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Microglial activation has been reported to be involved in traumatic brain injury (TBI). Nuclear factor erythroid
2-related factor 2 (Nrf2) plays a significant role in protecting against TBl-induced secondary brain injury. However,
the exact mechanism is not clearly understood. The present study aimed to explore whether Nrf2 protects
against TBI partly by regulating microglia function.

Microglia cells were isolated from C57BL/6 mouse brains (postnatal day 1-3). The expression of Nrf2 was sup-
pressed by transfection with Nrf2-specific small interfering RNA (siRNA), and overexpressed by transfections
with pcDNA3.1-Nrf2. The expression of Nrf2 was confirmed by real-time PCR and Western blotting. After trans-
fection, cell viability, phagocytic ability, and the expression of pro-inflammatory cytokines (tumor necrosis fac-
tor (TNF)-a and interleukin (IL)-6) were determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5- diphenyltetrazoli-
um bromide (MTT) colorimetric assay, phagocytosis assay, and enzyme-linked immunosorbent assay (ELISA),
respectively.

mRNA and protein expression levels of Nrf2 were significantly reduced by transfection with Nrf2-specific siR-
NA (both P<0.05) but were elevated by transfection with pcDNA3.1-Nrf2 (both P<0.01). The cell viability, phago-
cytic ability, and the expression of TNF-o and IL-6 were all significantly reduced by overexpression of Nrf2 but
were significantly increased by silencing of Nrf2 compared with the control group.

Our results suggest that Nrf2 protects against TBI, at least part by regulating microglia function.
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Material and Methods

Traumatic brain injury (TBI), a neurologic disorder, is character-
ized by damage to the cerebral tissue caused by abrupt contact
(violent impact or acceleration-deceleration) or a penetrating
wound to the brain tissue. It is the leading cause of death and
disability in people under the age of 45 years worldwide [1].
Also, TBI imposes a tremendous financial burden on the health
care system, as well as physical and emotional burden to in-
dividuals. However, the pathophysiology of TBI is very com-
plicated and not yet fully understood. Recently, activation of
the immune system in the central nervous system (CNS) has
gained wide acceptance as a critical component of the pathol-
ogy and progression of numerous neurological disorders, in-
cluding TBI [2,3]. Microglia, the resident macrophages in the
brain, are the key regulators of the immune defense system
in the CNS and are responsible for subsequent inflammatory
responses [4—6]. Microglia react to injury within minutes, and
are chronically activated [7, 8]. Once activated, microglia can
be recognized as a pro-inflammatory state and promote cell-
mediated immunity [3,9-11]. It has been well demonstrated
that levels of tumor necrosis factor (TNF)-a. and interleukin (IL)-
6 are elevated after TBI[12]. However, excessive activation of
the microglia cells results in destruction of healthy neurons
as well as damaged neurons. Therefore, inhibition of microg-
lia cells activation and inflammatory factor release protect
against and improve the prognosis of TBI.

Nuclear factor erythroid 2-related factor 2 (Nrf2), a basic leu-
cine zipper (bZIP) redox-sensitive transcription factor that
modulates the cellular antioxidant response, has been report-
ed to play a number of roles in regulating acute inflammatory
response [13]. It upregulates cytoprotective and antioxidant-
detoxifying genes expression to rescue the cells/tissues in-
jury [14]. In recent years, involvement of Nrf2 has been well
documented in several CNS diseases [15]. It has been sug-
gested that Nrf2 plays a significant role in protecting against
secondary brain injury induced by TBI, possibly by modulat-
ing pro-inflammatory cytokines and inducing antioxidant-de-
toxifying enzymes [16,17]. In addition, Nrf2 —/— mice have
shown increased microglial cells infiltration and high levels of
inflammatory markers such as TNF-oe and IL-6 in the hippo-
campus in response to lipopolysaccharide (LPS) [18]. However,
the exact mechanism by which Nrf2 protects against TBI is not
clearly understood.

Therefore, we assumed that Nrf2 plays a protective role in TBI
and that this effect is regulated at least in part through the
effect of Nrf2 on microglia. In the present study, the expres-
sion of Nrf2 was suppressed or upregulated, and then the ef-
fect of transfection on cell viability, phagocytic ability, and the
expression of TNF-o. and IL-6 were determined.

Animals

Thirty C57BL/6 mice (postnatal day 1-3, 15: 15 male: female)
were obtained from Shanghai SLAC Laboratory Animal Co. Ltd.
(Shanghai, China). All the animals were housed in a temper-
ature-controlled room (24+2°C) with a relative humidity of
60+5% on a 12-h light/dark cycle. The mice were euthanized
via decapitation and their brains were harvested. All proce-
dures were approved by the Ethics Committee on Animals of
our University, and the animal care and use was in line with
the standards in the “Guide for the Care and Use of Laboratory
Animals” published by the National Institutes of Health.

Primary microglia culture

The methods of harvest and culture of microglia were per-
formed as described before [19]. After decapitation, the corti-
ces were collected, isolated, trypsinized, triturated, and plat-
ed onto tissue culture plastic in Dulbecco’s Modified Eagles
Medium (DMEM)/F12 with L-glutamine (Invitrogen, Carlsbad,
CA) supplemented with 20% heat-inactivated fetal bovine se-
rum (FBS). After 24 h, the media was discarded and new fresh
media was added. At 7 days, half the media was replaced and
these cells were cultured for another 7 days. Thereafter, mi-
croglia cells were collected from the mixed glial culture and
counted. Microglia cells were collected again after fresh media
was added to the remaining mixed glia for 7 days.

Transfection

These cells were randomly assigned to a control group, a siN-
rf2 group, and an overexpression Nrf2 group. The cells in the
control group received no additional treatment. For the siN-
rf2 group, the expression of Nrf2 was suppressed using small
interfering RNA (siRNA). The plasmids specifically target-
ing Nrf2 were designed and synthesized by GenePharma Co
(Shanghai, China). For the overexpression Nrf2 group, an Nrf2
expression vector (pcDNA3.1-Nrf2) was constructed and con-
firmed by sequencing. Cell transfections were performed us-
ing Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol.

Cell viability

The cell viability was assessed using 3-(4, 5-dimethylthiazol-
2-yl)-2, 5- diphenyltetrazolium bromide (MTT) colorimetric assay.
Briefly, the concentration of cells in the 3 groups was adjusted
to 5x10%/mL, washed with phosphate-buffered saline (PBS),
and seeded in a 96-well plate. After culturing for 24, 48, and
72 h, 20 pL of fresh medium with 0.5 mg/mL MTT was added
to each well and incubated for 4 h at 37°C. The absorbance at
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492 nm optical density (OD) was measured using a microplate
reader (Bio-Tek, USA). The experiment was repeated 3 times.

Phagocytosis assay

Phagocytosis assay was performed using a Phagotest kit
(OPREGEN Pharma; BD Biosciences, Oxford, UK) containing
fluorescein-labeled opsonized Escherichia coli (E. coli-FITC) ac-
cording to manufacturer’s protocol. Briefly, cells (5x10%*/mL)
were seeded in a 96-well plate and incubated with 0.25 mg/mL
FITC-E coli Bioparticles for 6 h at 37°C. Thereafter, the media
was removed and the cells were washed with 0.25 mg/mL
trypan blue in PBS to quench the surface-bound fluorescent
signal. Intracellular fluorescence was read using a fluorescent
plate reader (BMG Labtech, Durham, NC, USA) at 480 nm ex-
citation and 520 nm emission.

Enzyme-linked immunosorbent assay (ELISA)

After transfection, the media was collected and centrifuged.
Quantitative analyses of supernatants levels for TNF-o and
IL-6 were performed using a commercial ELISA kit (Biocheck®,
USA) according to the manufacturer’s instructions. All samples
were prepared at least in triplicate.

Real-time PCR (RT-PCR)

Total RNA was isolated from cells using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufactur-
er’s protocol. Complementary DNA (cDNA) was synthesized
using SuperscriptTM Il Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and quantified by using a QuantTtect SYBR
green RT-PCR Kit (Qiagen, Valencia, CA). The relative expres-
sions of Nrf2 were determined by normalizing to GAPDH us-
ing the 224" method. Reactions were performed in triplicate.

Western blotting analysis

After 24 h of transfection, the cells in each group were har-
vested for protein extraction. Total protein concentration was
determined using a Pierce® BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL, USA). Protein samples were separat-
ed on a 10-12% sodium dodecyl sulfate (SDS)-polyacrylamide
gel. Next, the protein samples were blotted onto polyvinylidene
difluoride (PVDF) membranes (Millipore), blocked in 5% milk
in Tris-buffered saline with Tween (TBST) for 2 h, and probed
with primary anti-Nrf2 antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) overnight at 4°C, followed by horse-
radish peroxide-conjugated secondary antibodies (Santa Cruz
Biotechnology). Protein detection was further visualized using
enhanced chemiluminescence.

ANIMAL STUDY

Statistical analysis

Data are shown as mean + standard deviation (SD). All statisti-
cal analyses were performed with the use of Statistical Package
for the Social Sciences (SPSS) 19.0 (SPSS Inc., Chicago, IL, USA)
statistical software. The differences between groups were as-
sessed using a one-way analysis of variance (ANOVA) followed
by Tukey post hoc test. Statistical significance was set at P<0.05.

Results

The effect of transfection on expression of Nrf2 in
microglia

To explore the effect on the expression of Nrf2 after transfec-
tion with pcDNA3.1-Nrf2 or the targeting sequence for Nrf2-
specific siRNA into microglia, RT-PCR and Western blotting
analysis were carried out to determine the mRNA and pro-
tein levels of Nrf2. The results showed that both the mRNA
and protein expression levels of Nrf2 in the siNrf2 group were
significantly reduced by transfection with Nrf2-specific sSiRNA
compared to the control group (both P<0.05), but were sig-
nificantly elevated by transfection with pcDNA3.1-Nrf2 (both
P<0.01) (Figure 1A-1C).

The effect of transfection on cell viability in microglia

To investigate the effect of Nrf2 on microglia, cell viability
was determined using MTT after 24, 48, and 72 h of transfec-
tion with Nrf2-specific SiRNA or pcDNA3.1-Nrf2. As shown in
Figure 2, the cell viability was significantly reduced by overex-
pression of Nrf2 but was significantly increased by silencing of
Nrf2 compared with the control group (both P<0.05), indicat-
ing that Nrf2 can inhibit the activation of microglia.

The effect of transfection on phagocytic ability in
microglia

We further elucidated the phagocytic ability in microglia after
transfection with Nrf2-specific siRNA or pcDNA3.1-Nrf2. The re-
sults demonstrated that the phagocytic ability was significantly
higher by silencing of Nrf2 than that in the control group (P<0.05).
In addition, the phagocytic ability was significantly lowered by
overexpression of Nrf2 (P<0.05) (Figure 3). These results sug-
gest that Nrf2 can reduce the phagocytic ability of microglia.

The effect of transfection on the expression of TNF-o. and
IL-6 in microglia

The effect of transfection with Nrf2-specific siRNA or
pcDNA3.1-Nrf2 on the expression of pro-inflammatory cytokines
(TNF-ov and IL-6) in microglia was investigated. As indicated in
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Figure 1. The effect of transfection on expression of Nrf2 in microglia. (A) Relative Nrf2 mRNA expression after transfection with
Nrf2-specific sSiRNA or pcDNA3.1-Nrf2; (B) Relative Nrf2 protein expression after transfection with Nrf2-specific siRNA or
pcDNA3.1-Nrf2; (C) Representative images of Western blotting after transfection with Nrf2-specific sSiRNA or pcDNA3.1-Nrf2.
Nrf2 — nuclear factor erythroid 2-related factor 2; siRNA — small interfering RNA. * P<0.05 compared with the control group;
** P<0.01 compared with the control group.

259 40 Control
~e- (ontrol *x =S?'\?rfr§
| —- SiNrf2 = 0 ion Nrf2
20 ~& Overexpression Nrf2 § I Overexpression Nr
= =
=19
° £
0.57 =
o
0.0 T T T
24h 48h 72h TNF-a IL-6
Figure 2. The effect of transfection with Nrf2-specific siRNA Figure 4. The effect of transfection with Nrf2-specific siRNA or
or pcDNA3.1-Nrf2 on cell viability in microglia. Nrf2 pcDNA3.1-Nrf2 on the expression of TNF-a and IL-6
— nuclear factor erythroid 2-related factor 2; siRNA — in microglia. Nrf2 — nuclear factor erythroid 2-related
small interfering RNA. factor 2; siRNA — small interfering RNA; TNF — tumor
necrosis factor; IL — interleukin. * P<0.05 compared
with the control group; ** P<0.01 compared with the
80000 - control group.
% 60000 1 Figure 4, the expression of TNF-a and IL-6 were significantly
S increased by silencing of Nrf2 compared to the control group
£ 40000 - (both P<0.01), but were significantly reduced by overexpression
T of Nrf2 (both P<0.05). The results demonstrate that Nrf2 can
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Figure 3. The effect of transfection with Nrf2-specific siRNA or In the present study we found that overexpression of Nrf2 in-
PcDNA3.1-Nrf2 on phagocytic ability in microglia. Nrf2 hibits the activation of microglia cells and subsequently sup-

— nuclear factor erythroid 2-related factor 2; siRNA
- small interfering RNA. * P<0.05 compared with the
control group.

presses the phagocytic ability and production of inflammatory
cytokines (TNF-a and IL-6); these results were reversed when
interfered by Nrf2. The results suggest the protective role of
Nrf2 in microglia cells.
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Microglia cells, the resident macrophages of the CNS, are in-
volved in physiological and pathological processes of numer-
ous CNS disorders by regulating innate immunity and adaptive
immune responses [20,21]. The most remarkable and appealing
characteristics of microglia cells are their activation at very early
stages in response to injury and their capacity for site-directed
phagocytosis. With respect to activation, microglia cells show a
series of functional and morphological changes, establishing a
complicated immune response network. The activated microg-
lia cells polarize into 2 major subtypes, referred to as “M1” or
“M2”. M1 is recognized as a pro-inflammatory state and stim-
ulates cell-mediated immunity; it is involved in enhancement
of phagocytosis, presentation of antigens, and secretion of re-
active species, such as oxygen species (ROS) and nitric oxide
(NO) [6]. M2 microglia cells inhibit inflammation, clear cellular
debris, and secrete low levels of cytokines. It has been reported
that microglia cells remain activated for at least 1 year [22-24],
and even for as long as 17 years after TBI, as revealed by hu-
man postmortem studies [25], indicating that the persistence
of a chronic inflammatory stage is regulated by microglia cells.
However, excessive production of inflammatory cytokines or me-
diators by activated microglia cells cause the degeneration of oli-
godendrocytes and neuronal axons, leading to permanent neu-
rological damage in brain tissues. Hence, some researchers have
proposed that targeting microglial activation might be a prime
target for therapeutic intervention in inflammation-mediated
CNS disorders, including TBI and its co-morbidity factors [6].

The Nrf2 system is broadly expressed in the CNS and is in-
volved in response to acute cerebral lesions and neurodegen-
erative disorders. In addition to the significant regulatory role
in the endogenous defense against diverse cellular stresses,
Nrf2 has been suggested to play an important role in modulat-
ing neuroinflammation. Dysregulation of Nrf2 activity is thought
to be one of the pathogenic mechanisms in brain injury. For ex-
ample, Nrf2-knockout mice have been shown to be hypersensi-
tive, showing increased microglial infiltration with high levels of
TNF-a and IL-6 [18]. Nrf2 —/— primary cultured cortical neurons
are highly sensitive to oxidative stress, and the effect can be
reversed by transfection with a functional Nrf2 construct [26].
In addition, Nrf2-knockout mice administered kainite, a neu-
rotoxin, also showed increased infiltration of microglia cells in
the hippocampus [27]. Nrf2 /- mice have been reported to
show hypersensitivity to intracerebral hemorrhage (ICH) and
ischemia-reperfusion-induced early brain injury [28,29], and
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spontaneously develop vacuolar leukoencephalopathy with
widespread astrogliosis [30]. However, overexpression of Nrf2
has a critical protective role in CNS diseases. For example,
Shih et al. created an activity inducer, tert-butyl-hydroquinone,
that induces the expression of several Nrf2-mediated genes,
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to inflammation-mediated neurodegenerative disorders [33].
These studies have indicated that the expression of Nrf2 is as-
sociated with protection against CNS diseases.

To identify whether Nrf2 protects against TBI partly by regulat-
ing microglia function, we established microglia cells that down-
expressed and overexpressed Nrf2 by transfection with siNrf2
or pcDNA3.1-Nrf2. The mRNA and protein levels of Nrf2 were
confirmed. After transfection, the results showed the viability
of microglia cells was significantly inhibited by overexpression
of Nrf2, demonstrating that the activation of microglia cells was
suppressed. Subsequently, we explored their phagocytic activ-
ity, which is an equally remarkable function of microglia cells.
The results showed that the phagocytic activity was also sig-
nificantly decreased by overexpression of Nrf2, indicating the
protective role of Nrf2 in microglia. Furthermore, the expres-
sion of inflammatory cytokines (TNF-o and IL-6) in microglia
cells was assessed. TNF-o,, a major initiator of inflammation,
is released in response to inflammatory stimulus at an early
stage [34]. After release of TNF-q, IL-6 is released and is re-
garded as an important proinflammatory cytokine, which is re-
sponsible for the pathogenesis of many inflammatory diseas-
es [35]. Expression levels of TNF-o and IL-6 were reduced by
overexpression of Nrf2, demonstrating that Nrf2 can signifi-
cantly suppress the inflammatory response.

Conclusions

This study demonstrates that Nrf2 might protect against TBI
partly by regulation of microglia function.
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