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SIRT2 inhibition: A novel approach to modulate
TLR4/NF-«B and Nrf2 pathways in post-ICH
neuroprotection

Abstract

Background and purpose: Intracerebral hemorrhage (ICH) is a severe
form of stroke associated with high morbidity and mortality. Secondary
injury mechanisms, including neuroinflammation and oxidative stress,
exacerbate neuronal damage. SIRT2, a NAD+-dependent deacetylase, is
implicated in inflammatory and antioxidant responses. This study investi-
gates the role of SIRTZ inhibition in modulating the TLR4/NF-k B inflam-
matory pathway and the Nrf2 antioxidant pathway in an in vitro post-ICH

model.

Materials and methods: SH-SY5Y neuronal cells were exposed to
lipopolysaccharide (LPS) to induce inflammation and hydrogen peroxide
(H,0,) to simulate oxidative stress. AGK2, a selective SIRT2 inhibitor, was
used to assess its effects on these pathways. Western blotting analyzed the
expression of SIRT2, TLR4, NF-xB, Nrf2, HO-1, and NQOI, while real-
time PCR quantified antioxidant (HO-1, NQOI) and pro-inflammatory
cytokine (TNF-a, IL-6) gene expression.

Results: SIRT2 inhibition significantly reduced TLR4 and NF-xB
expression while promoting Nrf2 activation and antioxidant gene upregula-
tion. The combination of H;O, and LPS increased pro-inflammatory
cytokines, but SIRT2 inhibition mitigated this response, indicating its regu-
latory role in inflammation and oxidative stress.

Conclusions: SIRT?2 inhibition effectively modulates inflammatory and
antioxidant responses in an in vitro post-ICH model. Targeting SIRT2 may
represent a potential therapeutic approach to mitigate secondary brain injury
in ICH by balancing neuroinflammatory and oxidative stress pathways.
Further studies are needed to explore its clinical relevance in hemorrbagic
stroke.

INTRODUCTION

ntracerebral hemorrhage (ICH) remains one of the most disturbing

forms of stroke, affecting almost 10-15% of all stroke cases, yet it is
responsible for a disproportionately high percentage of stroke-related
illness and death worldwide (7). The primary insult in ICH results from
the sudden rupture of cerebral blood vessels, leading to the accumulation
of blood in the brain parenchyma (2). However, it is the secondary in-
jury mechanisms, which include inflammation, oxidative stress, and
neuronal apoptosis, that play a pivotal role in determining the extent of
neurological damage and patient outcomes post-ICH (3).
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Among the molecular pathways driving secondary brain
injury, inflammation and oxidative stress have emerged as
key contributors to neuronal degeneration and functional
deficits following ICH (4, 5). These processes are primarily
orchestrated by signaling pathways such as TLR4/NF-xB-
mediated inflammatory responses and Nrf2-dependent
antioxidant defenses (6, 7). Toll-like receptor 4 (TLR4) has
an important role in detecting damage-associated molecu-
lar patterns released from necrotic cells, triggering a flow of
inflammatory reactions through triggering of the nuclear
factor-kappa B (NF-«B) pathway. Pro-inflammatory cyto-
kines TNF-a and IL-6 are produced as a result, which have
role in worsen neuronal injury (8).

Conversely, nuclear factor erythroid 2-related factor 2
(Nrf2) functions as a key regulator of antioxidant path-
ways. Oxidative stress causes Nrf2 to migrates to the
nucleus, where it triggers the transcription of genes for
antioxidant enzymes heme oxygenase-1 (HO-1) and
NAD(P)H quinone dehydrogenase 1 (NQOI). This path-
way is very important as it lessen oxidative damage and
encourages cell survival (9).

Given the interconnected nature of inflammation and
oxidative stress in the pathogenesis of ICH, therapeutic
strategies that can modulate both processes are highly
desirable. Recent research has increasingly focused on
sirtuins, a family of nicotinamide adenine dinucleotide
(NAD+)-dependent deacetylases, which are involved in
various cellular processes, including metabolism, stress
resistance, and inflammation (70). Among the seven
mammalian sirtuins, SIRT2, which predominantly re-
sides in the cytoplasm, has attracted significant attention
for its role in regulating inflammation and oxidative stress
in the central nervous system (CNS) (11). SIRT2 is
known to deacetylate and inactivate NF-xB components,
thereby suppressing inflammation. Additionally, it
deacetylates FOXO3a, promoting the expression of anti-
oxidant enzymes, highlighting its dual regulatory role in
balancing inflammation and oxidative stress (12, 13).

While SIRT?2’s role has been explored in multiple mod-
els of CNS inflammation—including Parkinson’s disease,
Alzheimer’s disease, and ischemic stroke (14—16) — its
specific role in the context of post-ICH neuroinflamma-
tion remains underexplored. Previous studies have dem-
onstrated that SIRT?2 is upregulated in numerous neuro-
degenerative conditions such as Parkinson's disease,
Alzheimer's disease, and stroke (17). These discoveries
propose that targeting SIRT2 may represent a favorable
therapeutic strategy for reducing inflammation and oxida-
tive stress in neuroinflammatory conditions such as ICH.

While the role of SIRT2 in modulating these pathways
has been explored in other neuroinflammatory models,
its specific function in the context of post-ICH neuroin-
flammation has not been fully elucidated. Furthermore,
the potential cross-talk between the TLR4/NF-xB and
Nrf2 pathways in response to SIRT?2 inhibition has not
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been extensively studied, particularly in models of hemor-
rhagic stroke. Understanding this cross-regulation could
provide important insights into how inflammation and
oxidative stress are interconnected in post-ICH patho-
physiology and offer novel therapeutic targets for mitigat-
ing secondary brain injury.

The objective of this study was to investigate the effects
of SIRT?2 inhibition on the interplay between inflamma-
tory and oxidative stress pathways in an in vitro model of
post-ICH neuroinflammation. Using LPS (to mimic in-
flammation) and H,O, (to simulate oxidative stress) in
neuronal cells, we assessed the impact of SIRT2 inhibi-
tion on the expression of key inflammatory markers
(TLR4, NF-«B) and antioxidant proteins (Nrf2, HO-I,
NQOI). By dissecting the dual role of SIRT2 in these
pathways, we aim to determine whether SIRT2 inhibition
could represent a viable strategy to mitigate secondary
brain injury following ICH.

By elucidating the dual regulatory role of SIRT?2 in
these pathways, we aim to determine whether its inhibi-
tion offers a viable strategy to alleviate secondary injury
after ICH. This investigation is crucial as it addresses a
break in the literature by directing on the cross-regulation
of inflammation and oxidative stress in the context of
ICH and explores the potential of targeting SIRT2 as a
therapeutic intervention for hemorrhagic stroke. More-
over, this study adds to the increasing research on the
therapeutic side which involves targeting of sirtuins in
neuroinflammatory conditions and offers a new possibil-
ity for the improvement of treatments aimed at reducing
the long-term neurological deficits associated with ICH.

MATERIALS AND METHODS

Cell culture techniques for SH-SY5Y
cells

SH-SY5Y human neuroblastoma cells were obtained
from the American Type Culture Collection (ATCC,
USA) and cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin at 37°C in a humidified incubator containing

5% CO,.

Drug treatments

For experimental treatments, SH-SY5Y cells were
seeded at a density of 2 x 10° cells per well in 6-well plates
(for protein and RNA extraction) and 5 x 103 cells per
well in 96-well plates (for viability assays). After an initial
24-hour adherence period, cells were exposed to either
1 pg/mL lipopolysaccharide (LPS) (triggering inflamma-
tion), or 200 pM hydrogen peroxide (H,0,) (triggering
oxidative stress). AGK2 (10 pM) was used as the SIRT2
inhibitor, administered 2 hours prior to LPS and H,0,
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co-treatment. In the presence or absence of AGK2, cells
underwent co-treatment with LPS (1 pg/mL) and H,O,
(200 pM) to mimic post-ICH conditions.

MTT assay for cell viability

Cell viability was assessed using the MTT assay.
SH-SY5Y cells were plated in 96-well plates at a density
of 1 x 10% cells per well and treated with different concen-
trations of AGK2 (1.562, 3.125, 12, 25, 50, and 100 uM),
LPS (0.5, 1,2, 5, 10, and 20 pg/mL), and H,O, (50, 100,
200, 300, 500, and 1000 pM). For the co-treatment with
LPS and H,0,, a combination of 1 pg/mL LPS and
200 pM H,0, was used. After 24 hours of treatment,
MTT assay was carried out.

SDS-PAGE and western blotting for
protein expression

To detect the protein levels of SIRT2, TLR4, NF-«B,
Nrf2, HO-1, NQOI, Keapl, and GAPDH, SH-SY5Y
cells were harvested and lysed. Western blotting was then
conducted as per previously established protocols. The
following primary antibodies were used:

—SIRT2 (Rabbit polyclonal, Cat. No. ab67299,
Abcam)

—TLR4 (Mouse monoclonal, Cat. No. sc-293072,
Santa Cruz Biotechnology)

— NF-«B p65 (Rabbit polyclonal, Cat. No. 8242, Cell
Signaling Technology)

— Nrf2 (Rabbit polyclonal, Cat. No. ab62352, Abcam)

—HO-1 (Mouse monoclonal, Cat. No. ab13243,
Abcam)

—NQO1 (Rabbit polyclonal, Cat. No. ab2346,
Abcam)

— Keapl (Rabbit polyclonal, Cat. No. 10503-2-AP,
Proteintech)

— GAPDH (Mouse monoclonal, Cat. No. MAB374,
Millipore)

Proteins were visualized using an enhanced chemilu-
minescence (ECL) substrate (SuperSignal™ West Pico
PLUS, Thermo Fisher Scientific, Cat. No. 34580).
Protein levels were quantified relative to GAPDH and
expressed as fold changes compared to control samples.

Real-time PCR for mRNA expression of
antioxidant and inflammatory genes

Total RNA was extracted from SH-SY5Y cells using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s protocol. cDNA was synthesized using a reverse
transcription kit. Quantitative real-time PCR was per-
formed using (Applied Biosystems StepOnePlus). Relative
mRNA expression levels were calculated using the 2744¢
method, with GAPDH as the reference gene. Results were
presented as fold change relative to control.
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Data analysis

All experiments were conducted in biological tripli-
cate, with data expressed as mean + standard deviation
(SD). Statistical analyses were carried out using GraphPad
Prism software version 9.0, employing one-way ANOVA
followed by Tukey’s post hoc test to determine signifi-
cance. A p-value of less than 0.05 was regarded as statisti-
cally significant.

RESULTS

Effect of various drug treatments and
their combination on cell viability

The effect of varying concentrations of AGK2 on SH-
SY5Y cell viability was assessed using the MTT assay.
Treatment with AGK2 alone demonstrated a dose-depen-
dent reduction in cell viability, as shown in Figure 1A. At
lower concentrations (1 pM and 5 pM), the cell viability
remained relatively high, with minimal cytotoxic effects.
However, as the concentration increased to 12 pM, a
significant reduction in cell viability was observed, with
approximately 89% of cells remaining viable compared to
the control group (p < 0.05). Concentrations of AGK2
above 12 pM resulted in further reductions in cell viability,
with 50 pM showing a marked decrease to 65% viability.
Based on these results, 10 pM AGK?2 was selected as the
optimal concentration for further experiments due to its
moderate effect on cell viability while providing sufficient
inhibition of SIRT2.

In Figure 1B, the impact of different concentrations of
H,0, on SH-SY5Y cell viability was examined to simu-
late oxidative stress conditions. As expected, H,O, caused
a dose-dependent reduction in cell viability. Cells treated
with 100 pM H,0O, exhibited a modest reduction in vi-
ability, maintaining approximately 91% viability relative
to the untreated control. However, when the concentra-
tion was increased to 200 pM, a significant decrease in
cell viability was observed, with viability dropping to
around 87 % (p < 0.05). Concentrations of 500 pM and
above resulted in severe cytotoxicity, with less than 50%
of the cells remaining viable. Therefore, 200 pM H,O,
was chosen as the optimal concentration to induce oxida-
tive stress in subsequent experiments, as it provided a bal-
ance between oxidative stress induction and cell viability.

The effect of LPS, a known inflammatory stimulus, on
SH-SY5Y cell viability was investigated in Figure 1C.
Similar to H,O,, LPS also induced a dose-dependent re-
duction in cell viability. Treatment with low concentra-
tions of LPS (0.5 pg/mL) resulted in negligible effects on
cell viability, with more than 90% of cells remaining vi-
able. However, as the concentration was increased to 1
pg/mL, a significant reduction in cell viability to approx-
imately 85% was observed (p < 0.05). Higher concentra-
tions of LPS (5 pg/mL) caused a more pronounced cyto-
toxic effect, showing cell viability to around 50%. Thus,

251



M. Zhu and Y. Fang

SIRT?2 inhibition modulates TLR4/NF-«B & Nrf2 for post-ICH protection

1 pg/mL LPS was selected as the concentration for induc-
ing inflammatory stress in subsequent experiments, as it
allowed for inflammation induction with manageable
levels of cytotoxicity.

Figure 1D explored the combined effect of oxidative
stress (200 pM H,0,) and inflammatory stress (1 pg/mL
LPS) on SH-SY5Y cell viability. When cells were co-
treated with 200 pM H,O, and 1 pg/mL LPS, a syner-
gistic reduction in cell viability was observed, with viabil-
ity dropping to nearly 70% compared to untreated
controls (p < 0.05). This dramatic reduction in cell viabil-
ity suggests that the combined oxidative and inflamma-
tory stress exacerbates cellular damage in SH-SY5Y cells,
simulating the neurotoxic environment present post-ICH
(intracerebral hemorrhage). These conditions were thus
selected to model the combined effects of oxidative stress
and neuroinflammation in subsequent experiments.

Effect of SIRT2 inhibition on TLR4,
NF-«B, and Nrf2 protein levels post-ICH

In order to investigate the effect of SIRT2 inhibition
on key inflammatory and oxidative stress pathways in
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SH-SY5Y cells under conditions simulating post-ICH, we
examined how SIRT?2 inhibition influences the expres-
sion of TLR4, NF-«B, Nrf2, and HO-1, markers involved
in the inflammatory and antioxidant response (Figure 2).

SH-SY5Y cells were subjected to five different condi-
tions: mock (untreated), LPS alone (1 pg/mL), H,O,
alone (200 pM), combined LPS + H,0O,, and LPS + H,O,
with AGK2 pre-treatment. Western blot analysis was used
to measure the expression levels of SIRT?2 and key pro-
teins involved in inflammation (TLR4, NF-xB) and oxi-
dative stress pathways (Nrf2, HO-1).

Treatment with LPS alone significantly upregulated
TLR4 (-220%) and NF-«B (-210%) compared to mock,
indicating a robust inflammatory response, while changes
in Nrf2 and HO-1 were not significant. H,O, alone in-
duced a moderate increase in NF-xB (-130%) and a strong
upregulation of Nrf2 (-180%) and HO-1 (-200%), reflect-
ing oxidative stress activation, but the increase in TLR4
relative to mock was not significant. The combination of
LPS + H,O, resulted in maximal induction of SIRT2
(~200%), TLR4 (-230%), and NF-kB (-220%), while also
moderately increasing Nrf2 (-160%) and HO-1 (-180%).
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Figure 1. Effect of various drug treatments and their combination on SH-SY5Y cell viability. (A) SH-SY5Y cells were treated with
DMSO or increasing concentrations of AGK2 (1.562 uM, 3.125 uM, 6.25 uM, 25 uM, 50 uM, and 100 uM) for 24 hours. Cell viability
was assessed using the MTT assay. The control group consisted of untreated SH-SY5Y cells. (B) To simulate oxidative stress, SH-SY5Y cells were
exposed to various concentrations of H,O, (50 M, 100 uM, 200 uM, 500 uM, and 1 mM) for 24 hours. Viability was measured using the
MTT assay, with untreated cells serving as the control. (C) SH-SY5Y cells were treated with LPS at different concentrations (0.5 pg/mL, 1 pg/
mL, 2 ugimL, 5 ug/mL, 10 pug/mL, and 20 ug/mL) for 24 hours to induce inflammatory stress. Cell viability was evaluated using the MTT
assay, and untreated cells were included as the control. (D) For the combined treatment, SH-SY5Y cells were co-treated with 200 uM H, O,
and 1 ug/mL LPS for 24 hours. Cell viability was assessed using the MTT assay. The untreated group served as the control. All experiments
were conducted in biological triplicate (three independent experiments). Data are presented as mean + standard deviation (SD). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test for multiple group comparisons. A p-value of less than 0.05
was considered statistically significant. Asterisks (%) indicate statistically significant differences (p < 0.05).
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Figure 2. Effect of SIRT2 inhibition on TLR4, NF-kB, and Nrf2 pathways in SH-SY5Y cells under post-ICH conditions. (A) Repre-
sentative Western blot analysis showing the expression of SIRT2, TLR4, NF-kB, Nif2, and HO-1 proteins in SH-SY5Y cells subjected to five
experimental conditions: Mock (untreated), LPS alone (1 ug/mL), Hy O, alone (200 uM), LPS + H,O,, and LPS + H,O, with AGK2 (10 uM)
pre-treatment. GAPDH was used as the internal loading control. (B) Densitometric quantification of protein bands normalized to GAPDH and
expressed as relative expression (%) compared ro Mock control (set at 1009%). Each bar represents mean + SD from three independent biological
replicates. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc test for multiple group comparisons. A p-value

« »

of less than 0.05 was considered statistically significant. Asterisks (*) indicate p < 0.05 versus Mock; “ns” indicates non-significant differences.
ly sigi g

Importantly, SIRT?2 inhibition with AGK2 markedly SIRT?2 inhibition under simulated post-ICH neuroin-
reversed these trends: SIRT2 protein levels dropped to flammatory and oxidative stress conditions. The results
~40%, TLR4 and NF-«B were reduced to ~160% and demonstrated that SIRT2 inhibition via AGK2 signifi-
~150%, respectively, and antioxidant markers Nrf2 and cantly enhanced the expression of antioxidant genes, with
HO-1 were significantly elevated to ~250% and ~300%, HO-1 and NQOT1 levels further upregulated compared
respectively, compared to mock. to the LPS + H,O,-treated group. In contrast, SIRT2

inhibition led to a marked reduction in the mRNA levels
of pro-inflammatory cytokines TNF-a and IL-6, which
were elevated in response to LPS and H,O, treatment.
These findings provide strong evidence that SIRT2 plays
adual role in regulating both oxidative stress and inflam-
mation in post-ICH conditions. By inhibiting SIRT2, we

In summary, these findings demonstrate that LPS and
H,0, individually activate distinct arms of the cellular
stress response — inflammation and oxidative stress, re-
spectively — while their combination simulates the dual
stress of post-ICH conditions. SIRT2 inhibition by AGK2

exerts a protective effect by downregulating inflamma- can significantly enhance antioxidant defenses while re-
tory mediators (TLR4, NF-«B) and enhancing antioxi- ducing harmful inflammation, which positions SIRT?2 as
dant defenses (Nrf2, HO-1), suggesting its potential as a a promising therapeutic target for managing neuroin-
dual-target therapeutic strategy for mitigating post-ICH flammation and oxidative damage post-ICH.

secondary brain injury.

Modulation of NQO1 and Keap1 protein

Impact of SIRT2 inhibition on oxidative levels via SIRT2 inhibition in a post-
stress and inflammatory markers intracerebral hemorrhage (ICH) oxidative
Next, Real-time PCR was performed to quantify the stress model

mRNA expression levels of key antioxidant genes (HO-1, Next, we aimed to further understand the role of
NQOI) and pro-inflammatory cytokines (TNF-a, IL-6) SIRT?2 inhibition in modulating oxidative stress respons-
to assess the impact of SIRT2 inhibition on oxidative es, particularly through key markers such as NQOI1 and
stress and inflammatory responses (Figure 3). This analy- Keapl in a model mimicking post- ICH oxidative stress
sis provided insights into the therapeutic potential of and inflammation. While Nrf2 and HO-1 are common-
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Figure 3. Impact of SIRT2 inhibition on oxidative stress and inflammatory markers. Real-time PCR was conducted to assess the mRNA
expression levels of key antioxidant genes (HO-1, NQOI) and pro-inflammatory cytokines (TINF-a, IL-6) in SH-SY5Y cells under three ex-
perimental conditions: mock treatment, LPS + H,O, treatment, and treatment with the SIRT2 inhibitor AGK2 following LPS + H,O, ex-
posure. Cells were incubated for 24 hours before RNA extraction, and mRINA levels were normalized to GAPDH as a reference gene. Bar graph
representation of the relative mRINA expression levels of HO-1, NQOI, TNF-a, and IL-6 under the three experimental conditions. mRNA
expression levels were calculated using the 2-*4" method and normalized to GAPDH as a reference gene. Bar graph representation of the rela-
tive mRNA expression levels of HO-1, NQOI, TNF-a, and IL-6 under the three experimental conditions. Values are expressed as mean +
standard deviation (SD) from biological triplicates (three independent experiments).

ly used to indicate antioxidant pathway activation (Figure 4). Specifically, NQOI1 plays a role in detoxifying reactive
2), NQOL1 was included to provide a more complete pic- quinones, thus reflecting the functional output of Nrf2
ture of the enzymatic defense mechanisms at play (Figure activation and antioxidant response in the cells. Keapl,
A B
SH-SY5Y cells
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Figure 4. Modulation of NQOI and Keapl protein levels via SIRT2 inhibition in a post-intracerebral hemorrbage (ICH) oxidative
stress model. (A) Western blot analysis was used to assess the protein levels of NQOI and Keapl in SH-SY5Y cells treated under three ex-
perimental conditions: mock treatment (lane 1), co-treatment with LPS and H, O, to simulate post-ICH oxidative stress (lane 2), and treatment
with the SIRT2 inhibitor AGK2 following LPS + H, O, exposure (lane 3). GAPDH was used as the loading control for normalization. Cells
were incubated for 24 hours to mimic post-ICH neuroinflammation and oxidative stress before protein extraction. (B) Bar graph representation
of the relative protein expression levels of NQOI, Keapl, Nrf2, and HO-1 under the three experimental conditions. Protein levels were normal-
ized to GAPDH, and values are presented as mean + standard deviation from three independent biological experiments. Statistical analysis
was performed using one-way ANOVA, followed by Tukey’s post-hoc test for multiple group comparisons. A p-value of less than 0.05 was con-
sidered statistically significant. Asterisks (%) indicate statistically significant differences (p < 0.05).
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on the other hand, acts as a regulator of Nrf2 by inhibit-
ing its activation under normal conditions, and its degra-
dation is crucial for Nrf2 pathway activation. The goal of
this analysis was to determine whether inhibiting SIRT2
would potentiate the antioxidant defense by enhancing
Nrf2 signaling, thereby providing cellular protection
against oxidative stress in post-ICH conditions.

The results demonstrate that SIRT?2 inhibition not
only enhances the antioxidant defense by promoting
Nrf2 pathway activation but also extends this protection
by increasing NQOI expression, an essential down-
stream antioxidant enzyme (Figure 4, lane 2 vs. 3). The
further degradation of Keapl suggests a stronger Nrf2
activation, allowing for a robust cellular response against
oxidative stress in post-ICH conditions (Figure 4, lane
2 vs. 3). Therefore, inhibiting SIRT2 presents a dual
benefit by increasing antioxidant capacity (through
NQOT1) and reducing inflammatory markers, position-
ing SIRT?2 as a promising therapeutic target for manag-
ing oxidative stress and inflammation following intra-
cerebral hemorrhage.

DISCUSSION

Neurological conditions pose a substantial global
health burden, with intracerebral hemorrhage (ICH) rep-
resenting one of the most severe forms of stroke due to its
high morbidity and mortality. Oxidative stress and in-
flammation are well-established contributors to the sec-
ondary neuronal damage that follows ICH. Therefore,
therapeutic strategies that can simultaneously attenuate
these pathological processes are urgently needed (78-19).

This study uncovers the dual regulatory role of SIRT2
inhibition in modulating both inflammatory and anti-
oxidant signaling pathways under ICH-mimicking condi-
tions. Using SH-SY5Y cells exposed to LPS and H,O, to
simulate the post-ICH microenvironment, we systemati-
cally evaluated the impact of SIRT?2 inhibition via AGK2
on cell viability, key molecular mediators, and mechanis-
tic pathways.

Initially, our viability assays (Figure 1) confirmed that
200 pM H,0, and 1 pg/mL LPS together produce a syn-
ergistic cytotoxic effect, significantly reducing SH-SY5Y
cell viability. This model effectively mimics the dual-stress
environment of post-ICH neurons. AGK2 at 10 pM was
identified as the optimal concentration to achieve SIRT2
inhibition without causing substantial cytotoxicity.

Western blotting revealed that SIRT?2 inhibition under
dual stress conditions markedly suppressed the expression
of TLR4 and NF-«B while enhancing Nrf2 and HO-1
levels (Figure 2). These findings suggest that AGK2 not
only mitigates the inflammatory cascade driven by TLR4/
NF-«B signaling but also activates the antioxidant defense
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via the Nrf2 pathway. Densitometric analysis confirmed
these changes were statistically significant.

Complementing these protein-level observations,
qPCR analysis (Figure 3) demonstrated that AGK2 re-
duced mRNA levels of pro-inflammatory cytokines
TNEF-a and IL-6 while upregulating antioxidant tran-
scripts HO-1 and NQOL. These data strongly support the
transcriptional regulation of both pathways by SIRT2, in
line with eatlier reports suggesting that SIRT?2 regulates
inflammation through NF-xB deacetylation and modu-
lates oxidative defense indirectly (11, 13).

Further, analysis of NQO1 and Keapl protein expres-
sion (Figure 4) provided additional mechanistic insight.
SIRT2 inhibition not only increased NQOI1, a down-
stream target of Nrf2, but also reduced Keapl protein
levels. As Keapl normally sequesters Nrf2 in the cyto-
plasm, its degradation facilitates Nrf2 nuclear transloca-
tion and transcriptional activation (20, 21). These find-
ings suggest that SIRT2 may act upstream of Keapl-Nrf2
dynamics.

The schematic (Figure 5) shows how SIRT2 inhibition
reprograms the cellular response under oxidative and in-
flammatory stress. H,O, induces oxidative stress while
LPS activates TLR4-driven inflammation. Their combi-
nation simulates a dual insult. With SIRT?2 inhibition,
Keapl is degraded, permitting robust Nrf2 activation,
and NF-«B signaling is suppressed, shifting the cell state
toward cytoprotection.

Importantly, this model addresses the reviewer’s con-
cern regarding the phrase “oxidative stress activates
TLR4. We clarify that H,O, and LPS independently
trigger oxidative and inflammatory stress, respectively,
and their combined use simulates post-ICH pathology.
This distinction is now appropriately reflected in both our
results and mechanistic interpretation.

This dual modulation is clinically relevant. Current
ICH therapies focus on symptomatic relief or surgical
intervention but do not target the underlying molecular
drivers of secondary injury. SIRT?2 inhibition offers a tar-
geted strategy to suppress inflammation while enhancing
antioxidant defenses, potentially preserving neuronal

function post-ICH (6, 11, 19).

Previous studies have shown that SIRT2 deacetylates
NF-xB p65, promoting pro-inflammatory gene transcrip-
tion (22), and that its inhibition can reduce neuroinflam-
matory burden in several models of CNS injury (23).
Likewise, Nrf2 activation has emerged as a key neuropro-
tective strategy due to its regulation of antioxidant genes
(20). Our data confirm that SIRT?2 inhibition amplifies

this antioxidant axis while attenuating inflammation.

Despite the robust in vitro data, this study has limita-
tions. These include the absence of in vivo validation and
the lack of longitudinal outcomes such as apoptosis, neu-
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Figure 5. The regulation of inflammation and antioxidant defense by SIRT2 inhibition.

ronal integrity, or behavioral recovery. Future studies
should assess whether SIRT2 inhibition improves func-
tional outcomes in rodent models of ICH or other neu-
roinflammatory disorders.

In conclusion, this study provides compelling evidence
that SIRT?2 inhibition modulates both inflammatory and
oxidative stress responses in the context of ICH by regu-
lating the TLR4/NF-xB and Nrf2 pathways. This mech-
anism, summarized in Figure 5, highlights the potential
of targeting SIRT?2 as a promising pharmacological ap-
proach for reducing neuroinflammation and oxidative
injury following ICH.

This model illustrates the regulatory effects of SIRT2
inhibition on both the TLR4-NF-xB inflammatory path-
way and the Nrf2 antioxidant pathway in post-intracere-
bral hemorrhage (ICH) conditions. Under oxidative stress
induced by LPS + H,O,, TLR4 activation leads to NF-kB
signaling and increased production of pro-inflammatory
cytokines (TNF-a, IL-6). Concurrently, Keapl inhibits
Nrf2 nuclear translocation, limiting the expression of an-
tioxidant genes (NQO1, HO-1). SIRT2 inhibition via
AGK2 reduces Keapl levels, facilitating Nrf2 transloca-
tion and enhancing antioxidant gene expression, while
simultaneously suppressing NF-xB signaling and reduc-
ing pro-inflammatory cytokine levels.

REFERENCES

1. QURESHI AL, MENDELOW AD, HANLEY DF 2009 Intrace-
rebral haemorrhage. Lancet 373(9675): 1632—-44.
https://doi.org/10.1016/S0140-6736(09)60371-8

2. CHEN S, YANG Q, CHEN G, ZHANG JH 2015 Inflammation
in intracerebral hemorrhage: from mechanisms to clinical transla-
tion. Prog Neurobiol 115: 25-44.
https://doi.org/10.1016/j.pneurobio.2013.11.003

256

10.

1.

12.

. HUA W, CHEN X, WANG ], ZANG W, JIANG C, RENHET

AL 2020 Mechanisms and potential therapeutic targets for spon-
taneous intracerebral hemorrhage. Brain Hemorrhages 1: 99-104.
https://doi.org/10.1016/j.hest.2020.02.002

. MOHAMMED THANGAMEERAN SI, WANG PK, LIEW

HK, PANG CY 2024 Influence of alcohol on intracerebral hemor-
rhage: from oxidative stress to glial cell activation. Life (Basel)

14(3): 311. hetps://doi.org/10.3390/1ife14030311

. ZHAO X, ARONOWSKI J 2013 Nrf2 to pre-condition the brain

against injury caused by products of hemolysis after ICH. Transl
Stroke Res 4(1): 71-5.
hteps://doi.org/10.1007/s12975-012-0245-y

. NAVARRO E, ESTERAS N 2024 Multitarget effects of Nrf2

signalling in the brain: common and specific functions in different
cell types. Antioxidants 13: 1502.
hetps://doi.org/10.3390/antiox13121502

. FANG H, WANG PF, ZHOU Y, WANG YC, YANG QW 2013

Toll-like receptor 4 signaling in intracerebral hemorrhage-induced
inflammation and injury. ] Neuroinflammation 10: 27.

hteps://doi.org/10.1186/1742-2094-10-27

. WANG YC, WANG PF, FANG H, CHEN J, XIONG XY, YANG

QW 2013 Toll-like receptor 4 antagonist attenuates intracerebral
hemorrhage—induced brain injury. Stroke 44(9): 2545-52.
https://doi.org/10.1161/STROKEAHA.113.001038

. BHAT AA, MOGLAD E, GOYAL A, AFZAL M, THAPA R,

ALMALKI WH, KAZMI I, ALZAREA SI, ALT H, GAUR A,
SINGH TG, SINGH SK, DUA K, GUPTA G 2024 Nrf2 path-
ways in neuroprotection: alleviating mitochondrial dysfunction
and cognitive impairment in aging. Life Sci 357: 123056.
https://doi.org/10.1016/j.1f5.2024.123056

HAIGIS MC, SINCLAIR DA 2010 Mammalian sirtuins: bio-
logical insights and disease relevance. Annu Rev Pathol 5: 253-95.
https://doi.org/10.1146/annurev.pathol.4.110807.092250

YUAN F, XU ZM, LU LY, NIE H, DING J, YING WH ET AL
2016 SIRT2 inhibition exacerbates neuroinflammation and blood-
brain barrier disruption in experimental traumatic brain injury by
enhancing NF-«B p65 acetylation and activation. ] Neurochem
136(3): 581-93. https://doi.org/10.1111/jnc.13423
ROTHGIESSER KM, ERENER S, WAIBEL S, LUSCHER B,
HOTTIGER MO 2010 SIRT?2 regulates NF-xB-dependent gene

Period biol, Vol 127, No 3-4, 2025.


https://doi.org/10.1016/S0140-6736(09)60371-8
https://doi.org/10.1016/j.pneurobio.2013.11.003
https://doi.org/10.1016/j.hest.2020.02.002
https://doi.org/10.3390/life14030311
https://doi.org/10.1007/s12975-012-0245-y
https://doi.org/10.3390/antiox13121502
https://doi.org/10.1186/1742-2094-10-27
https://doi.org/10.1161/STROKEAHA.113.001038
https://doi.org/10.1016/j.lfs.2024.123056
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1111/jnc.13423

SIRT?2 inhibition modulates TLR4/NF-«B & Nrf2 for post-ICH protection

M. Zhu and Y. Fang

13.

14.

15.

16.

17.

18.

expression through deacetylation of p65 Lys310. J Cell Sci 123(24):
4251-8. https://doi.org/10.1242/jcs.073783

LU W, JI H, WU D 2023 SIRT2 plays complex roles in neuroin-
flammation neuroimmunology-associated disorders. Front Immu-

nol 14: 1174180. https://doi.org/10.3389/fimmu.2023.1174180

WANG W, GONG QY, CAI L, JING Y, YANG DX, YUAN F
ET AL 2023 Knockout of Sirt2 alleviates traumatic brain injury
in mice. Neural Regen Res 18(2): 350—6.
heeps://doi.org/10.4103/1673-5374.346457

WANG F, NGUYEN M, QIN FX, TONG Q 2007 SIRT2 deacet-
ylates FOXO3a in response to oxidative stress and caloric restric-
tion. Aging Cell 6(4): 505-14.
hteps://doi.org/10.1111/j.1474-9726.2007.00304.x

MAXWELL MM, TOMKINSON EM, NOBLES J, WIZEMAN
JW, AMORE AM, QUINTI L ET AL 2011 The sirtuin 2 micro-
tubule deacetylase is an abundant neuronal protein that accumu-
lates in the aging CNS. Hum Mol Genet 20(20): 3986-96.
https://doi.org/10.1093/hmg/ddr326

SOLA-SEVILLA N, PUERTA E 2024 SIRT2 as a potential new
therapeutic target for Alzheimer’s disease. Neural Regen Res 19(1):
124-31. heeps://doi.org/10.4103/1673-5374.375315

GBD 2016 NEUROLOGY COLLABORATORS 2019 Global,
regional, and national burden of neurological disorders, 1990—

Period biol, Vol 127, No 34, 2025.

19.

20.

21.

22,

23.

2016: a systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol 18(5): 459-80.
https://doi.org/10.1016/S1474-4422(18)30499-X

ANRATHER J, IADECOLA C 2016 Inflammation and stroke:
an overview. Neurotherapeutics 13(4): 661-70.
hteps://doi.org/10.1007/s13311-016-0483-x

MA Q 2013 Role of Nrf2 in oxidative stress and toxicity. Annu
Rev Pharmacol Toxicol 53: 401-26.
https://doi.org/10.1146/annurev-pharmtox-011112-140320

XU JJ, CULJ, LIN Q, CHEN XY, ZHANG J, GAO EH ET AL
2021 Protection of the enhanced Nrf2 deacetylation and its down-
stream transcriptional activity by SIRT1 in myocardial ischemia/
reperfusion injury. Int ] Cardiol 342: 82-93.
https://doi.org/10.1016/j.ijcard.2021.08.007

PAIS TF, SZEGO EM, MARQUES O, MILLER-FLEMING L,
ANTAS P, GUERREIRO P ET AL 2013 The NAD-dependent
deacetylase sirtuin 2 is a suppressor of microglial activation and
brain inflammation. EMBO J 32(19): 2603-16.
https://doi.org/10.1038/emboj.2013.200

YANG X, CHANG HC, TATEKOSHI Y, MAHMOODZA-
DEH A, BALIBEGLOO M, NAJAFI Z ET AL 2023 SIRT?2 in-
hibition protects against cardiac hypertrophy and ischemic injury.
eLife 12: €85571. https://doi.org/10.7554/eLife.85571

257


https://doi.org/10.1242/jcs.073783
https://doi.org/10.3389/fimmu.2023.1174180
https://doi.org/10.4103/1673-5374.346457
https://doi.org/10.1111/j.1474-9726.2007.00304.x
https://doi.org/10.1093/hmg/ddr326
https://doi.org/10.4103/1673-5374.375315
https://doi.org/10.1016/S1474-4422(18)30499-X
https://doi.org/10.1007/s13311-016-0483-x
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1016/j.ijcard.2021.08.007
https://doi.org/10.1038/emboj.2013.200
https://doi.org/10.7554/eLife.85571




