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Abstract: Stroke is the second leading cause of death and a major cause of long-term disability worldwide. Within
minutes of onset, cerebral ischemia triggers a cascade of pathophysiological events that ultimately result in
irreversible tissue damage. Post-ischemic inflammation plays a critical role in cerebral ischemia-reperfusion injury,
characterized by the elevated release of cytokines and chemokines. Interleukin (IL)-32 is known to induce several
cytokines, particularly pro-inflammatory ones such as IL-6, tumor necrosis factor (TNF)-a, and IL-1p. Targeting
inflammatory pathways are of great interest in stroke research. In this study, we investigated the role of IL-32y in
a middle cerebral artery occlusion (MCAO) model using transgenic (TG) mice expressing human IL-32y.
Compared to wild-type (WT) mice, IL-32y TG mice exhibited a significantly reduced infarct volume after MCAO.
Accompanying the decreased brain tissue damage, the levels of pro-inflammatory cytokines IL-6, TNF-a, and IL-
1B were markedly lower in IL-32y TG mice than in WT controls. These findings suggest that IL-32y attenuates
the inflammatory response in ischemic brain injury. Specifically, IL-32y reduced the expression of pro-
inflammatory cytokines and the number of apoptotic cells following ischemic insult. In conclusion, our results
demonstrate that IL-32y protects the neuroinflammatory response in brain injury and may serve as a potential
neuroprotective therapeutic target.
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1. Introduction

Stroke is a leading cause of long-term disability and the second leading cause of death worldwide. It is
primarily caused by a blockage in the brain’s blood supply, resulting in the malfunction of affected brain regions
[1,2]. Subsequent events, such as oxygen deprivation in brain tissue, formation of reactive oxygen species (ROS),
and activation of inflammatory responses, are major contributors to secondary brain injury [3,4]. Inflammatory
signaling begins immediately after the onset of stroke. While inflammation plays a crucial role in brain recovery,
it often exacerbates secondary brain damage. As part of the neuroprotective response, proinflammatory cytokines
including interleukin (IL)-6, tumor necrosis factor (TNF)-a, and IL-1p are rapidly induced, accompanied by
activation of microglia and astrocytes.

Additionally, peripheral immune cells such as macrophages and neutrophils infiltrate the brain and release
further proinflammatory cytokines [4-9]. The subsequent inflammatory responses, including cytokines,
chemokines, adhesion molecules, leukocytes, and infiltrating immune cells critically influence the patient’s
outcome. Accumulating evidence supports that suppressing detrimental inflammatory processes offers a promising
therapeutic strategy for improving outcomes in stroke patient [10,11].

IL-32 is a cytokine that induces the expression of various proinflammatory cytokines such as IL-6, TNF-a,
and IL-1. It has been implicated in numerous pathological conditions, including infectious diseases, autoimmune
disorders, and cancers [12—17]. IL-32 has also been reported in neuroinflammatory diseases such as cerebral
ischemia, multiple sclerosis, and Alzheimer’s disease [18-21]. However, its precise role in the pathophysiology
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of many conditions remains unclear. Notably, IL-32 exists in several isoforms, including IL.-32a, 1L-32, IL-32y,
and others, each exhibiting distinct biological activities and inflammatory profiles. Among these isoforms, IL-32y
has shown significant potential as a modulator of inflammatory responses in various pathological conditions [22].
Similar to interferon-y, whose inflammatory role depends on regulation by IL-18 and IL-18 binding protein [23],
the pro- or anti-inflammatory effects of IL-32 may also vary depending on isoform and context. Therefore,
understanding isoform-specific regulation of IL-32 is essential for elucidating its molecular mechanisms and
identifying novel therapeutic targets for stroke. In this study, we investigated the role of the IL-32y isoform using
IL-32y transgenic (TG) mice expressing human IL-32y in a surgically induced middle cerebral artery occlusion
(MCAO) model.

2. Materials and Methods

2.1. Animals

Human IL-32y TG mice and wild-type (WT) mice of the C57BL/6J strain were prepared as previously
described [12]. The human IL-32y TG mice exhibited normal body size and showed no apparent physical or
behavioral abnormalities, as reported earlier. Both human IL-32y TG and WT mice were male, 10 to 13 weeks old,
and weighed between 23 and 28 g. All mice were housed in a specific pathogen-free barrier facility at the
Laboratory Animal Research Center of Konkuk University (Seoul, Republic of Korea). The animal facility was
maintained under 12 h light/dark cycle, with 10 air changes per hour, a temperature of 23 + 2 °C, and relative
humidity of 50% + 10%. Mice were housed in individually ventilated cages (MVCS, Three Shine, Daejeon,
Republic of Korea) and provided ad libitum access to a sterilized standard laboratory diet (5L79, PMI Nutrition
International, St. Louis, MO, USA) and water. All animal care and experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC, Approval No: KU12056) of Konkuk University.

2.2. Middle Cerebral Artery Occlusion Induced Ischemia Reperfusion Model

Focal cerebral ischemia/reperfusion (I/R) injury was induced by transient occlusion of the right MCAO, as
previously described [24] with minimal modifications. Briefly, mice in both groups were anesthetized using 5.0%
isoflurane for induction in a closed chamber, followed by 1.5% isoflurane for maintenance in a gas mixture of 70%
N20 and 30% O: via a face mask. Rectal temperature was continuously monitored and maintained at 37 + 0.5 °C
using a water-heated surface throughout the surgical procedure.

Laser-Doppler flowmetry (LDF) was used for measuring the cerebral cortical perfusion, to confirm
appropriate probe placement (PeriFlux system 5000, Stockholm, Sweden) in all mice. Anesthetized mice were
placed in the left lateral position under an operating microscope and the right temporoparietal region of the head
between the orbit and ear was shaved. A small plastic tube (internal diameter, 1 mm) was affixed with glue to the
right temporal skull (ipsilateral hemisphere) that had been exposed through a transverse incision [25]. Mice were
placed in the supine position, and the LDF probe was secured perpendicular to the right temporal skull surface by
inserting into the affixed tube [24]. Cortical perfusion values after occlusion are expressed as a percentage relative
to baseline. LDF recordings were made 10 min prior to MCAO.

A midline skin incision was made in the neck, and the right common carotid artery (CCA), external carotid
artery (ECA), and internal carotid artery (ICA) were carefully isolated from the vagus nerve. The superior thyroid,
lingual, and maxillary arteries were gently cauterized and cut. Two closely spaced silk ligatures were placed on
the distal ECA. The ECA was then cut between the knots, leaving a stump attached to the proximal ligature.
Microvascular aneurysm clips were applied to the right CCA and ICA. A silicone rubber-coated 7-0 monofilament
(7023PK5Re, Doccol Corp., Sharon, MA, USA) was inserted through an arteriotomy in the ECA stump and
advanced 11 mm into the ICA from the carotid bifurcation. Proper placement of the filament was confirmed by a
sudden drop in local cortical blood flow to less than 20% of baseline, as measured by LDF. In addition, LDF values
were recorded 5 min after MCAO to verify the success of the occlusion. The resulting occlusion was visualized as
an 80-90% abrupt reduction in cerebral blow flow by the LDF. After 60 min of ischemia, the filament and CCA
clamp were gently removed to initiate reperfusion. The collar suture at the base of the ECA was carefully tightened,
and the skin was sutured. Anesthesia was discontinued, and the mice were allowed to recover in pre-warmed cages.

2.3. 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining for Brain Infarction Volume Measurement

Infarct size determination was performed as previously described [26]. Briefly, 24 h after I/R, all mice were
euthanized and perfused with ice-cold phosphate-buffered saline (PBS) via the ascending aorta. Brains were
removed and coronally sectioned into 2 mm-thick slices (as illustrated in Figure 1B). The brain slices were then
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fixed in 10% neutral-buffered formalin (pH 7.4), followed by staining with 2% 2,3,5-triphenyltetrazolium chloride
(TTC; Sigma-Aldrich, Munich, Germany) at 37 °C for 15 min. Infarct volumes were assessed by photographing
stained slices using a digital camera (DSC-HX1, Sony Corp., Tokyo, Japan). Images were analyzed with Image J
software (NIH, Bethesda, MD, USA). Unstained pale areas were considered as ischemic lesions. For each brain
slice, the infarct area and the total area of both hemispheres were measured. The edema index was calculated by
dividing the volume of the left hemisphere by that of the right hemisphere. The actual infarct volume was corrected
for edema by dividing the measured infarct volume by the edema index. Infarct volumes are presented as a
percentage of total brain volume + standard error of the mean (SEM).
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Figure 1. Comparison of human IL-32y expression in WT and transgenic mice and evaluation of infarct volume
following MCAO. (A) Quantification of human IL-32y levels in the cortex and striatum of WT and IL-32y TG
mice. Data are presented as mean + SEM (n = 6 per group). * p <0.05 compared to WT. (B) Representative TTC-
stained coronal brain sections 24 h after MCAO. Upper panel: illustration of coronal brain slice levels; lower panel:
TTC-stained sections showing infarct areas (white) in WT and IL-32y TG mice. (C) Quantification of infarct areas
(%) based on TTC staining revealed a significant reduction in infarct size in IL-32y TG mice compared to WT mice
(* p<0.05). (D) Infarct volume expressed as a percentage of total cerebral volume. WT mice showed significantly
larger infarct volumes (24.19 + 0.95%, n = 5; mean + SEM.) than IL-32y TG infarct size (13.59 + 0.99%, n = 5;
means + SEM; *** p <0.001).

2.4. Behavioral Testing

To evaluate neurological deficits, mice were assessed for behavioral changes using the scoring system
described by Hatcher et al. [27]. The scores were defined as follows: 0, no observable deficit; 1, flexion of the
contralateral torso and forelimb when the mouse is lifted by the tail; 2, circling to the contralateral side when held
by the tail on a flat surface; 3, spontaneous circling to the contralateral side; and 4, no spontaneous motor activity.
The neurological assessment was performed at least three times to ensure consistency and reliability, and the final
score was calculated as the average of the repeated measurements.

2.5. TUNEL Assay

Terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) assay was performed using
the Click-iT™ TUNEL Alexa Fluor™ 488 Imaging Assay (Invitrogen, Eugene, OR, USA), following the
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manufacturer’s instructions. Briefly, cryo-frozen brain tissue sections were fixed with 4% paraformaldehyde
(Sigma-Aldrich) at 4 °C for 24 h. The tissue was then permeabilized using 0.25% Triton X-100 in PBS. The
TUNEL reaction mixture was applied, and the samples were incubated at 37 °C for 1 h, followed by the addition
of the Click-iT reaction cocktail according to the protocol. Negative controls were prepared by omitting terminal
deoxynucleotidyl transferase from the reaction. All sections were examined using a fluorescence microscope
(Olympus, Hamburg, Germany), and green fluorescent signals were considered indicative of apoptotic cells. Six
sections from the same coronal level (one per animal) were analyzed for each experimental group. The number of
apoptotic cells in MCAO groups was quantified using Image J software and expressed as a percentage.

2.6. Tissue ELISA and Western Blotting

First, homogenization of tissues was performed using the lysis buffer (20 mM HEPES (pH 7.4), 150 mM
NaCl, 12.5 mM B-glycerophosphate, 1.5 mM MgCl,, 2 mM EGTA, 10 mM NaF, 2 mM DTT, 1 mM Na3zVOs, 1
mM PMSF, 100 U/mL aprotinin, 0.5% Triton X-100) using a tissue tearer (BioSpec Products, Bartlesville, OK,
USA). Next, homogenized tissues were applied for centrifugation at 10,000 g at 4 °C for 15 min. Cytokine levels
of tissues were measured using the supernatant by sandwich enzyme-linked immunosorbent assay (ELISA)-
cytokine-specific (R&D Systems, Minneapolis, MN, USA), following the manufacturer’s instructions. Human IL-
32y concentrations in both sera and tissues of TG mice were determined using a human IL-32y-specific sandwich
ELISA (YbdY, Seoul, Republic of Korea). Protein concentrations of the homogenate were quantified using
bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions.

For western blotting analyses, tissue lysates were exposed to SDS-PAGE and transferred to nitrocellulose
paper (Millipore, Billerica, MA, USA). The membrane was immunoblotted with respective specific antibodies:
mouse anti-phospho-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) p65 (Ser 536) (7F1)
mAb and monoclonal mouse polyclonal rabbit anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Bound antibodies were visualized with HRP-conjugated secondary antibodies against primary antibodies using
the Super Signal West Substrate (Thermo Fisher Scientific).

2.7. Statistical Analysis

Data is represented as means + SEM. Statistical significance of differences was assessed using an unpaired
two-tailed Student’s #-test. A p value of < 0.05 was considered statistically significant.

3. Results

3.1. Infarct Volume Reduced in the IL-32y TG Mice

To investigate the role of 1L-32y, we generated human IL-32y transgenic mouse [12]. Human IL-32y was
detected in the brain in IL-32y TG mice but absent in WT mice (Figure 1A). LDF was used to monitor and confirm
comparable levels of ischemia in both groups. The average regional cerebral blood flow (rCBF) was 10.91 £2.25%
in WT mice and 10.03 + 1.76% in IL-32y TG mice, indicating that all animals were exposed to a similar ischemic
insult. After reperfusion, rCBF increased in both WT and IL-32y TG mice to 84.84 + 1.29% and 83.45 + 1.84%,
respectively, with no statistically significant difference between the two groups. These results confirm that the
surgical procedure was consistently and successfully performed in both groups.

MCAO was performed in both IL-32y TG and WT mice, followed by 23 h of reperfusion. Cerebral infarction
was assessed using TTC staining. As shown in Figure 1B,C, the infarct areas of brain slices #1, #2, #3, and #4
were significantly smaller in IL-32y TG mice compared to WT mice (* p < 0.05). Consistent with these results,
the total infarct volume (Figure 1D) was also significantly reduced in IL-32y TG mice (WT, 24.19 + 0.95%; IL-
32y TG, 13.59 + 0.99%, p < 0.001). The total infarct volume observed in WT mice was more than two-fold greater
compared to those in IL-32y TG mice, suggesting that IL-32y overexpression may confer neuroprotection against
ischemic brain injury, particularly in the cortical region.

3.2. Mortality and Neurological Deficits Following MCAO

Twenty-four hours after reperfusion, mortality was 25% in WT mice and 15% in IL-32y TG mice. In addition,
the degree of neurological deficits following stroke was significantly greater in WT mice compared to IL-32y TG
mice (2.85+ 0.21 to 2.2 £ 0.22, * p <0.05; Figure 2). These results indicate that neurological motor function was
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significantly improved in IL-32y TG mice. Therefore, IL-32y overexpression appears to mitigate stroke-induced
neurological impairments, demonstrating a statistically significant difference between the two groups.
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Figure 2. Neurological function assessment in WT and IL-32y TG mice after cerebral I/R. Neurological function
was assessed using the Hatcher scoring system, based on the average of three independent evaluations. Scoring
criteria were as follows: 0 = no deficit; 1 = contralateral torso and forelimb flexion when lifted by the tail; 2 =
circling to the contralateral side while suspended; 3 = spontaneous contralateral circling; 4 = no spontaneous motor
activity. WT mice exhibited significantly higher neurological deficits than IL-32y TG mice (* p < 0.05; mean +
SEM).

3.3. Brain Cytokine Levels Showed Lower Pro-Inflammatory Cytokines in the IL-32y TG Mice

To evaluate inflammatory activation in the MCAO groups, we measured the expression levels of pro-
inflammatory cytokines (TNF-a, IL-6, and IL-1B) and the anti-inflammatory cytokine (IL-10) in brain tissue
lysates 24 h after MCAO using ELISA (Figure 3). The levels of pro-inflammatory cytokines—TNF-a, IL-6, and
IL-1p—were significantly elevated in the brain tissues of WT mice, and to a lesser extent in IL-32y TG mice (* p
< 0.05 and ** p <0.01; Figure 3A—C). These findings indicate that the post-ischemic expression of TNF-a, IL-6,
and IL-1p was significantly reduced in IL-32y TG mice. Conversely, the level of the anti-inflammatory cytokine
IL-10 was similarly elevated in both groups, with no statistically significant difference between IL-32y TG and
WT mice (Figure 3D). Collectively, these results suggest that IL-32y overexpression under ischemic conditions
suppresses the production of pro-inflammatory cytokines in vivo.
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Figure 3. Cytokine levels in brain tissue 24 h after cerebral I/R in WT and hIL-32y TG mice. (A—C) Levels of pro-
inflammatory cytokines TNF-a, IL-6, and IL-1p were significantly reduced in IL-32y TG mice compared to WT
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mice. (D) The level of the anti-inflammatory cytokine IL-10 showed no significant difference between the two
groups. Cytokine levels were measured by ELISA using brain tissue lysates collected 24 h after I/R injury (n =5
mice per group). Data are presented as mean + SEM. * p < 0.05, ** p < 0.01 indicate statistically significant
differences.

3.4. TUNEL Staining Revealed Apoptosis Inhibition in IL-32y TG Mice

Apoptosis in MCAO groups was quantified using TUNEL staining. As shown in Figure 4A,B, the number
of TUNEL-positive apoptotic cells was more than 20% lower in IL-32y TG mice compared to WT mice at 24 h
after ischemia-reperfusion injury. These findings suggest that IL.-32y overexpression inhibits apoptosis in the brain
following cerebral ischemia-reperfusion.
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Figure 4. TUNEL staining and phospho-NF-kB expression in MCAO groups 24 h after cerebral I/R in WT and
hIL-32y TG mice. (A) TUNEL staining demonstrated a marked reduction in apoptotic cells in the IL-32y TG group
compared to WT mice. (B) Quantification of apoptotic cells was performed using Image J. IL-32y TG mice showed
a significantly lower percentage of TUNEL-positive cells (54.0%) compared to WT mice (78.3%). (C) Expression
levels of pNF-«kB in brain tissues of WT and IL-32y TG mice were analyzed by Western blotting 24 h after MCAO.
GAPDH was used as a loading control. Densitometric analysis shows significantly increased pNF-kB p65
expression in the ipsilateral hemisphere of WT mice compared to TG mice. L: contralateral hemisphere; R:
ipsilateral hemisphere. Data are presented as mean £ SEM (n = 3). * p < 0.05, ** p < 0.01 indicate statistically
significant differences.

3.5. NF-kB Inflammatory Signaling Is Reduced in IL-32y TG Mice

Nuclear translocation of NF-«B has been observed in stroke patients, suggesting its involvement in cerebral
I/R injury [28]. As the NF-kB pathway plays a critical role in amplifying post-stroke inflammatory responses, it
has emerged as a promising therapeutic target [29]. To explore the mechanism by which IL-32y overexpression
confers protection against cerebral injury, we analyzed NF-«kB p65 activation in IL-32y TG and WT mice. Twenty-
four hours post-ischemia, p-p65 levels (normalized to GAPDH) were significantly higher in WT mice than in IL-
32y TG mice, as shown in Figure 4C. These findings suggest that IL-32y overexpression may attenuate NF-xB
activation following cerebral I/R injury.

6 of 10



J. Inflamm. Infect. Med. 2025, 1(2), 3 https://doi.org/10.53941/jiim.2025.100009
4. Discussion

Inflammation, particularly neuroinflammation, is a major contributor to tissue damage and secondary injury
following ischemic stroke. Therefore, substantial attention has been focused on understanding and solving this
devastating problem. In this current investigation, we aimed to explore the role of human IL-32y in a cerebral I/R
mouse model. The transient occlusion of the MCAO model closely resembles human stroke [30]. Interestingly,
our data strongly suggest that IL-32y overexpression showed a protective effect on the mouse brain from I/R-
induced injury.

In this study, we determined the role of IL-32y in an MCAO model using IL-32y TG mice expressing human
IL-32y to study its role in acute ischemic stroke. Compared with WT mice, IL-32y TG mice demonstrated a
significant reduction of the infarct area following MCAO surgery. In line with the diminished brain tissue damage,
IL-6, TNF-0, and IL-1P cytokine levels showed a significant reduction in the IL-32y TG mice compared with WT
mice. Moreover, the expression levels of phosphorylated NF-kB were significantly lower in IL-32y TG mice
compared to the WT mice. These data suggest that IL.-32y regulates regenerative inflammatory brain diseases and
reduces ischemic damage through the inhibition of NF-«B activation.

IL-32 was originally characterized as a cytokine in 2005, and to date, more than nine isoforms have been
identified, all of which are known to have distinct biological functions [31]. IL-32 is well known for its pro-and
anti-inflammatory cytokine manipulation under health and diseases [16,32]. Furthermore, the association of IL-32
with the NF-«xB signaling pathway has been reported in several inflammatory conditions [33] and cancer studies
[34-38]. Limited studies have addressed the development of stroke with the expression of IL-32. However, lately,
the role of IL-32 through stroke or brain injury is of interest to be investigated.

In 2015, a study aimed to evaluate the neuroinflammation changes using the MCAO mouse model showed
that IL-32a-overexpressing TG mice demonstrated a reduction in cell death of the ischemic neurons. In addition,
the anti-neuroinflammatory factor (IL-10) was improved as well as neuroinflammatory cytokines (IL-6, IL-1f,
TNF-a)), while the activation of astrocytes was reduced. Thus, indicating crosstalk between IL-32, specifically IL-
32a and IL-6, IL-1B, and IL-10 in brain tissue under ischemia. In addition, the generation of ROS, lipid
peroxidation, inducible nitric oxide, and cyclooxygenase-2 expression were also reduced, and they observed a
lower level of NF-kB (blocking) but higher levels of active signal transducer and activator of transcription
(STAT)3 (enhancement) in IL-32a-overexpressing mice brains compared to those of WT mice brain [39]. On the
other hand, IL-32f worsens the condition through the same pathways, NF-kB and STAT3, and as a result, memory
impairment increased, glia activated, amyloid-genesis and neuroinflammation increased [40]. Together, it
suggested that IL-32a can prevent cerebral ischemia damage through anti-neuroinflammatory cytokine
upregulation and activation of STAT3, but NF-«xB inhibition, while IL-323 showed the opposite role. Here, our
data suggests that IL-32y plays a similar role to IL-32a, and both isoforms were shown to improve cerebral
ischemia through inhibition of NF-kB pathway activation. Our investigation suggests that IL-32y overexpression
inhibits the activation of NF-kB. However, further exploration studies are needed to discover in depth the
underlying IL-32y signaling pathways in cerebral ischemia-reperfusion injury.

Recently, extremely limited studies have been published regarding IL-32 and its effect in response to hypoxia
[41,42]. Out of two recent studies using a hypoxia/reoxygenation model, oxygen-glucose deprivation and
reoxygenation (OGD/R) PC12 cells revealed that significant upregulated IL-32 expression, induced by OGD/R,
corresponds to the up-regulated phosphorylation level of p65 and inhibitor of kappa Ba. In addition, they showed
that IL-32 knockdown resulted in less production of intracellular ROS, higher superoxide dismutase activity, and
cell viability improvement [41]. The other study similarly found that inhibiting IL-32 expression ameliorates
cerebral ischemia-reperfusion injury via the nucleotide-binding oligomerization domain/mitogen-activated protein
kinase/NF-«kB signaling pathway [42]. Although, these data confirm that IL-32 redirects the response to hypoxia
via mediated cytokine release and NF-kB signaling pathway. Yet, these two studies were subjected to a major
limitation, which is ignoring the IL-32 dominant isoform. It is universally acknowledged that different IL-32
isoforms undoubtedly have distinct roles. Therefore, investigating pathophysiological mechanisms for each
isoform of IL-32 will provide either targeted or therapeutic potential neuroprotective options after ischemic stroke.

In conclusion, the current in vivo experimental investigation provides insight into the effect of IL-32y on the
ischemic damage caused by acute stroke. IL-32y showed a powerful effect as a neuroprotective role post-ischemic
in which it provides a way for inhibiting acute neuronal damage. Further studies in this context are necessary to
ascertain the efficacy of IL-32y, as well as its other isoform in models of cerebral injury, to be screened for clinical
use against ischemic neuronal damage.
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