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Abstract

Objective: Neuronal ferroptosis has emerged as a promising therapeutic target for ischemic stroke. Tamarixetin, a natural dietary
flavonoid, exerts protective effects against ischemic stroke by modulating neuroinflammatory responses and mitigating oxidative
stress. However, its potential role in regulating neuronal ferroptosis remains unclear.

Methods: A rat model of middle cerebral artery occlusion and reperfusion and an erastin-treated SH-SY5Y cell model were
used for in vivo and in vitro experiments, respectively. The neurological function of the rats was evaluated using a series of
behavioral tests, the Garcia scoring system, and 2,3,5-triphenyltetrazolium chloride staining. Neuronal damage was detected via
immunofluorescence staining and terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick-
end labeling. Commercial kits, western blotting, and coimmunoprecipitation were used to analyze neuronal ferroptosis and the
activation of the Nuclear factor erythroid-2—related factor 2 (Nrf2) signaling pathway. The direct target protein of tamarixetin was
examined using the cellular thermal shift assay, drug affinity-responsive target stability assay, surface plasmon resonance, and
molecular docking. Cellular Nrf2 was knocked down using small interfering RNA.

Results: Tamarixetin mitigated the neurological dysfunctions of middle cerebral artery occlusion and reperfusion (MCAO/R) rats,
including motor dysfunction, limb coordination impairment, neurological deficit, cerebral infarction, and reduced neuronal loss.
Furthermore, it alleviated neuronal ferroptosis in vivo and in vitro by lowering the levels of iron ions, reactive oxygen species,
malondialdehyde, and acyl-CoA synthetase long-chain family member 4 and upregulating the expression of superoxide dismutase,
glutathione, glutathione peroxidase 4, heme oxygenase-1, and solute carrier family 7 member 11. Tamarixetin activated the Nrf2
signaling pathway by suppressing Keap1 protein expression, weakening the interaction between Keap1 and Nrf2, upregulating
Nrf2 protein expression and nuclear translocation, and promoting antioxidant response element activity. Nrf2 is the direct binding
protein of tamarixetin. It specifically interacts with amino acid residues at arginine 72, arginine 515, and lysine 518. The effects
of tamarixetin on Nrf2 signaling pathway activation and neuronal ferroptosis inhibition were abrogated in Nrf2 knockdown cells
challenged with erastin.

Conclusions: Our findings not only identify tamarixetin as a novel ferroptosis inhibitor but also elucidate its mechanism of action
via direct binding and Nrf2 pathway activation, providing a promising therapeutic candidate for ischemic stroke.
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Introduction

Ferroptosis, a recently identified form of programmed
cell death, relies fundamentally on iron ions and lipid
metabolism!l. Its pathogenesis is exceedingly intricate
and multifaceted, with the dysregulation of iron ions
and lipid metabolism serving as crucial factors!'2l.
During ferroptosis, cellular iron levels increase and
iron storage capacity decreases, ultimately resulting
in excessive accumulation of iron ionsPL Iron ions
exacerbate the aberrant production of lipid reactive
oxygen species (ROS), causing lipid peroxidation™.
Concurrently, the glutathione (GSH) level is depleted,
whereas the activity of GSH peroxidase 4 (GPX4) is
reduced® . The presence of reduced iron promotes
the conversion of ROS into hydrogen peroxide (H,0,)
or hydroxyl radicals”l. Excessive ROS induces oxida-
tive stress responses that result in protein, lipid, and
nucleic acid deterioration, ultimately culminating in
cellular death via ferroptosis.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
crucial regulator of the endogenous antioxidant defense
system!®l. Recently, the association between Nrf2 and
ferroptosis has been extensively investigated?®. In
stressed cells, high ROS and electrophilic levels modify
the cysteine residues of kelch-like ECH-associated pro-
tein 1 (Keap1), resulting in conformational changes that
dissociate Keapl from Nrf2. Changes in Keapl slow
the ubiquitination of Nrf2 and inhibit its proteasomal
degradation, resulting in increased Nrf2 accumulation
in the cytoplasm. The accumulated Nrf2 then enters the
nucleus and initiates the transcription of downstream
antioxidant genes that combat oxidative and electro-
philic stress!®l. Nrf2 transcriptionally regulates nearly
all genes involved in ferroptosis and plays a pivotal
role in iron and lipid metabolism within cells!"?l. Nrf2
activation suppresses phospholipid peroxidation and
ferroptosis by boosting the expression of downstream
target genes, such as GSH and GPX48-1, Nrf2 also
regulates the storage and secretion of free iron, thereby
reducing intracellular iron accumulation and inhib-
iting ferroptosis!'?l. Shin et al.’! discovered that Nrf2
pathway inactivation increases cellular vulnerability to
ferroptosis, thereby promoting its occurrence!™). Thus,
Nrf2 has emerged as a promising therapeutic target for
ferroptosis inhibition.

Numerous studies have provided compelling evidence
of the occurrence of ferroptosis in cerebral ischemia.
Brains affected by ischemic stroke have been found to
have high levels of iron ions, transferrin receptors, and
iron-loaded transferrin"*'31, Strategies for ferropto-
sis inhibition have yielded promising results, including
reducing cerebral infarction, enhancing neurological
function, and decreasing neuronal death!'*-'%l, These data
indicate that targeting excessive ferroptosis is a promis-
ing therapeutic approach for the treatment of cerebral
ischemia.

Epidemiological studies have suggested that a high
dietary intake of natural flavonols is associated with a
reduced incidence of cardiocerebrovascular diseases!'’.
Flavonols alleviate ferroptosis through various mecha-
nisms, including enhancing GPX4 activation, inhibiting

74

www.ahmedjournal.com

iron uptake, and reducing ROS overproduction?*-2!,
Tamarixetin, also known as 4’-O-methyl quercetin, is
a naturally occurring flavonol that is widely found in
fruits, vegetables, red wine, and medicinal plants!??],
Recent studies have confirmed its multifaceted phar-
macological activities, including potent effects against
inflammation and oxidative stress and protection
against brain, heart, stomach, and liver damage!?*-2*.,
Furthermore, tamarixetin has high in vivo bioavail-
ability and the ability to cross the blood—brain barrier
to access brain tissue®’. A study showed that tamar-
ixetin alleviated acute brain damage in animals with
ischemic stroke?”l. However, the effects of tamarixe-
tin on subacute brain injury in animals with ischemic
stroke remain unclear. Studies exploring its impact on
ferroptosis, a process predominantly observed during
the subacute phase of ischemic stroke, are scarce. To
address this, we used a rat model of middle cerebral
artery occlusion and reperfusion (MCAO/R) for in
vivo experiments and SH-SYSY cells treated with eras-
tin, a well-established ferroptosis inducer, for in vitro
experiments.

Materials and methods

Reagent information

Tamarixetin (purity >98%) (JOT-12024) was obtained
from Chengdu Pufeide (Chengdu, China), querce-
tin (purity >98%, B20527) from Shanghai Yuanye
(Shanghai, China), erastin (purity >99.0%, $7242), and
ferrostatin-1 (Fer-1, purity >99.0%,S7243) from Selleck
(Shanghai, China); 2,3,5-triphenyltetrazolium chloride
(TTC) (298-96-4), Prussian blue staining kit (G1422),
and ferrous iron content commercial kit (BC5415) were
acquired from SolarBio (Beijing, China). Antibodies
against neuronal nuclei (NeuN, ab177487), heme
oxygenase-1 (HO-1, ab13248), GPX4 (ab125066), and
recombinant human Nrf2 protein (ab202153) were pur-
chased from Abcam (Cambridge, UK). Keap1 (60027-
1-Ig), Nrf2 (16396-1-AP), and B-actin (66009-1-Ig)
were obtained from Proteintech (Wuhan, China), while
histone H3 (#9715) was obtained from Cell Signaling
Technology (Danvers, MA, USA). Commercial kits for
terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP) nick-end labeling
(TUNEL) staining (C1089), lactate dehydrogenase
(LDH) assay (C0017), and calcein AM/propidium
iodide (PI) staining (C20135), nuclear- and cytoplasmic-
fraction protein extraction reagents (P0028), H,O,
assay (S0038), superoxide dismutase (SOD, S0101) and
GSH activity (S0052), malondialdehyde (MDA) con-
tent (S0131), as well as the dihydroethidium (DHE)
(S0064) and 2’,7’-dichlorodihydrofluorescein diace-
tate (DCFH-DA) probes (S0035), were purchased from
Beyotime (Shanghai, China). The BODIPY 581/591 C11
staining kit (D3861) was purchased from Invitrogen
(Waltham, MA, USA).

Animal surgery, groups, and treatment

Eighty-four adult Sprague-Dawley rats (male, weight
250-300g) purchased from Liaoning Changsheng
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Biotechnology (Benxi, China) were housed with free
access to food and water. The suture-occluded method
was employed to induce MCAO/R injury as described
previously®?’l. The rats in the sham group were subjected
to vascular isolation without suture insertion. Seventy-
two rats underwent the MCAO/R surgery. Of these, 18
rats died during or after the procedure, and six rats were
excluded because of the absence of significant cerebral
damage, as confirmed by postoperative neurological
assessment (neurological score exceeding 10 points).
The model and mortality rates were 91.7% and 25%,
respectively.

The rats were divided into five groups according to
the principles of blinding and randomization: sham,
MCAO/R, MCAO/R + tamarixetin (10 and 20 mg/kg),
and MCAO/R + quercetin (50 mg/kg). Tamarixetin and
quercetin were dissolved in sodium carboxymethyl cel-
lulose and administered to rats by gavage 3 days before
and 7 days after MCAO/R surgery.

Behavioral assays

The neurobehavioral functions of the rats were evalu-
ated in a blinded manner using the rotarod, balance
beam, and corner tests, as well as neurological deficit
scores after 72 hours of reperfusion.

Rotarod test

Rats were trained as described previously?®. They
underwent a 3-day training period, which consisted of
three sessions per day. There was a 1-hour rest interval
between sessions. The average baseline latencies of the
rats during the training phase were calculated. After 24
hours of reperfusion, rats were placed on an accelerated
rotarod with a 15-minute rest interval. The time at which
the rats first fell was recorded. Each rat underwent three
trials, and the average latency of the first fall was calcu-
lated. The latency of the rats not falling off the rotarod
was recorded at 300 seconds.

Balance beam test

The rats were trained for 3 days to cross a wooden beam
without falling before MCAO surgery?’l. The rats’ per-
formance in the balance beam test was evaluated 24
hours after reperfusion using a six-grade evaluation sys-
temP%. The rats underwent the test three times, and the
scores were averaged.

Corner test

The corner test was conducted as described previ-
ously??, The rats were placed in the device at 30°,
facing the corner. All rats were retested 10 times, and
turning choices were recorded. The right-turn ratio was
calculated as follows: right-turn ratio = number of right
turns/10 x 100.

Neurological deficit scores

The neurological function of the rats was evaluated
using the Garcia scoring systemP!. The resulting scores
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ranged from three to 18 points. Low scores indicated
poor performance.

Infarct volumes

The brain tissues were frozen at -20°C for 20 minutes
and then cut into five consecutive slices. The slices were
submerged in 2% TTC solution and incubated for 20
minutes at 37°C. After incubation, the brain sections
were examined and the rats’ infarct volumes were
calculated.

Immunofluorescence staining and TUNEL staining

For assessing Nrf2 expression in neurons in vivo,
brain sections were prepared and subjected to antigen
retrieval, permeabilization, and blocking. The primary
antibodies against NeuN (1:1,000) and Nrf2 (1:500)
were added to the sections and incubated for 24 hours
at 4°C. Sections were then washed and stained with the
fluorescein isothiocyanate isomer I fluorescence anti-
body for 4 hours at 25°C in the dark. Subsequently,
images of the brain sections were acquired and ana-
lyzed. For Nrf2 expression in vitro, immunofluores-
cence staining was performed according to a previously
published protocol®?. Neuronal death in the ischemic
brain tissue was quantified using a commercial TUNEL
staining kit.

Determination of iron ions

The level of iron ions was quantitatively evaluated
using a Prussian blue staining kit and a commercial kit
for reduced iron content. Brain sections of fresh isch-
emic cortical tissue were prepared and reacted with
the reagents according to the manufacturer’s protocol.
Images of the brain sections were acquired, and the
content of reduced iron per gram of protein sample was
calculated.

ROS measurement

Superoxide anion levels were detected by DHE stain-
ingl3334. The lipid ROS levels in SH-SYS3Y cells were
measured via C11 BODIPY™ staining. SH-SYSY cells
were co-incubated with the C11 BODIPY probe (5
pM) for 30 minutes at 37°C in the dark. The cells
were washed, fixed with 4% paraformaldehyde (PFA)
for 30 minutes, and mounted with anti-fluorescence
quenching. DHE and C11 BODIPY™ staining were
examined. The H,O, and ROS levels were quantified
using commercially available kits. The absorbance
at 560nm (for H,0,) and fluorescence intensity
(excitation/emission = 488/525) (for ROS) were
quantified.

Oxidative and redox status determination

The MDA content and SOD and GSH activities in isch-
emic brain tissues and SH-SYSY cells were accurately
measured using standardized protocols for each com-
mercial kit.
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Cell treatment and cellular viability

SH-SYSY cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and
1% penicillin-streptomycin. The cells were pretreated
with tamarixetin (1, 10, and 30 pM), quercetin (80 pM),
or Fer-1 (5 pM) for 2 hours and then exposed to erastin
(5 pM) for 24 hours.

The viability of SH-SYSY cells was evaluated using
the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetra-
zolium bromide (MTT) assay®!, a commercial LDH
kit, and calcein AM/PI staining®®l. For the MTT
assay, cells were exposed to MTT (0.25 mg/mL) and
incubated for 4 hours at 37°C under light-restricted
conditions. The cells were then dissolved in dimethyl
sulfoxide (DMSO), and the absorbance at 490 nm was
quantified. For the LDH assay, the cells were centri-
fuged at 400g for 5 minutes, followed by a 1-hour
co-incubation with LDH reagents (37°C) and then cen-
trifugation (400g for 5 minutes). For calcein AM/PI
staining, the cells were stained with calcein AM (1 pM)
and PI probe (1 pM) at 37°C for 1 hour. Images of the
cells were acquired.

Western blotting

The lysed proteins from ischemic brain tissues and
SH-SYSY cells were isolated, and the nuclear and cyto-
plasmic fractions were extracted and quantitatively
analyzed using the bicinchoninic acid method. Protein
samples were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred onto
polyvinylidene fluoride membranes. Subsequently, the
membranes were incubated with primary antibod-
ies against Nrf2 (1:1,000), Keapl (1:1,000), HO-1
(1:1,000), GPx4 (1:1,000), B-actin (1:10,000), and his-
tone H3 (1:1,000) for 24 hours at 37°C. Membranes
were probed with horseradish peroxidase-conjugated
secondary antibodies. The target proteins were visu-
alized, and their relative expression was quantified via
normalization to (3-actin or histone H3.

Coimmunoprecipitation analysis

Coimmunoprecipitation experiments were conducted
as previously described’). Briefly, protein samples were
extracted from SH-SYSY cells and divided into two por-
tions. One portion served as the input control, whereas
the other was subjected to overnight incubation with
the Keap1 primary antibody at 4 °C, followed by incu-
bation with protein A/G agarose beads (Beyotime,
P2055) or IgG overnight at 4°C. Subsequently, the pro-
tein complexes were washed and analyzed by western
blotting.

Small-interfering RNA transfection

Commercial small-interfering RNA (siRNA) tar-
geting Nrf2 was synthesized by GenePharma
(Wuhan, China). The primer sequences were
5’-GAAUGGUCCUAAAACACCA-3> (Nrf2 siRNA
sense), $5-UGGUGUUUUAGGACCAUUC-3* (Nrf2
siRNA antisense), 5>-GAAUGGUCCUAAAACACCA-3
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(negative siRNA sense), and
5’-UGGUGUUUUAGGACCAUUC-3’ (negative
siRNA antisense). SH-SYSY cells were incubated with
Nrf2 siRNA for 60 hours and treated with erastin
for 24 hours, with or without a 2-hour tamarixetin
pretreatment.

Cellular thermal shift assay

The cellular thermal shift assay was performed as pre-
viously described®®!. Briefly, the SH-SYSY cells were
incubated with tamarixetin or DMSO for 2 hours, col-
lected, lysed in liquid nitrogen, and centrifuged. The
supernatants were equally divided, heated at different
temperatures (46°C-66°C), and then centrifuged. The
supernatants were collected and analyzed.

Drug affinity responsive target stability assay

The drug affinity responsive target stability assay was
performed as previously described™'. Briefly, SH-SY5Y
cells were lysed using protease lysis buffer. The lysates
were aliquoted and incubated with tamarixetin or
DMSO for 1 hour. The samples were then proteolyzed
and centrifuged, and the supernatants were analyzed.

Molecular docking

The interaction between tamarixetin and Nrf2 was
analyzed using molecular docking!*’l. Briefly, the struc-
ture of Nrf2 (PDB ID: 7X5G) was obtained from the
RCSB Protein Data Bank (http://www.rcsb.org/). The
protein structure was prepared using PyMOL 2.5.2,
with water molecules and heteroatoms removed,
and stored in a.pdb format. The 3D chemical struc-
ture of tamarixetin (CID: 5281699) was downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov/).
AutoDock Vina and PyMOL 2.5.2 were used to per-
form molecular docking. The grid box was centered
on the active site of the protein, with dimensions set
to 30 A x 30 A x 30 A. Visualization of the docking
poses and interaction analysis were performed using
Discovery Studio software.

Surface plasmon resonance

The interaction between tamarixetin and Nrf2 was eval-
uated using a Biacore T200 system following the manu-
facturer’s instructions/ !,

Statistical analysis

Data were expressed as the mean = standard error of the
mean and analyzed using SPSS version 25.0. One-way
analysis of variance, followed by Tukey’s post hoc test,
was used for comparisons among multiple groups under
a single experimental condition. An unpaired Student’s ¢
test was used for comparisons between two groups. For
experiments involving two independent variables, two-
way analysis of variance was employed. Statistical
significance was set at P < 0.05.
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Results
Tamarixetin alleviated the brain injuries in MCAQO/R rats

An MCAO/R rat model was developed to evaluate
the efficacy of tamarixetin in treating brain injury
resulting from ischemic and reperfusion (I/R). The
rats were administered tamarixetin and quercetin, as
illustrated in Figure 1B. Neurological functions of the
rats were comprehensively evaluated using a battery
of behavioral tests consisting of motor function and
limb coordination evaluations. The collected data indi-
cated that, compared with the rats in the sham group,
MCAO/R rats demonstrated poorer performance,
characterized by reduced latency times in the rotarod
test (Figure 1C), higher balance scores in the beam bal-
ance test (Figure 1D), a higher right-turning tendency
in the corner test (Figure 1E), and lower neurological
deficit scores (Figure 1F). In addition, MCAO/R rats
had larger cerebral infarct volumes (Figure 1G and
H). As illustrated in Figure 1C-F, tamarixetin (10 and
20 mg/kg) and quercetin markedly increased the behav-
ioral test scores in MCAO/R rats. Furthermore, cere-
bral infarction analysis revealed that cerebral infarct
volume was reduced after treatment with tamarixetin
(10 and 20mg/kg) and quercetin (Figure 1G and H).
These findings indicated that tamarixetin exerts a ben-
eficial effect on neurological dysfunction in MCAO/R
rats, particularly with regard to motor disability, limb
incoordination, neurological problems, and brain
infarction.

Subsequently, neuronal expression in the cortex and
striatum, areas that govern motor function and limb
coordination, was analyzed. Notably, the poor perfor-
mance of MCAO/R rats in behavioral tests was associated
with a decrease in NeuN-positive cells and an increase in
TUNEL-positive cells (Figure 11 and J). Interestingly, in
MCAOJ/R rats treated with tamarixetin and quercetin, a
notable increase in the number of mature neurons was
observed, as evidenced by a greater abundance of NeuN-
stained cells and concurrent reduction in apoptotic neu-
rons, as indicated by a low number of TUNEL-positive
cells (Figure 11 and J). These findings suggest that tamar-
ixetin and quercetin effectively reduced neuronal loss in
MCAO/R rats. Collectively, our data highlight the neu-
roprotective effects of tamarixetin on the alleviation of
brain injury resulting from I/R in ischemic stroke.

Tamarixetin reduced ferroptosis in the MCAO/R rats

To comprehensively evaluate the fundamental mech-
anisms underlying the therapeutic effects of tamarix-
etin in the MCAO/R rats, we explored the impact of
tamarixetin on ferroptosis. Initially, the expression of
iron ions, ROS, acyl-CoA synthetase long-chain family
member 4 (ASCL4), and solute carrier family 7 mem-
ber 11 (SLC7A11), which are key hallmarks of ferro-
ptosis, was evaluated. Our results indicated a higher
prevalence of iron deposits in the ischemic cortex and
striatum of MCAO/R rats than in the sham group
(Figure 2A). Interestingly, this effect was attenuated
by treatment with tamarixetin (10 and 20 mg/kg) and
quercetin (Figure 2A). Furthermore, tamarixetin (10
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and 20 mg/kg) and quercetin reduced the iron ion levels
in the brains of MCAO/R rats (Figure 2B). In addition,
we analyzed the association between reduced iron ion
levels and neurological impairment. We observed a neg-
ative correlation between the reduced iron ion content
and latency time in the rotarod test, neurological deficit
scores, and NeuN fluorescence intensity in the ischemic
cortex (Figure 2C). Conversely, we found a positive cor-
relation among the scores in the beam balance test, the
right-turning tendency in the corner test, and TUNEL-
positive cell counts (Figure 2C). These findings suggest
that a reduction in iron ion accumulation markedly con-
tributes to the amelioration of neurological impairments
in MCAO/R rats.

Furthermore, we quantified the ROS levels in vivo.
As illustrated in Figure 2D-F, MCAO/R rats exhibited
increased DHE fluorescence in the ischemic cortex and
striatum, higher H,O, content, and greater DCFH-DA
RFU than those of rats in the sham group. However,
these increases were significantly reduced by tamarixetin
(10 and 20 mg/kg) and quercetin treatments. Regarding
lipid peroxidation, tamarixetin (10 and 20 mg/kg) and
quercetin effectively decreased MDA content in the isch-
emic cortex of MCAO/R rats (Figure 2G). Our findings
suggest that tamarixetin (10 and 20 mg/kg) and quer-
cetin reversed the downregulation of SOD activity and
GSH content caused by MCAO/R (Figure 2H and I).
Specifically, they upregulated the expression of HO-1
and GPx4 in MCAOJ/R rats (Figure 2] and K). Moreover,
tamarixetin treatment reduced the protein level of ASCL4
while upregulating SLC7A11 expression [Supplementary
Figure S1A and B, https:/links.lww.com/AHM/A202].
Collectively, these results indicate the inhibitory effects of
tamarixetin on ferroptosis in MCAO/R rats, suggesting
its potential as a primary preventive agent against neuro-
logical dysfunction associated with ischemic stroke.

Tamarixetin suppressed neuronal ferroptosis in vitro

To examine the effects of tamarixetin on neuronal fer-
roptosis, SH-SYSY cells were incubated with erastin, an
inducer of ferroptosis in vitro. Compared with control
cells, cells treated with erastin exhibited a decreased sur-
vival rate, as evidenced by diminished cellular viability
(Figure 3A), elevated LDH levels (Figure 3B), reduced
calcein AM RFU, and increased PI RFU (Figure 3C and
D). Notably, tamarixetin (10 and 30 pM) mitigated
these changes (Figure 3A-D), resembling the effects
of quercetin and Fer-1. Moreover, the level of reduced
C11 BODIPY™ was lower, whereas the oxidized form
was higher in erastin-incubated cells than in the con-
trol cells. This was further corroborated by the increase
in H,O, content and DCFH-DA RFU, as shown in
Figure 4A—C, both of which indicated excessive gener-
ation of lipid ROS. Consistent with this observation,
the MDA content also increased after incubation with
erastin (Figure 4D). These findings strongly indicated
lipid peroxidation, which was successfully suppressed by
tamarixetin (10 and 30 pM), quercetin, and Fer-1 treat-
ments (Figure 4A-D). Figure 4E shows the expression of
the reduced iron ions. Notably, the levels of reduced iron
ions were found to be lower in tamarixetin-treated (1,
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Figure 1. Tamarixetin alleviated neurological dysfunction and reduced neuronal loss in MCAQO/R rat models. (A) Chemical structure of tamarixetin.
(B) Experimental design for the animal studies. The rats’ neurological functions were rigorously evaluated through a series of behavioral tests. This
included measurement of the latency time in the rotarod test (C), scoring performance in the balance beam test (D), evaluation of right-turning
performance in the corner test (E), and determination of neurological deficits using the Garcia scoring system (F). Each group comprised 12 rats.
Brain infarctions were identified via TTC staining; representative images and quantitative data are presented (G-H). N =6 rats in each group.
The neuronal expression in the ischemic cortex and striatum was evaluated via NeuN and TUNEL staining. Typical images of NeuN and TUNEL
staining, along with the corresponding statistical analysis, are presented (I-J). N = 12 from 3 rats in each group; scale bar = 100 pm. Values are
expressed as mean + SEM. ##P < 0.001 vs. sham group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. MCAO/R group. dUTP: Deoxyuridine tri-
phosphate; MCAO/R: Middle cerebral artery occlusion and reperfusion; SEM: Standard error of mean; TdT: Terminal deoxynucleotidyl transferase;
TTC: 2,3,5-triphenyltetrazolium chloride; TUNEL: TdT-mediated dUTP nick-end labeling.
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Figure 2. Tamarixetin suppressed ferroptosis in MCAO/R rats. Accumulations of iron ions in the ischemic cortex and striatum were visualized via
Prussian blue staining, with representative images presented (A) (N = 3 rats per group). (B) The reduced iron ion contents in the ischemic cortex
were quantitatively measured using a commercial kit (N = 12 from 3 rats in each group). Pearson’s correlation analysis was conducted to evaluate
the association between reduced iron ion content and various neurological and biochemical parameters, including latency time in the rotarod test,
scores from the balance beam test, right-turning tendency in the corner test, neurological deficit scores, NeuN fluorescence intensity, and TUNEL*
cell counts (C). Superoxide anion was labeled using the DHE probe. Representative images and quantitative analysis of DHE staining are presented
(D). N = 9 from 3 rats per group; scale bar = 100 pm. The H,0O, content was detected using a commercial kit (E) (N = 9 obtained from 3 rats in each
group). Intracellular ROS were stained with the DCFH-DA probe (F) (N = 9 from 3 rats per group). The MDA content (G), SOD activity (H), and GSH
content (l) were quantified using commercial kits (n = 9 samples collected from 3 rats in each group). The protein expression of HO-1 and GPx4 was
detected via western blotting, and representative immunoblot band images along with statistical analysis are presented (J-K) (N = 6 from 3 rats per
group). Values are expressed as mean + SEM. P < 0.05 and #*#P < 0.001 vs. sham group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. MCAO/R
group. DCFH-DA: 2',7'-Dichlorodihydrofluorescein diacetate; DHE: Dihydroethidium; dUTP: Deoxyuridine triphosphate; GPX4: Glutathione perox-
idase 4; GSH: Glutathione; HO-1: Heme oxygenase-1; MCAO/R: Middle cerebral artery occlusion and reperfusion; MDA: Malondialdehyde; ROS:
Reactive oxygen species; SEM: Standard error of mean; SOD: Superoxide dismutase; TdT: Terminal deoxynucleotidyl transferase; TUNEL: TdT-
mediated dUTP nick-end labeling.
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Figure 3. Tamarixetin reduced erastin-induced cellular death in SH-SY5Y cells. Cellular viability was detected using MTT assay, LDH commercial
kit, and calcein AM/PI staining. The cellular viability (A), LDH levels in supernatants (B), and typical images of calcein AM and P! staining, accom-
panied by quantitative analysis (C-D), are presented. N = 3 in each group; scale bar = 100 ym. Data are expressed as mean + SEM. P < 0.05,
#P <0.01, #P <0.001 vs. control group; *P < 0.05, **P <0.01, and ***P <0.001 vs. erastin group. LDH: Lactate dehydrogenase; MTT:
3-(4,5-dimethylthiazol-2-yl)-2,5 Diphenyltetrazolium bromide; PI: Propidium iodide; SEM: Standard error of mean; TAM: Tamarixetin.
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Figure 4. Tamarixetin inhibited erastin-induced neuronal ferroptosis in vitro. To evaluate lipid ROS generation, C11-BODIPY™ staining was
employed, and representative images along with quantitative analyses of the staining are displayed (A). N = 3 in each group; scale bar = 50 pm.
Commercial kits were used to evaluate various parameters, including H,0, content (B), DCFH-DA relative fluorescence unit (C), MDA content (D),
reduced iron ion level (E), SOD activity (F), and GSH content (G). N = 3 per group. Western blotting was conducted to evaluate the protein expres-
sion of GPx4, whereas the level of HO-1 protein was examined via western blotting and immunofluorescence staining. The images of GPx4 and
HO-1 immunoblot bands, statistical analysis of protein expression (H-l), and HO-1 staining images are presented for analysis (J). N = 3 from each
group; scale bar = 50 um. Data are expressed as mean + SEM. P < 0.05, #P < 0.01, ##f < 0.001 vs. control group; *P < 0.05, **P < 0.01, and
kP < 0.001 vs. erastin group. DCFH-DA: 2',7'-Dichlorodihydrofluorescein diacetate; GPX4: Glutathione peroxidase 4; GSH: Glutathione; HO-1:
Heme oxygenase-1; MDA: Malondialdehyde; ROS: Reactive oxygen species; SEM: Standard error of mean; SOD: Superoxide dismutase; TAM:

Tamarixetin.
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10, and 30 pM) cells than in erastin-treated cells. Similar
inhibitory effects on the abnormal expression of reduced
iron ions were observed following treatment with quer-
cetin and Fer-1 (Figure 4E). To further investigate the
effects of tamarixetin on neuronal ferroptosis, we eval-
uated cellular antioxidant capacity. Our findings indi-
cated significant downregulation of SOD activity, GSH
content, and GPx4 protein expression in erastin-treated
cells compared with observations in control cells, cou-
pled with the upregulation of HO-1 protein expression
(Figure 4F-]). However, treatment with tamarixetin,
quercetin, and Fer-1 reversed the downregulation of
SOD activity, GSH content, and GPx4 protein expres-
sion (Figure 4F-I). Tamarixetin treatment further aug-
mented HO-1 expression (Figure 4H and ]). In addition,
tamarixetin treatment downregulated ASCL4 protein
levels in erastin-treated cells and upregulated SLC7A11
protein levels [Supplementary Figure S1C and D, https://
links.lww.com/AHM/A202]. Collectively, our data indi-
cate that tamarixetin exerts an inhibitory effect on neu-
ronal ferroptosis in vitro.

Tamarixetin activated the Nrf2 pathway in vivo and in vitro

In the following section, we examine the expression of
Nrf2, a crucial modulator of ferroptosis. Our findings
indicated that, in comparison with sham group rats,
MCAOI/R rats displayed a low level of Keapl protein
expression and a high level of Nrf2 protein expression
(Figure 5A and B). The upregulation of Nrf2 expression
was further corroborated by immunofluorescence stain-
ing, which revealed high-intensity green fluorescence
in the neuronal compartments (Figure SC). Regarding
spatial distribution, we observed an increased translo-
cation of Nrf2 into the neuronal nucleus, as evidenced
by the prominent colocalization of Nrf2 (green), NeulN
(red), and 4',6-diamidino-2-phenylindole (DAPI) (blue)
staining patterns (Figure SC). Following treatment
with tamarixetin (10 and 20mg/kg) and quercetin,
we observed a further reduction in Keapl protein lev-
els, accompanied by the upregulation of Nrf2 protein
levels and its nuclear translocation (Figure SA-C). In
vitro, compared with control cells, erastin-induced
cells exhibited downregulated Keapl protein lev-
els, along with upregulated Nrf2 protein expression.
These alterations were further enhanced by treat-
ment with tamarixetin, quercetin, or Fer-1 (Figure 5D
and E). Coimmunoprecipitation assay data revealed
that tamarixetin further attenuated the binding affin-
ity between Nrf2 and Keapl in erastin-treated cells
(Figure SF and G). In vitro experiments revealed that
cells treated with erastin displayed a reduction in
Nrf2 expression in the cytoplasm and an elevation in
the nucleus (Figure SH and I). Moreover, tamarixetin
treatment suppressed Nrf2 expression in the cytoplasm
and enhanced its nuclear expression (Figure SH and
I). Immunofluorescence analysis corroborated these
findings, demonstrating that tamarixetin promoted the
colocalization of Nrf2 with DAPI in erastin-treated
cells (Figure 5J). Collectively, these results indicate that
tamarixetin activates the Keap1-Nrf2 pathway, sup-
pressing ferroptosis iz vivo and in vitro.
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Nrf2 was the direct protein target of tamarixetin

To elucidate the precise mechanism by which tamarix-
etin regulates the Keap1-Nrf2 pathway and suppresses
ferroptosis, we identified the cellular protein targets of
tamarixetin. As illustrated in Figure 6A, compared with
observations in the control group, the protein level of
Nrf2 was significantly reduced in the presence of pro-
nase. Tamarixetin treatment reversed this downregula-
tion and, interestingly, a high dose was correlated with a
more favorable outcome. Tamarixetin has been suggested
to enhance the enzymatic stability of Nrf2. Compared
with observations in the control group, the protein level
of Nrf2 incubated with tamarixetin increased after expo-
sure to a temperature gradient ranging from 46°C to
61°C (Figure 6B). This suggests that tamarixetin treat-
ment enhanced the thermal stability of Nrf2. To fur-
ther validate the direct interaction between tamarixetin
and Nrf2, a surface plasmon resonance assay was per-
formed to analyze binding affinity. The results indicated
that tamarixetin interacted with Nrf2 protein, with an
equilibrium constant (K,)) of 105.30 pM (Figure 6C and
D). Molecular docking was performed to elucidate the
interactions between tamarixetin and Nrf2. Our findings
indicated that tamarixetin interacted with Nrf2 (PDB
ID: 7X5G), specifically at the amino acid residues argi-
nine 72, arginine 515, and lysine 518 (Figure 6E), and
the binding energy was -7.290 kcal/mol (Figure 6E).
Collectively, our findings indicate that Nrf2 is a direct
target of tamarixetin.

Nrf2 silence weakened the effects of tamarixetin on
ferroptosis

To establish the inhibitory effect of tamarixetin against
the ferroptosis mediated by Nrf2, we silenced Nrf2
expression in SH-SYSY cells using an siRNA reagent,
and the knockdown efficiency was subsequently vali-
dated via western blot analysis, as illustrated in Figure 7A
and B. Accordingly, we analyzed the spatial distribution
of Nrf2 via western blotting and immunofluorescence
staining. Our observations indicated downregulation
of Nrf2 expression in the nucleus after Nrf2 silencing
(Figure 7C-E). In addition, the stimulatory effects of
tamarixetin on Nrf2 protein expression and nuclear
translocation were alleviated in erastin-treated SH-SYSY
cells (Figure 7C-E). Subsequently, we evaluated the via-
bility of SH-SYSY cells with silenced Nrf2 expression
and observed a considerable decrease in the relative cel-
lular survival rate. As illustrated in Figure 8A-D, such a
decline was evident from the reduced cellular viability
in the MTT assay, high LDH levels in the LDH release
assay, and diminished calcein fluorescence intensity in
calcein staining. Under these conditions, the stimulatory
effects of tamarixetin on cell viability were markedly
reduced or completely eliminated (Figure 8A-D).
Compared with the negative siRNA treatment, Nrf2
siRNA treatment decreased the level of reduced C11
BODIPY™ (red signal) and increased the level of oxi-
dized C11 BODIPY™ (green signal) in cells incubated
with erastin (Figure 8E). We also observed increased
ROS and MDA levels (Figure 8F and G). The inhibi-
tory effects of tamarixetin on reduced C11 BODIPY™
levels, ROS levels, and MDA content were diminished
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Figure 5. Tamarixetin activated the Nrf2 pathway in vivo and in vitro. Western blotting was employed to evaluate the protein expression of Keap1
and Nrf2. Representative images of the Keap1 and Nrf2 immunoblot bands, along with their corresponding statistical analyses, are presented (A-B
for in vivo, D-E for in vitro). N = 6 from 3 rats in vivo and N = 3 in vivo. The expression of Nrf2 in neurons in vivo was evaluated via NeuN and Nrf2
double immunofluorescence staining, and representative images are presented (C). N = 3 rats; scale bar = 10 ym. The nucleus translocation of Nrf2
in SH-SY5Y cells was evaluated via western blotting and immunofluorescence staining. Representative images, along with their statistical analyses,
are provided for analysis (H-J). N = 3 in each group. The interaction between Nrf2 and Keap1 was measured via Co-IP assay. Typical immuno-
blot images, along with statistical analysis, are presented (F-G). N = 3 in each group. Data are expressed as mean + SEM. *P < 0.05, #P < 0.01,
#1P < 0.001 vs. sham or control group; *P < 0.05, **P < 0.01 and ***P < 0.001 vs. MCAO/R or erastin group. Keap1: Kelch-like ECH-associated
protein 1; MCAO/R: Middle cerebral artery occlusion and reperfusion; SEM: Standard error of mean; TAM: Tamarixetin.
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or eliminated in Nrf2 siRNA-treated cells, whereas its
stimulatory effect on oxidized C11 BODIPY™ levels was
absent (Figure 8E-G). These findings provide compel-
ling evidence that the suppressive effect of tamarixetin
on lipid peroxidation is mitigated by Nrf2 knockdown.
Furthermore, our analysis of the antioxidant capabilities
of erastin-treated cells revealed that the upregulation of
SOD activity, GSH content, and HO-1 and GPx4 protein
expression was significantly reduced after Nrf2 siRNA
treatment compared with observations in SH-SYSY
cells treated with negative siRNA (Figure 8H-K). In
addition, the stimulatory effects of tamarixetin on these
indicators were diminished after Nrf2 siRNA treatment
(Figure 8H-K). In summary, Nrf2 knockdown attenu-
ated the inhibitory effects of tamarixetin on ferroptosis
in vitro.

Discussion

The present study had several interesting findings. First,
tamarixetin alleviates neurological dysfunction asso-
ciated with ischemic stroke, including motor and limb
coordination impairment, neurological problems, brain
infarction, and substantial neuronal loss. Second, tamar-
ixetin treatment inhibited neuronal ferroptosis by acti-
vating the Nrf2 pathway. Notably, our findings indicate
that Nrf2 is a direct target protein of tamarixetin that
mediates its therapeutic effects. Finally, the inhibitory
effect of tamarixetin on neuronal ferroptosis is depen-
dent on the presence of Nrf2.

Ischemic stroke, the most prevalent cerebrovascular
disorder in humans, has gained considerable attention
owing to its high incidence and mortality™?). It is charac-
terized by inadequate cerebral blood flow, which triggers
a cascade of unpredictable pathological processes and
cell death™]. Upon normalization of the blood supply to
the brain, excessive oxygen surpasses the actual demand
in ischemic areas, initiating a series of unexpected patho-
logical mechanisms that result in extensive cell death,
known as I/R injury"*. These interconnected processes
reinforce each other and ultimately lead to neurological
dysfunction. Motor dysfunction and limb coordination
impairment are the most common neurological mani-
festations of ischemic stroke**), Research has shown
the effectiveness of therapeutic strategies aimed at mit-
igating I/R damage in the ischemic penumbra for isch-
emic stroke management®]. Tamarixetin shows promise
as an effective treatment for ischemic stroke because of
its exceptional pharmacological properties, including
diverse bioactivities?I, high oral bioavailability™¢!, and
favorable pharmacokinetic characteristics!**#¢!. The pres-
ent study demonstrates that tamarixetin alleviates motor
dysfunction, limb coordination impairment, neurolog-
ical complications, and brain infarction in MCAO/R
rats. Our findings also suggest that tamarixetin treat-
ment reduces neuronal loss in ischemic regions, thereby
providing a compelling rationale for the observed
improvements in motor function and limb coordination.
Furthermore, the data showed that tamarixetin amelio-
rated brain injury in MCAO/R rats, even at low doses,
demonstrating superior efficacy to quercetin, the positive
control used in this study, across multiple parameters.
This might be explained as follows: 1) tamarixetin is a
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directly methylated metabolite of quercetin and possesses
higher bioavailability than that of quercetin; 2) these
two compounds exert biological effects through shared
mechanisms of action, including antioxidant and anti-
inflammatory activities. These findings provide crucial
insight into the potential advantages and unique effects
of quercetin methylation. Collectively, these data provide
evidence for the pharmacological efficacy of tamarixe-
tin in the treatment of ischemic stroke, highlighting its
potential as a promising therapeutic agent.

Ferroptosis is a primary mechanism underlying isch-
emic stroke*”). Numerous studies have confirmed the
effectiveness of ferroptosis inhibitors or iron chelators
in reducing neurological damage caused by ischemic
stroke!™l. Ferroptosis occurs during the reperfusion phase
following ischemial*l. Reperfusion of brain tissue with
excessive oxygen induces lipid ROS production on the cell
membrane, ultimately leading to cell membrane disrup-
tion and subsequent ferroptosis*?. After I/R, the endog-
enous mechanisms responsible for ROS scavenging, such
as SOD, GSH, and HO-1, are diminished. ROS overpro-
duction is accompanied by severe lipid peroxidation and
high intracellular iron concentration and ASCL4 protein
level®-1, The presence of free iron accelerates lipid per-
oxidation and promotes ROS generation, whereas GPX4,
SLC7A11, and GSH levels are decreased in animal models
of ischemic strokel. Our study revealed that tamarixe-
tin suppressed iron accumulation, which is advantageous
for alleviating neurological dysfunction in MCAO/R
rats. Moreover, our data showed the ability of tamarix-
etin to reduce ROS generation and lipid peroxidation in
MCAO/R rats and erastin-treated SH-SYSY cells, which is
consistent with previous observations in lipopolysaccha-
ride-treated cells. Tamarixetin upregulated cellular antiox-
idant capacity, which was evident from the elevation in
SOD activity, GSH content, and HO-1 and GPx4 protein
expression. These results provide compelling evidence for
the inhibitory effect of tamarixetin on neuronal ferropto-
sis in vivo and in vitro. Furthermore, our data provide
novel evidence supporting the antioxidant activity of
tamarixetin. To our knowledge, this is the first study to
comprehensively demonstrate that the naturally occurring
flavonoid tamarixetin is a potent inhibitor of ferroptosis.

Nrf2 acts as a pivotal cellular regulator within the
intricate network governing oxidative stress, neuroin-
flammation, and ferroptosis, particularly in the aftermath
of ischemic strokel®?. As a modulator of cellular redox
responses, Nrf2 is predominantly expressed in brain neu-
rons, forming a cytoplasmic complex with the inhibitory
protein Keap153. Nrf2 expression is regulated via two pri-
mary pathways: the classical pathway, which relies heavily
on Keapl expression®, and alternative pathway, which
depends on Nrf2 phosphorylation®’l. Nrf2 regulates redox
homeostasis and iron metabolism. GPx4 reduces cellular
sensitivity to ferroptosis, whereas GSH mitigates ROS
accumulation and suppresses ferroptosis. Several proteins
within the Nrf2 signaling pathway act as direct targets for
lipid peroxidation. Keap1 is one of these proteins*®. Our
findings suggest that tamarixetin enhanced Nrf2 expres-
sion via the classical pathway. This was demonstrated by
the downregulation of Keap1 protein expression, promo-
tion of the dissociation between Keap1 and Nrf2, upregula-
tion of Nrf2 expression and its subsequent translocation to
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Figure 8. Nrf2 silencing mitigated the protective effect of tamarixetin against neuronal ferroptosis in vitro. Calcein AM/PI staining and MTT assay
were employed to detect cellular viability. Typical images of calcein AM and Pl staining are presented, followed by quantitative analysis (A-B). N = 3;
scale bar = 100 um. Detailed data from the MTT assay are presented (C-D), N = 3. The ROS levels were evaluated using the C11-BODIPY™ and
DCFH-DA probes as well as representative pictures and quantitative analysis (E-F). N = 3; scale bar = 100 ym. The MDA content (G), SOD activity
(H), and GSH content (l) were quantified using commercial kits. The protein expression of antioxidant enzymes HO-1 and GPx4 was evaluated via
western blotting. Representative immunoblot bands of HO-1 and GPx4, as well as corresponding statistical analysis, are presented (J-K). N = 3 in
each group. Data are expressed as mean + SEM. #P < 0.01, #*P < 0.001 vs. control group incubated with negative siRNA; *P < 0.05, **P < 0.01,
#=6P < (0,001 vs. erastin group incubated with negative siRNA; ®P < 0.05, %P < 0.01, %P < 0.001 vs. control group incubated with Nrf2 siRNA,;
&P < 0.05, P < 0.01, 4P < 0.001 vs. erastin group incubated with Nrf2 siRNA. DCFH-DA: 2',7'-Dichlorodihydrofluorescein diacetate; GPX4:
Glutathione peroxidase 4; HO-1: Heme oxygenase-1; MDA: Malondialdehyde; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide;
PI: Propidium iodide; SEM: Standard error of mean; siRNA: Small interfering RNA; SOD: Superoxide dismutase; TAM: Tamarixetin.
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Figure 9. A diagram visually depicting the intricate mechanism of tamarixetin in suppressing neuronal ferroptosis in ischemic stroke. GPX4:
Glutathione peroxidase 4; GSH: Glutathione; HO-1: Heme oxygenase-1; MCAO/R: Middle cerebral artery occlusion and reperfusion; SOD:

Superoxide dismutase.

the nucleus, and increased levels of antioxidative enzymes.
In addition, our data indicated that tamarixetin directly
interacts with Nrf2 under cell-free conditions, enhanc-
ing its enzymatic and thermal stability. These data reveal
a previously unreported mechanism by which tamarixe-
tin directly binds to Nrf2, stabilizes it, and promotes its
nuclear translocation, thereby initiating a protective anti-
oxidant response. This distinct mechanism distinguishes
tamarixetin from other known ferroptosis inhibitors, such
as Fer-1. The discovery of the direct binding of tamarixe-
tin to Nrf2 and its efficacy highlights its significant thera-
peutic potential. In conclusion, our findings provide initial
evidence that tamarixetin directly interacts with Nrf2 and
activates its corresponding signaling pathway. Although
our study yielded preliminary findings, further comprehen-
sive research is imperative before tamarixetin can be safely
used in clinical settings. Further evidence is required to pre-
cisely elucidate the intricate interplay between tamarixetin
and Nrf2. To achieve this, we will employ innovative meth-
odologies in future experiments, including liquid chroma-
tography—mass spectrometry, point mutation techniques,
pull-down assays, and Nrf2 knockout animal models.

All in all, this study demonstrated that tamarixetin
alleviates brain damage following ischemic stroke. This
remarkable therapeutic enhancement of tamarixetin
could be attributed to its ability to suppress neuronal fer-
roptosis by targeting and augmenting the activation of the
Nrf2 pathway (Figure 9). Tamarixetin represents a novel
and promising lead compound for the development of

88

targeted therapies against ferroptosis-related conditions,
such as ischemic stroke.
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