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A B S T R A C T

Aim: Brain injury after sepsis leads to high mortality and long-term brain dysfunction in patients. Previous
studies revealed that borneol has a protective effect on the brain, but its function on sepsis associated en-
cephalopathy (SAE) remains unknown. Herein, we investigated the protective effect of borneol against sepsis-
related brain injury.
Main methods: Lipopolysaccharide (LPS)-induced sepsis mice and cells were treated with borneol at the dose of
100mg/kg by gavage or 10 μg/ml in culture, respectively. The protective effect of borneol on neurons and the
microglia were assessed in vivo and in vitro.
Key findings: We observed that borneol attenuated brain neuronal and microglial inflammation in LPS-induced
sepsis mice with a suppression of p-p65 and p38 signaling that were initially activated by LPS in the brain. In
vitro examination confirmed that the protective effect of borneol on both neurons and microglia, and its sup-
pressive effect on p-p65 and p38 pathways were, at least in part, direct.
Significance: An early protection of neurons and microglia from bacterial endotoxin during sepsis is beneficial,
and borneol has the potential to protect these cells.

1. Introduction

Sepsis is a life-threatening condition that often leads to multiple
organ dysfunctions and is a major cause of death for patients in in-
tensive care clinics [1]. Sepsis-associated encephalopathy (SAE), a
condition of inflammatory brain injury, has been reported to occur
earlier and more frequently than peripheral organ damages during the
development of sepsis [2]. It affects all brain cells and causes neuron
dysfunction and apoptosis, microglia activation and intracellular me-
tabolic disorders [3], which worsens the overall conditions of sepsis in
acute phase and results in long-term impairment of brain function on
septic survivors [4]. In fact, clinically, the severity of sepsis is often
diagnosed by measuring the extent of SAE, manifested mainly as
Glasgow Coma Scale (GCS) scoring in mental states from mild confu-
sion, delirium to coma [5], therefore, an early treatment of SAE is es-
sential in improving the prognosis of patients with sepsis [6].

The mechanism of SAE is highly complex, involving the blood-
brain-barrier (BBB) breakdown and systemic cytokine invasion of the
brain, which triggers severe neuroinflammation, neurotransmitter im-
balance and cerebral blood flow dysregulation, according to recent

views [3,5,6]. The direct effect of bacterial endotoxin on the brain,
affecting both neurons and microglia, in the early phase of sepsis should
not be dismissed [7] as it may be the early trigger of neuroinflammation
in SAE, which was overserved in LPS-induced sepsis models [8,9].

Traditionally, the treatment of sepsis is mainly supportive, including
controlling infection, sustaining organ functions, and maintaining me-
tabolic homeostasis mainly at systemic level [7]. However, the con-
sequence of this approach is not satisfactory, particularly in blocking
acute neuronal damage, which is crucial in stopping further develop-
ment of sepsis and preventing long-term brain dysfunction in sepsis
survivors. Thus, there is a clinical need for developing new means of
neuronal protection in addition to infection control in the early stage of
sepsis.

Borneol, a bicyclic monoterpene, is a time-honored herb in tradi-
tional Chinese medicine using for “waking up” the brain [10]. It was
suggested to be protective against brain injury in clinical brain ischemic
stroke [11] and cognitive impairment in cerebral ischemia mice [12].
Moreover, it was believed to effectively facilitate the transportation
across the blood-brain-barrier (BBB) [13] and has neuroprotective ef-
fect in Alzheimer's disease [14]. However, the mechanisms underlying
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its neuronal protection against brain injury remain unclear. Further,
few studies have examined the role of borneol in SAE.

Herein, we set to ask whether borneol protects against sepsis-in-
duced encephalopathy in an LPS-induced mouse model. We found that
borneol significantly reduced brain inflammation and neuronal toxicity
in the early stage of sepsis; judged by a significant increase of early
survival rate of animals and a strong reduction of neuroinflammatory
pathology in the brain of sepsis mice. Moreover, we showed that the
protective effect of borneol on neurons is, at least in part, direct as it
efficiently suppressed the neuronal toxicity of LPS in vitro. The mole-
cular mechanism underlying the neuronal protection of borneol was
also explored. SAE related signaling, NF-κb and MAPK pathways
[15,16], were blocked by borneol in vivo and in vitro. Our findings
emphasized the importance of early neuroprotection in severe in-
fectious disease and offer new possibilities for clinical treatment of
sepsis.

2. Materials and methods

2.1. Animal experimental procedure

Specific pathogen-free (SPF) male C57BL/6J mice (5–6-week-old)
weighting 20–25 g were obtained from Model Animal Genetics
Research Center of Nanjing University (Nanjing, China). Animal wel-
fare and experimental procedures were carried out strictly in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
(Nanjing University). Mice were acclimated for at least a week before
use. All mice were housed in specific pathogen free (SPF) condition
with a 12:12 h light-dark cycle, and received water and food ad libitum.

LPS-induced sepsis was established by intraperitoneal injection. LPS
(from Escherichia coli 055: B5) and borneol were from Sigma Chemical
Co. (St. Louis, USA). The experiments were carried out in the following
groups: Sham group (intraperitoneal injection of PBS), LPS group
(20mg/kg LPS, intraperitoneal injection [17–19]), LPS+Borneol
group (intragastrical administration of borneol at the dose of 100mg/
kg/day [20] after LPS challenge for 5 days), and Borneol group (in-
tragastrical administration of borneol at the dose of 100mg/kg/day for
5 days). Every group has least 6 mice. The survival studies were con-
ducted over 7 days.

2.2. Enzyme linked immunosorbent assay (ELISA)

ELISA Double Sandwich Method was used to detect the in-
flammatory cytokines in the brain tissues of mice. After the brain tissue
supernatant was obtained by tissue homogenization using phosphate
buffer saline, the samples and standards were mixed with the pre-
viously coated monoclonal antibodies on the microplate to form an
immune complex (Research&Diagnostics Systems，Inc. Minneapolis,
USA), and the tissue debris were washed away. An additional biotiny-
lated antibody was then added to form a sandwich with the initial
immune complex and the free component was washed away.
Horseradish peroxidase-labeled avidin was added, and avidin and
biotin were specifically combined, and the free component was washed
away. Finally, the chromogenic substrate was added, and the horse-
radish peroxidase turned the color developer into blue. After the ad-
dition of the stop solution, it turned yellow, and the optical density
(OD) value was measured at the wavelength of 450 nm by BioTek
ELx800 automatic microplate reader (BioTek, Vermont, USA). The
concentration of the inflammatory factor was determined by comparing
to a standard curve.

2.3. Histological analysis and immunohistochemistry

After the mice were anesthetized, we used normal saline to perfuse
the animals at the position of the left ventricle of the heart until the
color of the liver and lung turned white. We then used 4%

paraformaldehyde to perfuse until the limbs of mice became stiff. The
fixed brains were quickly taken and fixed in 4% paraformaldehyde for
additional 24 h followed by saline wash (24 h at 4 °C) and embedded in
paraffin, sectioned into 7 μm slices for staining. For Low or high mag-
nification images of mouse brain slices, immunofluorescence staining
for neuronal or glial markers in the brains of different group mice were
performed. The slides were blocked with goat serum and incubated
with primary antibody NeuN (ABN78) (Millipore, Boston, USA), Iba1
(ab5076) and MAP2 (ab32454) (Abcam, Cambridge, UK), overnight at
4 °C. Alexa Fluor 594 (Invitrogen, Carlsbad, USA) was used as the
secondary antibody in immunofluorescence assays. 2% BSA (diluted in
PBS) was used as dilution factor for IHC and ICC. For Low magnification
images, the brain slices were prepared at the Coronal 47–50 level ac-
cording to Allen Reference Atlas (or Plate 21–23 level according to
George Paxinos & Keith B. J. Frankelin's the Mouse Brain in Stereotaxic
Coordinates). The Olympus IX73 inverted microscope (Olympus,
Tokyo, Japan) with 4× objective was used to taken images. The in-
terested target areas were customized and the entire sectioned areas
were scanned and composed using cellSens Dimension1.17; exposure
time 1 s. For high magnification images, the pictures of tissue im-
munofluorescence were captured by confocal microscopy (Olympus,
Tokyo, Japan).

For microglia activation assay, Iba-1 staining was performed, which
illustrated both activated as well as non-activated microglia with very
different morphology. The activated microglia exhibited enlarged
amoebic shape. The Image J software (NIH, Bethesda, MD, USA) was
used to convert fluorescence, and bright-field photomicrographs was
used into representative binary and skeletonized images that were
further analyzed using software plugins Analyze Skeleton (2D/3D) and
FracLac for morphology data collection [21]. The outcomes of the
plugins summarize the cell morphology in terms of the process length,
junctions and endpoints, as well as cell complexity, shape, and size
descriptors. Upon the morphological information, the activated micro-
glia were identified and quantified [21,22].

2.4. Cell culture and purity assay

For primary microglia, 1 or 2-day old C57BL/6 mice were used. The
animals were sacrificed by cervical dislocation. The brains were re-
moved and the entire cortex of individual mouse was isolated in
Leibovitz's L15 medium (Gibco Life Technologies, New York, USA). The
tissue was dissociated by the nylon membrane (pore size of 70 mu m
cell filter; Falcon, Pittsburgh, USA) mechanically. After centrifugation,
the precipitates were suspended in Dulbecco's modified Eagle's
medium, 10% fetal bovine serum and 1% gentamicin (Gibco Life
Technologies, New York, USA). Cells were cultured in 5% CO2 at 37 °C,
and medium was half-changed at day 5. Two weeks later, flasks were
shaken gently and microglia was collected.

For primary neuronal cultures, the tissues of cerebral cortex were
obtained from E16–17 mouse embryos. The cultures were kept in 5%
CO2 at 37 °C and fed beginning from the fourth day with cultivating
medium by replacing half of the medium twice a week, and were used
for experiments after 7 days.

The purity of cultured cortical neurons (MAP2 positive) was de-
termined by immunofluorescence staining of microglia (Iba-1) and as-
trocyte (GFAP), respectively, and counted under a regular fluorescence
microscopy (Olympus, Tokyo, Japan). Each staining was prepared in
triplicate. The labeled cells in two independent microscopic views for
each well that was specifically labeled by either Iba-1 or GFAP were
counted and presented as the percentage of the total cells
(MAP2++Iba-1+ or MAP2++GFAP+, respectively) in each view. The
purity of the neuronal preparations met the requirement of> 95%. The
representative images for each staining were presented.
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2.5. Western blot

For whole protein extraction, the brain cortex (at the same quality
20mg) or cells (microglia or neurons, 106/well) was prepared by
adding radioimmunoprecipitation assay (RIPA) buffer (Beyotime
Institute of Biotechnology, Nanjing, China) containing protease in-
hibitors and phosphatase inhibitors cocktail (Thermo Scientific, USA),
and quantified with Thermo Scientific BCA kit (USA). For nuclear or
cytoplasmic protein extraction, NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Pierce, USA) was used for nucleo-cyto-
plasmic separation (microglia and neurons). In brief, 100 μl Reagent A
was added to the cells (106) for 20min, centrifuged for 10min at 3000g
at 4 °C, and the supernatant was collected, then 150 μl Reagent B was
added to the sediment for 20min, centrifuged for 10min at 12,000g at
4 °C, the supernatant was collected. Equal amount of proteins from each
sample was separated by SDS-PAGE and blotted onto polyvinylidene
fluoride (PVDF) membrane, and incubated with appropriate antibody
over night at 4 °C. After washing, the membrane was incubated at room
temperature with horseradish peroxidase-conjugated anti-rabbit IgG for
90min and the result was visualized using the ECL Plus western blot-
ting detection reagents (Millipore, UA). We used GAPDH (#5174, di-
lution 1:1000), ERK (#4695, dilution 1:1000), Phospho-ERK (#4370,
dilution 1:1000), p38 (#8690, dilution 1:1000), Phospho-p38 (#4511,
dilution 1:1000), Laminb1 (#13435, dilution 1:1000), NF-κB/p65
(#8242, dilution 1:1000), Phospho-NF-κB/p-p65 (#3033, dilution
1:1000), Phospho-SAPK/JNK (#4668, dilution 1:1000) and SAPK/JNK
(#9252, dilution 1:1000) antibodies purchased from Cell Signaling
Technology (Danvers, Boston, Massachusetts. USA) for Western Blot.
CD16 (#ab203883, dilution 1:1000) and CD206 (#ab125028, dilution
1:1000) antibodies were purchased from Abcam (Cambridge, UK).
Protein GAPDH was used as an internal control. The intensities of bands
(relative protein levels) were quantified by densitometry using ImageJ
software (NIH, Bethesda, MD, USA).

2.6. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was isolated from tissue samples and cells using Trizol
reagent and first-strand complementary DNA (cDNA) was synthesized
using iScript cDNA Synthesis Kit (Vazyme, Nanjing, China).
Quantitative PCR (qPCR) was performed with SYBR green PCR Master
Mix (Vazyme, Nanjing, China) using viia 7 Real-Time PCR System
(Applied Biosystems, Waltham, CA). The primers used in this work were
listed in Table 1. In each qPCR experiment, the same samples were
performed in triplicate and the same experiment was performed at least
three times. The quantification of the qPCR results was achieved by a
comparative method 2−ΔΔCT (2-[experiment group (CT of target gene - CT of actin)

- control group (CT of target gene - CT of actin)]) using β-actin as an internal
control (the calibrator) from the respective control animals or cells.

2.7. Cell viability assessment

After treated with microglia-free supernatants for 24 h, cell counting
kit-8 (CCK-8) analysis (Sigma, St. Louis, USA) and LDH release assay
(Beyotime Biotechnology, Shanghai, China) were used to measure the

viability of neurons (Four wells for each group). For CCK-8 analysis,
10 μl CCK-8 solution (5mg/ml) were added into each well (96-well)
and incubated at 37 °C for 2 h. The absorbance at 450 nm was measured
with a microplate reader (BioTek, Vermont, USA). The cell viability is
defined as [(Experiment well absorbance - blank well absorbance) /
(Control well absorbance - blank well absorbance)]× 100%; Where
experimental well included testing cells, medium, CCK-8 with LPS,
LPS+ borneol or borneol alone, respectively; Control well included
testing cells, medium, CCK-8, without LPS or borneol; Blank well in-
cluded medium, CCK-8 with no cells and LPS or borneol. The cell death
percentage was calculated as (1-cell viability).

For LDH release analysis, the cells were seeded into 96-well cell
culture plates. The culture solution was washed with PBS and changed
with fresh culture medium, and each culture well was divided into the
following groups: background blank control well, sample control well,
sample maximum enzyme activity control well, and drug treatment
sample well (n= 4). One hour before scheduled detection time point,
LDH release reagent (10% of the volume of the culture solution) was
added to the sample maximum enzyme activity control well, and then
continued to incubate in the cell culture incubator. After 24 h, it was
centrifuged for 5min at 400g. 120 μl supernatant of each well was taken
for sample measurement. The dual wavelength absorbance was then
measured with a microplate reader (BioTek, Vermont, USA) at 490 nm
as experimental absorption measurement and the 650 nm as the re-
ference absorption. The toxicity of LDH was calculated by A490 nm -
A650 nm.

Calcein-AM/PI double stain kit (Yeasen biotech Co., Shanghai,
China) was used and the cell suspension was prepared using assay
buffer to a density of 1× 105 to 1×106 cells/ml, 100 μl of the staining
working solution (2 μM Calcein-AM and 4.5 μM PI) was added to 200 μl
of the cell suspension, then mixed and incubated at 37 °C for 15min.
Viable cells (yellow-green fluorescence) and dead cells (red fluores-
cence) were simultaneously detected using a 490 ± 10 nm excitation
filter under a fluorescence microscope (Olympus, Tokyo, Japan) and
counted by eyes. Three independent wells for each group were aver-
aged.

2.8. Data analysis

Experimental data were analyzed using SPSS 13.0 software, two-
way ANOVA and multiple comparisons followed by Tukey were used
when two factors were involved. Data were expressed as the
Mean ± SEM (standard error of the mean), all statistical tests were
two-sided with P < 0.05 considered statistically significant.

3. Results

3.1. Borneol protected neuroinflammation in sepsis mice

The survival curve showed that borneol treatment (100mg/kg)
delivered an early protective effect on LPS (20mg/kg) induced damage
judged by a significant reduction of mortality of sepsis mice in the early
(between 24 h to 72 h) stage (Fig. 1A). To investigate whether this ef-
fect of borneol is related to the brain protection in LPS-induced sepsis,
immunofluorescence was used to observe the survival of neurons in the
cerebral cortex (Materials and methods). As shown in Fig. 1B, large
numbers of cortical neurons exhibited loss of NeuN label after LPS in-
sult, indicating a severe neuronal damage. The low magnification
images of mouse brain slices showed that LPS’ toxic effect was broad,
affecting large areas of the brain cortex and internal capsule (Supple-
ment Fig. 1). Borneol greatly reduced this damage in sepsis mice. In
contrast, there was a significant activation of microglia revealed by a
widely increased number of high Iba1 labeled amoebic microglia,
which illustrated the responding resident microphages in the central
nervous system [23]. Again, borneol greatly reduced the number of
amoebic microglia in the cortex in sepsis mice (Fig. 1E). In consistent,

Table 1
Primers of mice used for real-time quantitative PCR analysis.

Gene Forward primer Reverse primer

β-Actin GGACGTACAACTGGTATTGTGC TCGGCAGTAGTCACGAAGGA
IL-10 AGCCTTATCGGAAATGATCCAGT GGCCTTGTAGACACCTTGGT
TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
CD11b ATGGACGCTGATGGCAATACC TCCCCATTCACGTCTCCCA
CD16 CAGAATGCACACTCTGGAAGC GGGTCCCTTCGCACATCAG
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the markers of pro-inflammatory microglia, CD11b and CD16, were
upregulated upon LPS-induction, but reversed by borneol determined
by RT-qPCR (Fig. 1C, D). The levels of pro-inflammatory cytokine TNF-
α, IL-1β and IL-6 were also significantly increased in the brain after LPS
challenge, and the level of anti-inflammatory cytokine IL-10 was dra-
matically decreased, which were reversed by borneol treatment
(Fig. 1F–I). No obvious difference between control and borneol groups
was observed, indicating no significant cellular toxicity of borneol.
Thus, borneol protected neuroinflammation in sepsis mice.

3.2. Direct suppression of microglia activation by borneol in vitro

To test whether borneol's protective effect on microglia activation
was direct, we set to evaluate the cellular effect of borneol on microglia
in vitro. As shown in Fig. 2A&B, the microglia initially isolated from
cerebral cortex were activated after LPS (100 ng/ml, 24 h) challenge,
revealed as the increase of the numbers of Iba1 high expression cells
[23], which was greatly reduced by borneol (10 μg/ml, 24 h). Con-
sistently, the protein expression of CD16 was significantly increased
after LPS challenge and it was reversed by borneol treatment (Fig. 2C).

In contrast, the protein level of CD206, an anti-inflammatory marker of
microglia, was notably reduced after LPS, and it was again reversed by
the treatment of borneol (Fig. 2C&D). We also measured the in-
flammatory cytokine IL-1β, IL-6 and TNF-α secreted by primary mi-
croglia after LPS challenge with/without borneol by ELISA. The results
were consistent with the in vivo observation (Fig. 2E–G). Interestingly,
the level of IL-10 secreted by primary microglia after LPS was not re-
duced, but slightly elevated, however, in the same setting, borneol
significantly increased IL-10 level (Fig. 2H), suggesting that there was
additional mechanism in the brain that contributed to the significant
reduction of IL-10 production by LPS, which was obviously suppressed
by borneol treatment (Fig. 1I). Together, borneol directly suppressed
LPS-induced inflammation by suppressing the pro-inflammatory cyto-
kine production and facilitated the pro-inflammatory cytokine synthesis
in microglia in vitro.

3.3. Borneol reduced microglia activation-related neuronal damage in vitro

To investigate the effect of microglia on neurons, the cell-free cul-
ture medium of primary microglia that were obtained from 1 or 2-day-

Fig. 1. Borneol protected neuroinflammation in septic mice. (A) The survival curve of mice after LPS challenge. The survival time is indicated as hours that the
animal's survival after LPS-exposure. (B) Immunofluorescence staining and quantification for NeuN expression in the brain cortex of mouse (Scale bar: 50 μm). (C, D)
The mRNA levels of pro-inflammatory microglia marker CD11b and CD16 in the brain examined by RT-qPCR. (E) Immunofluorescence staining and quantification for
Iba1 expression in the brain cortex of mouse (Scale bar: 50 μm). (F–I) The mRNA levels of IL-1β, IL-6, TNF-α and IL-10 in the brain cortex determined by q-PCR. (B–I)
In all experiments, the animals were sacrificed 24 h after LPS exposure. Data were expressed as mean ± SEM, n=6, *P < 0.05, **P < 0.01, ***P < 0.001
compared with the Control group. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the LPS group.

L. Wang, et al. Life Sciences 232 (2019) 116647

4



old new born mice initially challenged by LPS with/without borneol
(Materials and methods) were added to neurons that were obtained
from E16–17 mice at the ratio of 1:3. The survival status of cultured
neurons was assessed 24 h later. Lactate dehydrogenase (LDH) release
assay and cell counting analysis showed that neuronal death was in-
creased after the addition of supernatant from activated microglia.
However, borneol treated microglia culture medium cancelled the

toxicity of activated microglia to neurons (Fig. 3A, B). Calcein-AM/PI
double staining, an assay that measures neuron death, confirmed the
protective effect of borneol by suppressing the neuronal toxicity of
activated microglia (Fig. 3C).

Fig. 2. Direct suppression of microglia activation by borneol in vitro. (A, B) Immunofluorescence staining and quantification (percentage of activated microglia) for
Iba1 expression in cultured primary microglia isolated from the brain cortex from day 1 or 2 new born mice (Scale bar: 50 μm). (C, D) Western blot analysis and
quantification (relative protein level) for CD206 and CD16 expressions in cultured primary microglia. (E–H) The levels of IL-1β, IL-6, TNF-a, and IL-10 proteins in the
supernatant of cultured primary microglia detected by ELISA. The experiments were assayed 24 h after LPS exposure with/without borneol. Data were expressed as
mean ± SEM, n= 10. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the Control group. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the LPS
group.
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Fig. 3. Microglia related neuronal damage was ameliorated by borneol in vitro. (A) Cell counting kit-8 analysis (absorbance and calculated cell death percentage) of
neurons measured by the absorbance at 450 nm with a microplate reader. (B) Lactate dehydrogenase (LDH) release assay of neuronal death measured by dual
wavelength absorbance (A490 nm-A650 nm) with a microplate reader. (C) Calcein-AM/PI double staining in microglia cells (Scale bar: 50 μm). The quantification
was determined by the ratio of live neurons. All experiments were assayed 24 h after the exposures of the supernatants from either activated microglia or from
borneol protected microglia. Data were expressed as mean ± SEM.*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group. ***P < 0.001
compared with the Control group. #P < 0.05, ##P < 0.01 compared with the LPS group.
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3.4. Borneol directly protected neurons from LPS toxicity

To test whether LPS toxicity and borneol's protective effect on
neurons were both direct at cellular level, we initially isolated and
cultured neurons from the cortex of mice (E16–17). The purity of the
primary neurons in culture was> 95% (Supplementary Fig. 2). The
neuronal biomarker NeuN and microtubule-associated protein 2
(MAP2) were detected. As revealed, both NeuN and MAP2 were greatly
reduced 24 h after LPS administration, which was reversed by borneol
treatment (10 μg/ml) (Fig. 4A). Consistently, Lactate dehydrogenase
(LDH) release assay and cell counting analysis detected severe neuron
deaths after LPS challenge, while borneol treatment suppressed this
effect of LPS (Fig. 4B, C). Thus, the in vivo toxic effect of LPS as well as

the protective effect of borneol on neurons were both, at least in part,
direct.

3.5. Borneol reduced neuroinflammation by disrupting MAPK signaling
pathway

As p65, an innate immune component, participates sterile-in-
flammation and wound healing [24], and was highly phosphorylated in
ischemic stroke-induced brain injury [25], we initially assayed the p65
signaling in LPS treated brain and cells. We found that the phosphor-
ylation of p65 was significantly increased after LPS challenge, while
borneol suppressed this effect of LPS (Fig. 5A, B). We then measured the
activation of MAPK pathway. As shown in Fig. 5A, the phosphorylation

Fig. 4. Borneol directly protected neurons from LPS toxicity. (A) Immunofluorescence staining for NeuN and MAP2 expressions in cultured primary neurons from the
brain cortex of E16–17 embryo mice (Scale bar: 50 μm), The nucleus staining of NueN and cellular skeleton labeling of MAP2 were appreciated. (B) Cell counting kit-
8 analysis (absorbance and cell death percentage) of neurons measured by the absorbance at 450 nm. (C) Lactate dehydrogenase (LDH) release assay of neuronal
death measured by dual wavelength absorbance (A490 nm-A650 nm). All experiments were assayed 24 h after LPS challenge (100 ng/ml) with or without borneol
(10 μg/ml). Data were expressed as mean ± SEM.*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group. ***P < 0.001 compared with the
Control group. #P < 0.05, ##P < 0.01 compared with LPS group.
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of p38 in the brain was significantly increased after LPS challenge,
while the phosphorylation of other components of MAPK pathway, ERK
and JNK, were not, suggesting p38 in MAPK pathway dominating LPS
response in the brain. Again, borneol suppressed LPS-induced p38
phosphorylation in vivo.

Similarly, in primary microglia, the phosphorylation levels of p65
and p38 were both significantly increased after LPS challenge (100 ng/
ml, 24 h), which was blocked by borneol (Fig. 5C). Nucleocytoplasmic
separation study showed that borneol suppressed the nucleus level of
p65 that was significantly increased by LPS treatment in microglia
(Fig. 5C). Interestingly, a p38 specific inhibitor p38 MAPK IN sup-
pressed the phosphorylation levels of both p38 and p65 in microglia
cells (Fig. 5D), suggesting that the phospho-p38 was required for p65

phosphorylation in the context of LPS-induced microglia activation in
vitro. A similar result was observed in primary neurons (Supplement
Figs. 3&4). Together, our results suggested that SAE characterized as
neuroinflammation may include an acute and direct effect of endotoxin
on cortical neurons and microglia, in addition to the persistent effect of
systemic cytokines, at early stage of sepsis through p38 signaling both
in neurons and microglia, which was disrupted by borneol. A schematic
representation of borneol's effect is provided (Fig. 5E).

4. Discussion

Sepsis is a life-threatening condition characterized by multi-organ
dysfunctions [26]. An early onset dysregulated neuronal function, or

Fig. 5. Borneol suppressed neuroinflammation by inhibiting MAPK signaling. (A, B) Western blot analysis and quantifications for MAPK (p38, ERK and JNK) and NF-
κB (p65) pathways in the brain cortex of mice in tested groups. (C) Western blot analysis and quantifications for p-p38/p38 and p-p65/p65 in LPS challenged
(100 ng/ml, 24 h) primary microglia cells prepared from the brain cortex of day 1 or 2 mouse with or without borneol (10 μg/ml, 24 h). (D) Western blot analysis and
quantifications for p-p65/p65 and p-p38/p38 expressions in cultured cortical microglia cells from day 1 or 2 new born mouse (LPS, 100 ng/ml, borneol, 10 μg/ml,
p38 MAPK IN, 5 μM, all for 24 h). (E) A schematic representation of borneol's protective function. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the Control
group. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the LPS group.
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SAE, worsens the prognosis of the condition involving an ill-neu-
roimmune–endocrine host response to infection [27] and an over-
whelming neuronal damage [28], resulting in increased mortality of the
disease or long-term impairment of brain function on sepsis survivors.
Thus, blocking the progression of SAE at early stage of sepsis is essen-
tial.

Mechanistically, the pathophysiology of SAE involved the blood-
brain-barrier (BBB) breakdown and systemic cytokine invasion of the
brain, which triggers severe neuroinflammation [2,3]. It is suggested
that during sepsis, peripheral pro-inflammatory cytokines and reactive
oxygen species cause structural changes of BBB [29], leading to the
activation of microglia cells and the production of cytotoxic mediators
of these cells, which damages the barrier further and starts a storm of
pro-inflammatory cytokines in the central nervous system (CNS) [30].
However, the possibility of direct action of bacterial endotoxin on the
brain, affecting both neurons and microglia, in the early phase of sepsis
should not be overlooked [31], particularly in LPS-induced sepsis
models [32]. Currently, the established treatment of sepsis is mainly
focusing on controlling infection and sustaining organ functions by
maintaining metabolic homeostasis at systemic level [7]. However,
there is a need for developing new means of neuronal protection in the
early stage of sepsis. In this study, we used LPS-induced sepsis model to
investigate the effect of borneol on brain protection.

Previously, borneol was suggested to suppress inflammatory re-
sponse in LPS-induced acute lung injury [33] and inhibit transient re-
ceptor potential A1 (TRPA1), a proinflammatory and noxious pain-
sensing cation channel [34]. Moreover, it was observed to inhibit
proinflammatory cytokine release and IκBα degradation in an in vitro
ischemic cellular model [35]. However, borneol in SAE was not studied.
Herein, we found that borneol significantly reduced animal death at
early stage of sepsis, tested in the male mice to avoid the influence of
un-synchronized hormone on the pathogenesis of sepsis [36,37]. In
parallel, borneol lessened the pro-inflammatory cytokine production
and increased anti-inflammatory cytokine level in the brains of sepsis
mice. The activation of microglia and neuronal damage, which is im-
portant pathological phenotype of brain injury [38], were also greatly
reduced. At cellular level, borneol exhibited strong suppressive function
on microglia activation and neuronal damage induced by LPS in the
cultures. Thus, the early protective role of borneol on septic brain may
be obtained from its action that blocked the direct toxicity of LPS on
neurons and microglia.

Noted of, earlier, in contrast to more recent studies [39–43] and our
work (Fig. 4) that showed a direct effect of LPS on primary cultured
cerebral cortical neurons, Dr. Lehnardt [44] suggested that LPS had no
direct effect on neuronal survival in the absence of microglia as cortical
neurons do not express TLR4 receptor. The contradiction raised an
important question that the direct effect of LPS on neurons observed in
current study might be due to residual microglia or astrocyte con-
tamination. Since a complete rejection of the possibility of microglia or
astrocyte contamination is technically difficult, the conclusion, our and
the others, that LPS directly acts on cortical neurons requires more
rigorous work to be further confirmed. Nevertheless, neuronal expres-
sion of TLR4 in the brain and its harmful role to neuronal function were
observed [45]. The remaining question is how much the direct toxic
effect of LPS on neurons contributed to SAE, in compared to microglia
activation, which warrants future studies. Moreover, borneol alone
showed no detectable toxicity in animals and primary cells in our ex-
perimental context (Figs. 1–5), which is consistent with various pre-
vious studies [46–48].

NF-κB and MAPKs pathways were previously linked to brain injury
[49] and LPS induced encephalopathy [15,16], and the members of NF-
κB and MAPK pathways participated the LPS signaling cascade leading
to cytokine production in macrophages and monocytes [50]. In present
study, we investigated the effect of borneol on NF-κB and MAPKs ac-
tivation by LPS in the brain and cells. We found that LPS activated NF-
κB/p65 and p38, but not ERK or JNK signaling, which was disrupted by

borneol. Finally, the p38 inhibitor p38 MAPK IN inhibited both p38 and
NF-κB pathways arguing that NF-κB activation by LPS required p38
function in the context of neuron damage and microglia activation in
vivo and in vitro.

5. Conclusion

The treatment of borneol alleviated brain injury at the early stage of
LPS-induced sepsis by inhibiting neuroinflammation and blocking the
activation of MAPK and NF-κB signaling pathways in the brain. Further,
in vitro study indicated that this function of borneol can be achieved by
suppressing the direct effect of LPS on the p38/p65 in neurons and
microglia. Borneol may serve as a new agent to protect brain from
septic injury in clinic.
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