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Interleukin-35 exhibits protective effects in a rat model of  
hypoxic-ischemic encephalopathy through the inhibition of 
microglia-mediated inflammation
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Background: Hypoxic-ischemic encephalopathy (HIE) brain damage is related to inflammatory responses 
and oxidative stress. Interleukin (IL)-35 is an antioxidant and anti-inflammatory cytokine. Thus, the effect of 
IL-35 treatment on neonatal rats with hypoxic-ischemic brain injury was investigated.
Methods: A total of 96 7-day-old Sprague Dawley rats were randomly divided into three groups: sham 
group, HIE group, and IL-35 group. After left common carotid occlusion and 2.5 h hypoxia (HI injury),  
IL-35 (20 μg/g) was intraperitoneally (i.p.) administered to the pups. In vitro, BV2 cells were treated with or 
without IL-35 6 h before oxygen-glucose deprivation (OGD) insult and the microglia culture medium (MCM) 
was co-cultured with b.End3 cerebral vascular endothelial cells. Microglial polarization and activation 
were assessed by real-time quantitative polymerase chain reaction (RT-qPCR), Western blot, and enzyme-
linked immunosorbent assay (ELISA). Endothelial cell dysfunction was measured by cell counting kit-8 and 
Western blot assays.
Results: Administration of IL-35 alleviated neurological deficiencies, decreased brain edema, ameliorated 
cerebral infarction, and limited M1 microglial polarization in HI-injured pups. Meanwhile, IL-35 decreased 
pro-inflammatory cytokines, tumor necrosis factor-α, IL-1β, and reactive oxygen species generation in 
OGD-induced bEnd.3 cells. Furthermore, IL-35 treatment could reverse the vascular endothelial cell injury 
induced by microglial polarization. Finally, IL-35 markedly suppressed the activation of hypoxia-inducible 
factor-1α (HIF-1α) and the nuclear factor-κB (NF-κB) signaling pathway in vivo and in vitro.
Conclusions: IL-35 relieved hypoxic-ischemic-induced brain injury and inhibited the inflammatory 
response by suppressing microglial polarization and activation. These results suggest that IL-35 might have 
potential applications for the treatment of HIE.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is caused by 
insufficient cerebral blood flow and oxygen supply, which 
directly leads to approximately 24% of neonatal deaths and 
results in severe neurological disabilities (1). Currently, 
therapeutic hypothermia, performed immediately after 
birth, has been demonstrated to have neuroprotective 
effects, as evidenced by improved functions and minimized 
symptoms induced by HIE (2,3). However, many infants 
still die or suffer from severe neurological impairment (3). 
Therefore, there is an urgent need to clarify the molecular 
mechanisms of HIE and develop more effective therapeutic 
strategies.

Hypoxic ischemia is considered to be a powerful stimulus 
that initiates a series of events including rapid activation 
of resident microglia (4), infiltration of circulating 
inflammatory cells into ischemic lesions, and blood brain 
barrier (BBB) damage (5). Microglia are resident immune 
cells of the central nervous system and crucial mediators 
of neuroinflammation (6). Microglial activation and 
aggregation are pathological markers of HIE in human 
infants (6). After hypoxia-ischemia, microglia can be 
activated to a pro-inflammatory (M1) or anti-inflammatory 
(M2) phenotype depending on the stimuli they received 
and the progression of injury (3). M1 microglia are related 
to increased protein expression of inflammatory mediators 
[interleukin-6 (IL-6), IL-1β, tumor necrosis factor (TNF)-α, 
CD32, and CD86, among others] and reactive oxygen 
species (ROS) production (7). In contrast, M2 microglia are 
associated with anti-inflammatory mediators [arginase-1 
(Arg-1), CD206, and chitinase-like protein 3 (Ym-1)] and 
enhanced expression of genes related to inflammation 
resolution, scavenging, and homeostasis (4). Uncontrolled 
activation of M1 microglia can injure healthy neurons and 
reduce the survival rate of injured neurons. In contrast, M2 
microglia inhibit inflammation and contribute to recovery 
after brain injury (4). Corroborating these findings, 
growing evidence suggests that the regulation of microglia 
polarization is an important target for HIE treatment (4,8).

Interleukin-35 (IL-35) is a novel immunosuppressive 
cytokine, consisting of P35 and EBI3 subunits (9). It has been 
found that IL-35 exerts strong immunosuppressive effects in 
inflammatory diseases, bacterial and viral infectious diseases, 
several autoimmune diseases, and tumors (10). For example, 
IL-35 decreases the ratio of M1/M2-like macrophages and 
the total number of macrophages, thereby inhibiting the 
inflammatory process in psoriasis (11). In an experimental 
study by Xu et al., IL-35 was shown to exert anti-inflammatory 

effects and improve neurological function in mice with 
cerebral ischemia (12). Importantly, Kang et al. reported 
that enteritis symptoms were significantly alleviated by 
exosome-mediated IL-35 overexpression in the experimental 
autoimmune uveitis mouse model (13). However, the 
therapeutic effect of IL-35 on HIE needs further research.

Here, we asked whether IL-35 indeed exerts a protective 
effect in the cerebral injury of HIE, and if so, whether 
the M1 polarization of microglia might be ameliorated 
by treatment with IL-35. To test this hypothesis, the 
effects of IL-35 on a rat model of neonatal HIE and 
an in vitro oxygen-glucose deprivation (OGD) model 
were investigated. In addition, considering that hypoxia-
inducible factor-1α (HIF-1α), regulated by the activation 
of nuclear factor-κB (NF-κB) p65, is a major player in 
hypoxia-ischemia and inflammation (14,15), the effects of 
IL-35 on the NF-κB/HIF-1α signaling pathway were also 
investigated. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-22-100/rc).

Methods

Animals

In this study, unsexed Sprague Dawley rat pups and their 
mothers were purchased from Nanjing Medical University. 
Seven-day-old rat pups (n=96, weight =11–17 g) were used. 
All animals were maintained on a 12-h light/dark cycle in 
a controlled room environment with free access to breast 
milk, water, and food. Animal experiments were performed 
at Laboratory Animal Center of Nantong University under 
a project license (No. 20210166) granted by the Animal 
Experimentation Committee of Nantong University and 
complied with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals in Neuroscience 
Research (16).

Neonatal HIE model 

The animal model of neonatal hypoxic-ischemic brain 
injury was established as previously described (17). Briefly, 
the pups were anesthetized with 3% isoflurane (2.5% 
maintenance) in air during surgery and the temperature was 
controlled using a heated blanket. Rats’ necks were wiped 
with alcohol and procedures were performed using standard 
sterile techniques. A small lateral incision (5 mm in length) 
was made and the right common carotid artery (CCA) was 
separated. Next, the right CCA was double ligated using 
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a 5.0 surgical suture and transected between the ligatures. 
The pups were then allowed to regain consciousness for 
1 h. The pups were then placed in a hypoxia chamber 
(8% O2/92% N2) at 37 ℃ for 2 h. The sham pups were 
anesthetized and the right CCA was exposed, but no 
ligation, cutting, or exposure to hypoxia was performed. 
Thereafter, the pups were returned to their mothers.

Experimental design and treatment

A total of 96 7-day-old pups were used for this study. 
Eighteen pups were used in each experiment (n=6/group), 
except for the evaluation of neurological deficit (n=8/group), 
as follows: (I) infarct volume assessment; (II) brain water 
content; (III) Western blotting; (IV) real-time quantitative 
polymerase chain reaction (RT-PCR) analysis. Pups died 
before sampling (n=10) were excluded from total numbers. 

Pups were randomly and blindly separated into three 
groups: (I) HI + PBS group; (II) HI + IL-35 group; (III) 
sham-operated group. IL-35 (St. Louis, MO, USA) was 
diluted with phosphate-buffered saline (PBS, 0.01 M, 
pH 7.4) and pups in the IL-35 treatment groups were 
intravenously administered with IL-35 (20 μg/g body 
weight) immediately and 24 h post HI. The pups in the HI 
and sham groups were injected with the same volume of 
PBS (Figure 1A). All researchers conducting animal testing 
were blinded to the treatment conditions.

Evaluation of neurological deficits

Neurological deficits of the experimental pups were 
evaluated 48 h after HI injury (n=8/group), as previously 
described (18). Briefly, neurological scores of the pup were 
assessed as follows: 0 (normal motor function), 1 (forelimb 
weakness and torso turning to the affected side when held 
by the tail), 2 (circling to the affected side when held by 
the tail), 3 (circling to the ipsilateral side or unable to bear 
weight on the ipsilateral side), 4 (rolling to the affected 
side), and 5 (no barrel rolling or spontaneous motor 
activity). In this evaluation method, a lower score indicates 
less neurological deficits.

Infarct volume assessment

C e r e b r a l  i n f a r c t i o n  w a s  m e a s u r e d  b y 
2,3,5-triphenyltetrazolium chloride (TTC) (Yi Fei Xue 
Biotechnology, Nanjing, China) staining 48 h after HI 
injury. Briefly, the pups (n=6/group) were anesthetized and 

euthanized, followed by transcardiac perfusion using chilled 
PBS (20 mL, 0.01 M, pH 7.4). The brains were removed 
and separated into serial coronal sections (2 mm thickness). 
Then, these sections were soaked in TTC phosphate buffer 
(2%, 37 ℃) for 15 min and paraformaldehyde phosphate 
buffer (4%) for 30 min in a dark place. Areas of red 
(normal brain tissues) and white (infarct tissues) staining 
were measured using an image analysis system (Image-
Pro Plus6.0, Media Cybernetics, Wyoming, USA). The 
infarction volume = infarct area (white pale area)/total area 
of slice × 100%. 

Brain water content 

The wet-dry method was used to determine brain water 
content 48 h after HI injury. Briefly, the pups (n=6/group) 
were anesthetized and euthanized. Then, the brains were 
dissected out and sliced. The sections were quickly weighed 
(wet weight), and then placed in an oven (100 ℃) for 24 h 
to assess dry weight. The water content was calculated as 
follows: [(wet weight) – (dry weight)]/(wet weight) ×100%. 

Cell culture

The brain endothelial cell line bEnd.3 and microglia 
BV2 cells were purchased from Procell Life Science and 
Technology, Co., Ltd. (Wuhan, Hubei, China). Cells were 
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(4×105 cells per well) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1% penicillin and 
streptomycin, and L-glutamine (2.0 mM), and incubated in 
a humidified atmosphere containing 5% CO2 at 37 ℃.

OGD insult and IL-35 treatment

With the purpose of evaluating the effects of IL-35 on BV2 
cells, cells were treated with IL-35 6 h before and during 
OGD, an accepted in vitro HI cell model (19). Briefly, cells 
were transferred to glucose- and serum-free medium inside 
a hypoxia chamber (H35; Don Whitley Scientific Ltd., 
Shipley, UK), and maintained at 37 ℃ in 5% CO2 and 95% 
N2 for 6 h. Then, cells were cultured with fresh DMEM 
and moved to an incubator with 5% CO2 and 95% air at 
37 ℃ for 24 h. Cells in the control group were cultured 
with DMEM under normal conditions. Finally, BV2 cells 
were collected and cell polarization was assessed by reverse 
transcription quantitative real-time polymerase chain 
reaction (RT-qPCR) and Western blot analysis.
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Co-culture of endothelial cells and BV2 cells

Co-culture of IL-35-treated microglia culture medium 
(MCM) and endothelial cells was used to test the indirect 
impact of microglia polarization on endothelial cells. The 
MCM was mixed with complete DMEM at a ratio of 
1:1. Endothelial cells were then cultured with this mixed 
culture medium under normal culture conditions for 24 h. 
Then, a cell counting kit-8 (CCK8) (Dojindo Laboratories, 

Kumamoto, Japan) was used to evaluate endothelial cell 
viability, and the experimental steps were strictly performed 
according to the manufacturer’s manual. The concentration 
of TNF-α and IL-1β in the culture supernatant was assessed 
using enzyme-linked immunosorbent assay (ELISA), 
according to the manufacturer’s protocol (Yi Fei Xue 
Biotechnology, Nanjing, China). The expression levels of 
zonula occludens-1 (ZO-1) and occludin in endothelial cells 
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Figure 1 IL-35 reduced brain injury in pups subjected to HI insult. Intraperitoneal injection of IL-35 (20 μg/g BW) in HIE pups 
immediately and 24 h post HI. (A) Diagram of the in vivo experiment; (B) representative images of TTC staining of each group at 48 h post 
HI; (C) results of infarct volume at 48 h following HI insult. n=6 in each group; (D) brain water content was assessed at 48 h following HI 
insult. n=6 in each group; (E) neurological scores were recorded at 48 h post HI. n=8 in each group. Error bars represent the mean ± SD. 
IL, interleukin; HIE, hypoxic-ischemic encephalopathy; HI, hypoxic ischemia; TTC, 2,3,5-triphenyltetrazolium chloride; BW, body weight; 
PCR, polymerase chain reaction; PBS, phosphate-buffered saline.
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were measured using Western blots.

Real-time quantitative PCR (RT-qPCR)

Pups were sacrificed after prior anesthesia 48 h after HI 
injury (n=6/group) and the cortical tissue in the peri-infarct 
was obtained. Total RNA was extracted from cerebral 
cortices and BV2 cells using Trizol Reagent (Invitrogen, 
Grand Island, NY, USA) and reverse transcribed to cDNA 
using a cDNA Synthesis Kit (Thermo Fisher Scientific, 
Waltham, WA, USA). RT-qPCR was performed by the 
SYBR Green method (K1622, Applied Biosystems, CA, 
USA). The reaction was performed at 95 ℃ for 5 min 
followed by 40 cycles of 95 ℃ for 15 s and 55 ℃ for 40 s on 
an IQ5 PCR machine (Bio-Rad, Hercules, CA, USA). The 
relative expression of the targeted mRNA was normalized 
to the expression of β-actin. Sequence-specific primers were 
designed according to previous literature (20).

Western blot analysis

Pups were sacrificed after prior anesthesia 48 h after 
HI injury (n=6/group). The cortical tissue in the peri-
infarct was dissected out, washed in cold PBS, and 
homogenized below 4 ℃. The total protein was lysed using 
radioimmunoprecipitation assay (RIPA) lysis buffer. Then, 
equal amounts of proteins (30 μg) were separated on 10% 
SDS-polyacrylamide gels (Bio-Rad, Hercules, CA, USA) 
and transferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore Corporation, Billerica, USA). After 
blocking with 5% nonfat dry milk for 2 h, the membranes 
were incubated overnight at 4 ℃ with primary antibodies 
against ZO-1 (1:1,000, Abcam, Cambridge, MA, USA), 
occludin (1:1,000, Abcam, Cambridge, MA, USA), NF-kB 
pp65, and HIF-α (both 1:1,000, CST, Danvers, MA, USA). 
Next, the blots were incubated for 1 h with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (dilution 
1:10,000, Yi Fei Xue Biotechnology, Nanjing, China) at 
room temperature. Finally, the bands were visualized on a 
ChemiDoc™ MP System (Bio-Rad, Hercules, CA, USA). 
The results were quantified by normalizing the relative 
intensity to glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). 

Statistical analysis

All statistical analyses were carried out with GraphPad 
Prism version 5.0 (GraphPad Software Inc., San Diego, CA, 

USA). Normally distributed data was expressed as mean 
± SD. Comparisons between two groups were performed 
using the Student’s t-test. Multiple comparisons among 
three groups were performed by one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test. A 
two-tailed P<0.05 was considered statistically significant.

Results

IL-35 alleviated brain injury following neonatal HI insult 

To evaluate the effect of IL-35 treatment on brain injury 
post HI, IL-35 was injected immediately post HI and 
infarct volume was assessed by TTC stains 48 h post HI 
(Figure 1A). As expected, extensive infarctions were detected 
in the PBS groups subjected to HI in comparison with 
sham groups (P<0.05; Figure 1B,1C). Importantly, IL-35 
treatment markedly reduced infarct volume compared to 
the PBS group (P<0.05; Figure 1B,1C). In the pathological 
condition of brain injury post HI, the BBB is mainly 
impacted. Therefore, brain water content assessment was 
performed to evaluate BBB permeability 48 h after HI. The 
results indicated that cerebral HI caused an increase in brain 
water content (vs. sham, P<0.05) and IL-35 administration 
resulted in a marked reduction in brain edema (Figure 1D). 

In addition, we also performed Longa’s scoring 
to examine neurological deficits 48 h after HI injury. 
Corresponding to tissue loss, pups subjected to HI 
displayed obvious behavioral deficits compared to the sham 
groups (P<0.05; Figure 1E). Moreover, IL-35 treatment 
dramatically attenuated HI-induced increases in behavioral 
deficits (P<0.05, Figure 1E). Together, IL-35 treatment 
alleviated brain injury and improved functional recovery 
after HI injury.

IL-35 treatment suppressed M1 microglial polarization 
after HI injury

Microglia are major mediators of neuroinflammation 
and can be activated after HI injury. To further reveal 
the mechanism by which IL-35 modulates microglia, 
representative markers of M1 microglia (IL-1β, TNF-α, 
and CD32) and M2 microglia (Arg-1, CD206, and YM-1) 
were assessed using RT-qPCR analysis in the cortical tissue 
of the penumbra 48 h after HI. The results showed that 
HI injury enhanced M1 microglial polarization, whereas  
IL-35 treatment inhibited HI-induced M1 polarization and 
promoted M2 polarization (Figure 2A-2F).
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Figure 2 IL-35 treatment suppressed M1 microglial polarization after HI injury. Intraperitoneal injection of IL-35 (20 μg/g BW) in HIE 
pups immediately and 24 h post HI. Microglial polarization was assessed at 48 h following HI insult. (A-C) M1 markers (IL-1β, TNF-α, and 
CD32) were assessed by RT-qPCR analysis; (D-F) M2 markers (Arg-1, CD206, and YM-1) were assessed by RT-qPCR analysis. n=6 in each 
group. Error bars represent the mean ± SD. BV2 cells were cultured with IL-35 (20 ng/mL) for 6 h and then subjected to 6 h OGD and 24 h  
reoxygenation; (G-I) M1 markers (IL-1β, CD32, and TNF-α) were assessed at 24 h post-reoxygenation by RT-qPCR analysis; (J-L) M2 
markers (Arg-1, CD206, and YM-1) were assessed 24 h post-reoxygenation by RT-qPCR analysis. Error bars represent the mean ± SD of 
at least 3 independent experiments. IL, interleukin; HIE, hypoxic-ischemic encephalopathy; RT-qPCR, real-time quantitative polymerase 
chain reaction; OGD, oxygen-glucose deprivation; TNF-α, tumor necrosis factor-α; Arg-1, arginase-1; Ym-1, chitinase-like protein 3; BW, 
body weight; PBS, phosphate-buffered saline; HI, hypoxic ischemia.
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Furthermore, the effect of IL-35 on OGD-induced 
polarization of BV2 cells was examined. As expected, the 
results showed that OGD injury enhanced IL-1β, TNF-α, 
and CD32 gene expression, whereas IL-35 treatment 
inhibited OGD-induced IL-1β, TNF-α, and CD32 gene 
expression and promoted Arg-1, CD206, and YM-1 gene 
expression (Figure 2G-2L). Overall, IL-35 suppressed HI-
induced M1 microglia polarization and promoted M2 
microglia polarization.

IL-35-treated MCM alleviated vascular endothelial cell 
injury 

To better reveal the effect of BV2 cell polarization on BBB 
dysfunction, co-culturing of endothelial cells with MCM was 
performed. BV2 cells were treated with or without IL-35 6 h  
before OGD insult and the MCM was collected 24 h after 
OGD insult. Then, MCM was mixed with DMEM (1:1) and 
this mixed medium was used to culture vascular endothelial 
cells under normal conditions for 24 h (Figure 3A).  
We first investigated whether IL-35 modulated OGD-
induced microglial release of TNF-α and IL-1β cytokines 
by ELISA analysis. The results showed that OGD induced 
high concentrations of TNF-α and IL-1β in the culture 
supernatant, which were decreased in response to IL-35 
treatment (Figure 3B,3C).

The results of endothelial cell viability showed that 
OGD-induced endothelial cell injury was increased after 
MCM treatment without IL-35, whereas IL-35 significantly 
reduced MCM-induced endothelial cell death (Figure 3D). 
Furthermore, similar results were found in tight junction 
protein expression. Compared with the untreated group, 
MCM treatment without IL-35 resulted in decreased 
ZO-1 and occludin expression (Figure 3E-3G). However, 
the damage of tight junction proteins was reversed by 
the addition of IL-35 (Figure 3E-3G, all P<0.05). Taken 
together, these results suggested that IL-35 treatment could 
reverse vascular endothelial cell injury induced by microglia 
polarization.

IL-35 inhibited ROS production in OGD-induced BV2 
cells

It is widely known that excessive accumulation of free 
radicals can lead to M1 polarization of microglia. Due 
to its antioxidant effect, we hypothesized that IL-35 can 
inhibit M1 microglia polarization by reducing ROS. To 
verify our hypothesis, we assessed ROS levels in BV2 cells 

induced by OGD. The results of the dichlorofluorescin 
diacetate (DCFH-DA) fluorescence assay demonstrated 
that treatment with IL-35 reduced the production of ROS 
(Figure 4A,4B). In addition, our data showed that IL-35 
reduced the concentration of malondialdehyde (MDA) in 
BV2 cells (vs. OGD group, P<0.05, Figure 4C). 

High ROS levels could trigger the phosphorylation of 
NF-kB p65 and then upregulate transcription of HIF-1α. 
Furthermore, NF-κB and HIF-1α play important roles 
in ischemic stroke and M1 microglial polarization (21). 
Consistent with previous study (21), the Western blot results 
showed that NF-kB p65 phosphorylation and HIF-1α  
were significantly increased after HI injury, and IL-
35 treatment limited these processes in vivo and in vitro  
(Figure 4D-4I). Taken together, our data demonstrated that 
IL-35 may inhibit the activation of M1 microglia at least 
partly through regulating the ROS/NF-κB/HIF-1α signal 
pathway.

Discussion

In this study, we investigated the efficacy of IL-35 in HI-
induced pups and OGD-insulted BV2 cells. In vivo results 
showed that IL-35 treatment could reduce the infarct 
volume, attenuate neuronal degeneration, ameliorate 
neurological outcomes, and suppress M1 microglial 
polarization in HI-injured rats. Furthermore, in vitro results 
demonstrated that IL-35 could reduce OGD-insulted 
microglia polarization and modulate cytokine release. These 
effects might be partly associated with its ability to inhibit 
the ROS/NF-κB/HIF-1α pathway.

Early after HI insult, glucose and oxygen deprivation in 
cells leads to a drop in adenosine triphosphate availability, 
resulting in increased excitotoxicity, neurotoxicity, and 
oxidative stress (22). After successful resuscitation, restoring 
blood flow triggers the production of ROS, which causes 
local inflammatory responses (23). Accordingly, many anti-
inflammatory drugs have been considered to be useful 
for the treatment of cerebral ischemia/reperfusion (I/R) 
injury, such as dimethyl fumarate and minocycline (24). In 
this study, IL-35 treatment alleviated brain damage and 
improved functional recovery after HI injury. 

It is well known that microglia polarization plays a key 
role in brain damage in neonates with HIE (25). Compared 
to adults, neonatal microglia activation occurs more 
swiftly after ischemic insults and continues for weeks (25). 
Furthermore, regulation of microglia activation can provide 
effective neuroprotection after HI insult (1,26). In our  
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in vitro and in vitro experiments, we found that IL-35 limited 
M1 polarization and enhanced M2 polarization, as evidenced 
by changes in M1/M2-related mRNA and proteins. In 
line with these findings, IL-35 has been demonstrated 
to decrease the ratio of M1/M2 macrophages in diabetic 

neuropathic pain (27).
In the context of HI injury, activated microglia release 

various pro-inflammatory factors, such as TNF-α, IL-1β, 
and ROS, eventually causing tissue damage (28-30). Under 
hypoxic conditions, the HIF-1α and NF-κB signaling 
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pathways are activated and operate synergistically to regulate 
the transcription of genes associated with pro-inflammatory 
chemokines, cytokines, and adhesion molecules (31-33). 
The activation of HIF-1α also enhances M1 macrophage 
polarization and inflammation (34). In this study, we 
confirmed that treatment with IL-35 limited the upregulation 
of NF-κB pp65 and HIF-1α, as well as the production of 
TNF-α, IL-1β, and ROS in OGD-induced BV2 cells, thus 
providing an indirect protective effect on endothelial cells. 

Our study has 4 limitations. Firstly, we cannot rule out 
that IL-35 also works by modulating other cells, such as 
monocytes, macrophages, and Th17 cells. Secondly, the 
dose, therapeutic window, and intervention methods of  
IL-35 deserve further study. Thirdly, further studies are 
needed to investigate the dynamic changes of IL-35 levels 
in the brain tissues of HIE pups. Finally, very little is known 
about the long-term effects of IL-35 on HIE. 

In summary, we demonstrated that IL-35 alleviated 
brain injury and improved neurological outcomes in a rat 
model of neonatal HIE. We showed that this role involves 
regulating microglial polarization. The ameliorating effect 
of IL-35 against the polarization of M1 microglia was partly 
realized through the ROS, HIF-1α, and NF-κB signaling 
pathways, thereby suppressing endothelial cell dysfunction. 
Therefore, our findings show that IL-35 may have 
important applications in the clinical treatment of HIE.
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