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Omega-3 polyunsaturated fatty acid
supplementation attenuates microglial-
induced inflammation by inhibiting the
HMGB1/TLR4/NF-κB pathway following
experimental traumatic brain injury
Xiangrong Chen1†, Shukai Wu1†, Chunnuan Chen2, Baoyuan Xie1, Zhongning Fang1, Weipeng Hu1, Junyan Chen1,
Huangde Fu3* and Hefan He4*

Abstract

Background: Microglial activation and the subsequent inflammatory response in the central nervous system play
important roles in secondary damage after traumatic brain injury (TBI). High-mobility group box 1 (HMGB1) protein,
an important mediator in late inflammatory responses, interacts with transmembrane receptor for advanced
glycation end products (RAGE) and toll-like receptors (TLRs) to activate downstream signaling pathways, such as the
nuclear factor (NF)-κB signaling pathway, leading to a cascade amplification of inflammatory responses, which are
related to neuronal damage after TBI. Omega-3 polyunsaturated fatty acid (ω-3 PUFA) is a commonly used clinical
immunonutrient, which has antioxidative and anti-inflammatory effects. However, the effects of ω-3 PUFA on
HMGB1 expression and HMGB1-mediated activation of the TLR4/NF-κB signaling pathway are not clear.

Methods: The Feeney DM TBI model was adopted to induce brain injury in rats. Modified neurological
severity scores, brain water content, and Nissl staining were employed to determine the neuroprotective
effects of ω-3 PUFA supplementation. Assessment of microglial activation in lesioned sites and protein
markers for proinflammatory, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, interferon (IFN)-γ,
and HMGB1 were used to evaluate neuroinflammatory responses and anti-inflammation effects of ω-3 PUFA
supplementation. Immunofluorescent staining and western blot analysis were used to detect HMGB1 nuclear
translocation, secretion, and HMGB1-mediated activation of the TLR4/NF-κB signaling pathway to evaluate the
effects of ω-3 PUFA supplementation and gain further insight into the mechanisms underlying the
development of the neuroinflammatory response after TBI.
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Results: It was found that ω-3 PUFA supplementation inhibited TBI-induced microglial activation and
expression of inflammatory factors (TNF-α, IL-1β, IL-6, and IFN-γ), reduced brain edema, decreased neuronal
apoptosis, and improved neurological functions after TBI. We further demonstrated that ω-3 PUFA
supplementation inhibited HMGB1 nuclear translocation and secretion and decreased expression of HMGB1 in
neurons and microglia in the lesioned areas. Moreover, ω-3 PUFA supplementation inhibited microglial
activation and the subsequent inflammatory response by regulating HMGB1 and the TLR4/NF-κB signaling
pathway.

Conclusions: The results of this study suggest that microglial activation and the subsequent neuroinflammatory
response as well as the related HMGB1/TLR4/NF-κB signaling pathway play essential roles in secondary injury after TBI.
Furthermore, ω-3 PUFA supplementation inhibited TBI-induced microglial activation and the subsequent inflammatory
response by regulating HMGB1 nuclear translocation and secretion and also HMGB1-mediated activation of the TLR4/
NF-κB signaling pathway, leading to neuroprotective effects.

Keywords: Traumatic brain injury, Omega-3 polyunsaturated fatty acid, Microglia, Neuroinflammation, HMGB1/TLR4/
NF-κB pathway

Background
Traumatic brain injury (TBI)-induced secondary injury is a
complicated pathophysiological procedure that includes
microglial activation, inflammatory cytokine release, oxida-
tive stress, and abnormal mitochondrial activities, all of
which inhibit functional repair after TBI [1–3]. TBI-induced
microglial activation and the release of inflammatory factors,
such as tumor necrosis factor (TNF), interleukin (IL), and
interferon (IFN), cause direct neuronal cell death and also
induce vascular endothelial cells to express a variety of cell
adhesion molecules and cell chemotaxis. In addition, micro-
glial activation can stimulate nitric oxide synthesis, which
leads to increased capillary permeability, blood–brain barrier
dysfunction, brain edema, and promotion of neuronal apop-
tosis [4, 5]. The inhibition of TBI-induced microglial activa-
tion and the subsequent neuroinflammatory response has
been shown to improve the recovery in TBI patients [6].
High-mobility group box 1 (HMGB1), a member of the

HMG family, is a non-histone-binding protein and is cen-
tral to late inflammatory responses [7, 8]. Under normal
physiological conditions, HMGB1 is located in the nucleus
and binds with DNA to stabilize chromosomal structure
and also regulate transcription and translation [8]. How-
ever, under pathophysiological conditions such as TBI and
ischemia, cellular damage/death can induce HMGB1
translocation from the nucleus to the extracellular space,
where it induces microglial activation causing further re-
lease of HMGB1 [9–11]. Extracellular HMGB1 binds to
transmembrane receptors such as receptor for advanced
glycation end products (RAGE) and toll-like receptors
(TLRs) to induce further release of inflammatory cyto-
kines [12, 13]. TLR4, a member of the toll-like receptor
family, is an important transmembrane receptor involved
in inflammation and plays an important role in HMGB1-
mediated inflammatory processes [14]. Furthermore,
TLR4 mediates other exogenous ligands, such as

lipopolysaccharide (LPS), and also endogenous ligands, all of
which elicit inflammatory responses that stimulate micro-
glial activation and further release of inflammatory factors
[15, 16]. HMGB1 activates TLR4 through both the medul-
lary differentiation factor (MyD88) and non-MyD88-
dependent pathways, triggering a signal cascade, either dir-
ectly through the nuclear factor-κB (NF-κB) pathway or in-
directly via the PI3K or MAPKs pathway. Following nuclear
translocation of NF-κB, the expression of large numbers of
inflammatory cytokines, as well as cascade amplification of
inflammatory responses, occur [17–19]. Therefore, the in-
vestigation of the roles of HMGB1 translocation and release,
and HMGB1-mediated activation of the TLR4/NF-κB sig-
naling pathway in TBI-induced microglial activation and the
subsequent inflammatory response, is paramount to further
understand the mechanisms of TBI-induced secondary
brain damage.
Omega-3 polyunsaturated fatty acid (ω-3 PUFA) plays

a key role on human metabolism and includes α-
linolenic acid, eicosapentaenoic acid, and docosahexae-
noic acid [20]. Recent studies showed that ω-3 PUFA
not only provides energy support through metabolism
but also regulates inflammatory responses and immune
function and also maintains internal organ functions [21,
22]. In addition, ω-3 PUFA affects the synthesis of lipids,
regulates both the inflammatory response and release of
inflammatory factors, and has antioxidative and anti-
inflammation effects; all of which influence the patho-
genesis of many diseases, including Alzheimer’s disease,
multiple sclerosis, Parkinson’s disease, and cerebral is-
chemia [23–26]. Several studies have shown that ω-3
PUFA inhibited TBI-induced inflammatory responses
and that this inhibitory mechanism may be related to
microglial activation [27–29]. To date, no studies have
elucidated if ω-3 PUFA affects HMGB1 translocation
and release, or the exact mechanisms involved in
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HMGB1-mediated activation of the TLR4/NF-κB signaling
pathway in TBI-induced microglial activation and the
subsquent inflammatory response [15, 16]. In the present
study, we investigated whether the immunonutrient, ω-3
PUFA, inhibited TBI-induced microglial activation and
the subsequent inflammatory response and also facilitated
neuronal recovery through inhibition of both HMGB1
translocation and release, and HMGB1-mediated activa-
tion of the TLR4/NF-κB signaling pathway.

Methods
Animals
All animal experiments were approved by the Fujian Provin-
cial Medical University Experimental Animal Ethics Com-
mittee (Fuzhou, China) and were performed under strict
supervision. Adult male Sprague–Dawley rats, ranging be-
tween 230 and 260 g, were purchased from the Experimental
Animal Facility in Fujian Medical University and housed in a
temperature (23 ± 2 °C) and light (12 h light/dark cycle)-con-
trolled room with ad libitum access to food and water.

Experimental model and drug administration
All rats were randomly assigned into a sham group, TBI
group, and TBI + ω-3 PUFA supplementation group (TBI
+ ω-3 group) (n = 36 each). After injury, the groups were
further divided into three subgroups: 1, 3, and 7 days. TBI
was induced in anesthetized (50 mg/kg sodium pentobar-
bital; intraperitoneally) rats as described previously [30].
Briefly, a midline incision was made over the skull, and a 5-
mm craniotomy was drilled through the skull 2 mm caudal
to the left coronal suture and 2 mm from the mid line with-
out disturbing the dura. TBI was induced using a weight-
drop hitting device (ZH-ZYQ, Electronic Technology De-
velopment Co., Xuzhou, China) with a 4.5-mm-diameter
cylinder bar weighing 40 g from a height of 20 cm.
Bone wax was used to seal the hole, and the scalp
was sutured. All procedures were the same for each
group except in the sham group, in which no weight
was dropped. Approximately 30 min after TBI, the
TBI + ω-3 group was intraperitoneally injected with
ω-3 PUFA (2 ml/kg; Sigma, St. Louis, MO, USA)
once per day for seven consecutive days [23]. The re-
mainder of the groups were injected with same dose
of 0.9% NaCl as a control. As LPS is known to be a
TLR4 agonist that activates TLR4 signaling to mediate
inflammatory responses [31, 32], the rats were
injected with 2 mg/kg LPS intraperitoneally 24 h after
intraperitoneal ω-3 PUFA to clarify the role of TLR4/
NF-κB in ω-3 PUFA neuroprotection.

Assessment of neurological injury
Modified neurological severity scores (mNSS) [30] were
used to evaluate the motor (muscle state, abnormal

movement), sensory (visual, tactile, and proprioceptive),
and reflex systems of rats. The mNSS test is graded on a
scale of 0–18, where a total score of 18 points indicates se-
vere neurological deficits and a score of 0 indicates normal
performance; 13–18 points indicates severe injury, 7–12
indicates mean to moderate injury, and 1–6 indicates mild
injury. Evaluation was performed 1, 3, and 7 days after
TBI by investigators who were blinded to the experiments.

Measurement of brain water content
After evaluation of neurological injury, the rats were
sacrificed by decapitation and the brains were harvested
immediately. A portion of the cerebral cortex (2 mm
around craniotomy; 200 ± 20 mg) was isolated, and both
blood and cerebrospinal fluid were removed using filter
paper before wrapping the sample into pre-weighed
aluminum foil. After wet weight was measured using a
digital scale, samples were placed in an oven to dry for
24 h at 100 °C. Dry weight was measured again for each
sample. Brain water content was found using the for-
mula: % = 100% × (wet weight − dry weight)/dry weight.

Nissl staining
Cortical tissue from lesion areas were fixed in formalde-
hyde, embedded in paraffin, and cut into 4-μm sections.
Slices went through xylene dewaxing and an alcohol gra-
dient rehydration as above and stained with Nissl solution
(Boster Biotech, Wuhan, China) for 5 min. Compared to
normal neurons, the cell bodies of injured neurons were
shrunken and/or contained vacuoles and the nuclei
stained darker. A pathologist who was blinded to the ex-
periments randomly selected five random regions of inter-
est (ROIs) under a high magnification optical microscope
(×400; Leica, Wetzlar, Germany) to observe positively
stained cells surrounding injury areas. Five random ROIs
were selected for quantification, and the mean was used
for the statistical analysis.

Measurement of neuronal apoptosis by TUNEL staining
A TUNEL assay was performed using an apoptosis kit
according to the manufacturer’s instructions (Roche Inc.,
Indianapolis, IN, USA). Sample slices were incubated with
NeuN (1:100; Boster Biotech) overnight at 4 °C, and after
three washings in PBS, the samples were incubated with
TUNEL reaction mixture for 1 h at 37 °C. Double blinding
was used for quantification. TUNEL-positive neurons
surrounding the injury areas were observed and counted
under high magnification (×400) on a ZEISS HB050
inverted microscope (Oberon Cohen, Germany). Five
ROIs were selected for quantification, and the mean was
used for the statistical analysis.
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Immunohistochemical and immunofluorescent staining
Cortical tissues from the lesioned areas were embedded
in paraffin after being fixed in formaldehyde and cut into
4-μm sections. Slices went through xylene dewaxing,
gradient alcohol hydration, and a citric acid buffer micro-
wave protocol for antigen retrieval. For immunohisto-
chemistry, the sections were incubated with antibodies
against HMGB1 (1:100; Cell Signaling Technology, Dan-
vers, MA, USA), Iba-1 (1:200; Santa Cruz Biotechnology,
CA, USA), and GFAP (Abcam, Cambridge, UK) overnight
at 4 °C. For immunofluorescence, the sections were
incubated with antibodies against NeuN (1:100; Boster
Biotech), Iba-1 (1:200; Santa Cruz), and HMGB1 (1:100;
Cell Signaling Technology) overnight at 4 °C. Following
washing, the sections were then incubated with secondary
goat anti-rabbit IgG antibodies (Alexa Fluor 488 or Alexa
Fluor 594, 1:200, Invitrogen, Grand Island, NY, USA) for
an additional 1 h at room temperature. The cell nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI).
A pathologist who was blinded to the experiments ran-
domly selected five ROIs using a ZEISS HB050 inverted
microscope system (×400; Oberon Cohen, Germany) to

observe positively stained cells surrounding the injury
areas. Evaluation of immunohistochemical sections was
undertaken by assessing the intensity of staining (five
grades) [33] where 0 indicated no detectable positively
stained cells; 1 indicated a very low density of positively
stained cells; 2 indicated a moderate density of positively
stained cells; 3 indicated a higher, but not maximal density
of positively stained cells; and 4 indicated the maximal
density of positively stained cells. A mean of five ROIs was
used for statistical analysis.

Detection of inflammatory factors by enzyme-linked im-
munosorbent assay (ELISA)
Inflammatory factors in brain tissues were detected
using an ELISA kit according to the manufacturer’s
instructions (Biocalvin Company, Suzhou, China).
Briefly, TNF-α, IL-1β, IL-6, IFN-γ, and HMGB1 (Boster
Biotech) in both standards and samples were sequen-
tially incubated with respective monoclonal antibodies
and biotinylated anti-rat antibody, followed by horserad-
ish peroxidase. Measured OD values were converted into
a concentration value.

Fig. 1 Effects of ω-3 PUFA supplementation on neurological function, brain edema, and neuronal apoptosis after TBI. a ω-3 PUFA supplementation
improved neurological functions 7 days after TBI (8.14 ± 0.31 vs. 9.93 ± 0.42, p < 0.05). b ω-3 PUFA supplementation decreased brain water content
3 days after TBI (80.37 ± 0.54% vs. 83.62 ± 0.73%, p < 0.05). c A schematic of a brain section after TBI. Areas in red refer to the lesion sites, and areas in
blue refer to the sample points, d, e ω-3 PUFA supplementation decreased neuronal apoptosis in lesioned cortices (53.47 ± 6.54% vs. 84.50 ± 8.69%, p
< 0.05). Representative photomicrographs of Nissl staining in the experimental groups. Arrows point to apoptotic neurons; n = 6 in each group. The
values are expressed as mean ± standard deviation: *p < 0.05, **p < 0.01, scale bars= 50 μm
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Western blot analysis
Proteins were extracted with RIPA lysis buffer (Santa
Cruz Biotechnology), and 30 μg of total protein was
loaded on a gel and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Proteins were
transferred to polyvinylidene difluoride membranes and
probed with primary antibodies against cleaved caspase-
3 (1:300, Cell Signaling Technology), Bax (1:500,
Abcam), SIRT1, Iba-1, phosphorylated (p)-IκB, TLR4,
and NF-κB p65 (1:200, Cell Signaling Technology),
followed by incubation with appropriate horseradish
peroxidase-conjugated IgG (1:5000, Boster Biotech) sec-
ondary antibodies. Immunoblots were visualized using
the Millipore ECL Western Blotting Detection System
(Millipore, Billerica, MA, USA). Expression levels were
normalized against β-actin (1:5000, Boster Biotech) or
Lamin B1 (1:3000, Cell Signaling Technology).

Statistical analysis
All statistical analyses were performed using SPSS 18.0
statistical software (SPSS Inc., Chicago, IL, USA). The
results were expressed as mean ± standard deviation.
Statistical differences among the groups were assessed by
one-way ANOVA, and post hoc multiple comparisons

were performed using Student-Newman-Keuls tests.
Values of p < 0.05 were considered statistically significant.

Results
Neuroprotective effects of ω-3 PUFA supplementation
after TBI
Using mNSS to assess neurological functions in all groups
[30], rats from the TBI group showed the highest levels of
neurological deficits 1 day after TBI (12.23 ± 0.69). From
day 7 after TBI, rats in the TBI + ω-3 group showed signifi-
cantly better neurological functions than rats in the TBI
groups (8.14 ± 0.31 vs. 9.93 ± 0.42, p < 0.05) (Fig. 1a).
Brain water content is a critical indicator used to

evaluate prognosis after TBI [34]. Compared with the
sham group, brain water content in the TBI group was
significantly increased (p < 0.05). Supplementation with
ω-3 PUFA significantly decreased brain water content
3 days after TBI compared to the TBI group (80.37 ±
0.54% vs. 83.62 ± 0.73%, p < 0.05) (Fig. 1b). Nissl staining
was used to evaluate neuronal apoptosis in lesioned cor-
tices [34]. Results demonstrated that the TBI group had
significantly higher percentages of apoptotic cells in the
cortex 3 days after TBI compared to the sham group (p
< 0.05). However, compared to the TBI group, the TBI +

Fig. 2 ω-3 PUFA supplementation inhibits microglial activation and the subsequent inflammatory response. a The microglial marker, Iba-1, was
significantly decreased by ω-3 PUFA supplementation, but not the astrocytic marker, GFAP. b ω-3 PUFA supplementation decreased Iba-1 protein
levels (1.44 ± 0.21 vs. 3.13 ± 0.35, p < 0.05), but not GFAP protein levels (2.62 ± 0.31 vs. 2.83 ± 0.42, p > 0.05). c ω-3 PUFA supplementation significantly
decreased TBI-induced enhancement of TNF-α, IL-1β, IL-6, IFN-γ, and HMGB1 (p < 0.05); n = 6 in each group. The values are expressed as mean ±
standard deviation: *p < 0.05, **p < 0.01, scale bars= 50 μm
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ω-3 group had significantly lower percentages of apop-
totic cells (53.47 ± 6.54% vs. 84.50 ± 8.69%, p < 0.05)
(Fig.1c–e), suggesting ω-3 PUFA supplementation had
neuroprotective effects after TBI.

ω-3 PUFA supplementation inhibits microglia-mediated in-
flammatory response in the central nervous system (CNS)
Considering the important effects of microglial activation
and the subsequent neuroinflammatory response on sec-
ondary damage after TBI [6, 35], the effect of ω-3 PUFA
supplementation on microglial activation and expression
of inflammatory factors 3 days after TBI was investigated.
Both immunohistochemical staining and western blot ana-
lysis showed that activated microglial cells (Iba-1+) and as-
trocytes (GFAP+) were increased after TBI. Interestingly,

ω-3 PUFA supplementation significantly inhibited micro-
glial activation (1.44 ± 0.21 vs. 3.13 ± 0.35, p < 0.05), but
not astrocyte activation (2.62 ± 0.31 vs. 2.83 ± 0.42, p >
0.05) (Fig. 2a, b). Expression levels of inflammatory factors
(TNF-α, IL-1β, IL-6, IFN-γ, and HMGB1) were measured
after TBI using an ELISA kit, and results showed that the
TBI group had significantly higher expression levels of
inflammatory factors compared to the sham group, while
ω-3 PUFA supplementation decreased the TBI-induced
enhancement of these factors (p < 0.05) (Fig. 2c).

ω-3 PUFA supplementation inhibits HMGB1 expression in
lesioned cortices
HMGB1 translocation and release play important roles
in TBI-induced microglial activation and the subsequent

Fig. 3 ω-3 PUFA supplementation inhibits HMGB1 expression in lesioned cortices. a HMGB1 immunoreactivity in the cortex was significantly
decreased by ω-3 PUFA supplementation (1.92 ± 0.22 vs. 2.86 ± 0.39, p < 0.05). b ω-3 PUFA supplementation significantly decreased HMGB1
expression in cytosolic and total cellular protein levels (p < 0.05), but not nuclear protein (p > 0.05). c SIRT1 protein level was upregulated after
ω-3 PUFA supplementation; n = 6 in each group. The values are expressed as mean ± standard deviation: *p < 0.05, **p < 0.01, scale bars = 50 μm
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inflammatory response [10]. As results from the current
study showed that ω-3 PUFA supplementation inhibited
HMGB1 release, it was necessary to study whether ω-3
PUFA supplementation had the same effect on the ex-
pression and translocation of HMGB1. As translocation
and release of HMGB1 are known to be closely related to
its acetylation levels [36, 37], sirtuins (SIRTs), a family of
deacetylases, were also examined to elucidate ω-3 PUFA-
mediated inhibition of HMGB1. Western blot analysis
demonstrated that expression levels of HMGB1 in the
cytosol, nuclei, and in total protein levels of cells from
lesioned cortices increased after TBI, but following ω-3
PUFA supplementation, immunohistochemical staining
showed decreased expression of HMGB1 3 days after TBI

(1.92 ± 0.22 vs. 2.86 ± 0.39, p < 0.05) (Fig. 3a). Compared
with the TBI group, ω-3 PUFA supplementation effectively
decreased HMGB1 expression in the cytosol and in total
protein of cells from lesioned cortices (p < 0.05), but not
in nuclear protein (p > 0.05) (Fig. 3b). Finally, SIRT1
protein levels were also upregulated after ω-3 PUFA
supplementation (p < 0.05) (Fig. 3c).

ω-3 PUFA supplementation provides neuroprotection via
inhibition of HMGB1
Using double immunofluorescent staining, HMGB1
expression in neurons (NeuN+) and microglia (Iba-1+)
was assessed. Compared to the sham group, the expres-
sion levels of HMGB1 in both neurons and microglia

Fig. 4 ω-3 PUFA supplementation inhibits HMGB1 expression in lesioned cortices. a TBI enhanced the expression of HMGB1 in neurons (NeuN+),
which was significantly decreased by ω-3 PUFA supplementation (p < 0.05). Arrows point to HMGB1-positive neurons. b TBI enhanced the expression
of HMGB1 in microglial cells (Iba-1+), which was significantly decreased by ω-3 PUFA supplementation (p < 0.05). Arrows point to HMGB1-positive
microglial cells (Iba-1+). c ω-3 PUFA supplementation decreased the expression of cleaved caspase-3 and Bax in lesioned cortices (p < 0.05); n = 6 in
each group. The values are expressed as mean ± standard deviation: *p < 0.05, **p < 0.01, scale bars= 50 μm
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were higher in the TBI group 3 days after injury. After
ω-3 PUFA supplementation, HMGB1 expression was
inhibited in both neurons and microglia in lesioned cor-
tices (p < 0.05) (Fig. 4a, b). Western blot analysis showed
that compared to the TBI group, expression levels of
cleaved caspase-3 and Bax were significantly reduced in
the TBI + ω-3 group 3 days after TBI (p < 0.05) (Fig. 4c).
TUNEL staining further demonstrated that TUNEL-
positive neurons were significantly decreased in the TBI
+ ω-3 group 3 days after TBI compared in the TBI group
(56.19 ± 6.60% vs. 83.23 ± 5.46%, p < 0.05) (Fig. 5). The
results suggested that HMGB1 plays an important role
in TBI-induced microglial activation and neuronal dam-
age and that ω-3 PUFA supplementation inhibited
microglial activation and neuronal apoptosis thus pro-
viding neuroprotection through the inhibition of both
HMGB1 expression and activity.

ω-3 PUFA supplementation influences HMGB1-mediated
activation of the TLR4/NF-κB signaling pathway in le-
sioned cortices
As HMGB1 has been shown to activate the TLR4/NF-κB
signaling pathway which induces the release of various
inflammatory factors [14], changes in TLR4/NF-κB sig-
naling pathway-related factors (NF-κB p65, p-IκB, and
TLR4) were measured after ω-3 PUFA supplementation
using western blot analysis and immunofluorescence
staining. Data showed that compared to the TBI group,
ω-3 PUFA supplementation inhibited NF-κB p65 nuclear
translocation and decreased NF-κB p65 expression 3 days
after injury (p < 0.05). Moreover, ω-3 PUFA supplemen-
tation decreased the expression of TLR4/NF-κB-related

factors, including p-IκB and TLR4 (p < 0.05) (Fig. 6a, b).
LPS activates TLR4 signaling to mediate inflammatory
responses [11, 38]. As expected, the inhibitory effects of
ω-3 PUFA supplementation on the inflammatory
response and TLR4/NF-κB pathway were reversed by
the TLR4 agonist, LPS (p < 0.05) (Fig. 6a, c). Overall, our
results indicated that ω-3 PUFA supplementation could
inhibit HMGB1-mediated activation of the TLR4/NF-κB
pathway and attenuate the subsequent inflammatory
response after TBI.

Discussion
In the present study, we demonstrated that ω-3 PUFA, a
commonly used clinical immunonutrient, has neuropro-
tective effects on TBI-induced damage. Based on the
Feeney DM TBI model in rats, we showed that ω-3
PUFA supplementation reduced brain edema and im-
proved neurological scores. Data from Nissl staining and
western blot analysis also demonstrated that ω-3 PUFA
supplementation protected neuron and improved neuro-
logical functions by inhibiting TBI-induced expression of
the apoptotic factors, cleaved caspase-3, and Bax (Fig. 7).
It has been well established that ω-3 PUFA is the pre-

cursor for several components of the neuronal mem-
brane and also that it is essential for neurodevelopment
[23–26]. Administration of ω-3 PUFA after injury has
been shown to improve neurological outcomes in
experimental TBI. The mechanisms involved in this
improvement are most likely associated with decreased
oxidative stress and neurotrophic support and inhibition
of neuron apoptotic pathways [24]. In addition, ω-3 PUFA
has antioxidative and anti-inflammatory effects that

Fig. 5 ω-3 PUFA supplementation inhibits neuronal apoptosis in lesioned cortices. a ω-3 PUFA supplementation significantly decreased the rate
of TUNEL-positive neurons after TBI (56.19 ± 6.60% vs. 83.23 ± 5.46%, p < 0.05). Arrows point to TUNEL-positive neurons. b The rate of neuronal
apoptosis in the three groups; n = 6 in each group. The values are expressed as mean ± standard deviation: *p < 0.05, ** p < 0.01,
scale bars = 50 μm
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influence the pathogenesis of many diseases [23–26].
Microglial activation and the subsequent neuroinflamma-
tory response play important roles in secondary injury
after TBI [4, 6]. The antioxidative and anti-inflammatory
effects of ω-3 PUFA-mediated regulation of inflammation
and the release of immune factors has been documented
[24, 25]. However, its effects on TBI-induced microglial
activation and neuroinflammation have yet to be investi-
gated. Our study showed that activation of microglia and
expression of inflammatory factors (TNF-α, IL-1β, IL-6,
and IFN-γ) were significantly enhanced in brain tissues
after TBI, which were associated with brain edema and
neurological deficits. After ω-3 PUFA supplementation,
microglial activation was inhibited and there was a
decrease in TBI-induced inflammatory factors, suggesting
ω-3 PUFA supplementation could decrease microglial

activation and the subsequent inflammatory response,
reduce brain edema, inhibit apoptosis, and improve
neurological functions.
HMGB1 is considered to be the central component of

the late inflammatory response. The translocation and
secretion of HMGB1 are important step in HMGB1-
induced inflammation [7, 39]. After release, HMGB1
binds to transmembrane TLR4 and activates the TLR4/
NF-κB signaling pathway, ultimately leading to neuroin-
flammation in the CNS [9, 10]. The effects of ω-3 PUFA
supplementation on HMGB1 translocation and release
and HMGB1-induced TLR4/NF-κB activation have, to
date, not been fully elucidated. Here, we showed that
HMGB1 expression in neurons and microglial cells lo-
cated in the lesioned cortices was significantly increased
after TBI and that ω-3 PUFA supplementation reduced

Fig. 6 ω-3 PUFA supplementation inhibits HMGB1-mediated activation of the TLR4/NF-κB pathway in lesioned cortices. a ω-3 PUFA supplementation
inhibited NF-κB p65 translocation to the nucleus (p < 0.05). Representative photomicrographs of HMGB1 staining in the experimental groups. b The
expression of HMGB1-mediated TLR4/NF-κB-related factors (NF-κB p65, p-IκB, and TLR4) increased 3 days after TBI (p < 0.05). Subsequent ω-3 PUFA
supplementation inhibited NF-κB p65 nuclear translocation and decreased the expression of NF-κB p65, p-IκB, and TLR4. The inhibitory effect of ω-3
PUFA supplementation on the TLR4/NF-κB pathway was reversed by the TLR4 agonist, LPS (p<0.05). c The inhibitory effect of ω-3 PUFA supplementation
on the neuroinflammatory response was also reversed by LPS (p< 0.05); n= 6 in each group. The values are expressed as mean± standard deviation:
*p< 0.05, **p< 0.01, scale bars= 50 μm
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this expression, suggesting that HMGB1 played a critical
role in neuroinflammation and neuronal injury after
TBI. Moreover, ω-3 PUFA supplementation inhibited the
translocation and release of HMGB1 and its subsequent
activities after TBI. TUNEL staining and western blot
analysis further demonstrated that ω-3 PUFA supple-
mentation inhibited neuronal apoptosis. Our results sug-
gested that HMGB1 has important roles in microglial
activation and neuronal apoptosis and that ω-3 PUFA
supplementation provides neuroprotection by inhibiting
HMGB1 expression and release (Fig. 7).
HMGB1 release is closely related to its acetylation level,

which is regulated by protein deacetylase [36, 37]. SIRTs are
a family of deacetylases that require nicotinamide adenine
dinucleotide (NAD+) as a cofactor for the deacetylation re-
action [33]. Interestingly, ω-3 PUFA supplementation has
been shown to protect against obesity-associated inflamma-
tion and colon carcinogenesis through upregulation of
SIRT1 [40]. In this study, we also found that SIRT1 protein
levels were upregulated after ω-3 PUFA supplementa-
tion, indicating that ω-3 PUFA inhibited the expres-
sion, translocation, and release of HMGB1 in a SIRT1
deacetylation-mediated-dependent manner. Future
studies involving the expression of acetylated HMGB1
and SIRT1 activity should be examined to elucidate
the novel anti-inflammatory mechanisms of omega-3
PUFA-mediated inhibition of HMGB1.

In order to further understand the mechanism by
which ω-3 PUFA supplementation inhibits HMGB1 ex-
pression and TBI-induced inflammation, we investigated
the changes in factors involved in the TLR4/NF-κB sig-
naling pathway, which were involved in inflammation
processes after ω-3 PUFA supplementation. TLR4, p65,
and IκB are known to be major components in the
TLR4/NF-κB signaling pathway [36, 37]. Following
TLR4 activation by extracellular inflammatory factors,
phosphorylation and subsequent release of IκB occurs,
leading to activation of NF-κB. Nuclear translocation of
NF-κB then induces a cascade of inflammatory re-
sponses [36, 37]. Results from the present study showed
that ω-3 PUFA supplementation inhibited the translocation
of NF-κB p65 from the cytosol to the nucleus, reduced NF-
κB p65 expression, and inhibited the expression of the
TLR4/NF-κB signaling pathway-associated proteins, p-IκB
and TLR4. The inhibitory effects of ω-3 PUFA supplemen-
tation on the inflammatory response and on TLR4/NF-κB
signaling pathway activation was reversed by LPS, suggest-
ing HMGB1-mediated activation of the TLR4/NF-κB path-
way has an important role in TBI-induced inflammatory
responses. Future studies involving HMGB1 or TLR4
knockout mice are warranted to further investigate the
mechanisms involved in ω-3 PUFA-mediated inhibition of
HMGB1 and subsequent activation of the TLR4/NF-κB
pathway. In addition, other transmembrane receptors for

Fig. 7 Schematic illustrating the possible neuroprotective mechanisms of ω-3 PUFA supplementation after TBI. As illustrated, TBI-induced microglial
activation initiates a neuron-glia neuroinflammatory response by producing a wide array of proinflammatory factors or mediators such as TNF, IL, and
IFN. Under inflammatory conditions, elevated HMGB1 binds to transmembrane toll-like receptors (TLRs) to induce further release of inflammatory
cytokines. Supplementation with ω-3 PUFA inhibited TBI-induced microglial activation and the subsequent inflammatory response and also facilitated
neuronal recovery through inhibition of HMGB1 translocation and release, and HMGB1-mediated activation of the TLR4/NF-κB signaling pathway
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HMGB1, such as RAGE, should be investigated [41] to fa-
cilitate the understanding of the mechanisms involved in the
anti-inflammatory effects of ω-3 PUFA supplementation.

Conclusions
Taken together, our study showed that the immunonu-
trient, ω-3 PUFA, inhibited HMGB1 translocation and
extracellular release, thus affecting HMGB1-mediated
activation of the TLR4/NF-κB signaling pathway. Ultim-
ately, this led to a reduction in TBI-induced microglial
activation and the subsequent inflammatory response
thus providing neuroprotection.

Abbreviations
ELISA: Enzyme-linked immunosorbent assay; HMGB1: High-mobility group
box 1; IFN: Interferon; IL: Interleukin; LPS: Lipopolysaccharide; mNSS: Modified
neurological severity scores; NAD: Nicotinamide adenine dinucleotide; NF-
κB: Nuclear factor-κB; RAGE: Receptor for advanced glycation end products;
TBI: Traumatic brain injury; TLRs: Toll-like receptors; TNF: Tumor necrosis
factor; ω-3 PUFA: Omega-3 polyunsaturated fatty acid

Acknowledgements
We would like to thank Dr. Hongzhi Gao (Department of Central Laboratory,
the Second Affiliated Hospital, Fujian Medical University) for the advice and
expert technical support and also Dr. Handong Wang (Department of
Neurosurgery, Jinling Hospital, Southern Medical University) for their
generous assistance with the paper revision. Sincere appreciation is also
given to the teachers and our colleagues from Jinling Hospital and the
Second Affiliated Hospital of Fujian Medical University, who participated in
this study with great cooperation.

Funding
This work was supported by grants from the funds for Fujian Province
Scientific Foundation (no. 2015J01443) and Fujian Province Hygiene
Innovation Foundation (no. 2015-CXB-20) from Dr. Xiangrong Chen.

Availability of data and materials
All the datasets and materials supporting the conclusions of this article are
presented in the manuscript.

Authors’ contributions
XC contributed in the conception and design and writing of the manuscript.
SW, CC, BX, and ZF supported several experiments and carried out the
acquisition, analysis, and interpretation of the data. WH and JC made the
statistical analysis and revision of the manuscript. HF and HH participated in
the technical support, obtaining of the funding, conception and design, and
revision of the manuscript. All authors read and approved the final
manuscript.

Ethics approval
The experimental protocols in the present study including all the surgical
procedures and animal usages conformed to the guidelines for the care and
use of laboratory animals by the National Institutes of Health (NIH) and were
approved by the Fujian Medical University Experimental Animal Ethics
Committee (Fuzhou, China).

Consent for publication
Consent for publication is not applicable for this manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Neurosurgery, the Second Affiliated Hospital, Fujian Medical
University, Quanzhou 362000, Fujian Province, China. 2Department of
Neurology, the Second Affiliated Hospital, Fujian Medical University,
Quanzhou 362000, Fujian Province, China. 3Department of Neurosurgery,
Affiliated Hospital of YouJiang Medical University for Nationalities, Baise
533000, Guangxi Province, China. 4Department of Anesthesia, the Second
Affiliated Hospital, Fujian Medical University, Quanzhou 362000, Fujian
Province, China.

Received: 25 May 2017 Accepted: 11 July 2017

References
1. Hopp S, Nolte MW, Stetter C, Kleinschnitz C, Siren AL, Albert-Weissenberger

C. Alleviation of secondary brain injury, posttraumatic inflammation, and
brain edema formation by inhibition of factor XIIa. J Neuroinflammation.
2017;14:39.

2. Sinha SP, Avcu P, Spiegler KM, Komaravolu S, Kim K, Cominski T, Servatius
RJ, Pang KC. Startle suppression after mild traumatic brain injury is
associated with an increase in pro-inflammatory cytokines, reactive gliosis
and neuronal loss in the caudal pontine reticular nucleus. Brain Behav
Immun. 2017;61:353–64.

3. McKee CA, Lukens JR. Emerging roles for the immune system in traumatic
brain injury. Front Immunol. 2016;7:556.

4. Corrigan F, Mander KA, Leonard AV, Vink R. Neurogenic inflammation after
traumatic brain injury and its potentiation of classical inflammation. J
Neuroinflammation. 2016;13:264.

5. Guadagno J, Swan P, Shaikh R, Cregan SP. Microglia-derived IL-1beta
triggers p53-mediated cell cycle arrest and apoptosis in neural precursor
cells. Cell Death Dis. 2015;6:e1779.

6. Kumar A, Stoica BA, Loane DJ, Yang M, Abulwerdi G, Khan N, Kumar A,
Thom SR, Faden AI. Microglial-derived microparticles mediate
neuroinflammation after traumatic brain injury. J Neuroinflammation. 2017;
14:47.

7. Lu B, Nakamura T, Inouye K, Li J, Tang Y, Lundback P, Valdes-Ferrer SI,
Olofsson PS, Kalb T, Roth J, et al. Novel role of PKR in inflammasome
activation and HMGB1 release. Nature. 2012;488:670–4.

8. Avgousti DC, Herrmann C, Kulej K, Pancholi NJ, Sekulic N, Petrescu J,
Molden RC, Blumenthal D, Paris AJ, Reyes ED, et al. A core viral protein
binds host nucleosomes to sequester immune danger signals. Nature. 2016;
535:173–7.

9. Wang D, Liu K, Wake H, Teshigawara K, Mori S, Nishibori M. Anti-high
mobility group box-1 (HMGB1) antibody inhibits hemorrhage-induced brain
injury and improved neurological deficits in rats. Sci Rep. 2017;7:46243.

10. Takizawa T, Shibata M, Kayama Y, Shimizu T, Toriumi H, Ebine T, Unekawa M,
Koh A, Yoshimura A, Suzuki N. High-mobility group box 1 is an important
mediator of microglial activation induced by cortical spreading depression.
J Cereb Blood Flow Metab. 2017;37:890–901.

11. Haruma J, Teshigawara K, Hishikawa T, Wang D, Liu K, Wake H, Mori S,
Takahashi HK, Sugiu K, Date I, et al. Anti-high mobility group box-1 (HMGB1)
antibody attenuates delayed cerebral vasospasm and brain injury after
subarachnoid hemorrhage in rats. Sci Rep. 2016;6:37755.

12. Okuma Y, Liu K, Wake H, Liu R, Nishimura Y, Hui Z, Teshigawara K, Haruma J,
Yamamoto Y, Yamamoto H, et al. Glycyrrhizin inhibits traumatic brain injury
by reducing HMGB1–RAGE interaction. Neuropharmacology. 2014;85:18–26.

13. Bald T, Quast T, Landsberg J, Rogava M, Glodde N, Lopez-Ramos D,
Kohlmeyer J, Riesenberg S, van den Boorn-Konijnenberg D, Homig-Holzel C,
et al. Ultraviolet-radiation-induced inflammation promotes angiotropism
and metastasis in melanoma. Nature. 2014;507:109–13.

14. Laird MD, Shields JS, Sukumari-Ramesh S, Kimbler DE, Fessler RD, Shakir B,
Youssef P, Yanasak N, Vender JR, Dhandapani KM. High mobility group box
protein-1 promotes cerebral edema after traumatic brain injury via
activation of toll-like receptor 4. Glia. 2014;62:26–38.

15. Liu XX, Wang C, Huang SF, Chen Q, Hu YF, Zhou L, Gu Y. Regnase-1 in
microglia negatively regulates high mobility group box 1-mediated
inflammation and neuronal injury. Sci Rep. 2016;6:24073.

16. Sun M, Deng B, Zhao X, Gao C, Yang L, Zhao H, Yu D, Zhang F, Xu L, Chen
L, et al. Isoflurane preconditioning provides neuroprotection against stroke
by regulating the expression of the TLR4 signalling pathway to alleviate
microglial activation. Sci Rep. 2015;5:11445.

Chen et al. Journal of Neuroinflammation  (2017) 14:143 Page 11 of 12



17. Lv W, Chen N, Lin Y, Ma H, Ruan Y, Li Z, Li X, Pan X, Tian X. Macrophage
migration inhibitory factor promotes breast cancer metastasis via activation
of HMGB1/TLR4/NF kappa B axis. Cancer Lett. 2016;375:245–55.

18. Wang Z, Wu L, You W, Ji C, Chen G. Melatonin alleviates secondary brain
damage and neurobehavioral dysfunction after experimental subarachnoid
hemorrhage: possible involvement of TLR4-mediated inflammatory
pathway. J Pineal Res. 2013;55:399–408.

19. Su X, Wang H, Zhao J, Pan H, Mao L. Beneficial effects of ethyl pyruvate
through inhibiting high-mobility group box 1 expression and TLR4/NF-
kappaB pathway after traumatic brain injury in the rat. Mediators Inflamm.
2011;2011:807142.

20. Pu H, Guo Y, Zhang W, Huang L, Wang G, Liou AK, Zhang J, Zhang P, Leak RK,
Wang Y, et al. Omega-3 polyunsaturated fatty acid supplementation improves
neurologic recovery and attenuates white matter injury after experimental
traumatic brain injury. J Cereb Blood Flow Metab. 2013;33:1474–84.

21. Ren H, Yang Z, Luo C, Zeng H, Li P, Kang JX, Wan JB, He C, Su H. Enriched
endogenous omega-3 fatty acids in mice ameliorate parenchymal cell
death after traumatic brain injury. Mol Neurobiol. 2017;54:3317-326.

22. Scrimgeour AG, Condlin ML. Nutritional treatment for traumatic brain injury.
J Neurotrauma. 2014;31:989–99.

23. Pu H, Jiang X, Wei Z, Hong D, Hassan S, Zhang W, Shi Y, Chen L, Chen J.
Repetitive and prolonged omega-3 fatty acid treatment after traumatic
brain injury enhances long-term tissue restoration and cognitive recovery.
Cell Transplant. 2017;26:555-69.

24. Michael-Titus AT, Priestley JV. Omega-3 fatty acids and traumatic
neurological injury: from neuroprotection to neuroplasticity? Trends
Neurosci. 2014;37:30–8.

25. Hasadsri L, Wang BH, Lee JV, Erdman JW, Llano DA, Barbey AK, Wszalek T,
Sharrock MF, Wang HJ. Omega-3 fatty acids as a putative treatment for
traumatic brain injury. J Neurotrauma. 2013;30:897–906.

26. Delattre AM, Carabelli B, Mori MA, Kempe PG, Rizzo DSL, Zanata SM,
Machado RB, Suchecki D, Andrade DCB, Lima M, et al. Maternal omega-3
supplement improves dopaminergic system in pre- and postnatal
inflammation-induced neurotoxicity in Parkinson’s disease model. Mol
Neurobiol. 2017;54:2090–106.

27. Tremblay ME, Zhang I, Bisht K, Savage JC, Lecours C, Parent M, Titorenko V,
Maysinger D. Remodeling of lipid bodies by docosahexaenoic acid in
activated microglial cells. J Neuroinflammation. 2016;13:116.

28. Inoue T, Tanaka M, Masuda S, Ohue-Kitano R, Yamakage H, Muranaka K,
Wada H, Kusakabe T, Shimatsu A, Hasegawa K, et al. Omega-3
polyunsaturated fatty acids suppress the inflammatory responses of
lipopolysaccharide-stimulated mouse microglia by activating SIRT1
pathways. Biochim Biophys Acta. 1862;2017:552–60.

29. Harvey LD, Yin Y, Attarwala IY, Begum G, Deng J, Yan HQ, Dixon CE, Sun D.
Administration of DHA reduces endoplasmic reticulum stress-associated
inflammation and alters microglial or macrophage activation in traumatic
brain injury. ASN Neuro. 2015;7:166019624.

30. Zhang R, Liu Y, Yan K, Chen L, Chen XR, Li P, Chen FF, Jiang XD. Anti-
inflammatory and immunomodulatory mechanisms of mesenchymal stem
cell transplantation in experimental traumatic brain injury. J
Neuroinflammation. 2013;10:106.

31. Eslami M, Sayyah M, Soleimani M, Alizadeh L, Hadjighassem M. Lipopolysaccharide
preconditioning prevents acceleration of kindling epileptogenesis induced by
traumatic brain injury. J Neuroimmunol. 2015;289:143–51.

32. Li Y, Korgaonkar AA, Swietek B, Wang J, Elgammal FS, Elkabes S,
Santhakumar V. Toll-like receptor 4 enhancement of non-NMDA synaptic
currents increases dentate excitability after brain injury. Neurobiol Dis. 2015;
74:240–53.

33. Zhang X, Wu Q, Wu L, Ye Z, Jiang T, Li W, Zhuang Z, Zhou M, Zhang X,
Hang C. Sirtuin 1 activation protects against early brain injury after
experimental subarachnoid hemorrhage in rats. Cell Death and Disease.
2016;7:e2416.

34. Genet GF, Bentzer P, Ostrowski SR, Johansson PI. Resuscitation with pooled
and pathogen-reduced plasma attenuates the increase in brain water
content following traumatic brain injury and hemorrhagic shock in rats. J
Neurotrauma. 2017;34:1054–62.

35. Chhor V, Moretti R, Le Charpentier T, Sigaut S, Lebon S, Schwendimann L, Ore
MV, Zuiani C, Milan V, Josserand J, et al. Role of microglia in a mouse model of
paediatric traumatic brain injury. Brain Behav Immun. 2017;63:197-209.

36. Corrigan F, Arulsamy A, Collins-Praino LE, Holmes JL, Vink R. Toll like
receptor 4 activation can be either detrimental or beneficial following mild

repetitive traumatic brain injury depending on timing of activation. Brain
Behav Immun. 2017;64:124-139.

37. Zhu HT, Bian C, Yuan JC, Chu WH, Xiang X, Chen F, Wang CS, Feng H, Lin
JK. Curcumin attenuates acute inflammatory injury by inhibiting the TLR4/
MyD88/NF-kappaB signaling pathway in experimental traumatic brain injury.
J Neuroinflammation. 2014;11:59.

38. Chi J, Seo GS, Cheon JH, Lee SH. Isoliquiritigenin inhibits TNF-α-induced
release of high-mobility group box 1 through activation of HDAC in human
intestinal epithelial HT-29 cells. Eur J Pharmacol. 2017;796:101–9.

39. Zou JY, Crews FT. Release of neuronal HMGB1 by ethanol through
decreased HDAC activity activates brain neuroimmune signaling. PLoS One.
2014;9, e87915.

40. Song NY, Na HK, Baek JH, Surh YJ. Docosahexaenoic acid inhibits insulin-
induced activation of sterol regulatory-element binding protein 1 and
cyclooxygenase-2 expression through upregulation of SIRT1 in human
colon epithelial cells. Biochem Pharmacol. 2014;92:142–8.

41. Weber DJ, Allette YM, Wilkes DS, White FA. The HMGB1-RAGE inflammatory
pathway: implications for brain injury-induced pulmonary dysfunction.
Antioxid Redox Signal. 2015;23:1316–28.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Chen et al. Journal of Neuroinflammation  (2017) 14:143 Page 12 of 12


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Experimental model and drug administration
	Assessment of neurological injury
	Measurement of brain water content
	Nissl staining
	Measurement of neuronal apoptosis by TUNEL staining
	Immunohistochemical and immunofluorescent staining
	Detection of inflammatory factors by enzyme-linked immunosorbent assay (ELISA)
	Western blot analysis
	Statistical analysis

	Results
	Neuroprotective effects of ω-3 PUFA supplementation after TBI
	ω-3 PUFA supplementation inhibits microglia-mediated inflammatory response in the central nervous system (CNS)
	ω-3 PUFA supplementation inhibits HMGB1 expression in lesioned cortices
	ω-3 PUFA supplementation provides neuroprotection via inhibition of HMGB1
	ω-3 PUFA supplementation influences HMGB1-mediated activation of the TLR4/NF-κB signaling pathway in lesioned cortices

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

