-020-00691-x. 

[66] F. Bousejra-elgarah, C. Bijani, Y. Coppel, P. Faller, C. Hureau, Iron(II) binding to 
amyloid-β, the alzheimer’s peptide, Inorg. Chem. 50 (2011) 9024–9030. 

[67] Y. Zhang, R. V Swanda, L. Nie, X. Liu, C. Wang, H. Lee, G. Lei, C. Mao, P. Koppula, 
W. Cheng, J. Zhang, Z. Xiao, L. Zhuang, B. Fang, J. Chen, S. Qian, B. Gan, mTORC1 
couples cyst(e)ine availability with GPX4 protein synthesis and ferroptosis 
regulation, Nat. Commun. 12 (2021), https://doi.org/10.1038/s41467-021-21841- 
w. 

[68] S. Zhu, Q. Zhang, X. Sun, H.J.Z. Iii, M.T. Lotze, R. Kang, D. Tang, HSPA5 regulates 
ferroptotic cell death in cancer cells, Cancer Reserach 77 (2017) 2064–2077, 
https://doi.org/10.1158/0008-5472.CAN-16-1979. 

[69] L. Liu, N. Lian, L. Shi, Z. Hao, K. Chen, Ferroptosis : mechanism and connections 
with cutaneous diseases, Front. Cell Dev. Biol. 10 (2023) 1–16, https://doi.org/ 
10.3389/fcell.2022.1079548. 

[70] K. Shimada, R. Skouta, A. Kaplan, W.S. Yang, M. Hayano, S.J. Dixon, L.M. Brown, 
C.A. Valenzuela, A.J. Wolpaw, B.R. Stockwell, Metabolic regulation of ferroptosis, 
Nat. Chem. Biol. 12 (2016), https://doi.org/10.1038/nchembio.2079. 

[71] G.J. Warner, M.J. Berry, M.E. Moustafa, B.A. Carlson, D.L. Hatfield, J.R. Faust, 
Inhibition of selenoprotein synthesis by selenocysteine tRNA [ ser ] sec lacking 
isopentenyladenosine, J. Biol. Chem. 275 (2000) 28110–28119, https://doi.org/ 
10.1074/jbc.M001280200. 

[72] V.G. Krishnakumar, A. Paul, E. Gazit, D. Segal, Mechanistic insights into peptide 
fibrils by Naphthoquinone- Tryptophan hybrids, Sci. Rep. (2018) 1–12, https://doi. 
org/10.1038/s41598-017-18443-2. 

[73] A. Paul, M. Frenkel-pinter, D.E. Alvarez, G. Milordini, E. Gazit, E. Zacco, D. Segal, 
Tryptophan-galactosylamine conjugates inhibit and disaggregate amyloid fibrils of 
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