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Interleukin-35 attenuates blood-brain barrier dysfunction caused
by cerebral ischemia-reperfusion injury through inhibiting brain
endothelial cell injury
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Background: Interleukin-35 (IL-35), an anti-inflammatory and antioxidant cytokine, plays a potent
immunosuppressive role in various diseases. However, the effects of IL-35 on blood-brain barrier (BBB)
dysfunction in ischemic stroke are not well characterized.

Methods: A total of 150 male C57BL/6 mice (aged 6-8 weeks and weighing 20-25 g) were used in this
study. The protective effects of IL-35 against BBB dysfunction were examined using a mouse model of
middle cerebral artery occlusion (MCAO) and an iz vitro model of oxygen-glucose deprivation/reoxygenation
(OGDV/R) injury in mouse brain endothelial cells (bEnd.3).

Results: Intracerebroventricular administration of IL-35 (10 pg/g) was found to reduce cerebral edema
and Evans blue (EB) leakage, and increase the expression of tight junction (TJ) proteins, thereby attenuating
MCAO-induced neurological deficit in mice. Moreover, IL-35 (20 ng/mL) treatment upregulated the
expression of TJ proteins in OGD/R-induced bEnd.3 cells. IL-35 also markedly suppressed the expression
of caspase-1, IL-1B, and gasdermin D (GSDMD) in vivo and in vitro. In addition, IL-35 decreased the
generation of reactive oxygen species (ROS) and inhibited the expression of thioredoxin-interacting protein
(TXNIP) in OGD/R-induced bEnd.3 cells.

Conclusions: These results indicated that IL-35 exerts a protective effect on the BBB by targeting the
ROS/TXNIP/caspase-1 pathway in cerebral ischemia-reperfusion (I/R) injury.
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Introduction mortality (2). The decreased oxygen and glucose levels in
Ischemic stroke is caused by cerebral vascular occlusion, the brain trigger impairment of the blood brain barrier
resulting in decreased blood flow to brain tissue (1). The (BBB) and neuronal cell death via activation of oxidative
condition is associated with significant morbidity and stress signaling and production of inflammatory and
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cytotoxic molecules (3,4). Furthermore, post-ischemic
reperfusion, which can occur following treatment with
recombinant tissue plasminogen activator or thrombectomy,
accelerates the production of reactive oxygen species (ROS)
and inflammation in ischemic tissues, leading to ischemia-
reperfusion (I/R) injury (5,6). Notably, I/R impairs the
reactivity of the cerebral microvascular endothelium and
triggers BBB dysfunction, thereby reducing the efficacy of
related arterial recanalization (7,8). However, currently,
there is a paucity of effective strategies to protect the
integrity of the BBB in the setting of brain ischemia.

Inflammasomes are composed of cytosolic multiprotein
complexes that, when assembled, lead to the activation of
caspases and the subsequent cleavage of pro-interleukin
(IL)-18, pro-IL-1B, and gasdermin D (GSDMD) into their
respective mature forms, namely, IL-18, IL-1p, and the
N-domain of GSDMD (GSDMD-NT) (9). Consequently,
GSDMD-NT can mediate the formation of membrane
pores and eventually release inflammatory mediators into
the extracellular tissue, causing a severe inflammatory
reaction (10,11). Of note, emerging evidence indicates that
inflammasomes facilitate the disruption of the BBB after
cerebral ischemia and reperfusion (12). Consistent with this,
inhibition of inflammasomes was shown to reduce post-
ischemic BBB damage, which was related to the upregulated
expression of tight junction (T]) proteins zonule
occlusion-1 (ZO-1) and occludin (13,14). Mechanistically,
activation of inflammasomes after cerebral ischemia is
related to many factors, such as the ROS and thioredoxin-
interacting protein (TXNIP) pathways (15-17). Therefore,
inhibiting the generation of ROS and TXNIP expression
in endothelial cells (ECs) may reduce the activation of
inflammasomes, and this may represent a novel therapeutic
strategy for patients with ischemic stroke.

Cytokines are small polypeptides, normally expressed at
very low levels, which regulate immune responses. Various
cytokines can either mediate the inflammatory response or
act as anti-inflammatory molecules, which terminate the
inflammatory response. IL-35, an anti-inflammatory and
antioxidant cytokine, has a protective effect against vascular
EC damage (18). For example, in the mouse sepsis model,
IL-35 has been shown to inhibit lipopolysaccharide-induced
EC activation via the mitogen-activated proliferation
protein kinase (MAPK)-activated protein 1 (AP-1)-mediated
inflammatory pathway (19). Moreover, in apolipoprotein
E (ApoE) knockout mice, IL-35 inhibited EC activation
induced by lysophosphatidylcholine via reducing the
production of mitochondrial ROS, thereby inhibiting the
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development of atherosclerotic lesions (20). In our previous
research, we demonstrated that IL-35 inhibited the
production of ROS by human umbilical vein ECs induced
by the serum of preeclampsia patients by up-regulating
the expression of SI00AS8 protein, thereby inhibiting
apoptosis of human umbilical vein ECs (21). Importantly,
the beneficial effects of IL-35 on the neurological
function of mice with cerebral ischemia are believed to be
mainly attributed to its anti-inflammatory activities (22).
However, the potential protective effects of IL-35 against
BBB dysfunction in cerebral ischemia and the associated
underlying mechanisms are not well characterized.

This current study investigated whether IL-35 indeed
protects against BBB dysfunction caused by cerebral
ischemia, and if so, whether treatment with IL-35 can
attenuate the activation of caspase-1. The effects of IL-35
treatment on BBB dysfunction were examined in a mouse
model of transient middle cerebral artery occlusion (MCAO)
and in an i vitro model of oxygen-glucose deprivation
and reperfusion (OGD-R) in brain ECs. In addition, since
generation of ROS is a common upstream mechanism
implicated in caspase-1 activation, the role of IL-35 on
the ROS/TXNIP/caspase-1 signaling pathway was also
investigated. We present the following article in accordance
with the ARRIVE reporting checklist (available at https://
atm.amegroups.com/article/view/10.21037/atm-22-2770/rc).

Methods
Establishment of the MCAO model

All animal experiments were approved by the Experimental
Animal Ethics Committee of Nantong University
(Permission No. 2019012) and performed according to The
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health Publication). A protocol was prepared
before the study without registration. Male C57BL/6 mice
(aged 6-8 weeks and weighing 20-25 g) were purchased
from the experimental animal center of the Nanjing
University (Nanjing, China). Overnight-fasted mice were
subjected to MCAO as previously described (23). Briefly,
mice were anesthetized by intraperitoneal injection of 4%
chloral hydrate (0.1 mL/10 g body weight) and a neck
incision was made to expose the left common carotid artery
bifurcation. The left external carotid artery was then ligated
and a 6-0 nylon monofilament suture (RWD Life Science,
Shenzhen, China) was inserted into the left internal carotid
artery for a distance of 9-10 mm to block the left middle

Ann Transl Med 2022;10(14):776 | https://dx.doi.org/10.21037/atm-22-2770


https://atm.amegroups.com/article/view/10.21037/atm-22-2770/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2770/rc

Annals of Translational Medicine, Vol 10, No 14 July 2022

cerebral artery. One hour after occlusion, the suture was
withdrawn. Mice in the sham group were subjected to the
same manipulation, but without inserting a suture. All animals
were maintained in a controlled environment (12-hour
light/dark cycle; 24+2 °C) with free access to standard
laboratory food and filtered clean water.

Experimental design and treatment

Mice were randomly divided into three groups: (I) the sham
group; (II) the MCAO group; and (III) the MCAO + IL-
35 group. Recombinant mouse IL-35 (St. Louis, MO, USA,
America) was diluted with phosphate buffered saline (PBS) and
administered to animals in the MCAO + IL-35 group at 10 pg/g
body weight (24) via intracerebroventricular (i.c.v) injection
into the parietal region (0.5 mm posterior, 1.0 mm right lateral,
and 2.5 mm deep to the Bregma) at 1 hour and 24 hours
after reperfusion. Mice in the sham and MCAO groups were
administered the same volume of PBS (Figure 14).

A total of 150 mice were used for this study. There were
18 mice in each experiment (n=6/group). For the evaluation of
neurological deficit, 8 mice were used per group as follows: (I)
Fluoro-Jade C (FJC) staining; (II) infarct volume assessment;
(II) Evans blue (EB) staining; (IV) brain water content; (V)
Western blotting; (VI) immunofluorescence analysis; and (VII)
enzyme-linked immunosorbent assay (ELISA). Mice that died
before sampling could be conducted (n=21) were excluded
from the total numbers. All researchers conducting animal
testing were blinded to the treatment conditions.

F¥C staining

Mice were anesthetized 24 hours after reperfusion and
perfused with 0.9% saline. The brain tissue was kept in 4%
paraformaldehyde (PFA) solution at 4 °C overnight. Selected
brain coronal slices (bregma —1 to +1 mm) were cut into
16-mm coronal sections using a Leica VI'1000 S vibratome
(Leica Microsystems AG, Nussloch, Germany) and stained
with FJC (Biosensis, Thebarton, Australia) according to the
manufacturer's instructions. Two non-overlapping images
of each brain slice were taken. FJC-positive neurons were
observed with Image] software (ImageJ 1.5, NIH, USA) to
measure the degree of neuronal degeneration and the data
are presented as cells/mm’.

Evaluation of neurological deficit

After MCAO and 2 days of reperfusion, neurological deficit
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in the experimental animals was assessed by a researcher
blinded to the study design according to the Garcia
scoring method (25). Briefly, the assessment included
6 tests: (I) spontaneous activity; (II) forepaw outstretching;
(III) symmetry in the movement of four limbs; (IV) body
proprioception; (V) response to vibrissae touch; and (VI)
climbing. Each of these assessments was graded using a
scale of 0-3. The higher the evaluated score, the less the
neurological deficit.

Infarct volume assessment

Infarct volume was assessed by 2,3,5-triphenyltetrazolium
chloride (T'TC) (Yi Fei Xue Biotechnology, Nanjing,
China) staining after 24 hours of reperfusion, as previously
described (26). Briefly, after mice were sacrificed, the brains
were quickly harvested, sliced into continuous coronal
sections (2 mm thick), and treated with 2% TT'C phosphate
buffer for 10 minutes at 37 °C. Sections were then placed in
PFA phosphate buffer (4%) for 30 minutes. An electronic
scanner (Tsinghua Unisplendour A688, Xi’an, China) and
a multimedia image analysis system (Image-Pro Plus6.0,
Media Cybernetics, Wyoming, USA) were used to calculate
the ratio of infarct tissue (white) to the total volume of the
slice. The proportion of infarct volume = infarct area (while
pale area)/total area of slice x 100%.

BBB permeability

BBB permeability was measured by the leakage of EB (St.
Louis, MO, USA) into the brain after intravenous injection
at 24 hours after reperfusion (23). In brief, normal saline
containing EB dye (2%) was injected through the tail vein
at a volume of 0.1 mL/10 g body weight and allowed to
circulate for 1 hour. The mice were then anesthetized and
sacrificed. The ipsilateral hemispheres were removed and
homogenized in trichloroacetic acid (1 mL), followed by
centrifugation at 12,000 g for 20 minutes. The supernatant
was collected and the EB absorbance was measured using
a spectrophotometer at 620 nm (Cloud-Clone Corp, TX,
USA). The data are presented as microgram of EB per
gram of brain tissues. In addition, brain water content was
determined 24 hours after reperfusion using the wet-dry
method (27). The brains were removed and sliced. The
samples were weighed to obtain the total weight (TW) and
then placed in an oven for 24 hours at 100 °C to obtain the
dry weight (DW). Brain water content was calculated as
[(TW - DW)/TW]x 100%.
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Immunofluorescence analysis

For immunofluorescence staining, mice were perfused
with PBS after 24 hours of reperfusion and brain coronal
slices (bregma -3 to +2 mm) were rapidly post-fixed in 30%
sucrose-PFA for 24 hours. Subsequently, 15-pm sagittal
sections were permeabilized with 0.1% Triton-X/PBS,
followed by blocking with 10% fetal calf serum and 5%
bovine serum albumin (BSA) in PBS for 1 hour. Slides were
incubated with primary antibodies against ZO-1, occludin,
CD31, caspase-1, and GSDMD (1:400, 1:400, 1:500,
and 1:500, respectively; Abcam, Cambridge, MA, USA).
Samples were incubated with a secondary antibody (dilution
1:2,000, Yi Fei Xue Biotechnology, Nanjing, China). Nuclei
were stained with DAPI for 10 minutes. Finally, sections
were photographed and visualized with a Leica fluorescence
microscope (Leica, Wetzlar, Germany). Two brain slices per
sample were used and two images were taken for each slice.

ELISA

At 24 hours after reperfusion, cortical tissues (100 mg) in
the peri-infarct area (bregma -3 to +2 mm) were collected
and homogenized with cold PBS in a ratio of 1:9 at below
4 °C. Samples were centrifuged at 430 g for 10 minutes and
the supernatant was collected. The concentrations of 1L-18
and IL-1P in the samples were determined using ELISA kits
in accordance with the manufacturer’s instructions (Yi Fei
Xue Biotechnology, Nanjing, China).

Establishment of OGD/R model and drug treatment

Brain endothelial cells (bEnd.3) (Procell Life Science and
Technology Co. Ltd., Wuhan, China) were treated with
20 ng/mL IL-35 (21) for 4 hours before and during exposure
to OGD/R, which is an accepted iz vitro model of I/R
injury (28). Briefly, cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Carlsbad, CA,
USA) containing fetal calf serum (FCS, 10%) and glucose
(4.5 g/L) for 24 hours at 37 °C under 5% CO,. Subsequently,
cells were incubated in DMEM without glucose and
serum at a density of 1x10° cells/well inside a hypoxia
chamber (H35; Don Whitley Scientific Ltd., Shipley, UK)
containing 5% CO, and 95% N, at 37 °C for 18 hours.
Thereafter, cells were cultured in normal conditions for
20 hours. Control cells were cultured with standard media in
normal conditions. At the end of the experiment, cells were
harvested for the further assays.
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Detection of ROS and malondialdebyde (MDA)

The bEnd.3 cells (1x10° cells/mL) were cultured in a
6-well plate and treated with IL-35 (20 ng/mL) for 1 hour,
followed by exposure to OGD/R insult. Intracellular ROS
production was measured using the 2'-7'dichlorofluorescin
diacetate (DCFH-DA) assay kit (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s
instructions. DCF fluorescence intensity was measured
using a microplate reader (1420 VICTOR?2, Perkin Elmer
Wallac) and observed on a fluorescence microscope (BX-
60; Olympus, Tokyo, Japan) at x200 magnification. The
MDA concentration in cell lysates was determined using a
commercial assay kit (Dojindo Laboratories, Kumamoto,
Japan) in accordance with the manufacturer’s protocols.

Western blot analysis

After the designated treatment, cortical tissues in the peri-
infarct region (bregma -3 to +2 mm) and bEnd.3 cells were
collected. The total protein was extracted using RIPA lysis
buffer. Protein samples (30 pg) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; Bio-Rad, Hercules, CA, USA) and transferred to
polyvinylidene fluoride (PVDF) membranes. After blocking
with 5% nonfat dry milk, the membranes were incubated
overnight with primary antibodies against ZO-1, occludin,
cleaved caspase-1, GSDMD, and TXNIP (1:1,000, Santa
Cruz Biotechnology, Dallas, TX, USA), or B-actin (1:5,000,
Yi Fei Xue biotechnology, Nanjing, China). Samples were
subsequently incubated with a secondary antibody for
1 hour (dilution 1:10,000, Yi Fei Xue Biotechnology,
Nanjing, China). Densitometric measurements were
performed using the ChemiDoc™ MP System (Bio-Rad,
Hercules, CA, USA).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
version 5.0 (GraphPad Software Inc., San Diego, CA, USA).
One-way analysis of variance (ANOVA) followed by Tukey
post hoc test was used for multi-group comparisons. In the
animal experiments, 6 mice were required in each group to
statistically detect a 2.3-fold change (effect size, 90% power)
in two-tailed Student’s ¢ test with a significance level of 5%.
Student’s # tests were performed for comparison between
two groups. Two-tailed P values <0.05 were considered
statistically significant.
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Results

IL.-35 treatment alleviated MCAQO-induced neurological
impairment

To investigate the protective effect of IL-35 against cerebral
I/R injury, IL-35 (10 pg/g) was administered (i.c.v) at 1 hour
and 24 hours after reperfusion (Figure 14). TTC staining
at 24 hours after reperfusion revealed that there was no
infarction in the sham group. However, the infarct volume
in the MCAO group was significantly greater than that in
the sham group (P<0.05, Figure 1B,1C). Interestingly, the
infarct size in the MCAO + IL-35 group was significantly
lower than that in the MCAO group (P<0.05, Figure
IB,1C). Furthermore, mice subjected to MCAO injury
showed decreased neurological scores compared to those in
the sham group. Mice in the MCAO + IL-35 group showed
significant improvement in neurological function after I/R
compared to the MCAO group (P<0.01, Figure 1D).
Pathologic changes in ischemic stroke are mainly
observed in the cortex of the peri-infarct area. Therefore,
FJC staining was performed to evaluate the degenerate
neurons in the cortex of the peri-infarct area. The number
of FJC-positive neurons in the MCAO + IL-35 mice
was significantly lesser than that in the MCAO group
(P<0.01, Figure 1E-1G). All these findings suggested a
neuroprotective effect of IL-35 in MCAO mice.

IL-35 treatment improved MCAO-induced BBB
permeability

Previous research has demonstrated the importance of the
BBB in ensuring proper neuronal function (29). The ability
of IL-35 to improve MCAO-induced neurological function
by preventing impairment to the BBB was investigated. At
24 hours after reperfusion, the EB extravasation in MCAO
+ IL-35 mice was significantly attenuated compared to the
MCAO group (P<0.05, Figure 24). A similar phenomenon
was observed with respect to brain water content (Figure 2B).

The expression of TJ proteins ZO-1 and occludin
was assessed to determine BBB integrity at 24 hours after
reperfusion. Western blot analysis indicated that IL-35
treatment preserved the expression of ZO-1 and occludin
in the ischemic brain (Figure 2C-2E). Immunofluorescence
staining was performed to determine the ZO-1 and occludin
expression in vascular ECs in the peri-infarct cortex. There
was serious damage to the two TJ proteins distributed in the
cerebral microvessels, while MCAO + IL-35 mice showed
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significantly higher expression of ZO-1 and occludin in
vascular ECs compared with the MCAO group (Figure 2E2G).
Collectively, these results demonstrated that IL-35 exerted a
potent protective effect on the BBB in mice with stroke.

IL-35 inhibited caspase-1 activity in MCAO-induced BBB
injury

Caspase-1 has been demonstrated to be related to BBB
injury (30). To biochemically assess the effect of IL-35 on
caspase-1, the expression of cleaved caspase-1, IL-1p, IL-
18, and GSDMD was examined in the peri-infarct cortex at
24 hours after reperfusion. Western blot analysis showed a
dramatic increase in the expression of GSDMD and cleaved
caspase-1 in the MCAO group compared to the sham
group (P<0.05, Figure 34-3C). However, the MCAO + IL-
35 group showed significantly lower expressions of cleaved
caspase-1 and GSDMD protein in the ischemic cortex
compared to the MCAO group (P<0.05, Figure 34-3C).
In addition, ELISA analysis indicated significantly lower
amounts of IL-1p and IL-18 in the cortical tissues in the
MCAO + IL-35 group compared with the MCAO group
(P<0.05, Figure 3D,3E).

Cleaved caspase-1 and GSDMD expression could
be observed in vascular ECs in brain slices in the
immunofluorescence colocalization experiments. The
images showed that IL-35 treatment decreased the
expression of cleaved caspase-1 and GSDMD in vascular
ECs (vs. MCAO, Figure 3F3G). These results suggested
that IL-35 may alleviate BBB injury by inhibiting the
activation of caspase-1 in vascular ECs.

IL-35 treatment alleviated OGD/R-induced bEnd.3 cells
injury

The effects of IL-35 on bEnd.3 cells injured under OGD/
R were investigated. Western blot results showed that IL-
35 treatment reduced the elevated expression of GSDMD
and cleaved caspase-1 in bEnd.3 cells subjected to OGD/
R (Figure 44-4C) and dramatically decreased the levels of
IL-1B and IL-18 in the culture supernatant (vs. OGD/R
cells, P<0.05, Figure 4D,4E). Moreover, the protein levels
of ZO-1 and occludin were downregulated in bEnd.3 cells
subjected to OGD/R, while IL-35 treatment restored the
expression of ZO-1 and occludin (Figure 4F-4H). These
results showed that IL-35 treatment alleviated bEnd.3 cell
injury in response to OGD/R.
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Figure 2 IL-35 suppressed I/R-induced BBB dysfunction. MCAO mice were administered IL-35 (10 pg/g) or PBS until sacrificed. (A)

Representative images and statistical analysis of EB leakage analysis at 24 hours after reperfusion. (B) Brain water content analysis of the

injured hemisphere at 24 hours after reperfusion. (C-E) Western blot images and analysis of ZO-1 and occludin expressions in the peri-

ischemic region at 24 hours after reperfusion. Data presented as mean = SD (n=6 per group). (F;,G) Immunofluorescence staining of ZO-1

and occludin (green) expression in vascular endothelial cells (CD31, red) in MCAO mice brain coronal sections (scale bar: 100 pm; n=6 per

group). MCAO, middle cerebral artery occlusion; IL, interleukin; PBS, phosphate buffered saline; ZO-1, zonula occludens-1; I/R, ischemia/

reperfusion; BBB, blood-brain barrier; EB, Evans blue; SD, standard deviation.
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in the peri-ischemic region. Error bars represent mean = SD; n=6 per group. (D,E) Results of ELISA showing the concentrations of
IL-18 and IL-1p in the cortical tissues. Error bars represent mean + SD; n=6 per group. (F,G) Immunofluorescence staining of cleaved
caspase-1 and GSDMD (green) expression in vascular endothelial cells (CD31, red) in the peri-ischemic regions (scale bar: 100 pm; n=6 per
group). GSDMD, gasdermin D; PBS, phosphate buffered saline; MCAO, middle cerebral artery occlusion; IL, interleukin; I/R, ischemia/

reperfusion; SD, standard deviation; ELISA, enzyme-linked immunosorbent assay.
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Figure 4 IL-35 protected OGD/R-induced endothelial cell injury. bEnd.3 cells were pretreated with or without IL-35 and then subjected
to 6 hours of OGD and 18 hours reoxygenation. (A-C) Western blot images and analysis of cleaved caspase-1 and GSDMD expressions
in bEnd.3 cells. (D,E) Results of ELISA showing the levels of IL-18 and IL-1f in the culture supernatant. (F-H) Results of Western blot
assay showing the protein expressions of ZO-1 and occludin in bEnd.3 cells. Error bars represent mean = SD of at least three independent
experiments. GSDMD, gasdermin D; PBS, phosphate buffered saline; OGD-R, oxygen-glucose deprivation and reperfusion; IL, interleukin;
Z0-1, zonula occludens-1; bEnd.3, brain endothelial cells; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.
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IL-35 suppressed the production of ROS in OGD/R-induced
bEnd.3 cells

Over-accumulation of free radicals is known to trigger the
activation of NLRP3 inflammasome. Due to its antioxidant
effects, IL-35 may suppress caspase-1 activation by reducing
the levels of ROS. Indeed, the DCFH-DA fluorescence
assays demonstrated that treatment with IL-35 reduced the
production of ROS in OGD/R-induced bEnd.3 cells (Figure
5A,5B). In addition, IL-35 reduced the concentration of
MDA in bEnd.3 cells compared to untreated OGD/R cells
(P<0.05, Figure 5C).

Under conditions of high ROS levels, TXNIP has
been shown to quickly bind inflammasomes and trigger
the assembly of inflammasomes (31). Furthermore,
phosphorylation of MAPK has been proposed to upregulate
transcription of the inflammasome components (32).
Therefore, the effects of IL-35 on p38 MAPK and
TXNIP expression was examined in bEnd.3 cells subjected
to OGD/R. Western blot analysis showed that IL-35
significantly reduced the expressions of TXNIP and MAPK
phosphorylation compared to the OGD/R group (P<0.05,
Figure 5D-5F). Collectively, these data demonstrated
that IL-35 inhibited the activation of caspase-1 through
regulating the ROS/TXNIP signal pathway.

Discussion

This study confirmed the neuroprotective effects of IL-
35 in MCAO mice and OGD/R-induced bEnd.3 cells. In
the in vivo experiments, IL-35 treatment reduced brain
edema, improved neurological deficit, and suppressed
BBB breakdown in MCAO-injured mice. In the in vitro
experiments, IL-35 upregulated the expression of T]
proteins, inhibited the ROS/TXNIP signaling pathway, and
suppressed caspase-1 generation in the OGD/R-induced
bEnd.3 cells.

Reestablishing blood flow in a tissue previously
subject to ischemia, leads to the increased release of pro-
inflammatory cytokines, which trigger a series of pathological
cascades which will directly or indirectly cause apoptosis,
disruption of the BBB, cerebral edema, and hemorrhagic
transformation. BBB dysfunction is a key event in the
progression of stroke, which is characterized by the following
pathophysiological changes: (I) degradation of T] protein
complexes; (II) modulation of endocytosis transport and
transport proteins; and (III) inflammatory damage and
accumulation of immune cells in brain parenchyma (33).

© Annals of Translational Medicine. All rights reserved.
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The molecular characteristics of the BBB primarily involve
several transmembrane proteins (such as occludin) and
specific accessory proteins (such as ZO-1), which are
connected to cytoskeletal filaments (28,34). This report
demonstrated that IL-35 treatment significantly reduced EB
leakage and improved brain edema in MCAO-injured mice,
and reversed the endothelial barrier leakage of bEnd.3 cells
injured by OGD/R, suggesting that IL-35 improved the
integrity of the BBB.

Caspase-1-mediated EC injury is a key contributor to the
pathological process of BBB disruption in ischemic stroke.
Inhibition of caspase-1 has been shown to ameliorate
ischemia-associated BBB dysfunction and integrity (30,35).
In this study, IL-35 treatment inhibited caspase-1-mediated
EC injury in vivo and in vitro. Consistent with these results,
previous studies have shown that many Chinese herbal
medicines with anti-inflammatory effects (such as hispidulin
and ruscogenin) can ameliorate BBB injury after ischemic
stroke by markedly suppressing the expression of IL-1p and
cleaved caspase-1 (36,37).

Previous reports have shown that excessive ROS can
reverse the interaction between TXNIP and thioredoxin. The
released TXNIP then binds the activated inflammasome,
leading to enhanced inflammation (16,38). Notably, studies
have demonstrated upregulation of the expression of ROS
and TXNIP in the brain tissue of MCAO-injured mice (39).
This current study verified that IL-35 treatment can reduce
the production of ROS, TXNIP, and p38 MAPK expression.
Consistent with our results, IL.-35 has been shown to inhibit
the LPS-induced EC activation via inhibition of the MAPK
signaling pathway (19).

There were several limitations to this study. First, we
cannot rule out the possibility that IL-35 ameliorates BBB
injury after ischemic stroke by targeting other immune
cells, such as T helper (Th)17 cells, monocytes, and
macrophages. Second, inflammasomes can be activated
by multiple mechanisms, such as K" efflux, endoplasmic
reticulum (ER) stress, and lysosomal rupture (40). Third,
beyond the ROS signaling pathway, GSDMD oxidation
serves as a novel mechanism in pyroptotic cell death (41,42).
The inhibitory effects of IL-35 on ER stress and amino
acid oxidation on GSDMD under oxidative stress warrant
further investigation.

This study demonstrated that IL-35 alleviates BBB
breakdown and inhibits brain EC injury. The effects of IL-
35 in ameliorating the activation of caspase-1 were realized
in a ROS/TXNIP-dependent manner, thereby suppressing
the disruption of TJ proteins. These findings suggest that
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Figure 5 IL-35 suppressed OGD/R-induced ROS generation in endothelial cells. The effects of IL-35 on ROS generation and the

MAPK pathway in bEnd.3 cells after 6 hours of OGD and 18 hours reoxygenation. (A) Intracellular ROS was viewed with fluorescence

microscopy (scale bar: 400 pm). (B) The resulting fluorescence intensity was quantified using Image J software. Error bars represent mean

= SD of at least three independent experiments. (C) The concentration of MDA in cell lysates. (D-F) Representative Western blot bands

and quantitative analysis of the ratio of p-p38/p38 and TXNIP. The band intensities were measured using scanning densitometry. Protein

expressions were normalized to B-actin (n=3). Data are expressed as mean = SD. PBS, phosphate buffered saline; OGD-R, oxygen-glucose

deprivation and reperfusion; IL, interleukin; IOD, integrated option density; MDA, malondialdehyde; TXNIP, thioredoxin-interacting

protein; ROS, reactive oxygen species; MAPK, mitogen-activated proliferation protein kinase; SD, standard deviation.
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IL-35 may have great clinical potential in the treatment of
acute cerebral ischemia.
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