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Abstract Amidst the tangled web of neurons, antioxidants stand as silent sentinels, shielding the deli-

cate threads from the raging storm of oxidative stress in the realm of neurological affliction. Herein, we

showcased an innovative design strategy to develop a novel powerful antioxidant small molecule (AOX),

designed with the synergistic integration of EGCG (epigallocatechin gallate), gallic acid, and coupled

with the metal-chelating capabilities of 8-hydroxy quinoline functional moieties that exhibit multifunc-

tional activity in combating oxidative stress via activating the anti-oxidative, anti-apoptotic and anti-

inflammatory activity, showcasing the potential for a transformative impact in neuroprotection

from oxidative insults. Our work addresses oxidative stress in neuronal systems by providing a thorough

examination of oxidative stress caused by hydrogen peroxide in PC12 cell line-derived neurons by shed-

ding light on the antioxidative mechanisms orchestrated by our novel small molecule. Particularly our

designed molecule (AOX) provides neuroprotection by mitigating mitochondrial impairment and acti-

vating the Nrf2/ARE (nuclear factor erythroid 2-related factor 2/antioxidant response element) pathway

and it also demonstrates remarkable resilience against neuroinflammation, as evidenced by minimal

alterations in neuroinflammatory markers such as GFAP, IBA1, and S100b in a transient bilateral com-

mon carotid artery occlusion (tBCCAO) ischemic stroke model.
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1. Introduction

A major and expanding global health concern is neurodegenera-
tive disorders (NDDs), which are predominantly defined by the
progressive loss of neuronal structure and function in specific
regions of the brain. Prominent examples of such disorders
encompass Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), Multiple Sclerosis (MS), and Amyo-
trophic Lateral Sclerosis (ALS) impacting millions of people
globally and causing significant financial and psychological
hardships. Despite the existence of numerous approved medica-
tions for addressing NDDs, the majority merely alleviate associ-
ated symptoms and do not possess the ability to reverse the
complications1. The exact cause of most NDDs is largely unclear,
stemming from multifactorial origins. Increasing evidence sug-
gests that the progression of neuron and glial degeneration
involves oxidative damage, mitochondrial dysfunction, and
disruption of calcium homeostasis. However, the link between
oxidative stress and the advancement of several NDDs arises from
an imbalance in pro-oxidant/antioxidant equilibrium, resulting in
the production of harmful reactive oxygen species (ROS) for
neurons and glial cells2,3. A healthy cell is defined by a balance
between the generation of ROS (superoxide, hydrogen peroxide,
hydroxyl radical, hydroxyl ion, and nitric oxide) and the capacity
to remove them. Thus, a need for the removal of ROS by anti-
oxidants has a significant impact on controlling cell signalling and
function. The capacity of each of these ROS to harm cellular
components is determined by their chemical reactivity and the
location of synthesis inside the cell4,5. Mitochondria are the pri-
mary cellular contributors of ROS, producing superoxide radicals
and hydrogen peroxide during oxygen consumption. Various sites
within the mitochondrial electron transport chain, such as NADH-
ubiquinone oxidoreductase in complex I, the coenzyme Q pool,
and complexes II and III, contribute to superoxide production6. In
addition to their distinct disease characteristics, NDDs exhibit
various shared pathophysiological mechanisms, including those
influenced by inflammation, immune exhaustion, and compromise
of the neurovascular unit, akin to stroke. The presence of stroke
often coincides with several NDDs, including AD, PD, and MS,
thereby heightening the risk of neurodegeneration7. This leads to
mechanisms such as increased H2O2 release that cause oxidative
damage and neuronal cell death8.

Chemical species known as free radicals are defined by their
reactive nature and the presence of an unpaired electron in their
outer orbit. Simultaneously, they also exhibit the ability to exist
independently. ROS are oxygenated molecules that are both free
radical and non-free radical, such as hydroxyl radical ($OH), singlet
oxygen (1/2 O2), superoxide (O2

$e), and hydrogen peroxide
(H2O2)

9. These reactive species contribute to oxidative stress and
redox imbalance. Their generation is inherent in metabolic pro-
cesses and exposure to environmental oxidants, includingmicrobial
infections, physical activity, and pollutants. Free radical damage in
oxidative stress has been shown to have a role in the pathogenesis
and pathophysiology of many chronic health conditions, including
NDDs10. Briefly, ROS from subcellular organelles can target

biomolecules and pathways, leading to neuronal dysfunction and
associated NDDs. For instance, ROS like $HO and O2

$e catalyse
lipid peroxidation, while highly reactive molecules like $OH and
O2

$e induce DNA damage and impact the DNA damage response
(DDR). Moreover, these ROS can damage proteins, disrupting co-
valent bonds, and thereby destabilizing them11. Fortunately, our
body possesses a defence system against these harmful molecules
and ions known as antioxidants. The antioxidant defence system
comprises enzymes like superoxide dismutase, and catalase, and
non-enzymatic antioxidants such as glutathione, vitamin E, and
vitamin C, which work synergistically to protect cells from the
damaging effects of free radicals and ROS. In addition, high con-
centrations of transition metals such as copper (Cu), iron (Fe), and
Zinc (Zn) in the brain are essential for cellular processes, metal-
loenzyme activity and synaptic neuronal activity12. It is widely
acknowledged that metal imbalance plays a major role in the
development of numerous neurodegenerative illnesses, including
PD, AD, and MS13. Increased concentrations of redox-reactive
metal ions, such Cu and Fe, in the brain, can instigate the genera-
tion of ROS, resulting in lipid peroxidation and the formation of
toxic reactive aldehyde products (malondialdehyde and 4-hydroxy-
2-nonenal, 4-HNE)14. These elevated redox-reactive metal ions in
the brain induce cellular damage and neuronal toxicity, disrupting
proteasomal protein degradation and promotingmisfolding, thereby
resisting degradation.Misfolded proteins aggregate and accumulate
as a result of the interaction between metal and proteins, across
various brain regions, resulting in neurotoxicity, neuronal
dysfunction, and cell death15. This suggests that dysregulation of
metal homeostasis, along with ROS generation and metal
ioneprotein interactions, contributes to the pathogenesis of
neurodegenerative diseases16e19. Consequently, therapeutic agents
with multi-targeting properties, encompassing metal chelation,
antioxidant, and neuroprotective effects, hold promise for restoring
metal balance and reducing neurotoxicity in neurodegenerative
diseases.

In summary, the emergence of AOX marks a significant
breakthrough in therapeutic intervention, poised to revolutionize
the landscape of neuroprotection by offering a formidable defence
against metal and ROS-induced neurotoxicity. With its unparal-
leled ability to rejuvenate neurons, regulate metal homeostasis,
and mitigate oxidative stress, AOX holds immense promise for
preserving neuronal integrity and fostering sustained well-being in
individuals afflicted by neurodegenerative disorders. Additionally,
AOX has shown promising results demonstrated by its encour-
aging outcomes in in vivo experiments conducted in the tBCCAO
model of ischemic stroke. Its multifaceted approach makes it a
promising molecule in combating the detrimental effects on
neuronal health both in vivo and in vitro model.

2. Results and discussion

2.1. Design strategy, synthesis, and characterization of AOX

Our design strategy is based on the metal chelation, antioxidant,
and enhancement of neuronal outgrowth to recover the neurons
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from oxidative stress mediated neurodegenerative diseases
(Scheme 1A). According to our rational design, the development
of antioxidant multifunctional agent (AOX) is based on majorly
four important aspects. First, due to its multifunctional qualities,
including a range of bioactivities and therapeutic potential, the
hydroxyquinoline derivative 8-hydroxy quinoline (8HQ) is the
most intriguing moiety to be investigated20. Among seven
isomeric monohydroxy quinolines, 8HQ is the only one able to
use chelation to create compounds with divalent metal ions.
Consequently, we employed 8HQ as a strong chelator that might
help to restore metal balance and be helpful in treating neuro-
logical illnesses linked to metal imbalance. Second, polyhydroxy
phenolic compound gallic acid (GA) and its derivatives have a
remarkable neuroprotection against oxidative damage caused by
ROS21. The studies indicate that gallic acid is effective against a
wide range of diseases like cardiovascular diseases22e24, liver
diseases25, inflammation26, and neurodegenerative diseases27,28.
Third, the benefits of polyphenols, especially their active
component EGCG, have drawn significant interest in them as a
possible therapeutic agent for avoiding cancer, inflammatory dis-
eases, and neurological disorders29,30. Their anti-inflammatory,
anti-carcinogenic, anti-apoptotic, antioxidant, and radical scav-
enging qualities are primarily responsible for this capacity. It has
been demonstrated that EGCG exhibits potential effects in the PD,
including the attenuation of apoptosis, the suppression of ROS and
free intracellular calcium build up, the modification of signalling
pathways, and the reduction of nitric oxide levels and ROS31.
While in the case of AD, it has been seen that there is a sup-
pression of tau protein phosphorylation, a reduction in the syn-
thesis of beta-amyloid, a promotion of beta-amyloid breakdown, a
decrease in beta and gamma secretase activity, and a higher level
of alpha secretase activity32. Fourth and most importantly, neurite
loss is one of the major and serious characteristic features of
neuronal injury. In addition to neuroprotection, normal physio-
logical functioning in the wounded brain must be restored by

reorganizing the lost neural network. It has been proposed that
brain function recovery requires the regeneration of the neuronal
and synaptic networks in the injured brain33. Although the central
nervous system’s (CNS) irreversible nerve regeneration process, it
has recently been shown that damaged neurons can actively
recover when stimulatory chemicals like nerve growth factor
(NGF) and brain-derived neurotrophic factor are present
(BDNF)33e35. Furthermore, additional data suggests that sub-
stances able to improve neurotrophic factors’ ability to promote
neurite outgrowth may be helpful in the treatment of neurological
conditions including Parkinson’s disease and Alzheimer’s disease.
According to a recent study, in PC12 cells, EGCG by itself
enhanced NGF-induced neurite outgrowth36. Nobiletin flavonoid
has shown neurite outgrowth in PC12-derived cells37. For this, we
incorporated the polyhydroxy phenols in the AOX to adopt the
antioxidant property along with neuronal outgrowth capability to
recover and restore the neuronal function in the brain. We antic-
ipated that these multifunctional therapeutic agent AOX would
inherit the antioxidant, neuronal outgrowth, and neuroprotective
properties of polyphenols from one end and the potential to
modulate protein aggregation and metal chelation from the other
end. Thus, the molecule AOX is expected to regulate metal ho-
meostasis, metal, and ROS inducing toxicity and prevent neuronal
death from ROS. The multifunctional AOX was synthesized
(Scheme 1B) through a three-step reaction. In the first step,
8-hydroxyquinoline-2-carbaldehyde (Intermediate-1) was synthe-
sized from 2-methylquinolin-8-ol using SeO2. In the second
step, 2-(bis(2,3,4-trimethoxyphenyl) methyl) quinolin-8-ol
(Intermediate-2) was synthesized by using polyphosphoric acid
and the mechanism of this coupling reaction of
8-hydroxyquinoline-2-carbaldehyde and trimethoxybenzene are
shown in Supporting Information Fig. S1. In this mechanism, the
initial reaction of a suitable electron-rich species, trimethox-
ybenzene (A1), with carbonyl substrate (Intermediate-1), stimu-
lated through protonation by polyphosphoric acid (A2), results in
the formation of the adduct D from the previously produced B and
C. Simultaneous nucleophilic C-2 reaction by A1 results in the
intermediate F, which following deprotonation provides product
Intermediate-2 through previous literature as cited that aldehyde
coupling with phenolic compounds yields para-substituted prod-
ucts under acidic conditions38,39. However, this study differs in its
choice of starting material, employing 1,2,3-trimethoxybenzene,
and the mechanism diverges from that of phenolic compounds.
Here, the methoxy group with less hindered side participates in
electron donation, resulting in different product formation, as
confirmed by 1H NMR analysis. Furthermore, have proposed that
nanoparticle-modified polyphosphoric acid facilitates aldehyde-
trimethoxybenzene coupling40. The plausible mechanism of
Intermediate-2 (Fig. S1 in ESI) elucidates the compound’s for-
mation. Finally, the product AOX was synthesized by using BBr3
to Intermediate-2. The reagent BBr3 cleaves the OeC bond of
the eOCH3 group to produce the eOH group. The AOX was
purified by column chromatography and characterized by 1H
NMR, 13C NMR, and HRMS spectra. The purity of this AOX was
measured by using HPLC analysis and the spectra show that AOX
is 99.54% pure (Fig. S2eS11).

2.2. Metal ion chelation

Through a prolonged redox cycling method, coordination of the
redoxeactive transition metal ion (Cu2þ) with amyloid beta (Ab)
has been demonstrated to promote the stabilization of

Scheme 1 Design strategy and synthesis of AOX. (A) Multifunc-

tional agent AOX was designed by integrating 8-hydroxy quinoline as

a potent metal chelator and polyhydroxy phenols for antioxidant ac-

tivity. (B) Synthesis scheme of AOX(a) SeO2, 1,4-dioxane, H2O,

reflux at 110 �C for 12 h. (b) Polyphosphoric acid. (c) BBr3,

dichloromethane, �78 �C.
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oligomerization and fibrilization, and the production of excessive
ROS41. Key tactics to lessen the burden of comprehensive Ab
toxicity, including oxidative stress, include efficient chelation and
sequestration of redoxeactive transition metal ions from Ab metal
complexes and subsequently reducing excessive ROS42,43. As the
Cu2þ ion has the crucial role of ROS generation through binding
with Ab, so we were interested to check the Cu2þ ion sequestra-
tion from the AbeCu2þ complex. Before this, the chelation
capability of AOX with Cu2þ ion including different biologically
active transition metal ions was studied by UV absorption mea-
surement. The absorption maximum of AOX shifted from 245 to
263 nm in the presence of Cu2þ ion. Similarly, we also checked
the chelation of other biological metal ions and the result revealed
significant chelation except for Co2þ and Mg2þ (Absorption
maxima; lmax: Zn

2þ; 259 nm, Fe3þ; 257 nm, Al3þ; 262 nm, Ni2þ;
263 nm) (Supporting Information Fig. S12). Next, Cu2þ ion
titration with the ligand AOX was carried out by absorption
spectroscopy study to know the binding stoichiometry. The ratio
of Cu2þ ion has taken 0.25 to 3.5 equivalent compared with ligand
AOX (10 mmol/L). The titration curve shows that AOX chelates
the Cu2þ ion with 1:1 binding stoichiometry (Supporting Infor-
mation Fig. S13). Finally, we performed a tyrosine quenching
assay as tyrosine (10Tyr) residue’s intrinsic fluorescence in Ab42
peptide (lex: 285 nm and lem: 308 nm) was used to better
comprehend the Cu2þ sequestering abilities of any ligand44.
Interestingly, the close vicinity of Cu2þ associated with Ab42
causes fluorescence quenching of 10Tyr at 308 nm, and this effect
has been studied widely45. The fluorescence restoration of 10Tyr at
308 nm is anticipated following the Cu2þ ion extraction by AOX
from the Ab42eCu

2þ complex. The fluorescence intensity depicts
the metal chelation capacity of AOX to eliminate Cu2þ from Ab42
(Fig. 1A and B). In AD, amyloid fibrillar aggregates are formed
when disordered Ab42 peptide clump together and folds into an
arranged b-sheet form. These fibrils can then aggregate into larger
structures called plaques, which can lead to the death of neuronal
cells in the brain. One of the most well-known methods for
developing AD-specific therapeutic agents is to prevent the pro-
duction of fibrillar aggregates. Thus, the study prohibition of
metal-independent and metal-dependent amyloid fibrillar aggre-
gation was studied by performing Thioflavin T (ThT) assay,
Bradford assay, Dot blot, and circular dichroism (CD) measure-
ments to investigate the impact of AOX on the tendency of Ab42 to
fibrillar aggregate. ThT is a fluorescent molecular probe that ex-
hibits limited fluorescence with Ab42 peptide and increased fluo-
rescence intensity when bound with Ab42 fibrillar aggregates (lex:
450 nm and lem: 485 nm). The impact of AOX on the copper-
independent and copper-dependent fibrillization of Ab42 was
therefore investigated using the ThT assay. In copper-independent
fibrillar aggregation, Ab42 peptide (10 mmol/L) was incubated
alone (control) and also with various concentrations of AOX (0.5,
1, 2, 5, or 10 mmol/L) with constant agitation in the vortex for
72 h. After that freshly prepared ThT solution (50 mmol/L) was
added, and the fluorescence intensity of the resultant mixture
was measured. The result showed AOX inhibits 61.85% copper
independent Ab42 fibril formation at 0.5 mmol/L (17.9 � 5.3),
1 mmol/L (33.5 � 1.2), 2 mmol/L (41.3 � 3.9), 5 mmol/L
(50.8 � 9.3) and 10 mmol/L (61.9 � 5.1) concentration
(Fig. 1C). In copper-dependent fibrillar aggregation, Ab42 peptide
(10 mmol/L) was co-incubated with Cu2þ solution (10 mmol/L)
and also with various concentrations of AOX (0.5, 1, 2, 5, or
10 mmol/L) with constant hesitation in vortex for 72 h. The result
showed the percentage activity of AOX inhibition at 0.5 mmol/L

(10.8 � 6.5), 1 mmol/L (25.8 � 2.2), 2 mmol/L (33.3 � 5.9),
5 mmol/L (40.3 � 6.1) and 10 mmol/L (48.8 � 2.7) concentration
(Fig. 1D). So, this assay gives a clear understanding of the po-
tential of AOX in the prohibition of metal ion-independent and
metal ion-dependent amyloid fibrillar aggregation. Next, we per-
formed a Bradford assay to determine the Ab42 peptide content in
the fibrilization process. In copper-independent fibrillar aggrega-
tion, Ab42 peptide (10 mmol/L) was incubated alone (Ab42 ag-
gregates) and also with various concentrations of AOX (0.5, 1, 2,
5, or 10 mmol/L) with constant hesitation in vortex for 72 h. After
that the resultant mixtures were centrifuged at 12,000 rpm to
remove fibrillar aggregates and the filtrate containing Ab42 pep-
tides was incubated with Bradford reagent. Next, the absorbance
intensity of the resultant solution was measured at 595 nm.
Freshly prepared Ab42 peptide was taken as a control. The results
showed that the percentage activity for the copper-independent
Ab42 inhibition of AOX at 0.5 mmol/L (53.1 � 9), 1 mmol/L
(63.7 � 2.4), 2 mmol/L (68 � 2.5), 5 mmol/L (76.9 � 4.7) and
10 mmol/L (88.6 � 2.5) concentration but without AOX there was
41.04% Ab42 peptide (Fig. 1E). In copper-dependent fibrillar ag-
gregation, Ab42 peptide (10 mmol/L) was co incubated with Cu2þ

solution (10 mmol/L) to make copper induced fibrillar aggregates
and also with various concentration of AOX (0.5, 1, 2, 5, or
10 mmol/L) with constant agitation in vortex for 72 h. The result
showed that the percentage activity of AOX at 0.5 mmol/L
(54.5 � 4.9), 1 mmol/L (67.8 � 1.7), 2 mmol/L (70.1 � 3.2),
5 mmol/L (78.7 � 5.9) and 10 mmol/L (91.3 � 3.5) concentration
without AOX there are 35.07% Ab42 peptide (Fig. 1F).

The anti-aggregation property of AOX was verified using a dot
blot assay. Three distinct antibodies were employed in this assay
to identify the different amyloid species types. Anti-6E10 was
used to detect all forms of Ab species, anti-A11 was used to detect
an oligomeric form of the amyloid species, and anti-OC was used
to detect the amyloid fibril. For the control experiment, we
incubated the Ab peptide alone, whereas, for the inhibition
experiment, various concentrations of AOX (0.5, 5, and or
10 mmol/L) were incubated with Ab peptide (10 mmol/L) to see if
this would prevent the production of oligomers and fibrils.
Following Ab peptide incubation, the solutions were spotted on
three distinct sets of nitrocellulose membranes with two separate
rows. The membrane spots’ chemiluminescence intensity was
evaluated and contrasted with that of the control experiment
(Fig. 1G). The blotting test demonstrates that AOX was preventing
the production of Ab oligomers and fibrils. The small molecule
AOX was limiting the formation of Ab oligomers up to 76%e78%
and Ab fibrillation was inhibited up to 90%e94% at concentra-
tions of 10 mmol/L, as shown by the intensity of spots in (Fig. 1H).
Finally, we performed a CD experiment to measure the fibril in-
hibition by AOX by determining its changes in the secondary and
tertiary structure. Here, the b-sheet structure is the measuring
factor of fibrillar aggregate formation of the Ab42 peptide. The
negative ellipticity at 220 nm shows the b-sheet structure of Ab42
fibrillar aggregates. In the presence of AOX, the negative ellip-
ticity decreases and at 10 mmol/L concentration of AOX, the
b-sheet structure is much less amount (Fig. 1I). As the molecule
inhibits Ab aggregation, we were interested in how the compound
interacts with Ab42 fibril and monomer. We have performed the
docking study of the compound with fibril and monomer. The
result shows that AOX is binding to the carbonyl oxygen of
Isoleucine 31 by the hydrogen of the OH group through hydrogen
bonding with a binding energy of �6.2 kcal/mol. About the fibril,
the compound interacts with His13, His13, and Glu 11 through
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H-bonding with binding energy �7.6 kcal/mol (Supporting In-
formation Fig. S14). Therefore, the negative binding energy
confirms the interaction of AOX with monomer and fibril which
inhibit the toxic amyloid aggregates. From all of the above ex-
periments, it was clear that AOX reduces the metal-independent
and metal-dependent amyloid fibrillar aggregation.

2.3. In vitro antioxidant properties of AOX

To assess the antioxidant activity of our novel small molecule
AOX and to confirm its potential for further therapeutic actions in
the reduction of oxidative damage and its associated detrimental

effects, various biophysical in vitro assays like, DPPH (2,2-
diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis (3-
ethylbenzothiazoline-6-sulphonic acid), Nitric oxide scavenging,
protein oxidation and CCA (Coumarin-3-carboxylic acid) assays
were conducted.

DPPH assay is widely used for preliminary evaluation of the
antioxidant activity of small molecules. It is a stable free radical at
room temperature and becomes a stable diamagnetic molecule on
accepting an electron or hydrogen radical46. Therefore, this assay
was performed to check the ability of AOX to scavenge the stable
free radical. In (Fig. 2A), its mechanism of action with DPPH
shows that the purple colour DPPH radical is reduced to pale

Figure 1 Determination of Ab42 inhibition activity of AOX. (A) Fluorescence spectra of 10Tyr of only Ab42 (10 mmol/L) and Cu2þ�Ab42 (1:1)

with and without AOX (10 mmol/L) in PBS. (B) Bar diagram of Fluorescence spectra of 10Tyr of only Ab42 (10 mmol/L) and Cu2þ�Ab42 (1:1)

with and without AOX (10 mmol/L) in PBS. (C, D) ThT assay for amyloid fibril inhibition showing bar diagram of copper independent and

dependent fibril prevention of Ab42 peptide (10 mmol/L) by AOX compound with various concentrations (0.5, 1, 2, 5, and 10 mmol/L). (E, F) Bar

diagram of Ab42 peptide amount determined by AOX compounds with copper independent and copper-dependent fibril prevention using Bradford

assay. (G, I) Dot blot assay for amyloid fibril and amyloid oligomer inhibition in the presence of AOX in different concentrations. (H) Bar diagram

of dot blot assay for amyloid fibril and amyloid oligomer percentage inhibition. Error bar related to standard deviation of the value (ns Z non-

significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 2 Determination of in vitro Antioxidant activity of AOX. (A) Schematic representation of the chemical structure of DPPH and its

reduction by AOX. (B) DPPH Absorption spectra (400e800 nm) medium for various concentrations of AOX (0e50 mmol/L) and DPPH. (C)

DPPH radical scavenging effects of various equal concentrations of AOX and gallic acid. (D) Schematic representation of the chemical structure

of ABTS and its reduction by AOX. (E) Image of reduction of ABTS, when reacted with increasing concentration of AOX (0e50 mmol/L). (F)

ABTS radical scavenging activity of various equal concentrations of AOX and gallic acid (0e50 mmol/L). (G) Radical Scavenging activity of

AOX, analyzed through nitric oxide. (H) Percentage of BSA oxidation was assessed and quantified by measuring DNPH absorption at 450 nm. (I)

Bar diagram of normalized fluorescence intensity of 7-OH-CCA after 70 min. Error bar related to standard deviation of the value (ns Z non-

significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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yellow colour. It is evident from (Fig. 2B), that the DPPH radical
concentration in the reaction medium is reduced in a gradient
manner with increasing concentration of AOX when assessed
spectrophotometrically with the maximum absorption at 517 nm
(Supporting Information Fig. S15). The result of the assay showed
that the in vitro free radical potential of AOX exhibited maximum
free radical scavenging activity with EC50 (effective concentration
that results in a 50% reduction in the initial DPPH concentration)
value of a comparable known standard, Gallic acid. Therefore, to
quantify the result, EC50 was calculated by plotting a
doseeresponse linear fit graph on OriginPro 8.5 (Supporting In-
formation Fig. S16). The EC50 value calculated for gallic acid was
8.63357 mmol/L whereas for AOX it was 4.86324 mmol/L. The
percentage inhibition was calculated for both AOX and gallic acid
(Fig. 2C). It has been seen that certain bioactive compounds are
not soluble in the reaction medium and may not express true
radical scavenging activities. Therefore, to rule out the antioxidant
activity in the methanolic medium using DPPH we performed an
ABTS radical scavenging assay which is carried out in an aqueous
medium. Schematic representation of the ABTS radical
scavenging method in the presence of various concentrations of
AOX (0, 0.19, 0.39, 0.078, 0.15625, 3.125, 6.25, 12.5, 25, and
50 mmol/L) shows the purple colour solution change to colourless
(Fig. 2D and E). Absorbance spectra of ABTS$þ solution with the
addition of AOX and gallic acid were recorded from 400 to
900 nm and the characteristic absorption peak was recorded at
734 nm (Supporting Information Fig. S17). The percentage inhi-
bition was calculated by comparing the result with standard (gallic
acid) at various concentrations as shown in (Fig. 2F). The EC50

value calculated for gallic acid was 5.333 mmol/L whereas for
AOX it was 4.8611 mmol/L.

Nitric oxide (NO) molecule serves as a signalling molecule in
various physiological processes. Where NO is not considered as a
free radical rather it interacts with other molecules to form
harmful reactive nitrogen species, such as peroxynitrite (ONOOe),
which contributes to oxidative stress. Therefore, the scavenging of
NO by antioxidants is important for reducing nitrosative stress,
limiting the formation of harmful reactive nitrogen species (RNS),
and protecting the cells and tissues from oxidative damage47. We
evaluated the nitric oxide scavenging ability of various concen-
trations of AOX and gallic acid standard (10 mmol/L) using Griess
assay. In this assay, the quantity of nitrite that forms when oxygen
and NO are produced from sodium nitroprusside is reduced. At
548 nm, the absorbance was measured, and the antioxidant ac-
tivity percentage was calculated. Interestingly, AOX showed a
76.3% reduction in NO generation whereas Gallic acid showed a
67.47% reduction with similar concentration (Fig. 2G). Next, we
assessed the protein oxidation percentage which is characterized
by the formation of protein carbonyls as a result of the detrimental
effect of ROS. The measurement of carbonyls provides a quanti-
tative approximation of the extent of oxidation and is done by
using DNPH (2,4-dinitrophenylhydrazine). DNPH reacts with
carbonyl groups in oxidized proteins to form hydrazones, which
are spectrophotometrically detected by monitoring the absorbance
intensity at 450 nm48. To evaluate the protective effect of AOX,
the protein oxidation was carried out by hydroxyl radical
generation using a metal catalysed system by a Fenton-type re-
action. Where BSA was used to mimic the cellular protein, and
Cu2þ (0.1 mmol/L) and H2O2 (2.5 mmol/L) were used as redox
systems for the generation of ROS. To the solution mixture of
BSA (1 mg/mL) with AOX and Gallic acid standard prepared in
PBS buffer was added with Cu2þ and H2O2 and incubated in the

dark for 24 h. After incubation DNPH solution was added and
incubated for 10 min the absorption was recorded at 450 nm and
the protein oxidation percentage was calculated. The DNPH
control (BSA and Cu2þ þ H2O2) sample showed maximum ab-
sorption at 450 nm and showed no protein inhibition. Whereas, a
solution with AOX (0.5, 5 and 10 mmol/L) reduced the protein
oxidation inhibition in a concentration-dependent manner (34.5%,
56% and 75% respectively). Where these results suggest that AOX
effectively scavenges ROS as compared to ascorbate which
inhibited protein oxidation by only 6% (Fig. 2H). Finally, the
copper-induced ROS inhibition of AOX was studied by CCA
(Coumarin-3-carboxylic acid) assay. In the presence of Ascorbate,
Cu2þ ion produces OH radical which further reacts with nonflu-
orescent CCA to form fluorescent 7-OH-CCA (lex: 385 nm and
lem: 450 nm). In the presence of AOX, the quantity of OH radical
was reduced and finally, the amount of fluorescent 7-OH-CCAwas
also decreased. The experimental results indicated that the fluo-
rescence intensity of 7-OH-CCA increases with time and saturated
up to 70 min with the time of the control experiment (without
AOX), but in the presence of an increasing concentration of AOX
the fluorescence intensity gradually decreases (Supporting Infor-
mation Fig. S18). The graph plotted in Fig. 2I showed AOX
inhibiting 78.19% of OH radical formation at 10 mmol/L con-
centration (0.5 mmol/L: 31.96%, 1 mmol/L: 37.52%, 2 mmol/L:
57.09% and 5 mmol/L: 65.83%).

2.4. Effect of H2O2 mediated oxidant treatment on viability and
intracellular oxidative stress on AOX pre-treated differentiated
PC12 (dPC12) cells

Neuroprotective and antioxidative activity of AOX was studied in
the PC12 cell derived neuronal model49. Hydrogen peroxide is
widely used as an oxidant to generate oxidative stress models in
various cell lines including PC12 cells. A series of doseeresponse
experiments have been performed for an appropriate concentration
of H2O2 so that a stable and optimized concentration is deter-
mined. As shown in Fig. 3A, the concentration of 200 mmol/L
H2O2 for 2 h resulted in a decline of cell viability of dPC12 cells
by approximately 50%. Thus, this concentration and time of
treatment were employed as the oxidant model condition. Prior to
initiating any cellular assays to evaluate the antioxidant potential
of the newly synthesized small molecule AOX, a comprehensive
assessment of media stability was imperative. Using RP-HPLC
analysis, we found that AOX remained 93% stable for up to
24 h in the cell culture media. This meticulous stability testing
ensured that the compound maintained its chemical integrity
within the media environment, laying a solid groundwork for
reliable and accurate cellular assays (Supporting Information
Fig. S19). Reactive oxygen species (ROS) exhibit a dual role in
cellular physiology, acting as both mediators of oxidative stress
and essential signaling molecules50. While ROS are commonly
associated with cellular damage and disease pathology, it is
increasingly recognized that they also play important roles in
cellular signaling pathways involved in cell proliferation, differ-
entiation, and immune response. ROS serve as secondary mes-
sengers, modulating the activity of transcription factors and
signaling pathways such as NF-kB, MAPKs, and Nrf2. However,
complete elimination of ROS can disrupt these signaling pathways
and lead to paradoxically detrimental effects on cellular function,
including impaired immune responses, dysregulated cell prolif-
eration, and increased susceptibility to oxidative stress-induced
damage. To demonstrate that beneficial ROS are not eliminated,
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we conducted MTT and LDH assays. The MTT assay measures
cell viability by assessing the reduction of a yellow tetrazolium
salt to formazan crystals by metabolically active cells, while the
LDH assay measures cytotoxicity by quantifying the release of
lactate dehydrogenase enzyme from damaged cells. The results of
these assays corroborate our findings, indicating that while mod-
ulation of ROS levels occurred, cellular viability and integrity
were maintained. These experiments provide further evidence
supporting the nuanced role of ROS in cellular physiology and
highlight the importance of maintaining ROS homeostasis for
cellular health. Understanding the complex interplay between
ROS signaling pathways is crucial for developing novel thera-
peutic interventions for neurodegenerative disorders and other
oxidative stress-related diseases, aiming to restore redox balance

and protect against cellular damage. The cytotoxic effect of
various concentrations of AOX was determined using an MTT
assay. Where, AOX shows non-significant toxicity at lower
(0.078 mmol/L) as well as at higher concentration (200 mmol/L)
(Fig. 3B and Supporting Information Fig. S20). Next, the neuro-
protective effect was evaluated by 24 h pre-treatment of the
dPC12 cells with various concentrations of AOX followed by 2 h
oxidant treatment. Thus, calculating the percentage recovery of
the cells from oxidative damage, AOX showed a dose-dependent
recovery from the oxidative damage with 10 mmol/L showing
approximately 75% recovery (Fig. 3C). Sequentially performing
the LDH (lactate dehydrogenase) assay following the MTT assay
provides a comprehensive approach to assessing the cell viability
and cytotoxicity in terms of cell membrane integrity unlike the

Figure 3 Effects of AOX on H2O2-induced oxidative stress in dPC12 cells. (A) dPC12 cells were treated with 0, 10, 20, 50, 100, 200, 300, or

400 mmol/L H2O2 for 2 h, and then cell viability was determined using MTT assay (B) Cells were treated with various concentrations of AOX for

24 h, and then cell viability was determined by MTT assay. (C) Cells were pre-treated with various concentrations of AOX for 24 h, then

200 mmol/L of H2O2 was added. After incubation for 2 h, an MTT assay was used to check the cell viability (%). (D) LDH release in the culture

medium was measured using the LDH Colorimetric Assay Kit. (E) Morphology of dPC12 cell line. Control- Untreated, treated with 10 mmol/L

AOX, treated with H2O2 (200 mmol/L) for 2 h, treated with AOX (10 mmol/L) for 24 h followed by H2O2 (200 mmol/L) for 2 h. (F) Average neurite

length calculated for treated cells. (G) Calcein AM and propidium iodide staining to assess cell viability by fluorescence imaging. Scale bar

corresponds to 50 mm (H), the percentage of dead and live cells was calculated by mean normalized fluorescence intensity. Calcein AM represents

live cells, whereas PI represents dead cells. The results are represented as the mean � SEM. n Z 3 per group and n Z 19 per group for (F).

****P < 0.0001 versus the control group, ####P < 0.0001 versus the H2O2 group. Data were analyzed using a one-way analysis of variance.
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MTT assay which measures the metabolic activity. Therefore,
performing these assays in combination provided a more holistic
approach to strengthen the reliability of our findings observed due
to biological effects, and thus the results could be cross-validated.
LDH enzyme leakage content in the culture medium in the pres-
ence of oxidant was elevated as a mark of cellular injury or death.
On the other hand, AOX pre-treated cells with/without oxidant
mitigated oxidative stress and prevented cellular damage by
neutralizing the ROS generated due to oxidant. Therefore, a
quantitative measure of the cellular damage was evaluated in
Fig. 3D and Supporting Information Fig. S21 to aid in evaluating
the effectiveness of AOX in protecting against oxidative-stress-
related injuries. To confirm the cell viability data a subsequent
morphological experiment was conducted with the same experi-
mental conditions. In Fig. 3E the morphology of the dPC12 cells
is studied for a better understanding of cellular responses to
oxidative stress and the potential neuroprotective effect of AOX,
which showed healthy morphology of the cells with neurite
outgrowth in the control and AOX-treated group depicting the
non-toxic effect of AOX to the dPC12 cells, whereas it can be seen
that when cells were treated with H2O2 the cells no longer show a
distended morphology of a neuron rather they become round with
fragmented nucleus, compromised membrane and retracted neu-
rites. In the same oxidant condition of cells pre-treated with AOX
does not show the apoptotic effect of the cells rather healthy
morphology with extended neurites can be seen. The calculation
of neurite length in the presence of oxidant (H2O2) and antioxidant
(AOX) serves as a quantitative measure to elucidate the impact of
oxidative stress on the morphology of the neurons and the neu-
roprotective potential of the novel antioxidant small molecule.
Therefore, the calculations supported the hypothesis that AOX
mitigates the adverse effects of oxidative stress on neuronal
morphology (Fig. 3F), and a decrease in neurite length was
observed in the presence of an oxidant, indicating a potential
neurotoxic effect. Calcein AM, a cell-permeate dye is converted to
its fluorescent form by intracellular esterases in live cells emitting
green fluorescence. Whereas, propidium iodide (PI), a cell-
impermeant dye penetrates only non-viable cells with compro-
mised cell membranes emitting red fluorescence after binding to
the nucleic acids. In Fig. 3G, fluorescence images provide a
quantitative measure of cellular viability by differential uptake of
these fluorescent dyes by live and dead cells. When AOX pre-
treated cells were introduced with oxidant, a notable outcome in
terms of increased live cells was seen as indicated with higher
Calcein AM fluorescence and a decrease in dead cells reflected by
lower PI fluorescence. A quantitative analysis was performed in
Fig. 3H to calculate the ratio of live and dead cells, providing a
more nuanced understanding of AOX efficacy. The one-way
ANOVA statistical method was applied to determine the signifi-
cance of the observed differences between the group’s data. These
results further offered an insight into the mechanism underlying
antioxidant-mediated protection against oxidative stress which
was studied further in detail.

2.5. Probing ROS accumulation inhibition in the presence of
AOX and H2O2-induced oxidative stress

As shown previouslyAOXprotects dPC12 cells fromH2O2-induced
oxidative damage. Therefore, due to the presence of various hy-
droxyl groups in our novel antioxidant small molecule (AOX) it is
evident that it will also have an efficient free radical neutralizing
ability. The presence of excess ROS induces cell apoptosis and

causes DNA damage. So, to provide a comprehensive evaluation
and quantitative measure of ROS levels within cells a targeted
analysis was performed to understand the oxidative stress envi-
ronment, and the potential of AOX’s effectiveness across various
cellular compartments was studied for an overall impact on cellular
redox balance. DCFDA (20,70-dichlorodihydrofluorescein diac-
etate), CellROX, and MitoSOX assays were employed to identify
the specific sites of ROS production and its mitigation in the cyto-
plasm, overall cellular environment and mitochondria, respectively.
DCFDA, a cell-permeate fluorophore diffuses into the cells and is
deacetylated by cellular esterases to a non-fluorescent
20,70-dichlorodihydrofluorescin (DCFH), and in the presence of
ROS, it is oxidized to a highly fluorescent species dichlorodihy-
drofluorescin (DCF). The fluorescence intensity of the cell was
measured using a microplate reader with excitation/emission at 485
nm/535 nm. The results are represented as a percentage of fluo-
rescence intensity relative to control which measured a broad
spectrum of ROS in cytoplasm. As shown in Fig. 4A, H2O2 pro-
motes ROS overproduction in dPC12 cells as compared to control.
However, 24 h pre-incubation with varied concentrations of AOX
followed by H2O2 treatment notably reduced ROS by inhibiting the
intracellular ROS with no significance compared to control.
Furthermore, fluorescence imaging to examine the fluorescence
intensity of ROS levels inH2O2 induced damage to dPC12 cells with
pre-treated AOX (10 mmol/L) was quantified by fluorescence im-
aging and flow cytometry (Fig. 4B and C, Supporting Information
Fig. S22). The fluorescence intensity obtained was directly pro-
portional to the amount of ROS present. More specific detection of
intracellular ROS levels in live cells was done with CellROX deep
red stain, a cell-permeable fluorogenic probe. In Fig. 4D, an in-
crease in cellROX fluorescence was seen in H2O2 treated dPC12
indicating elevated levels of ROS as compared to AOX pre-treated
and H2O2 group where it attenuated the increase in CellROX fluo-
rescence intensity. Mean fluorescence intensity was calculated as a
quantitativemeasure of the amount of fluorescence signal present in
the given region of interest (Fig. 4E). Further, we assessed the
mitochondrial impairment due to oxidative stress inducers and the
impact of AOX on this condition. Mitochondrial superoxide pro-
duction was detected with MitoSOX red fluorogenic dye. The in-
tensity of the fluorescence signal directly correlated with the
amount of superoxide present in the mitochondria. Relative quan-
tification of its fluorescence intensitywas alsomeasured to calculate
the amount of mitochondrial superoxide generated under different
experimental conditions as shown in Fig. 4F and G. A higher in-
tensity was observed in the oxidant group when compared to the
untreated control group. Conversely, AOX leads to a reduction in the
intensity showing its effectiveness in the protection of mitochon-
drial integrity.

2.6. Alleviation of H2O2-induced apoptosis by AOX

Based on the efficient ROS neutralizing ability of AOX in vitro,
we then further explored the mechanism of the antioxidant en-
zymes and their interplay with AOX in understanding cellular
defence mechanisms against oxidative stress. As illustrated in
Fig. 5A by a schematic representation of the mechanism of action
of the antioxidant enzymes, oxidative stress and lipid peroxidation
markers involving superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), reduced glutathione (GSH) and
malondialdehyde (MDA) forming a well-orchestrated network
crucial for cellular defence. An elevation in oxidative stress leads
to increased production of ROS which leads to enhanced lipid
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Figure 4 Effects of AOX inmitigating the total ROS inH2O2 induced oxidative stress in dPC12 cells. (A) Intracellular ROS production percentage

analysis by DCFH-DA staining using a microplate reader. (B) Fluorescent microscopy images of DCFH-DA. (C) Mean fluorescence intensity bar

graph corresponding to the microscopy images. (D) CellROX Deep Red staining assay shows an increase in intracellular levels of ROS (red fluo-

rescence) in H2O2-treated PC12 cells whereas AOX reduces its level significantly. (E) Relative quantification of CellROX red fluorescence. (F), (G)

Mitochondrial superoxide production was detected with MitoSOX red staining and relative quantification was done by ImageJ software. The results

are represented as the mean� SEM. nZ 3 per group for (A) and nZ 10 for (E, G). **P< 0.01, ****P< 0.0001 versus the control group, ##P< 0.01
####P < 0.0001 versus the H2O2 group. Data were analyzed using a one-way analysis of variance. Scale bar corresponds to 50 mm.
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peroxidation and subsequently higher levels of MDA. Whereas
antioxidant enzymes like SOD initiates the cascade by converting
superoxide radicals into hydrogen peroxide and oxygen, CAT
further neutralizes hydrogen peroxide into water and oxygen, and
GPx utilizes GSH as a cofactor to efficiently detoxify hydrogen
peroxide and lipid peroxides, forming oxidized glutathione
(GSSG). When AOX was introduced in this intricate network of
antioxidant enzymes it added a dynamic element in the cellular
defence against oxidative stress to counteract this oxidative
damage by neutralizing ROS and preventing lipid peroxidation.
As shown in Fig. 5B, the production of MDA level was found to
be reduced in the dose-dependent treatment with AOX, which was
much lower than that in the only H2O2 treated group. One of the
most significant byproducts of membrane lipid peroxidation,
MDA level influences the function of respiratory chain complexes
as well as essential mitochondrial enzymes. Both glutathione
peroxidase (GPx) and superoxide dismutase (SOD) are significant
antioxidative enzymes in the human body that effectively
neutralise reactive oxygen species (ROS) to repair cells and
reduce ROS-induced damage. In this study, we then further
examined the changes in the level of SOD, CAT, GPx, and GSH
activity from the standard curve equations plotted for each enzyme
in Supporting Information Fig. S23. As shown in Fig. 5C and D, in
the presence of an oxidant GPx activity rises as it works to
detoxify hydrogen peroxide and lipid peroxidation by utilizing
GSH as a substrate whereas in the presence of AOX, its activity is
stabilized and increased as AOX effectively neutralizes oxidants
and preserve GSH levels by preventing its excessive consumption.
SOD level is elevated with increasing dose of AOX in the presence
of oxidant and was much higher than that in the oxidant group
alone (Fig. 5E). This outcome was due to the increased conversion
of superoxide radicals to hydrogen peroxide and oxygen in the
presence of AOX which enhanced its activity by accelerating the
dismutation of superoxide radicals. Enhanced catalase activity in
the presence of AOX and oxidants positively influenced its levels
by directly interacting with the enzymes for efficient detoxifica-
tion of hydrogen peroxide when compared to the oxidant group to
impact the overall cellular redox balance (Fig. 5F). DNA damage
and nuclear fragmentation are closely associated with oxidative
stress. Therefore, the percentage of apoptotic differentiated
PC12 cell population was determined by fluorescence microscopy
after Hoechst 33258 staining. In Fig. 5G and H, the control group
cells showed normal morphology with no irregularities in the
shape of nuclei or apoptotic bodies. In the H2O2 group, the nuclei
showed distinctive changes in nuclear morphology with irregu-
larities, apoptotic features, cellular shrinkage, and heterogeneity in
nuclear size due to the impact of the oxidant-induced stress on the
cellular integrity. In contrary to the oxidant group, the AOX pre-
treatment group displayed a morphology closer to untreated
cells, indicating a protective effect. We further aimed to determine
whether AOX could suppress apoptosis-mediated neuronal death.
Caspase 3 and cleaved caspase-3 are widely used to evaluate the
apoptosis level. Western blot analysis displayed that AOX pre-
treatment suppresses the effect of oxidants and imparts anti-
oxidative effects. The expressions of the anti-apoptotic protein
Bcl-xL were upregulated and that of pro-apoptotic protein Bax
was downregulated after treatment with AOX (Fig. 5I and J,
Supporting Information Fig. S24).

Figure 5 Determining the effects of AOX in enhancing the anti-

oxidant mechanism and alleviating the cellular apoptosis in H2O2

induced oxidative stress in dPC12 cells. (A) Schematic illustration of

the mechanism of action of antioxidant enzymes in oxidative stress

condition. Effect of AOX on the activities of (B) MDA (C) GPx, (D)

GSH, (E) SOD, and (F) catalase in PC12 cells. PC12 cells were pre-

treated with AOX for 24 h and then exposed to H2O2 (200 mmol/L) for

2 h. The activities were measured using kit assays according to the

manufacturer’s instructions. (G) Morphological assessment of

apoptosis observed by Hoechst 33258 staining using a fluorescence

microscope. Yellow arrows indicated normal nuclei and red arrows

indicated apoptotic nuclei. (H) Bar graph representation of the per-

centage of apoptotic cells calculated. (I) Expression of anti-apoptotic

and pro-apoptotic protein was evaluated by Western blot. (J) Quan-

titative analysis of cleaved-caspase-3, caspase-3, Bax, and Bcl-xL,

protein levels in PC12 cells, GAPDH serves as the housekeeping

protein in Western blot assay. The results are represented as the

mean � SEM (n Z 5 or n Z 3) per group. **P < 0.01,

****P < 0.0001 versus the control group, ##P < 0.01 ####P < 0.0001

versus the H2O2-treatment group. Data were analyzed using a one-

way analysis of variance. Scale bar corresponds to 50 mm.
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2.7. Assessing dynamic interplay of AOX in H2O2-induced
oxidative stress on mitochondrial morphology and membrane
potential

Mitochondria play a central role in cellular energy production and
overall cell function. Assessing the impact of oxidative stress in
the presence of a novel potent antioxidant influences mitochon-
drial morphology to provide an insight into the impact of cellular
health. A hallmark of cells going through apoptosis is mitochon-
drial malfunction and results in altered mitochondrial morphology.
It serves as an early biomarker to screen for an effective antiox-
idant showing neuroprotective therapies by reversing the altered
mitochondrial morphology caused by the neurodegenerative pro-
cesses. The DNA damage, cellular architecture, and altered
mitochondrial morphology were analyzed by staining dPC12 cells
after indicated treatments with Hoechst 33258/Phalloidin/Mito-
tracker CMX-ROS and were viewed under a fluorescent micro-
scope (Supporting Information Fig. S25). To specifically visualize
the mitochondria, MitoTracker CMX-ROS stain images were
deconvulated for image acquisition. The mitoTracker red signals
were further made binary and thresholded for analyzing the par-
ticle followed by skeletonizing it which quantified the mito-
chondrial morphometrics using four parameters: number of
mitochondria, size, interconnectivity, and elongation (as
mentioned in the methods section). In untreated dPC12 cells, most
of the mitochondria were interconnected with a greater average
size which was measured by the interconnectivity score, which
signified that the mitochondria have more physical connection.
Whereas, in the oxidant group the interconnectivity score was
significantly lower as compared to the control group, signifying
mitochondrial fragmentation and the shape of mitochondria
exemplary of the puncta, rod, network, and large and round sub-
types accounted to the mean elongation data where higher values
indicated more abstract shape and a value of 1 was considered
more circular as in the case of oxidant group where cells were
rounded to due oxidative stress. Contrary to this, pre-treatment
with AOX showed the morphometric data of mitochondria to be
very close to that of the control showing the protective effect
(Fig. 6AeF). Next, mitochondrial membrane potential (MMP,
Djm) was detected by JC-1 fluorescent dye, which is sensitive to
MMP. JC-1 monomer shows green fluorescent with the excitation
and emission of 485 and 535 nm and tends to accumulate in the
mitochondrial matrix of unhealthy cells. Whereas, JC-1 aggre-
gates show red fluorescence with the excitation and emission of
560 and 595 nm under the condition of high MMP of healthy cells.
In apoptotic cells, JC-1 remains in monomeric form due to
mitochondrial dysfunction under the condition of low mitochon-
drial potential. Thus, the mitochondrial depolarization can be
measured by the extent of red to green (aggregate/monomer)
fluorescence shift. Flow cytometry analysis as well as the fluo-
rescent images in Fig. 6G and I, respectively, of mitochondria
showed red fluorescence in control untreated differentiated
PC12 cells showing active mitochondria, but H2O2 treated cells
showed decreased MMP by the enhancement of the green fluo-
rescence and reduced red fluorescence. Whereas, AOX treatment
in the presence of H2O2 alleviated the red fluorescence signifi-
cantly. A positive control of FCCP was employed to study the lost
mitochondrial membrane integrity by the induction of depolari-
zation of MMP. Fluorescence intensity was quantified in each
group using ImageJ software (Fig. 6H and J).

2.8. AOX attenuates oxidative stress by activating the Nrf2/ARE
signaling pathway

Nrf2 (nuclear factor erythroid 2-related factor 2) is a transcription
factor that regulates the expression of antioxidant genes, and ARE
(antioxidant response element) is a DNA sequence that responds
to Nrf2, promoting the transcription of protective antioxidant
enzymes. Therefore, we further explored whether pre-treatment
with AOX could promote the activation of the Nrf2/ARE signal-
ling pathway, known for its critical cellular defence mechanism
against oxidative damage, and block the activation of oxidative
stress and apoptosis-mediated cell death in oxidant-treated
dPC12 cells. The schematic representation of Nrf2/ARE
pathway activation provides a visual overview of the molecular
events involved and the influence of AOX in the cellular response
to oxidative stress by activating Nrf2 nuclear translocation leading
to the upregulation of phase-II antioxidant enzymes (NQO1, HO-
1, GCLC, and GCLM) for promoting cellular resilience and redox
homeostasis (Fig. 7A). As shown by immunofluorescence staining
with anti-Nrf2, AOX pre-treatment for 24 h followed by oxidant
treatment of 2 h increased the fluorescence intensity of Nrf2 and
promoted the translocation of Nrf2 to the nucleus from the cyto-
plasm (Fig. 7B). Therefore, by conducting Western blot analysis
for both cytoplasmic and nuclear protein fractions we gained
quantitative data on Nrf2 expression. In the absence of oxidant or
AOX, Nrf2 was sequestered in the cytoplasm by KEAP1. There-
fore, we observed a higher intensity of band in the cytoplasmic
fraction for the control group. Whereas, a decrease in the cyto-
plasmic Nrf2 signal was seen in the AOX þ oxidant group indi-
cating enhanced translocation into the nucleus as compared to that
of only the oxidant group (Fig. 7C). b-Actin was used as a loading
control for normalizing the data and plotted in Fig. 7D and Sup-
porting Information Fig. S26. In Fig. 7E, activation of Nrf2 was
seen in the AOX þ oxidant group by successful translocation of
Nrf2 into the nucleus which was noticed with the increase in the
intensity of the Nrf2 band in the nuclear fraction compared to the
condition of only the oxidant group. Higher Nrf2 band intensity in
the nuclear fraction indicated a higher concentration of activated
Nrf2 in the nucleus suggesting a more robust activation of the
Nrf2/ARE pathway. Lamin A/C was used as loading control for a
nuclear fraction for normalizing the data and plotted in Fig. 7F and
S26. This observation of better Nrf2 translocation in the presence
of AOX was intriguing and motivated us to study the potential
modulation of the Nrf2/ARE pathway. Western blot analysis
shows the protein expression pattern of Nrf2, Keap-1, NQO1, HO-
1, and catalase in the control and experimental groups (Fig. 7G).
The band intensity was normalized with the GAPDH house-
keeping gene and the levels of Nrf2, NQO1, HO-1, and catalase
protein expression significantly increased in AOX pre-treated
dPC12 cells in addition to oxidant treatment when compared to
only oxidant and untreated control group with a significant
decrease in Keap-1 protein (Fig. 7H and Supporting Information
Fig. S27). Fig. 7I depicts the effect of AOX on the mRNA
expression of Nrf2, NQO1, HO-1, GCLC, and GCLM in
dPC12 cells control and experimental groups. The mRNA
expression of Nrf2, NQO1, HO-1, and its downstream proteins
such as GCLC and GCLM significantly decreased in H2O2-
induced oxidative stress in dPC12 cells. However, the altered
mRNA expressions were significantly prevented by the pre-
treatment with AOX on H2O2-induced oxidative stress.
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Figure 6 Effects of AOX in mitigating the mitochondrial ROS and maintaining the nito morphology in H2O2-induced oxidative stress in

dPC12 cells. (A) Visualizing mitochondria and quantifying their morphology: Deconvulated Mitotracker CMX-ROS red stain fluorescence image

showing mitochondria with threshold of mitochondrial signal and skeletonized for quantification. Scale bar corresponds to 10 mm. Mitochondrial

morphometric measures showing (B) mean number of mitochondria, (C) mean size, (D) mean interconnectivity, (E) mean elongation,

(F) classification of 4 mitochondrial morphology subtypes. Mitochondrial membrane potential (MMP, Djm) by fluorescent dye JC-1in control,

FCCP (þcontrol), H2O2, and AOX þ H2O2 by flow cytometry (G) and by Fluorescence imaging (I). Scale Bar corresponds to 50 mm. (HeJ)

Quantification of red and green fluorescence intensity was normalized by control. The results are represented as the mean � SEM. n Z 3 per

group. ****P < 0.0001 versus the control group, ####P < 0.0001 versus the H2O2 group. Data were analyzed using a one-way analysis of

variance.
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Figure 7 Determining the mechanism of action of AOX in alleviating the ROS through Nrf2/ARE signaling pathway. (A) Schematic repre-

sentation showing the neuroprotective mechanism of AOX by attenuating H2O2-induced oxidative stress in dPC12 cells by activating the Nrf2/

ARE signaling pathway. (B) Immunofluorescence staining with anti-Nrf2 (C, E) Expression of Nrf2 protein in both cytoplasm and nucleus.

Where, Beta-actin and Lamin A/C serve as the housekeeping protein in Western blot assay for cytoplasmic and nuclear protein respectively. (D, F)

Quantitative analysis data. (G, H) The effect of AOX on protein expression of total NrF2, Keap-1, NQO1, HO-1, catalase, and GAPDH was

determined by Western blot analysis. (I) Effect of AOX on mRNA expression of total Nrf2, NQO1, HO-1, GCLM, GCLC, and GAPDH in

dPC12 cells control and H2O2 treatment group assessed using RT-PCR. Data were analyzed using one-way analysis of variance. The results are

represented as the mean � SEM. n Z 3 per group. *P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus the control group, #P < 0.1,
##P < 0.01, ###P < 0.001, ####P < 0.0001 versus the H2O2 group. Data were analyzed using a one-way analysis of variance. Scale bar corresponds

to 50 mm.
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2.9. Exploring AOX treatment outcomes: in vivo investigation of
neuroprotective effects in transient bilateral common carotid
artery occlusion

In biomedical research, transitioning from laboratory-based in vitro
experiments to in vivo studies is essential for evaluating the po-
tential of therapeutic candidates in real-world physiological set-
tings. This manuscript outlines our methodological approach to
bridging this crucial gap, focusing on assessing the viability and
stability of a newly developed antioxidant compound. Antioxidants
are of particular interest due to their potential neuroprotective
properties in conditions such as neurodegenerative diseases and
ischemic stroke. While many antioxidants have shown promise in
controlled laboratory environments, their effectiveness in living
organisms requires rigorous validation. Our methodology involves
a multi-step process, beginning with in vitro cell viability assays to
assess the compound’s ability to protect neuronal cells from
oxidative stress. We then progress to optimizing subsequent animal
studies in ischemic stroke models allow us to evaluate the com-
pound’s ability to cross the bloodebrain barrier and mitigate
neuronal injury. Our results demonstrate robust neuroprotective
effects in vivo, culminating in significant protection against
ischemic stroke-induced neuronal damage. This comprehensive
approach underscores the importance of assessing therapeutic
candidates in physiological conditions and provides promising ev-
idence for the translational potential of our antioxidant compound.
To perform in vivo experiments after the successful activity of AOX
in vitro assays, it was crucial to ensure that our novel small molecule
had good viability in physiological conditions and had the potential
to reach the brain and remain stable in the bloodstream. We con-
ducted a BBB crossing experiment by awell-established protocol to
assess AOX’s ability to cross BBB51. The rats were sacrificed here
by transcardial perfusion 6 h after the small molecule (0.5 mg/kg)
was intraperitoneally administered. The obtained brains were
homogenised in acetonitrile solution. Then, HRMS-mass spec-
troscopy was used to examine the homogenised solutions. The
molecular mass peak of our small molecule was visible in the mass
spectrum (Supporting Information Fig. S28A). When sucrose was
employed as a negative reference, the molecular peak could not be
seen in themass spectrum51. This BBB crossing assay demonstrates
our small molecule is crossing the BBB and has strong biostability,
which suggests that they have a better potential for use in the
development of antioxidant drugs. In many applications, including
clinical diagnosis, drug development, medical research, and sample
storage, serum stability is essential. The accuracy and reliability of
experimental outcomes depend on serum stability, which is crucial
in medical research. The quantities of important analytes or bio-
molecules may fluctuate in serum samples because of degradation,
denaturation, or chemical alteration. This could lead to false-
positive or false-negative findings, which might lead to inaccurate
interpretations and resource wastage. Serum stability is crucial for
drug development since it has an impact on a dosage pharmacoki-
netic. We examined the stability of AOX in serum and determined
its half-life in vivo. AOX was exposed to human serum to evaluate
its stability, whereas for the calculation of its half-life, AOX was
injected intravenously, and samples were gathered at different time
intervals for examination. The stability of AOX in human serum
over a 24-h period and its half-life in vivo over 24 h were assessed
using reversed-phase high-performance liquid chromatography
(RP-HPLC). The analysis of the chromatographic results revealed
that AOX demonstrated 85.75% stability in human serum for a
duration of 24 h, and half-life of 3.31 h approximately (Fig. S28B

and S28C). The results indicate that AOX remains stable in
serum, showing very little degradation even after being incubated
for a lengthy period of time. The strong serum stability and pro-
longed half-life indicate that AOX has the potential to provide long-
lasting therapeutic effectiveness and widespread dispersion
throughout the body after being administered.

We then quantified tissue distribution of AOX using RP-HPLC
analysis in male Wistar rats administered with an intravenous dose
of 0.5 mg/kg. At 0.5, 1, 4, 8, and 24 h post-administration, the
concentrations of AOX in the liver, kidney, heart, brain, and lungs
were measured. The liver exhibited the highest concentration of
AOX, indicative of significant hepatic uptake and metabolism,
followed by the lungs and kidneys, which showed moderate levels,
suggesting pulmonary distribution and renal elimination
(Fig. S28D and S28E). The heart and brain had lower concen-
trations, reflecting limited penetration into cardiac and cerebral
tissues. The high hepatic concentration aligns with the liver role in
drug detoxification, while the kidneys significant levels highlight
renal excretion. The substantial pulmonary presence suggests the
lungs as a secondary site of distribution. Lower cardiac concen-
trations imply minimal direct effects on the heart, which is
beneficial for drugs targeting peripheral sites. Notably, the brain
exhibited lower yet consistent concentrations, suggesting a neu-
roprotective ability of AOX, as its presence, even at low levels,
indicates it can cross the bloodebrain barrier to exert protective
effects without causing significant central nervous system side
effects. These results provide crucial insights into AOX’s phar-
macokinetics and tissue-specific accumulation, guiding its thera-
peutic application and predicting potential side effects.

Following successful validation of the antioxidant small
molecule for BBB crossing and serum stability, an in vivo
ischemic stroke model induced by transient bilateral common
carotid artery occlusion (tBCCAO) is used to simulate cerebral
ischemia model to generate the process of ischemicereperfusion
in stroke; mimicking conditions relevant to ischemic stroke.
During the procedure, temporary interruption of blood flow to the
brain was induced by occluding the common carotid arteries,
allowing for a controlled period (20 min) followed by 24 h
reperfusion to generate ischemic stroke (Fig. 8A). The duration
and severity of the occlusion play a critical role in assessing the
molecule’s efficacy in mitigating ischemic damage. Studies show
that ROS is generated to a small extent during ischemia but the
level of ROS is produced rapidly once oxygen is reintroduced
during reperfusion. Therefore, to scavenge the excess ROS pro-
duced during reperfusion we designed our experiment in such a
manner that just after the occlusion our small molecule was
injected intraperitoneally at the dose of 0.5 mg/kg body weight to
facilitate the scavenging process and display the antioxidant ac-
tivity by lowering the detrimental effect caused by the tBCCAO/R
surgery. Additionally, neurobehavioral assessments and histolog-
ical analyses of brain tissues were conducted to evaluate AOX’s
impact on neurological outcomes and potential neuroprotective
effects (Fig. 8B). This model is used to study the damage asso-
ciated with white and gray matter resulting after the reperfusion
and the associated abnormalities and damage to the myelin and
axons in the optic nerve, optic tract, and as well as caudate pu-
tamen which progresses towards the cortex. This surgery led to the
drooping of the eyelids after the period of 24 h reperfusion. To our
surprise, we noticed minute or no drooping in the treated group
and the results were the same for all the 9 animals used for the
study (Fig. 8C). To further explore the brain protection with our
small molecule we conducted the modified neurological severity
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score (mNSS) by Bederson’s scoring system to evaluate the
neurological condition after the reperfusion period as compared to
the saline group. The test was based on sensory, motor, and bal-
ance with a total score of 14. The animals were scored accordingly
as stated in the scoring system. The higher the score the greater
the severity of neurological damage. The results showed that
treatments with AOX effectively improved the function and
behaviour of tBCCAO/R rats compared to the saline group
(Fig. 8D).

The location of the ischemic foci was detected with 2,3,5-
triphenyltetrazolium Chloride (TTC) stain showing the infarct
area around the cortex and striatum (Fig. 8E). Infarct size was

evaluated from TTC-stained five consecutive rat brain slices
measuring 2 mm per slice cut using a rat brain matrix. The
experimental animals were sacrificed for TTC stain after 24 h of
reperfusion which delineates the cerebral infarct area 52. The brain
slices when immersed in the TTC solution stain viable tissue deep
red whereas the dead tissue or the infarcted area was left un-
stained. The sham group rats’ brain slices were stained in deep red
as they did not undergo the ischemic stroke whereas the tBCCAO/
R group rat brain slice showed a demarcated infarct area in the
cortex and striatum region accounting for a total infarct volume of
199 mm3. Whereas in the treatment group (tBCCAO/R/AOX)
AOX molecule was injected at the time of reperfusion at a dose of
0.5 mg/kg which showed a significant reduction in the infarct
volume which was 80.8 mm3. The infarct size and area in all
experimental groups is listed in Fig. 8F and Table 2, respectively.

2.10. Histomorphological analysis of ischemic brain injury and
AOX mediated protection: HE and nissl stains

After 24 h of reperfusion, we elucidated the pathomorphological
changes observed in the cortex and striatum region of the brain to
analyse the neuroprotective capacity by AOX. The histological
brain sections stained with haematoxylin and eosin (HE) of the
cortex and striatum region were studied as the stroke area was
confirmed through TTC stain. On microscopic examination, we
can see the thinness and weak staining of the neuropil with more
vacuolization. The emergence of larger, shrunken neurons with
pyknosis in their nuclei and eosin-stained cytolymph that was
clearly visible was prominent in the infarction area, while AOX
reduced the number of pyknotic neurons as well as the area of
necrosis (Fig. 9A and B). For the more precise study of the
neuronal health, we also examined the damage that occurred to the
neurons in the infarcted area using Nissl staining. As shown in
Fig. 9C and D compared with the sham-operated control group the
number of intact neurons was drastically reduced and also
exhibited distorted morphology (Fig. 9E and F). However, in the
treatment group, the neuronal damage decreased. These findings
also show that AOX efficiently prevents neuronal damage and
apoptosis, which lessens the further oxidative damage brought on
by ischemia-reperfusion stroke.

2.11. GFAP and S100b expression patterns in ischemic brain
injury: assessing AOX protection via comprehensive IHC study

In the reperfusion period, the tissue damage is observed related to
the sudden blood flow to ischemic tissue. S100b, a calcium-
binding protein B is primarily found in astrocytic glial cells.
Mainly astrocytes dendritic cells maturing oligodendrocytes and
Schwann cells. S100b expression is involved with the inflamma-
tory process and plays a vital role in the pathogenesis of the brain
undergoing ischemic/reperfusion. In this study, we noticed that
AOX improved the neurological deficit score and the brain infarct
size. The expression of S100b is associated positively with the
total infarct size and is reduced with its treatment as compared to
the ischemic stroke model (Fig. 10AeC). Resting astrocytes are
star-shaped cells with hairlike projections radiating from their cell
body whereas the reactive astrocytes in response to any insult get
broader in projections. When visualized by antibody against in-
termediate filament protein GFAP, the projections in the ischemic
stroke brain seemed to be thicker and appear longer. Therefore,
these morphological changes were seen in tBCCAO/R and
tBCCAO/R þ AOX treated brain which helps us understand the

Figure 8 Effect of AOX in tBCCAO/R rat model of stroke.

(A) tBCCAO Procedure (B) Experimental timeline for the tBCCAO

model Wistar rat and AOX treatment. (C) The physical appearance of

the rats after the surgery in sham, tBCCAO/R, and tBCCAO/R þ AOX

groups with eye drooping in the tBCCAO group had no significant

effect in AOX treatment ensuring good antioxidative activity.

(D) modified Neurological Severity Scoring (mNSS) on 14 scores

based on neurological conditions. (E) TTC staining of 5 consecutive

brain slices of all the three experimental groups to detect the infarct

location and its volume. (F) Infarct volume percentage was calculated

from the TTC brain slice images. The results are represented as n Z 3

in each group and were analyzed by one-way ANOVA. **P < 0.01,

****P < 0.0001 versus sham group ####P < 0.0001 versus the

tBCCAO/R group.
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cellular changes in the rat brain after the ischemic stroke
(Fig. 10DeF). Astrogliosis increases neuroprotection and releases
trophic factors to support the degenerating neurons by forming a
glial scar around the damaged area and isolating it from the rest of
the CNS tissue. The lesioned area is populated by reactive as-
trocytes and it’s known that it has the property of stem cells. This
helps the damaged area to heal by remodeling the brain circuits.
The overall result of these functional reactions is beneficial for the
nervous tissue.

2.12. Unveiling microglia response: IBA1 expression and
morphological changes in ischemic brain injury and protection by
AOX

Microglia are resident immune surveillance cells of the brain that
constitute about 0.5%e16.6% of human brain cells53 and 5%e
12% of mouse brains54. These cells react to the change in the
environment by changing its morphology which is used to mea-
sure neuroinflammation and pathology. Microglia have a unique

Figure 9 Representative images of Haematoxylin and eosin-stained cells in (A) Cortex and (B) Striatum. Wistar rats were subjected to sham

operation in one group, in the tBCCAO/R group rats were subjected to 20 min of ischemia followed by 24 h of reperfusion with the administration

of vehicle (saline) and in tBCCAO/R þ AOX group AOX (0.5 mg/kg) was injected at the end of ischemia and the start of reperfusion. AOX

treatment at the time of reperfusion reduces brain damage after 24 h of tBCCAO ischemic/reperfusion in animals and improves the number of

surviving neurons compared to the tBCCAO/R group. Haematoxylin and eosin stain shows massive shrunken neurons with nuclei pyknosis and

prominently-stained cytolymph by eosin in 20 � magnification of paraffin embedded brain tissue 5 mm brain section. Representative images of

cresyl violet stained cells in (C) cortex and (D) striatum. The morphology of the neuron in the cortex and striatum region visualized with nissl

stain and necrotic neurons is visible in the tBCCAO group with significantly increased viable neurons in the treated group. Quantification of the

percentage of surviving neurons per mm2 in (E) cortex and (F) striatum was determined. The results are represented as n Z 3 in each group and

were analyzed by one-way ANOVA. **P < 0.01, ****P < 0.0001 versus sham group ####P < 0.0001 versus the tBCCAO/R group. The scale bar

corresponds to 200 mm.

Table 1 Primer sequences used for RT-qPCR.

Gene Forward 50e30 Reverse 50e30 Accession No.

Nrf2 GGTTGCCCACATTCCCAAAC ATCCAGGGCAAGCGACTCAT NM_031789.3

NQO1 AAACGACATCACAGGGGAGC GGGCACCCCAAACCAATACA NM_017000.3

HMOX-1 CTAAGACCGCCTTCCTGCTC GGTAGTATCCTGGGCTCTAAGG XM_039097469.1

GCLC GCAGCTCTTAGAGGAAGTGTGA GGCACTGGTGTGGACCTAGA XM_039080870.1

GCLM CCCTGATTTGGTCAGGGAGTTT GTCCAGCTGTGCAACTCCAA NM_017305.2

GAPDH CTCCAACCCAACCCTCAACAG CCGATACGGCCAAATCCGTTC XM_039107008.1

Table 2 Infarct size evaluation by 2,3,5-triphenyltetrazolium chloride (TTC) staining.

Group Brain slice area

(mm2)

Total infarct area (mm2)

(Cortex þ Striatum)

Total infarct volume (mm3) (10 mm (2 mm*5

slice) *Total infarct area (mm
2

))

% Infarct

size

Sham n Z 5 141.94 � 13.92 0 0 0

tBCCAO/R n Z 5 141.62 � 2.78 19.9 � 12.61 199 � 12.61 14.05

tBCCAO/R/AOX n Z 5 160.08 � 10.38 8.08 � 2.81 80.8 � 2.81 5.05
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highly ramified shape with numerous sinuous branches originating
from a small cell body during non-inflammatory conditions.
Microglia quickly alter their shape by shortening their processes
and expanding their cell bodies upon detecting any inflammatory
or pathogenic stimulation55. They even become amoeboid in more
severe conditions where necrotic death is seen56. Microglia survey
and perform synapse pruning and even phagocytose the non-
functional neurons as well as synapses. Since disease severity is
correlated with morphological alterations in microglia, immuno-
histochemical investigations that disclosed the morphology of
microglia and the degree of inflammation resulting from tBCCAO
surgery were studied.

Ionized calcium-binding adapter molecule 1 (IBA1) is a
commonly used microglial reactivity morphological changes
marker. In a 40 � immunofluorescence image skeleton analysis
was done to compute the average number of branches, branch
endpoints, and branch length (Fig. 11A and F).

Furthermore, we quantified microglial morphology at the
single-cell level and isolated individual, randomly selected
microglial cells from an image in ImageJ using three different

single-cell microglia. The spatial complexity of the individually
isolated microglia was measured using fractal and lacunarity
analysis to determine the complexity and shape heterogeneity of
the microglia to calculate the cell density, span ratio, and circu-
larity of the cells which gives the information on the size, elon-
gation, and shape of the cell boundaries respectively57. Fractal
analysis showed that the microglia in the tBCCAO/R group had a
simpler branching pattern, larger cell bodies, fewer and shorter
branches, and fewer endpoints than control the microglia in the
sham group, while the treatment group’s microglia morphology
was similar to the sham groups in both cortex and striatum
(Fig. 11B, C, G and H). However, differences in lacunarity,
circularity, span ratio, and density between sham, tBCCAO/R, and
treatment groups were not detected (Supporting Information
Fig. S29AeS29E). Sholl analysis was used to assess how far
single microglia has branched, using intercepts on concentric
circles surrounding the cell body. The microglial ramification was
measured by single-cell skeletal analysis showing that the
microglia of the tBCCAO group had fewer and less expansive
branches than a sham and treatment group (Fig. 11D, E, I and J).

Figure 10 Immunofluorescence staining for S100b in the Striatum and Cortex of Wistar rats given AOX treatment at the time of reperfusion

(24 h) (A) Immunofluorescence for in the striatum and cortex. Red fluorescence indicates S100b and blue fluorescence indicates Hoechst.

Quantification of S100b expression by calculating mean CTCF value for striatum (B)and cortex (C). Immunofluorescence staining for GFAP in

the Striatum and Cortex of Wistar rats given AOX treatment at the time of reperfusion (24 h). (D) Immunofluorescence for GFAP in the striatum

and cortex. Green fluorescence indicates GFAP and blue fluorescence indicates Hoechst. The red demarcated dashed lines (eeee) represent the

area with glial scar formation. The quantification of GFAP expression by calculating mean CTCF value for striatum (E)and cortex (F). The scale

bar corresponds to 50 mm. n Z 3 in each group were analyzed by one-way ANOVA. **P < 0.01, ***P < 0.001, ****P < 0.0001 versus sham

group ####P < 0.0001 versus the tBCCAO/R group.
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3. Conclusions

In summary, the development of a multifunctional novel 8-HQ-
based polyphenolic antioxidants holds immense promise in the
realm of neuroprotection and the treatment of neurodegenerative
diseases. Pre-treatment with a novel antioxidant small molecule,
AOX, showed the antioxidant potential in PC12-derived neurons
in H2O2 induced oxidative stress cellular model and Wistar rats
with induced ischemic stroke, i.p. injection of AOX at the time of
reperfusion significantly decreased infarct volume and amelio-
rated neurological impairments with minimal alterations in neu-
roinflammatory markers such as GFAP, IBA1 and S100b. Overall,
combining two antioxidants and a metal chelator in one small
molecule can provide a powerful tool for protecting cells and
tissues from oxidative damage, which has been implicated in a
wide range of diseases, including cancer, heart disease, and
neurodegenerative disorders. Research in this field is ongoing, and
scientists are continually working on the development of small
molecules that can effectively target and modulate the Nrf2/ARE
pathway for therapeutic purposes. Such molecules have the po-
tential to contribute to the treatment and prevention of various
diseases related to oxidative stress.

4. Experimental

4.1. Chemicals and reagents

2-Methyl-8-quinolinol is obtained from TCI. 1,2,3-
Trimethoxybenzene, Polyphosphoric acid, SeO2, BBr3,
1,1,1,3,3,3-hexafluoro-2-propanol, ABTS, DPPH were purchased
from Sigma. Dichloromethane (DCM), zinc acetate, sodium bi-
carbonate, hydrogen peroxide (H2O2), NH4OH, ethyl acetate, n-
hexane, CCA, Thioflavin-T (ThT), and DCFDA were purchased
from Merck (Germany). Horse Serum was bought from Himedia.
Rabbit monoclonal antibody, and penicillinestreptomycin were
bought from Invitrogen. Copper chloride, zinc chloride, manganese
chloride, magnesium chloride, cobalt chloride, nickel chloride, iron
chloride, and calcium chloride were bought from SRL. Amyloid
beta (1�42) was obtained from Alexotec (Sweden). Nitrocellulose
membranes were procured from Merck Millipore. All chemicals
were used without purification. Dulbecco’s modified Eagle’s me-
dium (DMEM-low glucose), horse serum (HS), fetal bovine serum
(FBS), bovine serum albumin (BSA), trypsineEDTA solution, 40,6-
diamidino-2-phenylindole dihydrochloride (DAPI), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),

Figure 11 Single-cell assessment of microglial morphology before and after AOX treatment. (A, F) Immunofluorescence staining for IBA1 in

the Striatum and Cortex with single cell binary isolated microglia subjected to fractal analysis and converted to outlines and analyzed using the

FracLac plugin. Quantitative data of endpoints and process length calculated from fractal analysis for single cell microglia isolated from striatum

(B, C) and cortex (G, H) photomicrograph. Sholl analysis was performed to measure cell branching using concentric circles for the striatum (D, E)

and cortex (I, J). The scale bar corresponds to 50 mm. n Z 3 in each group were analyzed by one-way ANOVA. **P < 0.01, ***P < 0.001,

****P < 0.0001 versus sham group ####P < 0.0001 versus the tBCCAO/R group.
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formaldehyde solution for molecular biology, penicillin strepto-
mycin solution, dimethyl sulfoxide (DMSO), Bisbenzimide
H33258 (HOECHST), Triton X-100 detergent, DPX Mountant,
Tween 20 detergent, glycine, Tris base, protease inhibitor, phos-
phatase inhibitor, RIPA lysis buffer, 2-mercaptoethanol, ammonium
persulfate, TEMED, acrylamide/bis-acrylamide solution, sodium
dodecyl sulfate (SDS), bromophenol blue, glycerol, methanol,
Trizol reagent, nuclease free water, SYBR GREEN PCR Master
Mix, Verso cDNA synthesis kit, ImmobilonWestern HRP substrate,
3color pre-stained protein ladder, PVDF membrane (Millipore),
primers were purchased from GCC Biotech, 2,3,5-
triphenyltetrazolium chloride (TTC).

4.2. Synthesis of AOX

SeO2 (30 mmol, 3.33 g) in 1.4-dioxane (50 mL) was taken and to
this 1 mL of water was added, then the mixture was heated to
60 �C. 2-Methylquinolin-8-ol (2.39 g, 15 mmol) in 1.4-dioxane
(20 mL) was taken and added to the previous SeO2 solution
dropwise over 30 min. The reaction solution was reflux for 12 h at
110 �C. After completion of the reaction, the precipitate was
filtered and the filtrate was concentrated using a vacuum. The
crude product was purified by silica gel chromatography using
ethyl acetate/n-hexane, 1:5 to give 2.38 g of the pure title com-
pound as yellow solid58,59, 92% yield; 1H NMR (400 MHz,
DMSO-d6) d (ppm) 10.08 (s, 1H), 8.40 (d, J Z 8.4 Hz, 1H), 7.87
(d, J Z 8.4 Hz, 1H), 7.54 (t, J Z 7.8 Hz, 1H), 7.41 (d,
J Z 8.0 Hz, 1H), 7.16 (d, J Z 8.0 Hz, 1H). 13C NMR (100 MHz,
DMSO-d6) d (ppm) 194.20, 154.79, 150.82, 138.71, 138.15,
131.18, 128.09, 118.44, 117.82, 113.18. HRMS (ESI) calculated
for C10H7NO2 [m/z]:173.0477, found: 174.0559.

There are three step reaction. The stepwise yield of the step-1
is 92%, step-2 is 77% and step-3 is 74%. Thus, the overall yield
(%)Z (0.92 � 0.77 � 0.74) � 100 Z 52%.

4.2.1. 2-(Bis(2,3,4-tri methoxyphenyl) methyl) quinoline-8-ol
(Intermediate-2)
2 g polyphosphoric acid (PPA) was taken in a round bottom flask
and heated to 120 �C. When the viscosity was lost then 8-
hydroxyquinoline-2-carbaldehyde (100 mg, 1 equiv.) and 1,2,3-
trimethoxybenzene (203 mg, 2.1 equiv.) were mixed well and
added to PPA with continuous stirring. The solution got red color
after some time. After 5 min of continuous stirring ice water was
added to the round bottom flask with continuous stirring. Then the
solution was neutralized with NH4OH. The white precipitate was
filtered out and dissolved in ethyl acetate. The crude was purified
by silica gel chromatography using 20% ethyl acetateehexane to
give 219 mg of a pure compound, 77% yield. 1H NMR (300 MHz,
DMSO-d6) d (ppm) 8.06 (d, J Z 8.4 Hz, 1H), 7.42e7.27 (m, 4H),
7.11 (d, J Z 7.5 Hz, 1H), 6.60 (d, J Z 8.7 Hz, 2H), 6.57 (d,
J Z 8.7 Hz, 2H), 6.35 (s, 1H), 3.87 (s, 6H), 3.84 (s, 6H), 3.61 (s,
6H). 13C NMR (100 MHz, DMSO-d6) d (ppm) 161.76, 152.93,
152.66, 151.54, 142.47, 138.30, 136.83, 129.19, 127.67, 127.38,
124.49, 122.74, 118.21, 111.60, 111.05, 107.86, 60.77, 60.72,
56.23, 46.52. HRMS (ESI) calculated for C28H29NO7 [m/z]:
419.1944, found: 412.2027.

4.2.2. 4,40-((8-Hydroxyquinoline-2-yl) methylene)
bis(benzene-1,2,3-triol) (AOX)
100 mg of 2-(Bis(2,3,4-trimethoxyphenyl) methyl) quinolin-8-ol
was mixed with dichloromethane under an inert atmosphere in a
round bottom flask and cooled it to �78 �C. After that boron

tribromide (BBr3) in dichloromethane was added to it. After
stirring at �78 �C for 2 h, the reaction mixture was allowed to
warm to room temperature with continuous stirring for 24 h. After
that, it was cooled to 0 �C and added water. Removing the
dichloromethane under reduced pressure the mixture was extrac-
ted with ethyl acetate. The combined organic layer was reduced
under low pressure and the crude product was purified through
column chromatography with 10% methanol in dichloromethane
to give a 62 mg very light yellow product, a 74% yield60. 1H NMR
(600 MHz, CD3OD) d (ppm) 8.83 (s, 1H), 7.73 (d, J Z 8.4 Hz,
1H), 7.68 (t, J Z 7.8 Hz, 1H), 7.64 (d, J Z 8.4 Hz, 1H), 7.38 (d,
J Z 7.2 Hz, 1H), 7.30 (d, J Z 7.2 Hz, 1H), 6.35 (d, J Z 8.4 Hz,
2H), 6.31 (d, J Z 8.4 Hz, 2H), 4.57 (s, 1H). 13C NMR (150 MHz,
CD3OD) d (ppm) 163.05, 145.94, 145.89, 145.31, 144.12, 144.11,
133.24, 129.86, 128.32, 127.90, 126.81, 126.54, 123.28, 119.99,
119.89, 118.43, 115.97, 115.95, 115.82, 106.63, 45.25. HRMS
(ESI) calculated for C22H17NO7 [m/z]: 407.1005, found:
408.1081.

4.3. Preparation of Ab solution for thioflavin-t assay

Ab42 peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol to
prepare the Ab42 monomers. A fixed amount of solution was taken
and was evaporated under the mild flow of N2 gas to obtain
precipitated Ab42 peptide. After that, a minimum amount of DMSO
was added to solubilize the Ab peptide. Then fixed amount of buffer
solution was added to get the desired concentration of Ab.

4.4. Metal ion binding and stoichiometry calculation

The interaction between metal ions and the AOX ligand was
measured using UVevis spectroscopy. The final concentration of
AOX was 5 mmol/L. Al3þ, Zn2þ, Ni2þ, Mg2þ, Fe3þ, Co2þ, and
Cu2þ ions were taken as a metal ion to know the selective inter-
action. The concentration of the all-metal ions is also 5 mmol/L as
a 1:1 binding ratio. Next, the copper titration was performed with
AOX (10 mmol/L), increasing the molar concentration of Cu2þ

from 2.5 mmol/L to 35 mmol/L as a 1:3.5 binding ratio. GraphPad
Prism 8.0.2 was used to analyse and plot the data.

4.5. Tyrosine quenching assay

Ab42 (10 mmol/L), and Cu2þ (10 mmol/L) in PBS were co-
incubated with and without AOX (10 mmol/L). For control,
fresh Ab42 (10 mmol/L) peptide solution was taken. Fluorescence
of the solution was recorded by exciting the solution at 285 nm in
Quanta Master spectrofluorometer (QM-40) using a slit width of
1.25 nm. The emission was noted from 295 to 400 nm and the
wavelength emission maxima was 308 nm. Finally, the graph was
plotted using GraphPad Prism software.

4.6. Bradford assay for monitoring copper-independent and
copper-dependent Ab42 fibrillation inhibition

For studying the copper-independent Ab42 fibrillation PBS buffer
(pH 7.4) was used to dilute the Ab42. For Ab42 aggregates, only
Ab42 (10 mmol/L) was vortexed for 72 h at 37 �C. In other cases,
AOX was added by 0.5, 1, 2, 5, and 10 mmol/L along with Ab42 and
incubated similarly. After 72 h incubation, this solution was
centrifuged at 12000 rpm and the filtrate of this mixture was taken.
Bradford reagents were added to this solution and the absorbance of
the solution was measured by using microplate reader at 595 nm.
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Similarly, for copper-dependent Ab42 fibrilization PBS buffer (pH
7.4) was used to dilute the Ab42. For copper-dependent Ab42 ag-
gregates, Ab42 (10 mmol/L) and Cu2þ (10 mmol/L) was incubated
for 72 h at 37 �C with agitation. In other cases, AOX was added by
0.5, 1, 2, 5, and 10 mmol/L along with Ab42 and copper and incu-
bated similarly. After 72 h incubation, this solution was centrifuged
at 12,000 rpm and the filtrate of this mixture was taken. For control,
a fresh Ab42 peptide solution was taken. Next, Bradford reagents
were added to this solution and the absorbance of the solution was
measured by using microplate reader at 595 nm and the graph was
plotted using GraphPad Prism software.

4.7. Thioflavin-T assay for monitoring copper independent Ab42
fibrillation inhibition

For reading the copper-independent Ab42 fibrillation PBS buffer
(pH 7.4) was used to dilute the Ab42. For the control experiment,
only Ab42 (10 mmol/L) was vortexed for 72 h at 37 �C. In other
cases, AOX was added by 0.5, 1, 2, 5, and 10 mmol/L along with
Ab42 and incubated similarly. After 72 h incubation this solution
was diluted with PBS and ThT (50 mmol/L) was added. Fluores-
cence of the final solution was read by exciting the solution at
435 nm in Quanta Master Spectrofluorometer (QM-40) using a slit
width of 1.25 nm. The emission was recorded from 445 to 600 nm
and the graph was plotted using GraphPad Prism software.

4.8. Thioflavin-T assay for monitoring copper dependent Ab42
fibrillation inhibition

For reading the copper-dependent Ab42 fibrillation PBS buffer (pH
7.4) was used to dilute the Ab42. For the control experiment, Ab42
(10 mmol/L) and Cu2þ (10 mmol/L) were vortexed for 72 h at
37 �C. In other cases, AOX was added by 0.5, 1, 2, 5, and
10 mmol/L along with Ab42 and copper and incubated similarly.
After 72 h incubation this solution was diluted with PBS and ThT
(50 mmol/L) was added. The fluorescence was recorded from 445
to 600 nm by exciting at 435 nm and the graph was plotted in
GraphPad Prism software.

4.9. Docking study to visualize the interaction

The molecular docking experiment was performed using the re-
ported method61. For this docking research, the protein model
made use of the frequently used Ab42 peptide (PDB ID 1IYT)62

and Ab42 fibril structure (PDB ID 5KK3)63.

4.10. CD spectroscopy

Ab42 (10 mmol/L) and AOX (1, 5 and 10 mmol/L) solution were
incubated for 72 h at 37 �C while being constantly shaken. Next,
the CD experiment was carried out by using the method61. The
data were analyzed and plotted by using GraphPad Prism.

4.11. CCA assay

To perform the CCA assay stock solutions for Cu2þ, sodium
ascorbate, 3-CCA, and AOX, and gallic acid (positive control)
were prepared. To read the fluorescence Cu2þ, 3-CCA, and
ascorbate were added in such a way so that the final concentrations
would be 10, 150, and 200 mmol/L respectively. For the treatment
of AOX, different concentrations (0.5, 1, 2, 5, and 10 mmol/L) and
gallic acid (10 mmol/L) were added. The fluorescence was being

read from the very first moment after addition. The wavelength of
excitation was 395 nm and of emission 450 nm. The graph was
plotted with the help of GraphPad Prism.

4.12. Media stability of AOX

AOXwas incubated with PC12 cell culture media to achieve a final
concentration of 100 mmol/L at 37 �C. At specified time intervals (0,
2, 6, 12, and 24 h), 100 mL of the incubated solution was withdrawn
and diluted with an equal volume of acetonitrile. Subsequently, the
diluted solutions were subjected to analysis using RP-HPLC for
purity determination. Graphical representation of the obtained data
was performed using GraphPad Prism software.

4.13. Serum stability of AOX

AOX was incubated with 50% human serum to keep the final con-
centration of 150 mmol/L of AOX at 37 �C. 100 mL incubated so-
lution was taken out and diluted with 100 mL of acetonitrile to
complete the precipitate of serum proteins at different time intervals
(0, 1, 6, 12, and 24 h). Then the solution mixture was kept at 4 �C to
stop the protease activities for 20 min. Next, mixtures were taken
out and centrifuged at 10,000 rpm for 10 min at 4 �C. The filtrate
solution was then taken and analyzed by RP-HPLC purity mea-
surement. The graphwas plotted with the help of a GraphPad Prism.

4.14. Half-life of AOX

Half-life of AOX was determined according to the previously
reported protocol with some modifications64,65. To determine the
half-life of AOX, a dosage of 0.5 mg of AOX per kilogram was
intravenously delivered through the jugular vein. Blood samples
were obtained from the tail vein using a 21e23-gauge needle at
different time intervals (3, 6, 12, 18, and 24 h) and collected into
BD Vacutainer� PPT™ Plasma Preparation Tubes. The serum that
was gathered was immediately separated using centrifugation at a
speed of 5000 revolutions per minute for 5 min at room temper-
ature. It was then stored in a frozen state at a temperature of
�80 �C until it could be analyzed. The levels of Serum AOX were
measured using HPLC analysis conducted with a Shimadzu LC-
20AP instrument. The graph was plotted with the help of
GraphPad Prism and Excel. The half-life of AOX was determined
by Eq. (1):

KelimZ

�
ln ðCpeakÞ � ln ðCtroughÞ

T interval

�

t1=2Z

�
0:693

Kelim

�
ð1Þ

4.15. Tissue distribution

Tissue distribution of AOX was determined according to the
previously reported protocol with some modifications66. This
study utilized male Wistar rats (200e250 g) acclimated for one
week under standard laboratory conditions. AOX was adminis-
tered intravenously at a dose of 0.5 mg/kg, and rats were eutha-
nized at 0.5, 1, 4, 8, and 24 h post-administration for tissue
collection (liver, kidneys, heart, brain, and lung). Tissues were
weighed, homogenized in phosphate buffer saline, and extracted
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with methanol. The supernatants were collected post-
centrifugation for HPLC analysis. Using a C18 column and a
mobile phase of water and acetonitrile (60:40) at a 1.0 mL/min
flow rate, the detection was performed at 254 nm. Standard so-
lutions of AOX (0.5e50 mg/mL) established a calibration curve
correlating concentration to peak area. Tissue extracts were
injected into the HPLC under identical conditions, and peak areas
were used to determine AOX concentrations (mg/mL) via the
calibration curve. Data were statistically analyzed to calculate
mean concentrations and standard deviations across tissues and
time points, illustrating AOX tissue-specific accumulation using
GraphPad Prism software.

4.16. DPPH assay

A stock solution of DPPH (100 mmol/L) was prepared in methanol
and 500 mL was added to all the tubes followed by 500 mL of AOX
at various concentrations (100, 50, 25, 12.5, 6.25, 3.125, 1.562,
0.78, 0.39, 0.19, and 0). Therefore, the final concentration of
DPPH becomes 50 mmol/L for each assay and the concentration of
AOX becomes 50, 25, 12.5, 6.25, 3.125, 1.562, 0.78,0.39, 0.19,
and 0 mmol/L, respectively. The tubes were incubated for 30 min
in the dark and after the incubation the absorption was measured
at 517 nm using a UV spectrophotometer. The following Eq. (2)
was used to determine the % DPPH scavenging activity:

DPPH scavenging activity ð%Þ

Z

�
Absorbance S�AbsorbanceC

Absorbance B

�
� 100

ð2Þ

where Absorbance S is the absorption of the DPPH, and Absor-
bance C is the absorption of DPPH measured in the presence of
AOX.

4.17. ABTS (2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) assay

We measured the ABTS radical scavenging activity with a
modified version of a previously published protocol67. Briefly, the
ABTS solution was prepared by mixing an equal volume of
7 mmol/L ABTS with 2.45 mmol/L potassium persulfate. For
12e16 h, this combination was incubated at room temperature in
the dark. PBS was added to the solution to dilute it until the
absorbance at 734 nm was 0.700. The diluted solution was mixed
equally with the sample solution and the mixture was immediately
measured at 734 nm using Microplate Reader and data was plotted
and analyzed by GraphPad Prism 8.0.2 software. The ABTS
radical scavenging activity (%) was calculated as Eq. (3):

ABTS scavenging activity

Z1�
�
Absorbance S�Absorbance C

AbsorbanceB

�
� 100

ð3Þ

where Absorbance S, Absorbance C, and Absorbance B are the
absorbance values of the sample, control, and blank, respectively.

4.18. Nitric oxide assay

Sodium nitroprusside (5 mmol/L) prepared in PBS was used to
generate nitric oxide. It was then combined with varying amounts
of AOX and standard gallic acid and incubated for 45 min at
37 �C. After incubation 1:1 ratio of solution was diluted with
Griess reagent (1:1 ratio of N-(1-naphthyl) ethylenediamine:

sulphanilic acid, molecular probes-cat #G-7921). The chromo-
phore generated during the diazotization of nitrite with Griess
reagent was measured for absorbance at 548 nm. The nitric oxide
scavenging percentage was calculated as Eq. (4):

Nitric oxide scavenging %

Z100�
�
Absorbance S�AbsorbanceB

Absorbance C

�
� 100

ð4Þ

where Absorbance S, Absorbance C, and Absorbance B are the
absorbance values of the sample, control, and blank, respectively.

4.19. DNPH assay (protein oxidation)

Protein oxidation assay was performed using the already described
method 48. Briefly, BSA (1 mg/mL), H2O2 (2.5 mmol/L), and
Cu2þ (0.1 mmol/L) were incubated separately for 24 h in PBS
(pH Z 7.4) at 37 �C with various concentrations of AOX and
Ascorbate. Carbonyl group quantitation of the protein was carried
out using DNPH (10 mmol/L in 0.5 mol/L H3PO4) and the
incubated solution in the ratio of 1:1 and incubated together for
15 min in the dark at 37 �C. The reaction mixture was then
incubated at 20 �C with 250 mL of trichloroacetic acid (50%, w/v)
followed by centrifugation for 5 min. Without disturbing the
pellet, the supernatant was disposed of, and 1 mL of ethanol/ethyl
acetate (1/1, v/v) was washed three times. After washing the pellet
was resuspended in 6 mol/L guanidine-HCl allowing for the
measurement of absorbance at 370 nm. The protein oxidation
percentage was calculated using Eq. (5):

Protein oxidation %Z

�
Absorbance C�Abs

Absorbance C

�
� 100 ð5Þ

where Abs is the absorption of DNPH and Absorbance C is the
absorption of DNPH measured in all the samples and positive
control Ascorbate.

4.20. Cell culture and H2O2 induced oxidative stress cellular
model

Eosinophilic and neuroblastic cells make up the rat pheochro-
mocytoma cell line (PC12). Cells were cultured DMEM supple-
mented with 10% horse serum, 5% fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA), and 1% penicillin/streptomycin
and incubated at 37 �C with 5% CO2 in a humidified incubator. To
differentiate PC12 cells into neuron-like cells (dPC12) by causing
the cell body to sprout long neurite-like processes it was fed the
following day with 50 ng/mL NGF in DMEM supplemented with
1% horse serum and then incubated for 5 days at 37 �C under 5%
CO2 to ensure appropriate differentiation. 50% of the culture
medium was replaced with fresh medium every 2 days. All the
cellular experiments were carried out using differentiated PC12
(dPC12) cells.

Oxidative stress was induced by incubating the dPC12 cells
with various concentrations of oxidant, hydrogen peroxide for 2 h
in the incubator to attain approximately 50% cell death.

4.21. Cell viability assay

MTT assay was used to measure cell viability following the pre-
viously described method. In brief, PC12 cells were plated at a
low density (1 � 104 cells/well) in a 96-well culture plate and
cultured for 24 h followed by differentiation the next day. The
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dPC12 cells were pre-treated with various concentrations of AOX
small molecule and were incubated at 37 �C with a 5% CO2

environment for 24 h. After appropriate treatments of induction of
oxidative stress, the cells were incubated with MTT solution
(5 mg/mL) prepared in filtered PBS solution for 4 h. After 4 h the
culture media was discarded and the formazan crystal formed was

solubilized with DMSO:methanol (1:1) solution. The absorbance
was recorded using a multiplate reader at 550 nm. The cell
viability percentage was calculated as Eq. (6):

Cell viability ð%ÞZ
�
Absorbance Treatment

Absorbance Control

�
� 100 ð6Þ

the cell recovery percentage was calculated as Eq. (7):

Cell recovery ð%ÞZ
� CV Exp�CV

model
CV control�CV

model

�
� 100 ð7Þ

where CV Exp is the cell viability of the experimental group, CV
model is the cell viability of the H2O2 induced oxidative stress
group, and CV control is the cell viability of the control group.

4.22. Live dead assay (Calcein-AM/PI)

To study the cell viability effect of AOX on H2O2-induced cell
damage, a live-dead assay was performed using Calcein-AM and
propidium iodide (PI). The four experimental groups of dPC12 cells
cultured on confocal dishes were individually treated at a final con-
centration of AOX (10 mmol/L) for 24 h followed by 2 h treatment
with/without H2O2 (200 mmol/L). Live cells were analyzed using
Calcein-AM, a cell permeate dye. Whereas dead cells with
compromised cellmembraneswere stainedwithPI.Briefly, a cocktail
of the dyes was prepared (Calcein-AM 2 mmol/L þ PI 2 mg/mL) in
colorless DMEM media and was added to the PBS-washed culture
dishes at a volume of 300 mL and incubated in the dark for 5 min at
room temperature. After the incubation, the culture dishes were
washed with PBS and subjected to live cell imaging under the fluo-
rescencemicroscope (OLYMPUS IX83)with FITCfilter for Calcein-
AM which emits green fluorescence, and TRITC filter for PI which
emits red fluorescence. Captured fluorescence images were further
assessed and quantified for viability percentage using ImageJ
software.

4.23. Measurement of lactate dehydrogenase (LDH) release

The amount of LDH released into the medium due to H2O2-
induced cell injury was performed using Cayman’s LDH cyto-
toxicity assay kit (Item No. 601170) following the manufacturer’s
instructions. This assay operates by monitoring the enzymatic
conversion of lactate to pyruvate by LDH, measuring the associ-
ated increase in absorbance at a specific wavelength. For this
experiment, PC12 cells were seeded in a 96-well plate at a density
of 10,000 cells/well and differentiated into neurons. After that
dPC12 cells were pre-treated with AOX at various concentrations
(0.0784, 0.1565, 0.3125, 0.625, 1.25, 2.5, 5, and 10 mmol/L) and
incubated for 24 h followed by with/without H2O2 treatment for

2 h. The % LDH release was evaluated by measuring its activity in
the culture medium incubated with LDH reaction solution and
incubated on an orbital shaker for 30 min at 37 �C with gentle
shaking. Absorbance was taken at 490 nm using a microplate
reader (Thermo Scientific; Varioskan Lux). The percentage LDH
release was calculated as Eq. (8):

4.24. Assessing antioxidant enzyme activity

The activity of superoxide dismutase (SOD), glutathione (GSH),
glutathione peroxidase (GSH-Px), catalase and malondialdehyde
(MDA) content was determined by using Cayman Chemical kit
(Item Nos. 706002, 703002, 703102, 10009055 and 707002,
respectively) following the manufacturer’s instructions. Briefly,
PC12 cells were seeded in 6 well plates and incubated at 37 �C
and 5% CO2 for 24 h. On 60% confluency, the cells were differ-
entiated with DMEM medium supplemented with 1% horse serum
and 100 ng/mL NGF and incubated for 5 days. After the cells were
differentiated with visible neurite outgrowth, they were treated
with different concentrations of AOX (0.3125, 0.625, 1.25, 2.5, 5,
and 10 mmol/L) and incubated for 24 h followed by treatment with
oxidant (200 mmol/L H2O2) for 2 h. The cells were harvested
using a cell scraper rather than using any proteolytic enzymes and
collected by centrifugation (2000�g for 10 min at 4 �C). The cell
pellets were homogenised with cold RIPA buffer over ice for
10 min. Following the instructions included in the kit, the ho-
mogenates were centrifuged at 10,000�g for 15 min at 4 �C. The
supernatants were then utilised for the SOD, GSH, GPx, MDA,
and Catalase assays using a microplate reader.

4.25. Detection of intracellular reactive oxygen species (ROS)

One of the most used methods for measuring intracellular ROS is
the 20,70-dichlorodihydrofluorescein diacetate Assay (DCFH-DA).
A stock solution of 10 mmol/L DCFDA was prepared in DMSO
and a working concentration of 10 mmol/L was freshly prepared in
colorless DMEM culture media and used for the assay. Briefly,
dPC12 cells were pre-treated with or without various concentra-
tions of (10, 5, 2.5, 1.25, 0.625, 0.312, 0.156, and 0.078 mmol/L)
AOX and incubated for 24 h at 37 �C with 5% CO2 followed by
treatment with 200 mmol/L H2O2 for further 2 h to generate
oxidative stress. To quantify the amount of ROS generated in the
cells, a prepared working concentration of DCFDA was added to
the cells and incubated for 15 min in the incubator. The cells were
then thoroughly washed with PBS buffer and analyzed by fluo-
rescence imaging (Olympus IX83) under 10 � objective, flow
cytometry (BD LSR-FORTESA), and microplate reader at an
excitation/emission of 485/530 nm wavelength (Thermo Vari-
oskan lux).

4.26. Flow cytometry analysis

Cells were seeded in 6-well culture plates and incubated overnight
followed by differentiation for further 5 days. Then the
dPC12 cells were pre-treated with novel small molecule followed
by a 2 h oxidant treatment(H2O2). After that, the cells were

LDH release ð%ÞZ
�½Experimental value A490� � ½Spontaneous release A490�

½Maximun release A490� � ½Spontaneous release A490�
�
� 100 ð8Þ
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washed to remove any residual culture medium and resuspended
in appropriate concentration to stain it with DCFDA and JC-1
solution by the manufacturer’s instructions. The stained cells
were then analyzed by BD LSR-FORTSEA flow cytometer for the
intensity of green fluorescence of DCFDA and red and green
fluorescence for JC-1 aggregates and monomers.

4.27. Measurement of cellular oxidative stress in live cells
(CellROX)

To measure the intracellular reactive oxygen species (ROS) in live
cells a fluorogenic probe CellROX Deep Red Reagent (Invitrogen,
C10422) was used according to the instructions of the manufac-
turer. In brief, PC12 cells were plated in a confocal glass bottom
dish (35 mm) and differentiated. After that, dPC12 cells were
incubated with the indicated treatment, and the CellROX reagent
was added to a final 5 mmol/L concentration and incubated for
30 min at 37 �C. The cells were then washed with PBS and mi-
croscopy images were taken using Olympus IX83 fluorescence
microscope. The images were analyzed further for the mean
fluorescence intensity using ImageJ software.

4.28. Measurement of mitochondrial superoxide ROS
(MitoSOX)

Mitochondrial ROS was detected using a fluorescent probe
MitoSOX Red mitochondrial superoxide indicator (Invitrogen,
M36008) following the manufacturer’s instruction. dPC12 cells
treated with oxidant and AOX were incubated with a 5 mmol/L
working solution of MitoSox prepared in colorless DMEM culture
medium for 10 min at 37 �C, protected from light. The cells were
washed thrice with warm PBS to remove the probe for visualization
under fluorescence microscope (Olympus IX83). Image fluores-
cence intensity was analysed and quantified using ImageJ software.

4.29. Mitochondrial morphology analysis

The combined use of Hoechst, Phalloidin, and Mitotracker
CMXROS staining provides a comprehensive view of unlocking
the cell dynamics. These stains shed light on the morphology of
mitochondria, the organization of the cytoskeleton, and the nu-
clear organization within cells. To study the mitochondrial
morphology of cells on various treatments the cells were stained
with mitoTracker CMXROS red. Briefly, the dPC12 cells were
incubated with 200 nmol/L of mitoTracker CMXROS red probe
prepared in colourless DMEM for 10 min in the dark. Fluores-
cence microscopy was used to image the stained mitochondria.
Mitochondrial morphology was observed and analyzed using a
fluorescence microscope (Olympus IX83) equipped with a
60 � oil immersion objective. The images were analyzed using
ImageJ software. After acquiring the images using a fluorescence
microscope the images were analyzed for mitochondrial
morphology following previously described method68. Briefly, an
analysis of mitochondrial morphology was performed on
MitoTracker CMXROS images. Firstly, the images were subjected
to a threshold to make binary images and were skeletonized and
the particles were analyzed by the ImageJ software. To determine
the four parameters of the mitochondrial morphology the software
simply counted each signal and determined the pixel area,
perimeter, and circularity for each signal. The following Eqs.
9e11 were done to determine the score of interconnectivity and
elongation:

InterconnectivityZ
Mean area

Mean perimeter
ð9Þ

ElongationZ
1

Circularity
ð10Þ

CircularityZ4�p�
�

Mean area

Mean perimeter 2

�
ð11Þ

4.30. Mitochondrial membrane potential (Djm) measurement

The changes in mitochondrial membrane potential (MMP) were
measured with a JC-1 assay kit (BD Pharmingen Mitoscreen,
551302) according to the manufacturer’s instructions. Briefly,
cultured and treated dPC12 cellswere harvested by trypsinization and
collected by centrifugation at 400�g for 5 min at RT. The obtained
pellet was washed mildly with cold PBS and suspended in 0.5 mL of
freshly prepared JC-1working solution, vortexed to avoid cell-to-cell
clumping, and incubated for 15 min in a CO2 incubator at 37

�C.
Subsequently, the cells were washed twice with 1 � assay buffer
followed by centrifugation and suspended in 0.5mL 1� assay buffer
to analyze the cells by flow cytometry (BD LSR-FORTSEA). After
the corresponding treatment, the cells were stained with JC-1 as
described above and visualised by Olympus IX83 fluorescence mi-
croscope. The images were analyzed and quantified using ImageJ
software. Thus, the MMP was indicated by the ratio of red (JC-1
aggregate) to green (JC-1 monomer) fluorescence intensity indi-
cating healthy and unhealthy cells respectively.

4.31. Western blotting

PC12 cells were cultured in six-well culture plates and differen-
tiated for further treatments. The dPC12 cells were collected,
washed, and lysed with ice-cold RIPA lysis buffer and a 1% (2:1)
protease and phosphatase inhibitor cocktail. The total protein
isolated was quantified using Bradford assay. Equal amounts of
protein samples (40 mg) were separated on a 10% and 12% SDS/
PAGE gel and transferred electrophoretically onto a PVDF
membrane. Subsequently, the PVDF membrane was blocked with
5% BSA for 2 h and incubated with primary antibody overnight at
4 �C. The membrane was washed thrice with 1 � TBST buffer and
incubated with HRP-conjugated secondary antibody for 2 h at RT.
Proteins were visualized by exposure in a BIO-RAD ChemiDoc
using immobilon forte western HRP substrate. The band density
was quantified by Image Lab 6.1 software.

4.32. Immunocytochemistry

PC12 cells were cultured on 35 mm glass-bottom confocal dishes
and differentiated as described before. dPC12 cells were pre-
treated with AOX followed by oxidant as indicated. After the
treatment, cells were fixed with 4% formaldehyde solution for 2 h
at 37 �C, washed thrice with PBS, and permeabilized with 0.3%
Triton X-100 containing 2% BSA prepared in PBS for 30 min.
Cells were given a single PBS wash and incubated with primary
antibody (as per the dilution mentioned on the data sheet of the
antibody) prepared in PBS and incubated at 4 �C for overnight.
The next day, cells were washed thrice with PBS and incubated
with FITC/TRITC/Cy3.5 conjugated secondary antibodies and
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incubated for 2 h at 37 �C, followed by nuclear staining using
Hoechst 33258 for 10 min. Cells were washed and visualized
using a fluorescence microscope (Olympus IX83).

4.33. RNA extraction and quantitative reverse transcriptase-
PCR (RT-qPCR)

dPC12 cells were treated with/without AOX and were used for
RNA isolation. Total RNAwas isolated from treated PC12 derived
neurons using PureLink RNA Mini Kit (Cat. No. 12183018A,
Invitrogen), following the manufacturer’s protocol. The RNA
concentration and purity (A260/A280 > 1.8) of each sample were
determined using the NanoDrop 1000 spectrophotometer
(ThermoFisher Scientific). cDNA was synthesized using total
RNA (300 ng) with RevertAid First Strand cDNA Synthesis Kit
(Cat. No. K1621, Thermo Scientific) according to the manufac-
turer’s instructions. The synthesized cDNA was then diluted 10
times with nuclease-free water for RT-qPCR. Reaction mix
(10 mL) was prepared by adding 5 mL iTaqTM universal SYBR
Green supermix (2 � ), 0.5 mL (10 mmol/L) of each specific
primer pair, and 4 mL of diluted cDNA. The polymerase reaction
was carried out using the standard fast protocol of 95 �C for 20 s
for initial heating followed by 40 cycles of amplification that
comprised of the following: 95 �C for 3 s and variable annealing
temperature commencing from 57.2 to 58.2 �C for 30 s followed
by 65 �C for 5 s. The expression levels of mRNAwere normalized
to GAPDH, used as an endogenous control. Primers listed in
Table 1 were used for the amplification process and the relative
mRNA expression was calculated using the 2�DDCt method.

4.34. Animal housing and care

Adult male Wistar rats (weighing 280e320 g) were used for the
experiments and procured from Jai Narai Vyas University
(JNVU), Jodhpur animal house facility. Animals were housed in
polypropylene cages having aspen shavings bedding (NEPCO)
and had free access to filtered water and food pellets (Purina
5L79) ad libitum under a 12/12 h light/dark cycle. The animal
house was maintained at a constant temperature of 23 � 2 �C and
humidity of 55 � 5%. All of the animals have been prior approved
by the Institutional Animal Ethics Committee (UDZ/IAEC/Pr/
2020/18). All experiments were performed by the Institutional
Animal Ethics Committee (IAEC).

4.35. Experimental animals

Male Wistar rats, weighing 280e320 g, were randomly divided into
three groups: Shamgroup (shamoperation without tBCCAO surgery,
n Z 9); tBCCAO/R group (tBCCAO surgery (20 min occlusion)
treated with 0.9% NaCl followed by 24 h reperfusion, n Z 9);
tBCCAO/R/AOXgroup (tBCCAOsurgery (20minocclusion) treated
with 0.5mg/kgAOX) followedby24h reperfusion,nZ9).The drugs
were injected intraperitoneally at the time of reperfusion.

4.36. Transient bilateral common carotid artery occlusion
(tBCCAO) model

Male Wistar rats were deeply anesthetized by intraperitoneal in-
jection with ketamine (90 mg/kg) and xylazine (10 mg/kg) at a
constant dose volume of 1 mL/kg body weight. After the toe pinch

test for unconsciousness, they were fixed with adhesive tapes in the
supine position on a heating pad (37 �C) for controlling the body
temperature, and the mouth was inserted in the mask for constant
oxygen supply. The neck of the animal was raised with the help of
cotton bedding to facilitate visualization of the artery for occlusion.
The neck area was shaved and disinfected with 70% alcohol. The
right and left common carotid arteries were exposed through a
midline incision on the neck. The common carotid arteries were
occluded with mini-vascular clamps with a closing force of 150�g
for 20 min. The vascular clamps were retracted and the wound was
sutured, and the rats were kept in an incubation cage for recovery.

4.37. Neurological deficit scoring

After 24 h of reperfusion, all the animals were assessed for neuro-
logical deficits, according to the modified Neurological Severity
Score (mNSS)69. Briefly, this method employs a scoring system
where specific criteria are assigned with a numerical value, where a
higher score indicates more severe deficits (scale: 0e18; normal
score: 0; maximum deficit score: 18). The following were the
criteria for scoring:Motor function (Score 0e6)ZLimb flexion (0-
normal resistance, 1-reduced resistance and 2-minimal resistance,
limb symmetry (0-normal and 1-asymmetry), postural stability (0-
maintains balance, 1-grasping and unsteady, 2-leaning to one side
and 3-falling over); Sensory function (Score 0e2) Z 0-normal
sensory function and 2-severe impairment; Reflexes (Score
0e6)Z 0-normal reflexes and 2-severely impaired.

4.38. Cerebral infarct volume assessment

After 24 h of reperfusion, 3 rats from each group were sacrificed by
cervical dislocation, and the brains were harvested. The brain was
then rinsed in PBS to remove excess blood and then was immersed
in PBS and kept in a �20 freezer for 3 min to facilitate slicing of
the brain. The brain was placed in the brain matrix and then five
coronal sections of 2 mm thickness were sliced using a fine razor
blade. The slices were collected in a Petri plate containing 0.05%
TTC prepared in PBS for 30 min at 37 �C followed by fixation in
10% buffered formalin. Brain slices were photographed with a
camera along with a ruler and analyzed by ImageJ analysis soft-
ware. The % infarction size was calculated as Eq. (12):

Infarction ð%ÞZ½Brain slice area�Total infarct area ðCortex
þ StraitumÞ � � 100

ð12Þ

4.39. Cardiac perfusion-fixation and tissue processing

Adult male Wistar rats were anesthetized after 24 h of reperfusion
after tBCCAO surgery with intraperitoneal injection of a mixture
of ketamine (90 mg/kg) and xylazine (10 mg/kg) at a constant
dose volume of 1 mL/kg body weight using a 1 mL calibrated
syringe and then were perfused transcardially with PBS and
simultaneously fixed with 10% buffered formalin. After perfusion-
fixation, the brain was dissected out and post-fixed in the same
fixative for another 24 h. Then each brain was processed for
paraffin blocking by dehydration in increasing gradation of
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alcohol dilution, clearing in xylene and finally infiltration with
paraffin solution followed by embedding in paraffin blocks. After
the blocks were prepared, 5 mm thick coronal sections were ob-
tained with a rotatory microtome (Thermo Scientific HM 325) and
collected on poly-D-lysine coated glass slides.

4.40. Histopathological and immunohistochemical analysis

Standard hematoxylineeosin staining was performed. Tissue
slides were deparaffinized and incubated for 8 min in Mayer’s
hematoxylin solution and washed in warm water for 10 min sec-
tions were dipped in 95% ethanol and counterstained with eosin
for 30 s. The slides were then dipped in xylene and mounted in
DPX and visualized by Dewinter microscope.

For immunohistochemical analysis slides with brain sections
were dried at 37 �C for 30min for better adherence of the sections to
avoid washing out. Paraffin was removed from the slides by dipping
the slides in xylene, followed by rehydration in a gradation of
decreasing alcohol dilution. Antigen retrieval was performed by
using the microwave method as instructed for the antibody by the
manufacturer. Briefly, for anti-S100b and anti-IBA1 Tris/EDTA
solution and anti-GFAP sodium citrate solution was used to dip
the slides and microwave at 700W till boiling followed by 20 min
microwave at 140 W and rinsed thrice with PBS. Slides were per-
meabilized with 1% Triton-X 100 in PBS for 30 min at RT followed
by rinsing with PBS 3 times. Endogenous peroxidase was blocked
by incubating the slides with 1% hydrogen peroxide in PBS for
30 min at RT and blocked using 1% normal serum for 95 min. The
sections were then incubated with primary antibodies raised against
S100b (1:1000), IBA1(1:2000), and GFAP (1:500) diluted in 1%
BSA in PBST at 4 �C for overnight in humidified condition. The
next day, the slides were washed with PBST and incubated with
fluorophore-conjugated secondary antibodies for 2 h in the dark at
RT. The slides were washed with PBS and the nuclei were stained
with DAPI and mounted in a HARDSET VECTOR mounting me-
dium with an anti-fade agent. The slides were examined under a
fluorescence microscope (OLUMPUS IX83) and the corrected total
cell fluorescence (CTCF) intensities were quantified using ImageJ
software and expressed in arbitrary units (A.U.), as shown in Eq.
(13):

CTCFZ Integrated densitye ðArea of selected cell
� Mean fluorescence of background readingsÞ ð13Þ

4.41. SHOLL and fractal analysis

To quantify the ramification of microglia of the cortex and striatum
region, Sholl and fractal analysis was performed using a plugin for
ImageJ software Sholl analysis and FracLac70. The brain sections
immunolabeled for IBA1 were used to study the microglia. Single
cells were extracted from the image, thresholded, and skeletonized
to perform the analysis. Fractal analysis quantified the cell density,
span ratio, and circularity data which described the size, elongation,
and shape of the cell outline, respectively.

4.42. Statistical analysis

All of the results that were presented as the mean accompanied by
the standard deviation (SD) were representative of at least three or
four separate experiments. When comparing the mean values of
more than two different groups, a one-way analysis of variance

(ANOVA) was performed, on the data using Prism software
(GraphPad Prism Software Inc., Version 8.0.2). A statistic was
considered statistically significant if it had a P-value of less than
0.05.
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