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Nuclear factor (NF)-kB–ty -50mediated neuroinflammation plays a crucial role in early
brain injury (EBI) after subarachnoid hemorrhage (SAH). As an important negative
feedback regulator of NF-kB, A20 is essential for inflammatory homeostasis. Herein, we
tested the hypothesis that A20 attenuates EBI by establishing NF-kB–associated negative
feedback after experimental SAH. In vivo and in vitro models of SAH were established.
TPCA-1 and lentivirus were used for NF-kB inhibition and A20 silencing/overexpression,
respectively. Cellular localization of A20 in the brain was determined via
immunofluorescence. Western blotting and enzyme-linked immunosorbent assays were
applied to observe the expression of members of the A20/tumor necrosis factor receptor-
associated factor 6 (TRAF6)/NF-kB pathway and inflammatory cytokines (IL-6, IL-1b,
TNF-a). Evans blue staining, TUNEL staining, Nissl staining, brain water content, and
modified Garcia score were performed to evaluate the neuroprotective effect of A20. A20
expression by astrocytes, microglia, and neurons was increased at 24 h after SAH. A20
and inflammatory cytokine levels were decreased while TRAF6 expression was elevated
after NF-kB inhibition. TRAF6, NF-kB, and inflammatory cytokine levels were increased
after A20 silencing but suppressed with A20 overexpression. Also, Bcl-2, Bax, MMP-9,
ZO-1 protein levels; Evans blue, TUNEL, and Nissl staining; brain water content; and
modified Garcia score showed that A20 exerted a neuroprotective effect after SAH. A20
expression was regulated by NF-kB. In turn, increased A20 expression inhibited TRAF6
and NF-kB to reduce the subsequent inflammatory response. Our data also suggest that
negative feedback regulation mechanism of the A20/TRAF6/NF-kB pathway and the
neuroprotective role of A20 to attenuate EBI after SAH.
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INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a serious
disease that accounts for only 5% of all strokes but has high
mortality and morbidity rates (1). Studies have shown that the
overall incidence of SAH is approximately 8/100,000 persons/
year with a mortality rate of up to 30% (1, 2). Two-thirds of the
deaths caused by SAH occur mainly due to early brain injury
(EBI) within 48 h (3). A recent study has suggested that
neuroinflammation plays a key role in EBI after SAH (4).
Furthermore, the NF-kB–mediated inflammatory response
leads to the expression of downstream pro-inflammatory
factors, causing brain damage (5).

An increasing number of studies have found that tumor
necrosis factor receptor-associated factor 6 (TRAF6) is closely
associated with diseases of the central nervous system, such as
stroke and traumatic brain injury (6). The expression level of
TRAF6 gradually increases after SAH in rats, reaching a peak
level at 24 h (7). More importantly, TRAF6 acts via a ubiquitin-
dependent mechanism to activate NF-kB (8). As an important
regulator of inflammation, A20 is rapidly and profoundly
induced by tumor necrosis factor (TNF)-a (9). Recent studies
have found that A20 has dual ubiquitin editing functions to
switch downstream molecule polyubiquitin chains (10). A20 is
an early nuclear factor (NF)-kB responsive gene that encodes a
ubiquitin-editing protein involved in the negative feedback
regulation of NF-kB signaling (11). Also, the study indicated
that A20 cleaves ubiquitin chains from TRAF6 to terminate NF-
kB signaling (12). Although previous studies have shown that
A20 exerts an important anti-inflammatory effect by inhibiting
NF-kB, the specific mechanism by which A20 affects NF-kB
signaling following SAH has not yet been reported.

To the best of our knowledge, few studies have systematically
investigated the A20/TRAF6/NF-kB signaling pathway and the
negative feedback regulation mechanism of NF-kB-induced
neuroinflammation following SAH. Therefore, we aimed to
verify the negative feedback mechanism of the A20/TRAF6/
NF-kB pathway by interfering with NF-kB and A20 expression
using in vivo and in vitro models and to explore the
neuroprotective effect of A20 in inhibiting inflammatory injury.
MATERIALS AND METHODS

Animals
All experiments involving animals were conducted following the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All procedures were approved by
the Institutional Animal Care and Use Committee. Adult
Abbreviations: NF-kB, nuclear factor (NF)-kB; EBI, early brain injury; SAH,
subarachnoid hemorrhage; TRAF6, tumor necrosis factor receptor-associated
factor 6; TUNEL, transferase-mediated dUTP nick-end labeling; Bcl-2, B-cell
lymphoma (Bcl)-2; Bax, Bcl-2–associated X; MMP-9, matrix metalloproteinase-9;
Zo-1, Zonula occludens-1; TNF-a, tumor necrosis factor-a; CSF, cerebrospinal fluid;
ELISA, enzyme-linked immunosorbent assay; GFP, green fluorescent protein; OD,
optical density; BBB, blood–brain barrier; DUB, deubiquitinating enzyme.
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C57BL/6 male mice (10–12 weeks old) weighing 20–25 g were
purchased from Nanjing University (Nanjing, China). All mice
were housed in a light and temperature-controlled environment
(12 h light/dark cycle at 26 ± 2°C) with ad libitum access to food
and water and adapted to the environment for 1 week before
the experiment.

Surgical Procedures
The experimental SAH model was established as previously
described (13). Briefly, the mice were anesthetized with 2%
isoflurane in 100% O2 and maintained with 1% isoflurane. An
incision was made in the middle of the scalp to expose the skull,
and a burr hole was drilled 4.5 mm anterior to the bregma until
the dura was penetrated. A 27-gauge needle was advanced
ventrally at 40° to a depth of 5 mm dorsoventral. In the
sagittal plane, about 50 ml of arterial blood was injected into
the pre-chiasmatic cistern for 15 s. The needle was kept in this
position for 3 min to prevent cerebrospinal fluid (CSF) leakage
and blood reflux. The burr hole was sealed with bone wax
immediately, and the incision was surgically sutured. Mice
were observed for 30 min for recovery before being returned to
their cages. The injured animals were randomly assigned to drug
and vehicle treatment groups for a blinded study.

Intracerebral Ventricular Injections
Intracerebral ventricular administration was performed as
previously described (13). Briefly, a Hamilton syringe was
inserted into bilateral ventricles through a small cranial burr
hole. According to the relative relationship with the bregma, a
hole was drilled into the skull at 1.0 mm posterior, 1.5 mm
lateral, and 2.5 mm deep. A total of 3 ml (1×108 TU/ml) of
Lv.A20-knockdown (5′-CAAAGCACUUAUUGACAGA-3′),
Lv.A20-overexpression (NM_009397.3), or TPCA-1 (10 mg/
kg) was injected into the lateral ventricles at a rate of 0.2 ml/
min. The syringe was left in situ for an additional 5 min after the
injection to prevent CSF leakage and reflux. The burr hole was
sealed with bone wax immediately, and the incision was
surgically sutured.

Microglia Isolation
The primary microglia culture was performed as previously
described (14). The cells were prepared from 1-day-old
postnatal mice. The brain was isolated using Hank’s balanced
salt solution (HBSS, Thermo Fisher Scientific, Waltham, MA,
USA), and the cortex of the cerebral hemispheres was digested
with 0.1% trypsin. The cells were seeded on a plate coated with
poly-D-lysine and fed with Dulbecco’s Modified Eagle Media
(DMEM, Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin for 2 weeks.
Primary microglia cells were separated from the mixed glial
cells by shaking for 2 h at 250 rpm. The cells were cultured for
1–3 days before lentivirus delivery (multiplicity of infection
[MOI] = 30) and oxyhemoglobin (OxyHb, 15 µM) stimulation.

Sample Preparation
The mice were deeply anesthetized by excess inhalation of
isoflurane and perfused with 100 ml phosphate-buffered saline
July 2021 | Volume 12 | Article 623256
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(PBS) at 4°C. For western blot analysis, the temporal lobe tissue
was harvested on ice and used for protein extraction. The blood
and culture solution were centrifuged to extract the supernatant
for enzyme-linked immunosorbent assay (ELISA). For histology,
mice were perfused with 100 ml PBS at 4°C followed by 100 ml of
4% paraformaldehyde. The brain was dissected and post-fixed in
4% paraformaldehyde for 24 h at 4°C. Brain hemispheres were
transferred into 30% sucrose for at least 48 h and cut coronally
on a microtome. Each coronary section with the temporal cortex
was chosen for analysis.
Experimental Design
This study was completed in four experimental parts (Figures
1A–D). All experiment repeated three times and took the average
of multiple experiments as the final experimental data.

Experiment 1
To detect the distribution and the expression of A20, the mice were
randomly divided into the following groups: sham group and
SAH groups examined at different time points (6 h, 12 h, 24 h,
day 3, n = 6). The cellular location of A20 was assessed via
immunofluorescence staining (n = 3). Also, the temporal lobe
cortex was harvested from each group for western blotting (n = 6).

Experiment 2
To investigate the effect of A20 on A20/TRAF6/NF-kB signaling
following SAH, the NF-kB antagonist TPCA-1 and lentivirus
transfection (A20-knockdown and A20-overexpression) were used
Frontiers in Immunology | www.frontiersin.org 3
in the experiment. Mice were randomly divided into seven groups:
SHAM, SAH, SAH+DMSO, SAH+Lv.GFP, SAH+TPCA-1, SAH
+Lv.(A20-), and SAH+Lv.(A20+). The sham groupwas injected with
the same volumes of normal saline as the SAH group. The SAH
+DMSO group was injected with the same amount of normal
DMSO as the SAH+TPCA-1 group. In the SAH+Lv.(A20-) group,
lentivirus was used to knockdown A20, while in the SAH+Lv.(A20+)
group, lentivirus was used to induce A20 overexpression. The SAH
+Lv.GFP group was treated with an unloaded-lentivirus encoding
green fluorescent protein (GFP) for comparison to the SAH
+Lv.(A20-) group or SAH+Lv.(A20+) group. The temporal lobe
cortex from all groups was harvested for western blotting (n = 6), and
the serum samples were collected for ELISA (n = 6).

Experiment 3
To confirm the function of A20 in inhibiting the inflammatory
response of microglia, we used TPCA-1 and lentivirus. Primary
cultured microglia were randomly divided into seven groups:
control, OxyHb, OxyHb+DMSO, OxyHb+Lv.GFP, OxyHb
+TPCA-1, OxyHb+Lv.(A20-), and OxyHb+Lv.(A20+). The
control group received no OxyHb stimulation for comparison
to the OxyHb group. The OxyHb+DMSO group was treated with
the same quantity of normal DMSO as the OxyHb+TPCA-1
group. The OxyHb+Lv.(A20-) and OxyHb+Lv.(A20+) groups
were treated with lentivirus for A20 knockdown and
overexpression, respectively. The OxyHb+Lv.GFP group was
treated with unloaded-lentivirus encoding GFP for comparison
to the OxyHb+Lv.(A20-) group or OxyHb+Lv.(A20+) group.
Culture supernatants were collected for ELISA (n = 6).
A B

D

C

FIGURE 1 | Mouse model of SAH and experimental design. (A) A view of the skull base brain tissue in the sham and SAH groups. Blood was deposited on the skull
base in the SAH group. (B) Subarachnoid space of the skull base in the sham group and SAH group (hematoxylin and eosin [H&E] staining). Erythrocytes
accumulated in the subarachnoid space (as shown with the red dotted line in the diagram) after injection of blood into a prechiasmatic cistern. (C) Observation region
and the four parts of the experiment and the methods used in each part. (D) Flow chart of the experimental design showing the operations at different time points.
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Experiment 4
Several additional experimental methods were used to further
investigate the neuroprotective effect of A20 in EBI after SAH.
Mice were randomly assigned to five groups: SHAM, SAH, SAH
+Lv.GFP, SAH+Lv.(A20-), and SAH+Lv.(A20+). The treatments
were as described in experiment 2. Western blotting (n = 6),
Evans blue staining (n = 6), transferase-mediated dUTP nick-end
labeling (TUNEL) staining (n = 6), Nissl staining (n = 6), brain
water content determination (n = 6), and modified Garcia score
determination (n = 6) were performed after SAH.

Western Blotting
Western blotting was performed as described previously (15).
B r i efly , e a ch b r a i n t i s s u e s amp l e wa s l y s ed in
radioimmunoprecipitation assay buffer to blend 1% protease and
phosphatase inhibitor cocktails. After ultrasound pyrolysis, the
homogenate was centrifuged at 11,000 rpm for 15 min followed
by a collection of the supernatant. The BCA kit was used to
determine the total protein concentration. An equal amount of
protein from each sample was loaded for separation by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and transferred to a polyvinylidene difluoride (PVDF) membrane
for separation. The membranes were then blocked with 5% milk
prepared using Tris-buffered saline containing Tween 20 (TBST) at
room temperature for 2 h and then incubated with primary
antibodies overnight at 4°C. The following primary antibodies
were used: A20 (1:1000, ab13597, Abcam), TRAF6 (1:1000,
ab62488, Abcam), IkBa (1:1000, SAB4501995, Sigma-Aldrich), p-
p65 (1:1000, sc136548, Santa Cruz Biotechnology), Bax (1:1000,
14796S, Cell Signaling Technology), Bcl-2 (1:1000, ab182858,
Abcam), MMP-9 (1:1000, ab38898, Abcam), ZO-1 (1:1000, 33-
9100, Thermo Fisher Scientific), b-actin (1:5000, AP0060, Bioworld
Technology). After the primary antibody incubation, the
membranes were washed thrice for 15 min each in TBST.
Afterward, the membrane was incubated in with appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody at
room temperature for 2 h. The blot bands were visualized using
enhanced chemiluminescence (ECL) and exposed to X-rays films.
The protein bands were quantified using ImageJ software (NIH,
Bethesda, MD, USA).

Immunofluorescence Staining
Immunofluorescence staining of brain sections was performed as
described previously (15). Briefly, the brain sections were fixed in
4% paraformaldehyde. After blocking with serum for 2 h, the
sections were incubated at 4°C overnight with the following
primary antibodies: A20 (1:100, ab13597, Abcam), NeuN (1:200,
MAB377, Sigma-Aldrich), Iba-1 (1:200, MABN92, Sigma-
Aldrich), GFAP (1:200, 3655S, Cell Signaling Technology).
After rinsing with PBS containing 0.5% Tween-20, the sections
were incubated with appropriate secondary antibodies at room
temperature for 1 h. Finally, the brain sections were
counterstained with 4, 6-diamidino-2-phenylindole (DAPI,
1:2000, Millipore) at room temperature for 3 min. The sections
were observed under a fluorescence microscope. Six random
fields in each coronary section with the temporal cortex were
chosen for analysis.
Frontiers in Immunology | www.frontiersin.org 4
Enzyme-Linked Immunosorbent Assay
According to the manufacturer’s instructions, ELISA kits (88-
7324, 88-7064, 88-7013, Thermo Fisher Scientific, Waltham,
MA, USA; ab100732, Abcam; ab253227, Abcam) were used to
evaluate the levels of inflammatory factors (interleukin IL-6, IL-
1b, and TNF-a), MMP-9 and proMMP-9 in serum. Briefly, the
samples were incubated with appropriate monoclonal antibodies
and biotinylated anti-mice antibodies, sequentially, followed by
horseradish oxidase. The measured optical density (OD) values
were converted into concentration using standard curves.

Evans Blue Dye Staining
Evans blue extravasation was used to assess the permeability of
the blood–brain barrier (BBB) at 24 h after SAH. As described
previously (16), Evans blue dye (2%, 4 ml/kg) was injected via a
tail vein and circulated for 1 h. Mice were anesthetized and
perfused with 0.9% normal saline solution to remove the
circulating dye. Next, the brain specimens were removed and
weighed. After ultrasound pyrolysis, an equal volume of 50%
trichloroacetic acid was added to each sample for overnight
incubation, followed by centrifugation at 14,000 rpm at 4°C for
30 min. The absorbance of the supernatant was measured at 620
nm using a spectrophotometer. The measured OD values were
converted into concentration value using a standard curve.

TUNEL Staining
Apoptotic cells were detected according to the manufacturer’s
instructions using the apoptotic kit (Roche, South San Francisco,
CA, USA). Briefly, the brain sections were deparaffinized,
rehydrated, and washed with distilled water. Then the sections
were incubated with TUNEL reaction mixture for 1 h at 37°C. The
severity of brain injury was evaluated using the apoptotic index,
which is defined as the average percentage of TUNEL-positive cells.
TUNEL-positive cells in the temporal lobe cortex were observed and
counted under high magnification using a double-blinded
procedure. Six random fields in each coronary section with the
temporal cortex were chosen, and the mean percentage of apoptotic
cells in the six fields was used for the final analysis.

Nissl Staining
Nissl staining was performed to evaluated normal neurons index
as described previously (13). Upon staining, the cell body of
damaged neurons appears shrunken with darker staining of the
nuclei compared to normal neurons. The sections were dewaxed
with xylene, rehydrated with alcohol, and stained with Nissl
solution for 5 min. Six random fields in the temporal lobe cortex
were chosen for the final analysis.

Brain Water Content Determination
The brain water content was measured to assess the severity of
brain edema as described previously (16). Briefly, mice were
anesthetized and decapitated, and the brains were immediately
removed and weighed to obtain wet weight values. The samples
were then placed in an oven for 72 h at 80°C to obtain the dry
weight. The brain water content was calculated using the formula =
[(wet weight − dry weight)/wet weight] × 100%.
July 2021 | Volume 12 | Article 623256

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Deng et al. The Neuroprotection of A20 After SAH
Neurologic Scoring
The neurological scores were evaluated using the modified
Garcia scoring system as previously described (15). Briefly, the
evaluation scores ranged from 3–18 and were derived from six
tests: spontaneous activity, symmetry in the movement of four
limbs, forelimbs outstretching, climbing ability, body
proprioception, and the response to vibrissae stimulation. All
tests were evaluated by a blinded investigator. Higher scores
represent a better neurological function.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 8
(GraphPad Inc., La Jolla, CA, USA). Data are expressed as mean
± standard error of the mean (SEM). The Kolmogorov-Smirnov
test was used to assess the normality of experimental data.
Statistical differences were analyzed using Student’s t-test or
one-way analysis of variance (ANOVA) with Dunnett’s test. A
p-value < 0.05 was considered to be statistically significant.
RESULTS

A20 Expression Was Observed in
Astrocytes, Microglia, and Neurons and
Increased at 24 h After SAH
To make cellular localization clear and detect changes in protein
levels, we performed immunofluorescence staining and western
blotting, respectively. The results of immunofluorescence
staining showed that A20 was expressed in astrocytes,
microglia, and neurons after SAH (Figure 2A) , which was
consistent with previous results (17). Then, we assessed the A20
protein level at different time points following SAH.Western blot
analysis demonstrated that A20 expression was significantly
Frontiers in Immunology | www.frontiersin.org 5
increased after SAH (p < 0.01 vs 12 h, p < 0.001 vs 24 h,
Figure 2B) compared with the SHAM group. We found no
significant differences between A20 expression in the SHAM
group after 6 h and after 3 days. Taken together, these results
suggest A20 expression in the brain is increased after SAH, and
we chose the time point of 24 h after SAH for use in
subsequent experiments.

A20 Negative Feedback Regulated TRAF6
and NF-kB Expression After SAH
We assessed the protein expression levels of the A20/TRAF6/NF-
kB signaling pathway using western blotting and detected the
levels of inflammatory cytokines IL-6, IL-1b, and TNF-a by
ELISA (Figure 3H). Western blot for A20 protein expression was
markedly decreased in the SHAM (p < 0.01) compared with the
SAH group, and significantly reduced in the SAH+TPCA-1 (p <
0.05) compared with the SAH+DMSO group. Moreover, A20
protein was observably decreased in the SAH+Lv. (A20-) (p <
0.01) groups, whereas it was markedly increased in the SAH+Lv.
(A20+) (p < 0.01) (Figure 3A) compared with the SAH+Lv.GFP
group. Western blot for TRAF6 protein expression was inhibited in
the SHAM (p < 0.01) compared with the SAH group, and
significantly increased in the SAH+TPCA-1 (p < 0.05)
compared with the SAH+DMSO group. In addition, TRAF6
protein was markedly increased in the SAH+Lv. (A20-) (p <
0.05) groups, whereas it was observably decreased in the SAH+Lv.
(A20+) (p < 0.05) (Figure 3B) compared with the SAH+Lv.GFP
group. Western blot for IkB-a protein expression was
significantly improved in the SHAM (p < 0.01) compared with
the SAH group, and significantly increased in the SAH+TPCA-1
(p < 0.01) compared with the SAH+DMSO group. In addition,
IkB-a protein was observably reduced in the SAH+Lv. (A20-)
(p < 0.05) groups, whereas it was markedly increased in the SAH
+Lv. (A20+) (p < 0.05) (Figure 3C) compared with the SAH
A B

FIGURE 2 | The localization and time course of A20 expression after SAH. (A) Immunofluorescence images showed that A20 was expressed in astrocytes,
microglia, and neurons. (B) Western blotting showed that the peak expression of A20 appeared at 24 h after SAH. Data are expressed as mean ± SEM, n = 6,
**p < 0.01, ****p < 0.001 versus sham, ns versus sham. ns, non-significant; NeuN, neuronal marker; GFAP, astrocyte marker; Iba-1, microglia marker.
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+Lv.GFP group. Contrary to IkB-a, P-p65 protein expression was
decreased in the SHAM (p < 0.01) compared with the SAH group,
and significantly decreased in the SAH+TPCA-1 (p < 0.01)
compared with the SAH+DMSO group. Moreover, P-p65
protein was observably increased in the SAH+Lv. (A20-) (p <
0.005) groups, whereas it was observably decreased in the SAH+Lv.
(A20+) (p < 0.01) (Figure 3D) compared with the SAH+Lv.GFP
group. ELISA assay demonstrated that IL-6, IL-1b, and TNF-awere
significantly reduced in the SHAM (p < 0.05) compared with the
SAH group, and significantly decreased in the SAH+TPCA-1 (IL-6
and IL-1b: p < 0.05; TNF-a: p < 0.01) compared with the SAH
+DMSO group. In addition, IL-6, IL-1b, and TNF-a were
observably increased in the SAH+Lv. (A20-) (p<0.05) groups,
whereas it was observably decreased in the SAH+Lv. (A20+) (IL-
6: p<0.01; IL-1b and TNF-a: p<0.05) (Figures 3E–G) compared
with the SAH+Lv.GFP group. We found no significant differences
between the SAH, SAH+DMSO, and SAH+Lv.GFP groups. The
above results indicate that a negative feedback regulation
mechanism exists between A20 and the TRAF6/NF-kB
signaling pathway.
Frontiers in Immunology | www.frontiersin.org 6
A20 Reduced the Secretion of IL-6, IL-1b,
and TNF-a by Microglia In Vitro
We performed ELISAs to detect the expression levels of IL-6, IL-1b,
and TNF-a following OxyHb stimulation in vitro (Figure 4A). The
ELISA results demonstrated that IL-6, IL-1b, and TNF-a were
remarkedly reduced in OxyHb+TPCA-1 (IL-6: p<0.05; IL-1b and
TNF-a:p<0.001) compared with the OxyHb+DMSO group, and
significantly increased in the OxyHb+Lv.(A20-) (IL-6 and TNF-a:
p<0.05; IL-1b:p<0.01) while significantly decreased in OxyHb
+Lv.(A20+) (IL-1b and TNF-a:p<0.05; IL-6: p<0.01) (Figures
4B–D) compared with the OxyHb+ Lv.GFP group. No significant
differences were observed between the OxyHb, OxyHb+DMSO,
and OxyHb+Lv.GFP groups. The above results further validate the
role of A20 in the anti-inflammatory response in vitro.

A20 Altered MMP-9 and ZO-1 and
Maintained BBB Integrity After SAH
To investigate the effect of A20 on MMP-9 and ZO-1 expression,
we performed Western blotting to detect their protein levels after
SAH. The results of Western blot analysis demonstrated that
A B

D

E F G

H

C

FIGURE 3 | A20 negative feedback regulates the NF-kB A20/TRAF6/NF-kB signaling pathway.(A-D) Immunoblotting of A20, TRAF6, IkB-a, and phosphorylated
(P)-p65 in brain tissue after treatment with TPCA-1 and lentivirus demonstrated a negative feedback loop between A20 and NF-kB. (E-G) ELISA of inflammatory
cytokines—IL-6, IL-1b, and TNF-a. Administration of TPCA-1 and lentivirus knockdown inhibited the expression of the inflammatory cytokines. The administration of
TPCA-1 and lentivirus to induce overexpression of A20 inhibited the release of inflammatory cytokines, and inflammatory cytokine levels were elevated by A20
knockdown. (H) Tree diagram of the A20/TRAF6/NF-kB signal pathway. Data are expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.005, ns versus
SAH. ns, non-significant.
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MMP-9 was significantly decreased in the SHAM (p<0.05)
compared with the SAH group, and observably elevated in the
SAH+Lv.(A20-) (p<0.01), while it was significantly reduced in
SAH+Lv.(A20+) (p<0.05) (Figure 5A) compared with the SAH+
Lv.GFP group. On the contrary, ZO-1 protein expression was
significantly increased in the SHAM (p<0.05) compared with the
SAH group, and observably reduced in the SAH+Lv.(A20-)
(p<0.005), while it was significantly increased in SAH+Lv.(A20+)
(p<0.05) (Figure 5B) compared with the SAH+ Lv.GFP group. The
results of the activity of MMP-9 showed that the activity of MMP-9
was significantly decreased in the SHAM (p<0.01) compared with
the SAH group, and remarkedly increased in the SAH+Lv.(A20-)
(p<0.01), while it was significantly reduced in SAH+Lv.(A20+)
(p<0.01) (Figure 5C) compared with the SAH+ Lv.GFP group.
Next, we determined BBB permeability using Evans blue staining in
the brain. The results demonstrated that the amount of extravasated
Evans blue dye was significantly decreased in the SHAM (p<0.005)
compared with the SAH group, and remarkedly increased in the
SAH+Lv.(A20-) (p<0.05), while it was significantly reduced in SAH
+Lv.(A20+) (p<0.01) (Figure 5D) compared with the SAH+
Lv.GFP group. There were no significant differences between the
SAH and SAH+Lv.GFP groups. Therefore, A20 played a role in
Frontiers in Immunology | www.frontiersin.org 7
sustaining the ZO-1 protein level, reducing the MMP-9 level and
activity, and maintaining BBB integrity after SAH.

A20 Affected the Expression of Bcl-2 and
Bax and Decreased Neural Cell Apoptosis
After SAH
We detected the expression of Bcl-2 and Bax in brain tissue by
western blotting after SAH. Bcl-2 protein expression was
significantly increased in the SHAM (p<0.01), compared with
the SAH group, and observably decreased in the SAH+Lv.(A20-)
(p<0.01), while it was remarkedly increased in SAH+Lv.(A20+)
(p<0.05) (Figure 6A) compared with the SAH+ Lv.GFP group.
On the contrary, Bax protein expression was significantly
decreased in the SHAM (p<0.05) compared with the SAH
group, and observably increased in the SAH+Lv.(A20-)
(p<0.05), while it was decreased in SAH+Lv.(A20+) (p<0.05)
(Figure 6B) compared with the SAH+ Lv.GFP group. Then,
we observed neural cell apoptosis using TUNEL staining. The
results revealed that the apoptosis index was significantly
decreased in the SHAM (p<0.005) compared with the SAH
group, and observably increased in the SAH+Lv. (A20-)
(p<0.01), while it was markedly decreased in SAH+Lv.(A20+)
A B

DC

FIGURE 4 | A20 influences inflammatory cytokine secretion by the microglia. (A) Image showing the transfection of Lv.GFP in microglia. (B-D) Microglia secreted
inflammatory cytokines (IL-6, IL-1b, and TNF-a) after OxyHb stimulation. The red dotted line in the diagram indicated the levels of inflammatory factor secretion in the
control group. Data are expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.005, ns versus OxyHb. ns, non-significant.
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A B

DC

FIGURE 5 | A20 affects MMP-9 and ZO-1 and maintains the integrity of the BBB after SAH. (A, B) Lentivirus transfection for A20 expression affected the expression
of MMP-9 and ZO-1 as revealed by representative western blots. (C) A20 expression affected the activity of MMP-9 as revealed by ELISA. (D) Evaluation of the
integrity of the BBB by injection of Evans blue dye. A20 played a role in maintaining the integrity of the BBB after SAH. Data are expressed as mean ± SEM, n = 6,
*p < 0.05, **p < 0.01, ***p < 0.005, ns versus SAH. ns, non-significant.
FIGURE 6 | A20 influences the expression of Bcl-2 and Bax and reduces apoptosis in the cortex after SAH. (A, B) Immunoblotting images showing that A20
influenced Bcl-2 and Bax expression. (C) Bar chart of the percentages of apoptotic cells displaying that A20 reduced cortical cell apoptosis (as indicated by the
black arrow). (D–H) TUNEL-positive cells reflect cortical apoptosis. Apoptosis decreased after using lentivirus to induce A20 overexpression. Data are expressed as
mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.005, ns versus SAH. ns, non-significant.
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(p<0.05) (Figures 6C–H) compared with the SAH+ Lv.GFP
group. We found no significant differences between SAH and
SAH+Lv.GFP. From the above-mentioned results, we found that
A20 elevated Bcl-2 expression and inhibited Bax expression as
well as neural cell apoptosis in the brain.

A20 Exerted a Protective Effect to Relieve
Neuronal Injury After SAH
We performed Nissl staining to evaluate the functional state of
neurons after SAH. Most of the neurons in the sham-operated
group had a large cell body and a round nucleus (Figure 7B),
whereas damaged neurons with shrinking cell bodies, nuclear
condensation, and dark cytoplasm were observed more
frequently in the SAH and SAH+Lv.GFP groups (Figures 7C, D).
Furthermore, the neuronal damage was aggravated after A20
silencing and reduced after A20 upregulation (Figures 7E, F).
The result revealed that the normal neurons index was
significantly increased in the SHAM (p<0.005) compared with the
SAH group, and observably decreased in the SAH+Lv. (A20-)
(p<0.05), while it was markedly increased in SAH+Lv.(A20+)
(p<0.05) (Figure 7A) compared with the SAH+ Lv.GFP group.
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We found no significant differences between SAH and SAH
+Lv.GFP. Therefore, A20 exerted a protective effect to relieve
neuronal injury after SAH.

A20 Showed a Neuroprotective Effect in
Alleviating Brain Edema and Neurological
Deficits After SAH
We evaluated brain edema and neurological deficits according to
the brain water content and modified Garcia score. Based on the
dry/wet weight ratio, the brain water content was dramatically
reduced in the SHAM (p<0.05) compared with the SAH group
and significantly increased in the SAH+Lv.(A20-) (p<0.01), while
it was significantly decreased in SAH+Lv.(A20+) (p<0.05)
(Figure 8A) compared with the SAH+ Lv.GFP group. The
results of the modified Garcia score revealed that neurological
impairment was markedly alleviated in the SHAM (p<0.005)
compared with the SAH group and significantly aggravated in
the SAH+Lv.(A20-) (p<0.05), while it was markedly alleviated in
SAH+Lv.(A20+) (p<0.05) (Figure 8B) compared with the SAH+
Lv.GFP group. We found no significant differences between the
SAH and SAH+Lv.GFP groups. Based on these results, we
FIGURE 7 | A20 promotes neuron survival in the cortex after SAH. (A) Bar chart of the percentages of normal neurons cells in the temporal lobe cortex. (B–F)
Representative images of the temporal lobe cortex. The cell body of damaged neurons was shrunken, and their nuclei stained darker compared with those of normal
neurons. Data are expressed as mean ± SEM, n = 6, *p < 0.05, ***p < 0.005, ns versus SAH. ns, non-significant.
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conclude that A20 played a neuroprotective role by alleviating
brain edema and neurological impairment.
DISCUSSION

In this study, we hypothesized that A20 affects the negative feedback
regulation of TRAF6/NF-kB, and attenuates EBI after SAH. To test
this hypothesis, we established in vivo and in vitro models. The
results showed that A20 was expressed in astrocytes, microglia, and
neurons, and increased at 24 h after SAH. Additionally, the study
had the following findings (1): the expression levels of A20 and
inflammatory cytokines were suppressed while TRAF6 expression
was enhanced after inhibition of NF-kB; (2) the expression levels of
TRAF6, NF-kB, and inflammatory cytokines were inhibited by A20
overexpression; and (3) TRAF6, NF-kB, and inflammatory cytokine
expression levels were increased after A20 knockdown. Moreover,
we found that A20 played an important role in alleviating BBB
damage, neural cell apoptosis, brain edema, and neurological
deficits. In summary, the results of this study showed that
negative feedback from A20 regulated NF-kB activity in the A20/
TRAF6/NF-kB signaling pathway and exerted neuroprotective
effects after SAH.

Negative feedback regulation mechanisms are widely present in
physiological and pathological processes. A20 has been widely
described in several inflammatory disorders (18), and impaired
A20 function is associated with inflammatory diseases (19). The key
is that A20 acts as a brake in the endogenous negative feedback
regulation of NF-kB signaling to increase transcription rapidly after
triggering of NF-kB binding sites in the A20 promoter (20).
Previous research has shown that neuroinflammation plays a
crucial role in brain damage after SAH (4). Therefore, we
speculate that A20 expression was decreased after inhibition of
NF-kB, increasing downstream expression of TRAF6 in our
experiment 2. A20 serves as a brake on the inflammatory
response, which leads to the suppression of TRAF6 and NF-kB
Frontiers in Immunology | www.frontiersin.org 10
expression and the downstream inflammatory response when A20
is overexpressed. Additionally, our study strongly suggests that A20
loses the ability to inhibit the subsequent expression of TRAF6, NF-
kB, and inflammatory cytokines after lentivirus knockdown of A20,
illustrating the function of A20 from the reverse direction. This
result can be explained by previous research results: A20 is
associated with TRAF6 degradation and NF-kB inhibition (21),
and TRAF6 acts via a ubiquitin-dependent mechanism to activate
the NF-kB pathway (8). Surprisingly, the neuroprotective effect of
A20 after SAH was confirmed in our study, which suggests a
promising application prospect. The above-mentioned results may
explain an important mechanism for terminating inflammatory
injury driven by NF-kB through the inflammatory braking effect of
A20 after SAH.

Activation of NF-kB transcription factors is essential for host
defense. However, after the danger is eliminated, NF-kB
signaling is severely downregulated to maintain tissue
homeostasis (22). A20 is an endogenous negative regulator of
NF-kB signaling, which has been widely described to play roles
in many inflammation-related disorders (18, 23–26). On the one
hand, previous studies have demonstrated that A20 expression is
elevated after traumatic brain injury (27), intracerebral
hemorrhage (17, 28), and cerebral ischemia (29, 30), which is
consistent with our results. On the other hand, data have
increasingly found that TRAF6 is closely related to central
nervous system diseases, such as stroke, traumatic brain injury,
neurodegenerative diseases, and neuropathic pain (6). The
expression level of TRAF6 increases gradually after SAH in
rats and peaks at 24 h, which was also consistent with our
results (7). Similarly, studies have shown that A20 reduces
neuroinflammation and ameliorates brain injury by inhibiting
the activity of TRAF6 E3 ubiquitin ligase after hemorrhagic
stroke (17). Several studies provided evidence of the NF-kB
inhibitory function of A20, demonstrating that A20 can
prevent NF-kB activation in response to pro-inflammatory
stimuli (31). As indicated previously, the silencing of A20
A B

FIGURE 8 | A20 attenuates brain edema and neurological deficits to exert a neuroprotective role. (A) Dry/wet weight ratio data represent brain water content. A20
ameliorated brain edema after SAH. (B) Modified Garcia score results showed that A20 remarkably improved neurological deficits in mice at 24 h after SAH. Data are
expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.005, ns versus SAH. ns, non-significant.
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restores TRAF6 and NF-kB expression levels to significantly
increase unchecked inflammation (21, 32, 33), whereas A20
overexpression ablates TRAF6 and dampens the inflammation
cytokine production via inhibition of NF-kB activity (34).
Generally, NF-kB activation is transient under continuous
stimulation due to specific negative feedback regulation (11).
Previous evidence showed that A20 exerts anti-inflammatory
effects by directly interfering with the activation of IKKb protein
to limit NF-kB activation (30). TRAF6 acts as an E3 ubiquitin
ligase to mediate IKKg ubiquitination, leading to IkB-a
degradation and p65 nuclear translocation (35). Moreover,
TRAF6 inhibits autophagy and promotes oxidative stress via
E3 ubiquitin ligase activity, thus exacerbating brain damage (7).
Several deubiquitinating enzymes (DUBs) have been shown to
negatively regulate the ubiquitin-dependent degradation
mechanism of TRAF6 via deconjugation of its K63
polyubiquitin chains (8). Studies have indicated that A20
cleaves K63 polyubiquitin chains from TRAF6 to terminate
NF-kB signaling (12). Studies have also shown that A20
inhibits E3 ubiquitin ligase activity of TRAF6 by antagonizing
interactions with the E2 ubiquitin-conjugating enzymes,
Frontiers in Immunology | www.frontiersin.org 11
Ubc13, and UbcH5c (36). Similarly, it has been reported that
A20 reduces inflammation by regulating TRAF6 poly-
ubiquitination after intracerebral hemorrhage (17). A20 has
dual ubiquitin editing functions to switch polyubiquitin chains
of different configurations, which profoundly affects downstream
molecules (10). The N-terminal domain of A20 is a
deubiquitinating enzyme (DUB) for Lys63-linked poly-
ubiquitinated signaling mediators, and its C-terminal domain
is an ubiquitin ligase (E3) for Lys48-linked degradative
polyubiquitination of the same substrate (37). Therefore, A20
can degrade TRAF6 by changing the ubiquitin-chain of TRAF6
to inhibit NF-kB as reported (21).

To the best of our knowledge, to date, there has been no study
on the A20/TRAF6/NF-kB signaling pathway and the negative
feedback regulat ion mechanism of NF-kB causing
neuroinflammation after SAH. Although A20 acts as an
important anti-inflammatory factor, its role has not been
confirmed after SAH. By modulating the expression of NF-kB
and A20, our experiments confirmed the existence of the negative
feedback loop from both positive and negative perspectives after
SAH (Figures 9A, B). Our results also suggest that A20 inhibits
A

B

FIGURE 9 | Schematic diagram illustrating the possible negative feedback loop mechanism between A20/TRAF6/NF-kB signaling after SAH. (A) Under the SAH
conditions, inhibition of NF-kB by injection of TPCA-1 caused a reduction in inflammatory cytokine IL-6, IL-1b, and TNF-a release, and A20 expression was
suppressed, which increased the expression of TRAF6. When A20 was inhibited by lentivirus, the expression levels of TRAF6 and NF-kB both increased, causing
aggravation of the inflammatory response. Meanwhile, lentivirus-mediated overexpression of A20 decreased the release of inflammatory cytokines by suppressing
TRAF6 and NF-kB. (B) As illustrated, the expression of A20 was regulated by NF-kB. In turn, the increased expression of A20 inhibited TRAF6 and NF-kB
expression to reduce the subsequent inflammatory response and exert neuroprotective effects.
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the expression of TRAF6, and we speculate that A20 links Lys48
polyubiquitination chains from TRAF6, leading to the degradation
of TRAF6. Moreover, through lentivirus overexpression and A20
silencing, we also analyzed the effect of A20 onMMP-9 and ZO-1,
thus further elucidating the effect of A20 on BBB integrity.
Previous studies have shown that A20 protects cells from TNF-
a–induced apoptosis (38). Therefore, we analyzed the effect of A20
on apoptosis-related proteins, Bcl-2 and Bax, further confirming
the anti-apoptotic effect of A20 after SAH. Evans blue
extravasation, brain edema, cell apoptosis, and neurological
function score data demonstrated that A20 played an important
role in alleviating EBI after SAH.

Our experiments confirmed that A20 affects the negative
feedback regulation of TRAF6/NF-kB, and exerting a
neuroprotective role after SAH. Furthermore, we verified the
inflammatory braking effect of A20 in suppressing NF-kB
endogenously. Our results provide a new therapeutic target for
alleviating inflammatory damage and attenuating EBI after SAH.
A20 activity is controlled by various regulatory mechanisms,
including phosphorylation. Under inflammatory conditions,
A20 is phosphorylated at Ser381 by IKKb, resulting in
increased activity (39). Further exploration of the role of A20
in post-translational modification, such as phosphorylation, will
help us understand the anti-inflammatory function of A20 and
also be conducive to the development of novel anti-inflammatory
therapeutics. This study will also open new horizons for future
research to explore NF-kB–mediated inflammatory mechanisms
after SAH.

This study has some limitations. First, we used mice to
simulate SAH in humans, but it is unclear whether the results
found in mice can be translated into humans. Second, our results
suggest that A20 can mitigate EBI by inhibiting NF-kB and exert
anti-inflammatory effects after SAH; however, it is unclear
whether A20 plays an additional role in other mechanisms
after SAH.

In summary, the proposed SAH model confirms the negative
feedback regulation mechanism of the A20/TRAF6/NF-kB
pathway and elucidates the neuroprotective role of A20 to
attenuate EBI after SAH. These findings provide a new
direction in which A20 could play a critical role in reducing
inflammation and provide a potential therapeutic tool for the
treatment of EBI after SAH. Further studies on A20
Frontiers in Immunology | www.frontiersin.org 12
phosphorylation are required to understand the anti-
inflammatory properties of A20 in detail.
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