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ABSTRACT

In this study, we examined the potential of Bruton tyrosine kinase (BTK) inhibitor ibrutinib to mitigate neuroin-
flammation in C8-B4 microglial cells activated by the bacterial endotoxin lipopolysaccharide (LPS). Our objective
was to enhance understanding of its mechanism of action, particularly in relation to its anti-inflammatory, and
antioxidant potential of ibrutinib. Here, mouse microglial C8-B4 cells were treated with ibrutinib (1 and 10 uM)
or vehicle (1 % DMSO) for 1 h, followed by lipopolysaccharide (LPS 1 pg/mL) for 23 h. We observed that ibru-
tinib significantly decreased LPS-induced nitric oxide levels and nitric oxide synthase 3 (NOS3) expression. In
parallel, ibrutinib decreased cell senescence induced by LPS in microglia. Ibrutinib notably diminished the eleva-
tion of tumor necrosis factor-o (TNF-a), triggered by LPS in C8-B4 microglia. It also modulated Toll-like receptor
4 (TLR4) expression induced by LPS. Moreover, ibrutinib markedly lowered the augmented levels of nuclear
factor kappa beta (NF-k3) and phosphorylated NF-kp (pNF-«f) induced by LPS, indicating its capacity to mitigate
LPS-induced neuroinflammatory reactions by hindering TLR4/NF-k3 pathway. Additionally, these beneficial ef-
fects are associated with regulation of the Nrf2/HO-1 pathway. The present results suggest that treatment with
ibrutinib may contribute to the preservation of mitochondrial function, as evidenced by its ability to reduce reactive
oxygen species (ROS) production. While these findings provide important insights into the potential neuroprotec-
tive mechanisms of ibrutinib, the precise molecular pathways involved in mitochondrial preservation require fur-
ther investigation. Collectively, these data support the therapeutic potential of ibrutinib in mitigating neuroinflam-
mation-related mitochondrial dysfunction and highlight its promise as a candidate for treating neurodegenerative
disorders characterized by oxidative stress and impaired mitochondrial integrity.
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Figure 1: Graphical abstract

BACKGROUND

The neuroimmune system plays a role in multiple functions of the central nervous system
(CNY), including development, aging, and response to injury. Microglia are the main cells re-
sponsible for the first line of defense against external toxic substances and proinflammatory
reactions in the normal brain (Hines et al., 2009). Additionally, microglia are involved in syn-
aptic development and neurogenesis, a process of forming new neurons from neuronal stem
cells and a major event in the development of the nervous system (Sierra et al., 2010; Paolicelli
etal., 2011; Schafer et al., 2012). Microglia constitute 5-12 % of the overall CNS cell popula-
tion. Upon activation by pathologic stimuli, microglia change their morphology to a rod-like
shape and upregulate the secretion of neuroinflammatory mediators, such as tumor necrosis
factor a (TNF-a) (Kirkley et al., 2017; Yin et al., 2018). These neuroinflammatory responses
are strongly associated with neurodegenerative diseases like multiple sclerosis (Michalickova
et al., 2022), Alzheimer's disease (AD), stroke, cognitive dysfunction, neuronal cell death, and
synaptic degeneration (Hirsch and Hunot, 2009; Saijo et al., 2009). Therefore, controlling the
neuroinflammatory response holds potential as a therapeutic approach for diseases related to
neuroinflammation and neurodegeneration.

Toll-like receptors (TLRs) are a class of receptors that are activated by detection of foreign
elements, for example lipopolysaccharide (LPS), and start the downstream signaling cascade
that regulate the gene transcription of pro-inflammatory mediators (Warren et al., 2010). LPS
activation of TLR4 transmembrane protein influence microglia polarization and directly influ-
ences sensory neurons (Acosta and Davies, 2008; Durafourt et al., 2012; Catorce and Gevork-
ian, 2016). Microglia polarization is characterized by the escalation of pro-inflammatory factors
and reactive oxygen species (ROS). ROS are key factors associated with M1 microglia polari-
zation, and their excessive production can lead to sustained damage to the brain (Tan et al.,
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2016; Tang and Le, 2016; Zhang et al., 2021). Another important factor in cellular resistance
to oxidants is the nuclear transcription factor erythroid 2 related factor-2 (Nrf2) (Ma, 2013),
which is a critical transcription factor that regulates the expression of antioxidant and phase II
detoxification genes. Under normal conditions, Nrf2 is kept in the cytoplasm by its inhibitor,
Keapl. However, oxidative stress or other stimuli lead to the dissociation of this complex, al-
lowing Nrf2 to translocate to the nucleus where it activates genes that counteract oxidative
damage and inflammation (Michalickova etal., 2020). Heme oxygenase-1 (HO-1), a key down-
stream enzyme regulated by Nrf2, plays a crucial role in anti-inflammatory activity in the brain
(Khan et al., 2011; Farrell-Dillon and Fraser, 2016; Loboda et al., 2016). Nrf2 also controls
superoxide dismutase (SOD) and catalase, enzymes responsible for neutralization of the super-
oxide anion and hydrogen peroxide, respectively.

Bruton tyrosine kinase (BTK) is a segment of non-receptor associated TEC tyrosine kinase
family and can be found in almost all hematopoietic cell types, with the exception of plasma
cells and T cells (Das et al., 2025). Its role involves regulating immune response signaling
through B cell receptor (BCR), ultimately resulting in B cell activation, differentiation and
chemotaxis (Niiro and Clark, 2002). Besides being essential for B cell development, BTK is
also involved in TLR signaling within B cells (Mangla et al., 2004; Rip et al., 2019). Conse-
quently, inhibiting BTK can result in decreased inflammation in the CNS. At present, a first
generation BTK inhibitor (BTKi) ibrutinib and two second generation BTKi acalabrutinib and
zanubrutinib are approved by the Food and Drug Administration (FDA) (de Claro et al., 2015;
Kim and Prasad, 2020; Wen et al., 2021). Ibrutinib, acting as an immunomodulator, affects the
function of B cells and macrophages. It also plays a role in the phosphorylation of TLR signal-
ing pathways, which are associated with the production of pro-inflammatory cytokines. Ibru-
tinib has been found to reduce the production of pro-inflammatory cytokines IL-6 and TNF-a
in the patients with systemic sclerosis (Einhaus et al., 2020). Moreover, it has been observed
that ibrutinib lowers the levels of pro-inflammatory cytokines triggered by LPS in microglial
cells by inhibiting the TLR4/NF-kf signaling pathway (Nam et al., 2018). However, the exact
role of ibrutinib in reducing oxidative stress in microglia remains uncertain. In this study, we
investigated the potential of ibrutinib to reduce neuroinflammation and enhance antioxidant
activity in C8-B4 microglial cells activated by the bacterial endotoxin LPS. Our goal was to
gain a deeper understanding of its mechanism of action, especially concerning its anti-inflam-
matory, antioxidative, and cytoprotective properties.

MATERIALS AND METHODS

Drugs, chemicals and antibodies

C8-B4 cells were purchased from the American Type Culture Collection (CRL-2540™,
Rockville, MD, USA). Lipopolysaccharide (L2637; E coli 055:B5) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Ibrutinib (CAS number 936563-96-1, purity > 99 %) was a gen-
erous gift from Zentiva, Prague, Czech Republic. Fetal bovine serum (FBS), cell culture media
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Other reagents were pur-
chased from Merck KGaA (Darmstadt, Germany) and were available in high-analytical grade
for research purpose.

Cell culture and treatment

C8-B4 cells were maintained in high-glucose Dulbecso’s modified Eagle’s medium
(DMEM) supplemented with 10 % fetal bovine serum, 100 U/mL penicillin, and 100 U/mL
streptomycin in a humidified environment at 37°C with 5 % CO,. For checking the anti-inflam-
matory effect of ibrutinib, C8-B4 cells were treated with ibrutinib (1 and 10 uM) or vehicle
(1 % DMSO) for 1 h, followed by treatment with LPS (1 pg/mL) or phosphate-buffered saline
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(PBS) for 23 h and several time dependent manner like 6 h/9 h for western blot attached as an
additional supplementary file (Figure S1). The LPS dose was chosen based on previously pub-
lished experiments using the same cell line (Mali and Novotny, 2022).

Cell viability assay

Cell viability was determined using the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. C8-B4 microglial cells were seeded in 96-well
plates at a density of 4x10* cells per well and incubated in culture medium to allow cell adhe-
sion. 24 h after pretreatment with various concentrations of ibrutinib (1, 5, 10, 20, 25, 50, 100,
200 uM), MTT was added to each well, and the cells were incubated at 37 °C for 3 h. The
culture medium was discarded and 50 pL. DMSO was added to dissolve the MTT-formazan
crystals. Absorbance was measured at 570 nm against a blank using a microplate reader (Bio-
Tek synergy HT, Agilent, Santa Clara, CA, US).

Lactate dehydrogenase (LDH) assay

The levels of LDH in the cell supernatant were determined using an LDH Release Assay
Kit (ab65391, Abcam, USA) to evaluate cell membrane integrity. To assess the maximum re-
lease of LDH, cells were incubated in pyruvate-free DMEM with LPS and ibrutinib for 24
hours, followed by a 30-minute treatment with the LDH reaction mixture before measurement.
The percentage of released LDH was calculated using the following formula: releasing percent-
age (%) = (OD49omm test sample — OD49onm low control) / (OD49onm high control — ODagonm low
control) x 100 %.

Nitric oxide release assay

The Griess reaction was used to measure nitric oxide (NO) production by microglial cul-
tures. After pretreatment of C8-B4 cells with LPS and ibrutinib for 24 h, 50 uL of cell culture
medium was collected and mixed with an equal volume of Griess reagent (0.1 % N-1-naph-
thylethylenediamine dihydrochloride and 1 % sulfanilamide in 5 % phosphoric acid) in a 96-
well plate, followed by incubation for 5—10 min at the room temperature with continuous shak-
ing in dark. The absorbance was then measured at 540 nm using a microplate reader (BioTek
synergy HT, Agilent, Santa Clara, CA, US).

Detection of intracellular reactive oxygen species generation

Detection of ROS was performed by 2°,7’-dichlorofluorescin diacetate (DCF-DA, 35845,
Sigma Aldrich, USA), a fluorogenic probe that is permeable to the cell membrane. C8-B4 cells
were seeded into 12-well plates and cultured until they reached 80-90 % confluence. The cells
then were treated with different concentrations of ibrutinib with or without LPS to observe ROS
generation. The original medium was removed, and the cells were incubated with 10 uM DCF-
DA in fresh medium at 37°C for 30 min. To quantify intracellular ROS, DCF-stained cells that
accumulated due to the oxidation of DCF were observed under a fluorescence microscope and
photographed at 10x magnification and also assayed by the flow cytometry (BD LSRII, BD
Biosciences, NJ, US) with excitation wavelength at 488 nm and emission wavelength at 525
nm, respectively. Imagel v2.14 was used to quantify the fluorescence intensity of microscopic
image and FlowJo v10.10 was used to quantify flow cytometry data.

Wound-healing assay

For the scratch wound healing assay, C8-B4 microglial cells were seeded in 12-well plates
and incubated until the cells reached 80—90 % confluence. The cells were scratched witha 1 mL
sterile pipette tip to create a wound. Images were captured at 0 h. Next, the cells were treated
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with ibrutinib (1 and 10 uM) or vehicle (1 % DMSO) for 1 h, followed by LPS (1 pg/mL) or
PBS for 23 h to allow time for migration to the cell-free area. Images of scratched cell mono-
layers were taken at 5x magnification at baseline (0 h time point) and after 24 h of incubation.
Scratch  widths were measured wusing Image]J software (Image] macro;
https://github.com/AlejandraArnedo/Wound-healing-size-tool).

Analysis of cellular senescence

Microglia cell senescence was assessed using the senescence cells histochemical staining
kit (Sigma Aldrich, CS0030). Briefly, cells were washed with Dulbecco's phosphate-buffered
saline (DPBS), fixed with 1x fixation buffer and stained with 2 mL of staining mixture. After-
wards, cells underwent washing and exposed to a staining mixture at 37 °C for 24 h and ob-
served the next day. Galactosidase beta 1 (GLB-1) - positive cells associated with senescence
form a bright blue pigment in the cell that can be observed under a light microscope with 10x
magnification (Leica DMI 3000B Wetzlar, Germany) and counted.

Cell cycle analysis

C8-B4 microglial cells were seeded in 6-well plates at a density of 1x10° cells/well and
cultured at 37 °C in a humidified 5 % CO; atmosphere until the cell confluency reached 60-
70 %. Subsequently, cells were treated after drug free synchronization by serum starvation with
ibrutinib at the desired concentration (1 and 10 uM) or vehicle (1 % DMSO) for 1 h, followed
by LPS (1 pg/mL) or PBS for 23 h. C8B4 microglial cells were the washed with precooled PBS
twice and then fixed in 75 % ethanol overnight at4 °C. The fixed cells were again washed twice
with precooled PBS and were then stained with propidium iodide (P4170, Sigma Aldrich,
USA)/RnaseA and incubated at 37°C in the dark for 30 min. The DNA content was assessed
by using a flow cytometer (BD LSRII) and the data was analyzed by using FlowJo v10.10
software (BD Life Sciences, OR, US).

Western blot

Cells were collected in ice-cold PBS (pH 7.4), pelleted by centrifugation at 1000x g (Hettich
Universal 320R, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany), and resuspended in
TMES buffer supplemented with cOmplete and PhosSTOP inhibitors (Roche, Basel, Switzer-
land). Cell disruption was achieved by sonication (Bandelin electronic GmbH & Co. KG, Ber-
lin, Germany) for 10 seconds at 50 % amplitude. Protein concentrations were quantified using
the bicinchoninic acid (BCA) assay with bovine serum albumin as a reference standard. Equal
protein amounts were combined with Laemmli buffer, heated for 2 minutes, and subsequently
loaded onto polyacrylamide gels (Bio-Rad, Hercules, CA, USA).

Electrophoresis was carried out at a constant voltage of 200 V for about 60 minutes, until
the tracking dye reached the bottom of the 50-mm gel. Separated proteins were transferred to
nitrocellulose membranes (0.45 um pore size) and blocked for 1 hour at room temperature in
5 % skim milk prepared in TBS-T buffer (10 mM Tris, 150 mM NaCl, 1 % Tween 20; pH 8.0).
Membranes were incubated overnight at 4 °C with primary antibodies directed against NOS3,
TLR4, NF-xB, phospho-NF-kB, CD86, catalase, cytochrome c, and Nrf2 (Santa Cruz Biotech-
nology, Dallas, TX, USA), as well as against SOD3 and HO-1 (ABclonal Technology, Diissel-
dorf, Germany), at 1:10,000 dilution or as specified by the manufacturer. Secondary antibodies
included anti-mouse (NA931V) and anti-rabbit (NA934V) IgG (GE Healthcare, Chicago, IL,
USA). Blots were incubated with HRP-conjugated secondary antibodies (anti-mouse/anti-rab-
bit/anti-goat) at room temperature for 1 hour following TBS-T washes.
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Protein detection was performed using Super Signal chemiluminescent substrates (Pierce
Biotechnology, Rockford, IL, USA) and developed on CP-BU X-ray film (Agfa, Mortsel, Bel-
gium). Membranes were subsequently reprobed with alternative antibodies after stripping with
western blot stripping buffer (ab282569, Abcam Inc., MA, USA) to ensure uniform antibody
removal. Band intensities were quantified using ImagelJ v2.14 software (NIH, Maryland, USA),
normalized to B-actin, and presented as fold changes relative to control or LPS-treated samples.

Statistical analysis

All experiments were performed in at least three independent biological replicates. Statisti-
cal analyses were performed using GraphPad Prism software version 9.0 (GraphPad Software,
San Diego, CA, US). All data were expressed as mean + standard deviation (SD). Differences
between the groups were analyzed by one-way analysis ANOVA followed by Tukey’s multiple
comparison post-hoc test, unless stated otherwise. p values of less than 0.05 were considered

statistically significant.

RESULTS

Effects of ibrutinib on microglia viability

To investigate whether ibrutinib mitigates LPS-induced oxidative stress and inflammation,
we first examined its impact on the viability of C8-B4 microglial cells. A series of cell viability
assays were performed, exposing cells to increasing concentrations of ibrutinib. The results
demonstrated a dose-dependent decrease in cell viability; however, no significant cytotoxicity
was observed at concentrations up to 25 uM, as shown in Figure 2. Importantly, co-administra-
tion of ibrutinib and LPS did not result in additional cytotoxic effects, indicating that ibrutinib
remained safe for microglia under inflammatory conditions (Figure 2B). Based on these find-
ings, we selected two concentrations of ibrutinib: 1 pM, representing a lower, non-toxic dose,
and 10 puM, representing a higher, yet still safe dose—for subsequent experiments involving
LPS co-treatment. This approach allowed us to comprehensively evaluate the protective effects
of ibrutinib across a physiologically relevant dose range.
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Figure 2: Effect of ibrutinib on viability of C8-B4 microglial cells. C8-B4 cells were treated with
different concentrations of ibrutinib, and cell viability was determined after 24 h using MTT assay without
LPS (A) and with LPS (B). Data are expressed as mean + standard deviation (SD) of three independent
experiments performed in triplicate. ('P<0.05, "P<0.01,”"P<0.0001 indicate that a group is significantly
different from the control group)

Ibrutinib prevents LPS-induced cytotoxicity in microglia
The results showed that treatment with LPS alone led to a marked increase in LDH levels,
reflecting significant cellular injury and loss of membrane integrity—a hallmark of cytotoxic
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stress and inflammation in microglia. However, when cells were pre-treated with ibrutinib prior
to LPS exposure, there was a reduction in LDH release compared to the LPS-only group. This
reduction in extracellular LDH suggests that ibrutinib confers a protective effect, minimizing
membrane damage and helping to preserve microglial cell viability even under inflammatory
conditions.

These findings support the conclusion that ibrutinib mitigates the toxic effect of LPS on
microglial cells, likely by stabilizing cellular membranes and alleviating LPS-induced cytotox-
icity. The decrease in LDH release provides functional evidence that ibrutinib can suppress or
counteract the damaging inflammatory response initiated by LPS. As shown in Figure 3, this
protective role of ibrutinib could be important for preserving microglial function during neu-
roinflammatory challenges.
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Figure 3: LPS-induced cytotoxicity in C8-B4 microglia cells. Secreted LDH level after 24h treatment
with ibrutinib with LPS. Data are expressed as mean + standard deviation (SD) of three independent
experiments performed in triplicate.

Ibrutinib inhibits NO production in microglial cells

After 24-hour incubation with both LPS and ibrutinib, western blot analysis (Figure 4A and
4B) revealed that LPS treatment markedly upregulated the protein expression levels of endo-
thelial nitric oxide synthase (NOS3) in microglial cells. Treatment with ibrutinib at both con-
centrations (1 pM and 10 uM) led to a notable reduction in NOS3 protein expression compared
to the LPS-only group. The inhibition was observed in a dose-dependent manner, where 10 uM
achieved a slightly greater reduction than 1 uM. This suggests that ibrutinib effectively sup-
presses LPS-induced NOS3 upregulation, which could in turn attenuate excessive NO produc-
tion and mitigate associated inflammatory and cytotoxic effects.

Consistent with the increase in NOS3 expression, LPS stimulation significantly elevated
NO production, as measured in the cell culture supernatant. Elevated NO is a hallmark of mi-
croglial activation and is associated with oxidative and nitrosative stress leading to neuronal
damage. Notably, pre-treatment with ibrutinib at both 1 uM and 10 uM concentrations substan-
tially reduced NO levels compared to LPS alone. The reduction in NO was statistically signif-
icant in both dosing groups, supporting the potential of ibrutinib to counteract LPS-induced
detrimental effects in microglia.
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Representative original western blots of NOS3, along with all other mediators assessed by
this method, are presented in the supplementary information (Figure S2).
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Figure 4: Effects of ibrutinib on NO production on microglial C8-B4 cells. C8-B4 cells pre-treated
with ibrutinib for 1h prior to LPS for 23h. NOS3 protein measurement by western blot (A&B) and condi-
tioned media were collected for nitrite measurement (C) by griess reagent. Data are expressed as mean
+ standard deviation (SD) of three independent experiments. “P<0.01 indicates a group is significantly
different from control group and #*P<0.05, #P<0.01, #P<0.001, ##P<0.0001 indicate a group is signif-
icantly different from the LPS group.

Wound healing effect of the ibrutinib on LPS-stimulated C8-B4 microglial cells

The migration of C8-B4 microglial cells was evaluated to determine the effect of ibrutinib
on LPS-induced cellular motility, which is an important feature of microglial activation and
neuroinflammation. As shown in Figure 5, treatment with LPS significantly enhanced micro-
glial migration compared to untreated control cells, demonstrating the pro-migratory effect of
inflammatory stimulation. However, pre-treatment with 10 uM ibrutinib markedly inhibited
this LPS-induced increase in cell migration, restoring migration rates close to baseline levels
observed in control cells. This result indicates that ibrutinib effectively suppresses the migra-
tory response elicited by LPS, thereby potentially reducing microglial-mediated neuroinflam-
matory damage.

Ibrutinib prevents LPS-induced oxidative stress in microglia

ROS production was measured to assess the oxidative stress response of microglial cells
following LPS stimulation and ibrutinib treatment. As illustrated in Figure 6, exposure to LPS
significantly increased intracellular ROS levels compared to untreated control cells, reflecting
enhanced oxidative stress commonly associated with microglial activation and neuroinflamma-
tion. Importantly, cells pretreated with ibrutinib at the tested concentrations showed a marked
and statistically significant reduction in ROS production relative to the LPS-only group. This
suggests that ibrutinib exerts potent antioxidant effects, effectively counteracting the oxidative
stress induced by LPS. These results support the role of ibrutinib as a modulator of both inflam-
matory and oxidative pathways in microglia, contributing to its potential neuroprotective prop-
erties.
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Figure 5: Effect of ibrutinib on the migration of mouse microglial C8-B4 cells. Data are expressed as
mean =* standard deviation (SD) of three independent experiments. ""P<0.001 indicates that the cell
group is significantly different from the control group and ##P<0.001 indicates that a group is significantly
different from the LPS group.

1490



EXCLI Journal 2025;24:1482-1499 — ISSN 1611-2156
Received: June 27, 2025, accepted: September 08, 2025, published: November 05, 2025

0.0- .
Ibrutinib (uM) - - 1 10
LPS (ug/ml) - 1 - - 1 1

& Ly
L
]
5
Control LPS Ibrutinib 1pM >
2 #
S 2
=
S I |
0= T T T T
Ibrutinib (uM) - - 1 0 1 10
LPS (ug/ml) - 1 - - 1 1
Ibrutinib 10uM Ibrutinib 1uM + LPS1pg/ml  Ibrutinib 10uM + LPS1pg/ml
1.5+
100 - Control
] M I es
6 \\ rbru«mfhl,.M Y 10
3 1 Tbrutinib 10uM c st
-] 1 . - ©
= 4 LPS + Tbrutinib 1uM 5 .
2 s g \. LPS + Ibrutinib 10pM k-] o
K 1 ‘ S 0.5+
) 1 w
s |1|
§ 40 =
5 ]
<~ 4
1 | B p—
1 10

Bl-A
Figure 6: Ibrutinib prevents LPS-induced oxidative stress in mouse microglial cells. C8-B4 cells
were pretreated with ibrutinib (1 and 10 uM) for 1 h and then stimulated with LPS (1ug/mL) for additional
23 h. Production of intracellular ROS was determined by DCF-DA staining using flow cytometry (A) and
by flow cytometry (C) where both analysis (B and D). Data are expressed as mean * standard deviation
(SD) of three independent experiments. *P < 0.01, ##P<0.0001 indicate that the cell group is signifi-
cantly different from the LPS group.

Ibrutinib reverses LPS — induced senescence in microglial cells

The proportion of C8-B4 microglial cells positive for senescence-associated -galacto-
sidase (GLB-1) staining was significantly increased following LPS treatment (Figure 7B), in-
dicating that LPS induces cellular senescence in microglia. This observation aligns with previ-
ous studies demonstrating that repeated or prolonged LPS stimulation triggers microglial se-
nescence, characterized by increased B-galactosidase activity, cell cycle arrest, and a proinflam-
matory phenotype (Kitchener et al., 2023). Notably, pretreatment with ibrutinib at both 1 pM
and 10 uM concentrations markedly reduced the number of GLB-1 positive cells induced by
LPS, suggesting that ibrutinib attenuates LPS-driven microglial senescence.

The reduction of senescent cells by ibrutinib may contribute to its neuroprotective effects
because senescent microglia are known to adopt dysfunctional proinflammatory states that ex-
acerbate neurodegeneration. Our data thus provide novel evidence that ibrutinib not only mod-
ulates inflammatory responses but also mitigates the onset of cellular senescence in activated
microglia, which may help preserve microglial homeostasis under inflammatory stress.
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Figure 7: Ibrutinib prevents LPS-induced senescence-associated GLB-1 activity in mouse micro-
glial cells. C8-B4 cells were pretreated with ibrutinib (1 and 10 uM) for 1h and then stimulated with LPS
(1pg/mL) for an additional 23 h. Cellular senescence was determined by senescence staining for 72h
by using confocal microscopy (A) and its statistical analysis (B). Data are expressed as mean + standard
deviation (SD) of three independent experiments. ““P<0.0001 indicates that the cell group is signifi-
cantly different from control group and #P<0.05, #P<0.01 indicates that the cell group is significantly
different from LPS group.

Ibrutinib reverses LPS-induced cell cycle arrest in GO/G1 phase of microglia

Flow cytometry analysis demonstrated that exposure to LPS resulted in a significant accu-
mulation of C8-B4 microglial cells in the GO/G1 phase of the cell cycle, indicative of LPS-
induced cell cycle arrest at this checkpoint. This arrest likely reflects a cellular stress response
associated with inflammation and impaired proliferative capacity of microglia. Notably, pre-
treatment with 10 uM ibrutinib effectively reduced the proportion of cells stalled in the Go/G
phase, restoring cell cycle distribution toward that observed in untreated control cells (Figure
8A and 8B). These findings suggest that ibrutinib is capable of counteracting LPS-induced cell
cycle arrest, thereby supporting the maintenance of normal microglial cell cycle progression
under inflammatory conditions.

Ibrutinib inhibits the upregulation of LPS-induced inflammatory markers in C8-B4 cells

Stimulation of C8-B4 microglial cells with LPS led to an upward trend in the expression of
pro-inflammatory markers CD86 and TNF-a; however, these increases did not reach statistical
significance when compared to the control group (Figure 9). Notably, subsequent treatment
with 10 uM ibrutinib resulted in a statistically significant reduction in TNF-a expression rela-
tive to the LPS group, while CD86 levels remained unchanged. These findings suggest that,
under our experimental conditions, ibrutinib at a higher concentration can effectively suppress
certain LPS-induced inflammatory mediators, specifically TNF-a, in microglial cells.

Ibrutinib inhibits the LPS-induced pro-inflammatory markers in C8-B4 cells

LPS stimulation of C8-B4 microglial cells led to a marked upregulation of key signaling
molecules involved in inflammatory responses, specifically Toll-like receptor 4 (TLR4), nu-
clear factor kappa B (NF-kf), and its active, phosphorylated form (p-NF-kf). This increase,
observed by western blot analysis, underscores activation of the classical TLR4/NF-xf} signal-
ing pathway upon inflammatory challenge (Figure 10).

Pretreatment with ibrutinib exerted a significant modulatory effect on these molecules. Both
1 uM and 10 puM concentrations of ibrutinib notably reduced LPS-induced TLR4 expression,
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indicating that ibrutinib may interfere with the initial recognition of inflammatory stimuli.
Moreover, 10 uM ibrutinib was particularly effective in diminishing the elevated ratio of both
total NF-kf3 and pNF-«f}, suggesting an attenuation of downstream inflammatory signaling and
transcriptional activation.

These findings are consistent with the known role of TLR4/NF-«f} in microglial polarization
and proinflammatory activation. By suppressing both the receptor and transcription factor lev-
els after LPS stimulation, ibrutinib may help shift microglia away from an activated, proinflam-
matory state. Thus, our results provide evidence that ibrutinib regulates microglial activation at
multiple points within the TLR4/NF-kf axis, further supporting its potential neuroprotective
effects under inflammatory conditions.
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Figure 8: Ibrutinib suppressed LPS induced cell cycle arrest in G0/G1 phase of C8-B4 microglial
cells. Data are expressed as mean * standard deviation (SD) of three independent experiments.
“"P <0.01 indicate that the cell group is significantly different from control group and #P<0.05,
####P<0.0001 indicate that the cell group is significantly different from LPS group.
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Figure 9: Effects of LPS and ibrutinib on the selected pro-inflammatory markers (TNF-a and
CD86). C8-B4 cells were pre-treated with ibrutinib (1 and 10 uM) for 1 h and then stimulated with LPS
(1 pg/mL) for additional 23 h. The levels of TNF-a and CD86 were determined by western blot analysis
(A) and relative levels of TNF-a (B) and CD86 (C) were expressed as fold changes compared with
control. Data are expressed as mean + standard deviation (SD) of three independent experiments.
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Figure 10: Effects of LPS and ibrutinib on TLR4 expression and the p-NF-kB/NF-kB ratio in mi-
croglia. The levels of TLR4, NF-kB and p-NF-kp were determined by western blot analysis (A) and
relative levels of p-NF-kB/NF-kB (B), TLR4 (C). C8-B4 cells were pre-treated with ibrutinib (1 and 10
pUM) for 1 h and then stimulated with LPS (1 pg/ml) for additional 23 h. Data are expressed as mean +
standard deviation (SD) of three independent experiments. ‘P<0.05 and “P <0.01 indicate that the cell
group is significantly different from control group and #P < 0.01 indicates that the cell group is signifi-
cantly different from LPS group.

Ibrutinib increases antioxidant capacity of LPS-treated microglia

To further elucidate the antioxidant and cytoprotective effects of ibrutinib in microglial
cells, we examined the expression of several key enzymes and regulatory proteins involved in
oxidative stress defense pathways (Figure 11).

Treatment with 10 pM ibrutinib resulted in a significant upregulation of catalase expression
(Figure 11B), suggesting that ibrutinib may enhance the cellular capacity to decompose hydro-
gen peroxide and thereby mitigate oxidative damage. Analysis of (SOD), another critical anti-
oxidant enzyme, revealed that LPS exposure suppressed SOD3 expression in microglia (Figure
11C). Importantly, pretreatment with both 1 uM and 10 uM ibrutinib effectively prevented the
LPS-induced downregulation of SOD3, maintaining its expression at levels comparable to un-
treated controls. This preservation of SOD3 expression further underscores the antioxidant pro-
tective effect of ibrutinib during inflammatory stress.

Regarding the transcription factor Nrf2, which plays a central role in regulating cellular
antioxidant defense mechanisms, we observed a reduction in Nrf2 expression following LPS
stimulation, although this decrease did not reach statistical significance (Figure 11D). Notably,
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ibrutinib pretreatment appeared to counteract the LPS-induced reduction, helping to sustain
Nrf2 protein levels.

Furthermore, assessment of the downstream antioxidant enzyme HO-1, which is transcrip-
tionally controlled by Nrf2, showed a robust and statistically significant increase in expression
with 10 uM ibrutinib (Figure 11E). This pronounced induction of HO-1 suggests that ibrutinib
activates the Nrf2/HO-1 axis, thereby amplifying intrinsic cellular defenses against oxidative
injury.

Finally, LPS caused a significant decline in cytochrome ¢ expression, indicative of mito-
chondrial dysfunction and potential initiation of apoptotic pathways. Pretreatment with 10 uM
ibrutinib significantly attenuated this reduction, suggesting that ibrutinib helps in protection of
mitochondrial health under inflammatory conditions (Figure 11F).

Collectively, these results demonstrate that ibrutinib reinforces the antioxidant defense net-
work in microglia by upregulating catalase and HO-1, preserving SOD3 and Nrf2 expression,
and maintaining mitochondrial cytochrome c levels. These actions may contribute to the overall
neuroprotective and anti-inflammatory profile of ibrutinib observed in this study.
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Figure 11: Effects of LPS and ibrutinib on activation of catalase, SOD3, Nrf 2, cytochrome ¢ and
HO-1 in microglia. The levels of catalase, SOD3, Nrf2, cytochrome ¢ and HO-1 were determined by
westem blot analysis (A) and relative levels of catalase (B), SOD3 (C), Nrf 2 (D), HO-1 (E), cytochrome
c (F) were expressed as fold changes compared with control. C8-B4 cells were pre-treated with ibrutinib
(1 and 10 pM) for 1 h and then stimulated with LPS (1 ug/ml) for additional 23 h. Data are expressed as
mean * standard deviation (SD) of three independent experiments. ‘P<0.05 and “P < 0.01 indicate that
the cell group is significantly different from control group and #¥P<0.05, #P < 0.01 indicates that the cell
group is significantly different from the LPS group.

DISCUSSION

This investigation was conducted to confirm the anti-inflammatory properties of ibrutinib
and elucidate the possible involvement of the TLR4/NF-kf3 and Nrf2/HO-1 pathways in LPS-
induced activation of C8-B4 microglia. We have found that ibrutinib reverses the detrimental
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changes induced by LPS, such as oxidative stress, microglial senescence, generation of pro-
inflammatory mediators, and cell cycle arrest. Therefore, our findings indicate that ibrutinib
may be a promising agent in neuroinflammation-related diseases.

Primarily, we have confirmed that ibrutinib does not cause cytotoxicity up to a concentra-
tion of 25 puM. This is in line with the previous research (Nam et al., 2018). We have chosen
two doses (1 uM and 10 uM) and these were used in all subsequent experiments in this study.
Successively, we have found that ibrutinib efficiently decreased LDH release (Figure 3), which
is a marker of cell damage, in the presence of LPS. These findings suggest that ibrutinib acts as
a cytoprotective agent. This was further supported by a wound healing assay, where we ob-
served that LPS increased microglial migration, but treatment with 10 uM ibrutinib signifi-
cantly diminished this effect on C8-B4 microglial cells (Figure 5). Namely, in a homeostatic
state, microglia use their long extensions to continuously monitor their surroundings, while
their cell bodies remain stationary. The migration of microglial cells is a key indicator of pro-
inflammatory and chronic activation in the early stages of neurodegeneration (Nimmerjahn et
al., 2005). Ibrutinib may help maintain this homeostatic state, preventing microglia from prem-
aturely and excessively transforming into mobile phagocytes.

LPS, the primary constituent of the outer membrane of gram-negative bacteria, serves as an
inflammatory trigger capable of inducing microglial polarization (Orihuela et al., 2016). In this
study, we observed an increase in NO production upon stimulation of C8-B4 microglial cells
with LPS and this effect was suppressed by ibrutinib in a dose-dependent manner. Moreover,
the expression of NOS3, which was increased by LPS, significantly decreased with ibrutinib
treatment, demonstrating its capacity to reduce oxidative stress and inhibit cellular prolifera-
tion. These findings support our migration results (Forstermann and Miinzel, 2006; Krol and
Kepinska, 2020).

The overproduction of ROS by infiltrating immune cells contributes to the brain inflamma-
tion (Yeung et al., 2021; Zhou et al., 2022). LPS is known for inducing oxidative stress in
various conditions by triggering an overproduction of ROS, particularly in models of neuroin-
flammation and neurodegeneration (Davalli et al., 2016; Singh et al., 2019; Climent et al.,
2020). Poor regulation of ROS signaling also leads to inducing cellular senescence. In our
study, ibrutinib in both 1 uM and 10 uM doses effectively reduced intracellular ROS production
in LPS-treated C8-B4 cells and significantly decreased the level of cellular senescence (Figure
7). Additionally, our findings suggest that both LPS and ibrutinib play a role in influencing the
cell cycle in microglial C8-B4 cells. Namely, we explored whether LPS-induced inflammation
affects the cell cycle and found that treatment with LPS, along with ibrutinib co-treatment,
resulted in Go/G1 cell cycle arrest. This is probably mediated by the upregulation of cyclin-
dependent kinase inhibitors such as p21(Wafl/Cipl) and GADDA45q, although due to limita-
tions we are unable perform western blot analysis on the p21 and GADD45a genes which are
responsible for G1 arrest in microglia (Figure 8) (Harper et al., 1993). But this cell cycle arrest
is corroborated with previously reported results (Xing et al., 2022). The activation of microglia
and subsequent cell cycle arrest can have significant implications for neurodegenerative dis-
eases. Excessive microglial activation may exacerbate neuroinflammation, leading to neuronal
damage and loss, which is slightly decreased by ibrutinib treatment.

The reduction of oxidative stress, along with beneficial effects what follow this decrease,
are mediated by the ibrutinib’s capacity to upregulate antioxidant enzymes. We have found that
10 uM ibrutinib increased the expression of catalase and prevented significant decrease in
SOD3 caused by LPS. This was concomitant with the elevation of the expression of Nrf2’s
downstream antioxidant enzyme HO-1, by 10 uM ibrutinib. Simultaneously, LPS reduced Nrf2
expression, though the reduction was not statistically significant, whereas this effect was not
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seen with ibrutinib pretreatment (Figure 11). These results indicate ibrutinib might be an acti-
vator of Nrf2/HO-1 pathway. Namely, Nrf2 plays a pivotal role in mediating neuroinflamma-
tion through its regulation of oxidative stress responses, such as antioxidant enzymes, like cat-
alase and SOD3. Targeting the Nrf2/HO-1 signaling pathway presents a promising therapeutic
strategy for managing neurodegenerative diseases, like multiple sclerosis and potentially other
neurodegenerative diseases characterized by similar inflammatory processes.

Activated microglia release inflammatory mediators, like TNF-a. Therefore, the drugs mod-
ulating the microglial activation and reducing the release of pro-inflammatory cytokines repre-
sent a promising therapeutic strategy for neuroinflammation. The previous studies concluded
that activated microglia were the main contributor of TNF-a under neuroinflammation and here
our results show that ibrutinib can reduce the LPS-induced neuroinflammation (Figures 9 and
10). Reduction of TNF-a in microglial cells was linked to suppression of NF-kf’s nuclear trans-
location, which supports previously published research (Jefferies et al., 2003). Ibrutinib disrupts
this critical regulatory factor involved in inflammatory cytokine production (Zusso et al., 2019).
However, further studies are needed to explore the underlying mechanism.

In summary, our research demonstrates that ibrutinib can modify LPS-induced microglial
activation by decreasing the levels of TLR4 and NF-«f3 cytokines (Figure 10). Our data suggest
that TLR4/NF-x3 pathway could be implicated in LPS-triggered microglia activation alongside
the activation of Nrf2/HO-1 pathway and its downstream enzymes catalase and SOD3 (Figure
11). The modulation of these pathways by ibrutinib may facilitate the restoration of normal
inflammatory levels. Despite extensive research on microglial activation and polarization, in-
consistences persist in the findings, and there is limited information regarding the role of ibru-
tinib or BTK inhibitors in the context of oxidative stress in microglia. Additionally, while our
study focused on the TLR4/ NF-«f3 and Nrf2/HO-1 pathways, the complex nature of oxidative
stress pathways and the impact of ibrutinib on mitochondrial proteins like cytochrome ¢ need
further exploration. Thus, future investigations are necessary to elucidate the mechanisms
through which ibrutinib influences oxidative stress and various mitochondrial functions, in-
cluding mitophagy.

CONCLUSION

In conclusion, ibrutinib significantly decreased the LPS-induced increase in inflammatory
cytokines in C8-B4 microglial cells and modified the TLR4/NF-«kf3 and Nrf2/HO-1 pathway in
microglia. These findings suggest that altering oxidative stress could be a promising approach
for preventing and/or addressing microglial inflammation, thereby offering further evidence for
its potential in treating neurodegenerative disorders. Thus, ibrutinib shows potential as a thera-
peutic agent for diseases related to neuroinflammation.
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