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Abstract Lycium barbarum polysaccharides (LBP) have
been reported to have a wide range of beneficial effects in-
cluding neuroprotection, anti-aging and anticancer. However,
the anti-inflammation mechanism of LBP on primary cultured
rat hippocampal neurons injured by oxygen-glucose
deprivation/reperfusion (OGD/RP) is incompletely under-
stood. We investigate the neuroprotective effects of LBP on
neonatal rat primary cultured hippocampal neurons injured by
OGD/RP with different approaches: MTT assay was used to
detect cell viability, lactate dehydrogenase leakage was used
to detect neuronal damage, formation of reactive oxygen spe-
cies was determined by using fluorescent probe DCFH-DA.
Hoechst 33,342 staining and TUNEL staining were used to
determine the cell apoptosis. JC-1 was used to evaluate loss of
mitochondrial membrane potential (MMP). The fluorescence

intensity of [Ca2+]i in hippocampal neurons was determined
by laser scanning confocal microscopy. The expression of
various apoptotic markers such as TLR4, IκB, IL-6 and NF-κB
were investigated by RT-PCR and western blot analysis.
Results from each approach demonstrated that LBP increased
the cell abilities and decreased the cell morphologic impair-
ment. Furthermore, LBP increased MMP but inhibited [Ca2+]i
elevation and significantly suppressed overexpression of
NF-κB, IL-6 TLR4 and increased IκB expression.

Keywords Oxygen-glucose deprivation/reperfusion . Lycium
barbarumpolysaccharide .Toll-likereceptor4 .Nuclear factor
kappa B . Inflammatory cytokines

Introduction

Brain ischemia is the fourth commonest cause of death and the
leading cause of long-term disability in industrialized coun-
tries (Burke et al. 2012). In China, there are 58–142 per
100,000 people each year who die of stroke (Zhao and Liu
2016). And the number of global deaths caused by stroke is
projected to rise to 6.5 million in 2015 and to 7.8 million in
2030 (Strong et al. 2007). Accordingly, there is much interest
in therapeutic intervention to decrease neurological damage
and prevent death after stroke. New treatment options are
critically needed to extend the therapeutic window for
Chinese medicinal herbs and provide neuroprotection to slow
cell death after stroke.

Wolfberry, the fruit of L. barbarum, is produced mainly in
Ningxia, China and L. barbarum has been used as a food
additive as well as a medicinal herb in many Asian countries
for more than 1000 years (Zhang et al. 2005; Chang and So
2008). It plays an important role in preventing and treating
various chronic diseases. Lycium barbarum polysaccharides
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(LBP) can modulate the immune function (Huyan et al. 2014;
Zhao et al. 2014), act against the effects of aging and oxidation
(Zhou et al. 2016a, b; He et al. 2014), protect against liver
damage (Varoni et al. 2016), promote retinal progenitor cell
proliferation (Wang et al. 2015a, b), exert anti-cancer effects
(Zhang et al. 2016) and protect neurons in an animal model of
oxygen-glucose deprivation/reperfusion (OGD/RP) by
inhibiting neuronal apoptosis (Wang et al. 2014; Rui et al.
2012).

Accumulating evidence shows that TLRs (Toll-like
receptors) are activated by endogenous proteins released
from damaged brain and play a crucial role in mediating
the cerebral injury following ischemia and reperfusion
(Kaczorowski et al. 2008). In particular, TLR2 and
TLR4 have been found to be more important than other
TLRs in the pathologic progression of cerebral ischemia
and reperfusion (Krmpotić et al. 2013). Therefore, TLRs
have become a potential target in searching for a new strategy
for the treatment of ischemic cerebrovascular disease.
TLR4 signals activate downstream effectors that include
NF-κB, mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K), through adaptor
proteins including MyD88. Collectively, these pathways
regulate the expression of pro-inflammatory cytokines
and genes that control cell survival and apoptosis.

Although some scholars have demonstrated that co-
administration with LBP evidently attenuates hepatic
steatosis, fibrosis, oxidative stress, inflammation and apopto-
sis in rats and neurons (Xiao et al. 2014), we still do not know
whether LBP could play a therapeutic role against the devel-
opment of inflammatory response, which is connected with
TLR4/NF-κB activation. In the current study, wemainly focus
on the therapeutic effects and mechanisms of LBP on an
already established OGD/RP model.

Material and methods

Experiment animals

Adult male and female Sprague–Dawley rats (150-200 g) and
newborn Sprague–Dawley rats (less than 24 h old) were ob-
tained from the Experimental Animal Center of Ningxia
Medical University (Ningxia, China). They were maintained
in accordance with internationally accepted principles for lab-
oratory animal use. All experimental protocols were approved
by the Committee for Laboratory Animal Management of
Ningxia Medical University (Chinese License Key Number:
SCXKNingxia: 20,050,001). They conformed to the National
Institutes of Health guidelines on the ethical use of animals.
This study was approved by the Local Ethics Committee in
March 2009.

Reagents

LBP was supplied by Qinghai General Health Bio-science,
Qinghai, China (Lot No.: KPGQZTQW-13-02, purity > 60%).
Nimodipine injection (Nim) (PubChem CID: 4497) was ob-
tained from Bayer, Germany (Lot No.: BXFS1Kb, 0.2 mg/
ml). The reagents used in this experiment are as follows:
Dulbecco’s Modified Eagles Medium (DMEM; Gibco),
Neurobasal-A-Medium (Gibco), fetal bovine serum (Gibco),
B-27 Supplement (Gibco), 0.25% Trypsin (Gibco), Poly-L-
Lysine (PLL; Gibco), HEPES buffered saltsolution (Gibco),
Earle’s balanced salt solution (EBSS) (in mg/L: 6800 NaCl,
400 KCl, 264 CaCl2 × H2O, 200 MgCl2 × 7 H2O, 2200
NaHCO3, 140 NaH2PO4 × H2O, and 1000 glucose, pH 7.2),
phosphate buffered saline (PBS), 3-(4,5-dimethyl thiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT; Solarbio). The
commercial kit for the detection of mitochondrial membrane
potential (MMP), calcium fluorescence probe (Fluo-3 AM)
and Hoechst 33342 were purchased from Beyotime Institute
of Biotechnology (Jiangsu Province, China). The commercial
kits for the detection of lactate dehydrogenase (LDH) and
reactive oxygen species (ROS) were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). TUNEL
staining was performed by In Situ Cell Death Detection Kit
(Roche, Germany). AxyPrep Multisource Total RNA
Miniprep Kit was obtained from Axygen Scientfic. Other
commercial kits, Transcript RT/RI Enzyme Mix and
TransStart Top Green qPCR SuperMix, were purchased
from TransGen Biotech (Beijing, China). Antibody of
TLR4 was purchased from Wuxin AppTec (San Diego,
USA). Antibody of β-actin, IκB-α, IL-6 and NF-κB were
purchased from Proteintech (Chicago, USA). All other re-
agents were from commercial sources and of standard bio-
chemical quality.

Hippocampal neuron culture and OGD/RP

Primary hippocampal neuronal cells were prepared from new-
born Sprague–Dawley rats . After tr i turat ion and
trypsinization, viability of hippocampal neurons was above
95% as calculated using conventional trypan blue staining,
under an optical microscope. Single-cell suspensions were
plated at a density of 1 × 106/ml, seeded in PLL-coated 6-well
or 96-well plates and were cultured in DMEM supplemented
with 10% fetal bovine serum and 2% HEPES buffered salt
solution. Cells were maintained in a humidified incubator
(37 °C with 5% CO2) for 1.5 h to achieve well-adherent
cells. DMEM culture mediumwas removed and replaced with
2% B-27 of Neurobasal-A-Medium culture medium. After
that, half of the culture medium was replaced with fresh cul-
ture medium every 2 days (Rui et al. 2012). In preliminary
experiments in our laboratory, hippocampal neuron
fluorescence staining with rabbit anti-rat neuron specific
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enolase (NSE) had been performed to identify the neurons as
described by Zhao et al. (2012).

Neurons were washed with EBSSwithout glucose for three
times and then the culture media were replaced with glucose-
free EBSS incubated for 2 h in oxygen-free N2/CO2(95%/5%)
gas at 37 °C. Then, the cultures were incubated again in a
normoxic incubator with normal culture medium for an addi-
tional 24 h as reperfusion. The cultures of the control group
were not exposed to OGD/RP. Other treating processes were
as same as the injury groups. Cells were randomly divided
into 6 groups: control group; vehicle (OGD/RP) group; Nim
group (5 mg/l); low, middle and high concentration LBP (10,
20 and 40 mg/l) groups. LBP was given at the start of the
reperfusion phase, acting through the processes of reperfusion.

MTTand LDH assay

Cell viability was assessed by the measurement of formazan.
MTT was added to 96-well plates after the above cell treat-
ment protocol at a final concentration of 5 mg/ml. After 4 h
incubation, formazan formed, the medium was removed and
cells were dissolved in DMSO. The formation of formazan
was measured by spectrophotometry at 490 nm using an
ELISA reader (ELx800uv; Bio Tek Instruments, USA).
Neuronal damage was also quantitatively assessed by measur-
ing the activity of LDH, released from damaged or dead cells.
A previous study showed that the efflux of LDH occurring
from either necrotic or apoptotic cells is proportional to the
number of neurons damaged or destroyed (Gwag et al. 1995).
LDH activity in the medium and total activity was measured
by LDH assay kit at 440 nm. The percentage of LDH leakage
was expressed as (LDH activi ty in medium/total
activity) × 100%.

Measurement of reactive oxygen species (ROS)

Formation of ROS was determined by using fluorescent
probe DCFH-DA. Cell-permeant nonfluorescent DCFH-DA
has been shown to be oxidized to high-fluorescent 2,7-
dichlorofluorescin in the presence of ROS. Neurons were
washed twice with phosphate-buffered saline (PBS) and then
incubated with DCFH-DA (10 mM) for 30 min at 37 °C in the
dark. The cells were harvested and suspended in PBS. The
fluorescence intensity was measured by fluorospectro pho-
tometer at an excitation wavelength of 485 nm and an emis-
sion wavelength of 525 nm.

Hoechst 33342 staining and TUNEL staining

To detect the characteristic features of apoptotic nuclei, the
cultured hippocampal neurons were stained with 10 μM
Hoechst 33342. Briefly, cells were washed with PBS twice
and fixed for 20 min in 4% (w/v) paraformaldehyde at

room temperature. After 30 min, the cells were rinsed three
times with PBS to remove the 4% (w/v) paraformaldehyde
and then exposed to 10 μM Hoechst 33342 for 5 min at
37 °C in the dark. The dye was removed by washing three
times with PBS. The stained nuclei were visualized and ana-
lyzed by laser scanning confocal microscopy (Tokyo, Japan).
We counted cell numbers and measured the apoptotic rate.

Briefly, cells were plated at a density of 1 × 106/ml, seeded
in PLL-coated 6-well plates. Twenty-four hours after reperfu-
sion, cells were fixed by immersing slides in 4% methanol-
free formaldehyde solution for 20 min at room temperature
and permeabilized with 0.2% Triton X-100 for 5 min. Cells
were labeled with fluoresce in TUNEL reagent mixture for
60 min at 37 °C according to the manufacturer’s suggested
protocol. After that, slides were examined by fluorescence
microscopy (Nikon, Tokyo, Japan) and the number of
TUNEL-positive (apoptotic) cells was counted.

Measurement of [Ca2+]i of hippocampal neuronal cells

The primary hippocampal neurons were cultured in Petri
dishes with a coverslip. Cells were washed with Hank’s solu-
tion twice and then loaded with 10 μmol/l Fluo-3/AM for
30 min at 37 °C in the dark. After 30 min at 37 °C, the cells
were rinsed three times with Hank’s solution to remove the
extracellular Fluo-3/AM. The fluorescence intensity of [Ca2+]i
in hippocampal neurons was determined by laser scanning
confocal microscopy. Total images were scanned and the data
were stored in disks for analysis (Rui et al. 2012).

Determination of mitochondrial membrane potential
(MMP)

We measured MMP by mitochondrial membrane potential
assay kit with JC-1, using the confocal laser scanning micro-
scope. JC-1 is a convenient voltage sensitive probe to monitor
MMP (Reers et al. 1991). Cells containing forming J-
aggregates have high △Ψm and show red fluorescence.
Cells with low △Ψm are those in which JC-1 maintains (or
reacquires) monomeric form and show green fluorescence
(Zhu et al. 2009). The relative proportions of red and green
fluorescence were used to measure the ratio of mitochondrial
depolarization.

Reverse transcription real-time quantitative PCR assay

Expressions of NF-κB, IL-6, IκB-α and TLR4 mRNA were
detected using real-time quantitative PCR. Total RNA of pri-
mary cultured neurons was isolated by Trizol agent.
Denaturing agarose gel electrophoresis was used for the de-
tection of the concentration and purity of RNA. RNA was
reverse-transcribed with TransScript First-Strand cDNA
Synthesis SuperMix. The nucleotide sequences of the primers
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used in this study were as follows: 5′-GTG TTC ACA GAC
CTGGCATC-3′ (forward) and 5′-TTC AGGGTA CTC CAT
CAG CA-3′ (reverse) for NF-κB; 5′-TTA CGA GCA GAT
GGT GAA GG-3′ (forward) and 5′-TTC ATG GAT GAT
TGC CAA GT-3′ (reverse) for IκB-α; 5′-ACT TCA CAA
GTC GGA GGC TT-3′ (forward) and 5′-AGT GCA TCA
TCG CTG TTC AT-3′ (reverse) for IL-6; 5′-GAT TGC TCA
GAC ATG GCA GT-3′ (forward) and 5′-CCC ACT CGA
GGT AGG TGT TT-3′ (reverse) for TLR4; 5′-CCC ATC
TAT GAG GGT TAC GC-3′ (forward) and 5′-TTT AAT
GTC ACG CAC GAT TTC-3′ (reverse) for β-actin. The
TransStart Top Green qPCR SuperMix kit was used for real-
time quantitative PCR analysis (initial template denaturation
at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s,
61 °C for 30 s and 72 °C for 1 min). The relative changes in
expression of the amplified gene was determined using a com-
parative cycle threshold (Ct) method with 2–ΔΔCt (Livak and
Schmittgen 2001).

Western blot analysis

To determine the levels of NF-κB, IL-6, IκB-α and TLR4
protein expression, the primary hippocampal neurons were
subjected to western blot analysis. The protein was extracted
using lysis buffer containing protease inhibitor, phosphatase
inhibitor and 100 mM phenylmethylsulfonyl fluoride (PMSF)
(KeyGEN, Nanjing, China). The supernatant was obtained by
centrifugation at 12,000g for 15 min at 4 °C. The protein
content was assayed by BCA protein assay (KeyGEN).
Aliquots of 30 mg of protein were treated with Laemmli sam-
ple buffer (GenDEPOT, USA), heated at 100 °C for 5 min
and electrophoresed with 25 mg/lane in a 10% acrylamide
denaturing SDS-polyacrylamide gel (SDS–PAGE). After
transferring to PVDF membranes, the membrane was then
incubated in blocking buffer (1 × PBS, 0.1% Tween 20 and
5% non-fat milk) for 1 h at room temperature, followed by
overnight incubation at 4 °C with primary antibodies of
NF-κB, IL-6, IκB-α, TLR4 and β-actin. Primary antibodies

for NF-κB (65 kDa, rabbit polyclonal antibody, 1: 2500 dilu-
tion; Proteintech), IL-6 (30 kDa, rabbit monoclonal antibody,
1:1000 dilution; Proteintech), IκB-α (36–40 kDa, rabbit
monoclonal antibody, 1:200–1:2000 dilution; Proteintech),
TLR4 (95 kDa, rabbit monoclonal antibody, 1:1000 dilution;
Wuxi AppTec), β-actin (42 kDa, rabbit polyclonal antibody,
1:4000 dilution; Proteintech) were used. β-actin served as an
internal control. The peroxidase-conjugated affinipure goat
anti-rabbit IgG (1:7000; ZSGB-Bio) secondary antibody was
incubated for 1 h at room temperature and detected with a
chemiluminescent agent (ECL; Amersham Life Sciences).
Band densities were measured using Quantity One 1-D
Analysis software v.4.6.9 (Bio-Rad Laboratories, USA) and
were used for analysis.

Statistical analysis

All quantitative data were expressed as mean ± SD. The sig-
nificance of differences in means between control and treated
groups for different parameters was determined by one-way
analysis of variance (ANOVA). The significance of differ-
ences between vehicle and control group was evaluated by
Student’s t test. The software package SPSS 18.0 was used
for calculations. P values of less than 0.05 were considered
statistically significant.

Results

MTT and LDH assay

As shown in Fig. 1 an exposure to OGD resulted in decreased
cell viability compared to the control group as assessed using
the MTT assay. Cell viability was 98.72 ± 0.2% in the control
group, 28.68 ± 0.3% in the OGD/RP group, 49.53 ± 0.14% in
the OGD group treated with 10 mg/l LBP, 57.16 ± 0.58% in
the OGD group treated with 20 mg/l LBP and 66.72 ± 0.24%
in the OGD group treated with 40 mg/l LBP. Thus, cells

Fig. 1 Effects of LBP on cell viability in primary hippocampal neuronal cells under OGD 2 h/RP 24 h, determined by MTT assay (a), the extent of
LDH release (b) and ROS. Data represent mean ± SD, n = 6. ##p < 0.01 Vehicle group vs. Control group; *p < 0.05, **p < 0.01 vs. Vehicle group
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treated with LBP prior to the OGD/RP group were significantly
more viable than cells not pre-treated with LBP. Treatment of
neuronal cells with LBP followed byOGD exposure resulted in
dose-dependent protection. In particular, the increase in cell
viability in the OGD/RP group treated with 40 mg/l LBP was
significantly greater than that of the untreated OGD/RP group
(P < 0.01).

LDH leakage corresponds to cytotoxicity and membrane
damage. The percentage cytotoxicity based on LDHmeasure-
ments was 47.4 ± 0.95% in the OGD/RP group (P < 0.01
compared with control group), 39.7 ± 1.3% in the OGD/RP
group treated with 10 mg/l LBP, 32.37 ± 0.67% in the OGD/
RP group treated with 20 mg/l LBP and 24.3 ± 1.2% in the
OGD group treated with 40 mg/l LBP (Fig. 1b). There was a
significant decrease in LDH leakage in all OGD/RP groups
treated with LBP compared to the vehicle group (P < 0.01).

Measurement of ROS

Intracellular ROS levels were monitored using the fluorescent
dye DCFH-DA. Figure 1c shows the accumulation of ROS in
neuronal cells exposed to OGD/RP. Treatment with LBP
inhibited ROS accumulation in neuronal cells after OGD/RP.
A significant decrease in ROS formation was found in the
OGD/RP groups treated with LBP compared to the vehicle
group (P < 0.05). ROS levels were 85 ± 5 in the control group
and 356.6 ± 15.14 in the OGD/RP group that did not receive
LBP treatment, while the ROS level was 101 ± 3.6 in the
OGD/RP group treated with 40 mg/l LBP, 110 ± 4.3 in the
OGD group treated with 20 mg/l LBP and 247.67 ± 10.78 in
the OGD group treated with 10 mg/l LBP.

Measurement of [Ca2+]i

We further investigated whether the [Ca2+]i was affected
(Fig. 2). OGD/RP insults resulted in a rapid increase in intra-
cellular Ca2+. At the end of an OGD/RP insult, a significant
elevation of [Ca2+]i, which was nearly 3.5-fold of that under
normal conditions, was observed in the insulted neurons. Nim,
a Ca2+ blocker used to relax the cerebral vasculature, could to
some extent depress the elevation of [Ca2+]i in OGD/RP-
insulted cells. Similarly, LBP also obviously inhibited the el-
evation of [Ca2+]i induced by OGD/RP in a concentration-
dependent manner. Consistent with the findings of the apopto-
sis experiment, the inhibitory effect of 40 mg/l LBP on the
elevation of [Ca2+]i was more significant than that of 5 mg/l
Nim and 10 or 20 mg/l LBP.

Measurement of MMP

Differences inΔψm were assessed using JC-1. Staining with
JC-1 allows cells to be excited at two different wavelengths in
order to assess Δψm in cells undergoing oxidative stress or

other challenges that would affect Δψm such as apoptosis.
Red fluorescence indicates polarized mitochondrial mem-
branes whereas green fluorescence indicates depolarized mi-
tochondrial membranes. The hippocampus treated with LBP
exhibited a marked difference in JC-1 staining compared with
neurons that were solely exposed to OGD/RP (Fig. 3).
Neurons that were subjected to a model of OGD/RP showed
a significant decrease in JC-1 red/green fluorescence ratio
(0.175 ± 0.022), indicating that the mitochondrial membranes
of cells that were exposed to OGD are more depolarized
compared to cells that were treated with LBP (10, 20,

Fig. 2 Effects of LBP on [Ca2+]i in primary hippocampal neuronal cells
under OGD 2 h/RP 24 h as indicated by Fluo-3/AM (×200). a Control
group; b Vehicle group; c Nim (5 mg/L) group; d–f LBP (10, 20, 40 mg/
L) treatment groups; g effects of LBP on [Ca2+]i in primary hippocampal
neuronal cells under OGD 2 h/RP 24 h.Histograms represent mean ± SD,
n = 6. ##p < 0.01 Vehicle group vs. Control group; *p < 0.05, **p < 0.01
vs. Vehicle group
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40 mg/l) as compared to neurons incubated under normoxic
conditions (1.33 ± 0.085, P < 0.01).

Protective effects of LBP pretreatment on OGD/RP
induced apoptosis in cells

Hoechst 33342 staining (Fig. 4) showed that, in response to
the OGD/RP insult, approximately 78% of cells displayed
typical morphological features of apoptosis including chroma-
tin condensation, nuclear shrinkage and the formation of a
few apoptotic bodies. Pretreatment with 10, 20 and 40 mg/l
LBP reduced the percentage of apoptotic cells by approxi-
mately 21, 43 and 65%, respectively.

Neuronal viability and apoptosis were also assessed using
the TUNEL assay. Figure 5 shows TUNEL-positive cells after
untreatment of cells with LBP, whereas large numbers of
TUNEL-positive cells were seen in the OGD/RP. In contrast,
numbers of TUNEL-positive (green) cells in control groups
were less. Quantitative analysis showed that the LBP (10, 20,
40 mg/l) pretreatment significantly reduced the number of
TUNEL-positive cells; the cells were decreased in a dose-
dependent manner, compared to the vehicle group.

LBP pretreatment affects OGD/RP induced expression of
genes and proteins in cells NF-κB, TLR4, IL-6 and IκB-α.
Those genes expressions were determined by measuring the
messenger RNA levels using reverse transcription polymerase

Fig. 3 Effects of LBP on MMP changes in primary hippocampal
neuronal cells under OGD 2 h/RP 24 h as indicated by JC-1 (×200). a
Control group; bVehicle group; cNim (5 mg/L) group; d–f LBP (10, 20,
40 mg/L) treatment groups; g effects of LBP on MMP in primary
hippocampal neuronal cells under OGD 2 h/RP 24 h. Histograms
represent mean ± SD, n = 6. ##p < 0.01 Vehicle group vs. Control
group; **p < 0.01 vs. Vehicle group

Fig. 4 Representative pictures of nuclei staining with Hoechst 33342
(×400). Representative photomicrographs showing the nuclear
morphology of hippocampal neurons in Control (a), Vehicle (b), Nim
(5 mg/L) treatment (c) and LBP (10, 20, 40 mg/L) treatment (d–f)
groups. The percentage of nuclear condensation in the cultured neurons
of different groups was counted (g). Histograms represent Mean ± SD,
n = 6. ##p < 0.01 Vehicle group vs. Control group; *p < 0.05, **p < 0.01
vs. Vehicle group
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chain reaction (RT-PCR). Increasing expression of IL-6,
TLR4 and NF-κB (P < 0.01 compared to the vehicle group,
Fig. 6a-c) and decreasing level of IκB-α were observed in
OGD/RP (P < 0.01 compared to the vehicle group, Fig. 6d).
LBP pretreatment significantly suppressed the OGD/RP induced
increase in the IL-6, TLR4 and NF-κB mRNA levels
(P < 0.01, P < 0.05 and P < 0.05, Fig. 6a-c) and increased
the level of IκB-α (P < 0.05, Fig. 6d).

To further examine the signaling pathways involved in the
neuroprotective effect of LBP against the OGD/RP insult in
cells, the expressions of NF-κB, IκB-α, IL-6 and TLR4 were
assessed by western blotting. As shown in Figs. 7 and 8,
OGD/RP significantly increased the protein level IL-6,
TLR4 and NF-κB (P < 0.01; Figs. 7a–c, 8a, b), while

decreasing the level of IκB-α (P < 0.01; Fig. 8a, c).
However, 40 mg/l LBP treatment caused a significant de-
crease in NF-κB,IL-6 and TLR4(P < 0.05; Fig. 7a–c; P <
0.01; Fig. 8a, b) and an increase in IκB-α expression compared
with vehicle group (P < 0.05; Fig. 8a, c).

Discussion

Recent studies in the area of stroke and brain ischemia have
demonstrated the significance of the inflammatory response,
which contributes to ischemic pathology and anti-
inflammatory strategies have become popular. The present
study indicated that LBP regulates OGD/RP injury via
the TLR4/NF-κB signaling way and this may be associated
with oxidants.

We used a model of OGD/RP in the hippocampus as a
way of reproducing clinical situations, since reperfusion can
occur spontaneously through resolution of an embolus or clin-
ical intervention and for evaluating the neuroprotective effect
of LBP against the effect of detrimental reperfusion injury.

The study evaluated the degree of injury in hippocampal
neuronal cells exposed to OGD/RP byMTTand LDH release.
Treatment with LBP (10, 20, 40 mg/l) decreased cell damage
and inhibited LDH release, which indicated that LBP may
have a protective effect on hippocampal neuronal cells ex-
posed to OGD/RP.

The protective effect of LBP was also supported by lower
MMP. MMP reflects the performance of the electron transport
chain and indicates a pathological disorder of this system.
High average MMP is related to higher viability (Li et al.
2016). Our data indicated tht MMP levels decreased after
24 h reperfusion and treatment with LBP (10–40 mg/l)
prevented the loss of MMP.

Abnormalities of [Ca2+]i homeostasis, especially [Ca2+]i
overload, have been linked to neuronal apoptosis induced by
ischemia–reperfusion (Su et al. 2016). Our results showed that
OGD/RP insult caused an elevated [Ca2+]i in the subjected
neurons and pre-treatment with LBP inhibited cell apoptosis
concentration-dependently, which was consistent with its anti-
early apoptosis effect in the same model. The results sug-
gested that the effect of LBP on neuronal apoptosis was, at
least partly, involved in its depressing activity in the abnormal
elevated [Ca2+]i of the hippocampus.

Apoptosis plays a significant role in the pathophysiology of
cerebral ischemia reperfusion injury (Chumboatong et al.
2017; Wu et al. 2016). Our previous researches demonstrated
LBP improves cell survival in the OGD/RP. We further stud-
ied the anti-apoptotic effect on the same model by Hoechst
33342 and TUNEL staining. We found that the OGD/RP in-
sult caused a remarkable increase in the neuronal apoptotic
percentage, which was depressed by the administration of
LBP in a concentration-dependent manner and elicited an

Fig. 5 LBP reduces the number of Tunel positive neurons after OGD/RP
injury.Representative photomicrographs showing the nuclear
morphology of hippocampal neurons in Control (a), Vehicle (b), Nim
(5 mg/L) treatment (c) and LBP (10, 20, 40 mg/L) treatment (d–f)
groups. The percentage of nuclear condensation in the cultured neurons
of different groups was counted (g). Histograms represent Mean ± SD,
n = 6. ##p < 0.01 Vehicle group vs. Control group; *p < 0.05, **p < 0.01
vs. Vehicle group
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Fig. 6 Effect of LBP on NF-κB
(a), IκB-α (b), IL-6 (c) and TLR4
(d) mRNA expression measured
by reverse transcription real-time
quantitative PCR. Histograms
represent mean ± SD, n = 3.
##p < 0.01 Vehicle group vs.
Control group; *p < 0.05,
**p < 0.01 vs. Vehicle group

Fig. 7 Effect of LBP on the
expression of IL-6 and TLR4 (a)
protein expression in the
hippocampal neurons as
determined by western blot.
Densitometric analyses of
western blot presented as
mean ± SD, n = 6 and the data are
presented as the fold induction
over control cells (b, c). ##p < 0.01
Vehicle group vs. Control group;
*p < 0.05, **p < 0.01 vs. Vehicle
group
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obvious abnormal neuronal morphological change. All these
facts demonstrated that the anti-apoptotic activity of LBP con-
tributed to the beneficial effect on neuronal injury in this
model.

OGD/RP enhances the formation of ROS in brain tissue. ROS
is directly involved in oxidative cellular damage, leading to cell
death (Willcox and Summerlee 2014). Cells that are experiencing
oxidative stress produce an imbalance of ROS that overwhelms
the endogenous ROS scavenging systems and further oxidative
damage resulting in the disruption of cellular proteins, lipids,
polysaccharides and DNA (Valero 2014; Maciejczyk et al.
2016; Ji et al. 2007; Nagayama et al. 2000). We observed sub-
stantial decreases in ROS generation and apoptosis in rat hippo-
campus cultures at doses of 10, 20 and 40 mg/l LBP when
compared to cells that were exposed to OGD/RP alone.

ROS can then stimulate ischemic cells, even ischemic neu-
rons, to secrete inflammatory cytokines and chemokines
(Bonaventura et al. 2016). Inflammation induced by oxidant
stress has many of the features associated with classical acti-
vation of the innate immune system and, as such, resemble
that seen after activation of TLRs (Karki and Igwe 2013; Deng
et al. 2016). Both TLR2 and TLR4 function in the MyD88-
dependent pathway to activate NF-κB, which induces the ex-
pression of proinflammatory genes, inflammatory cytokines
and adhesion molecules and the activation of adaptive immu-
nity (Gu et al. 2012; Wang et al. 2016; Winters et al. 2013).
TLR4was also found to bemore important than other TLRs in
the pathologic progression of cerebral ischemia and reperfu-
sion. It mediates pro-inflammatory responses through NF-κB

and other sensors, which induce the upregulation of pro-
inflammatory factors (Eltzschig and Eckle 2011; Ma et al.
2013). Our results showed that OGD/RP induced an increase
of the mRNA and protein expression of TLR4. Treatment with
LBP showed an obvious suppression.

It has been shown that continuously active TLR4 can in-
duce the activation of NF-κB with consequent expression of a
number of proinflammatory cytokines and a co-stimulatory
molecule (Han et al. 2017). NF-κB is a central mediator of
the inflammatory processes that exist in an inactive form by
associating with an inhibitory protein of the IκB family, which
is a family of proteins consisting of IκB-α, IκB-β and IκB-γ,
which can inhibit the activation of the NF-κB transcription
factor. In unstimulated cells, NF-κB resides in the cytoplasm
as a complex with inhibitory IκB proteins that mask their
nuclear localization signal. Upon cell activation, IκB is phos-
phorylated and proteolytically degraded, resulting in the trans-
location of NF-κB to the nucleus (Ma et al. 2013; Yuan et al.
2013) causing cell death. In this study, LBP (40 mg/l) signif-
icantly reduced the protein levels of NF-κB and inhibited the
OGD/RP-induced degradation of IκB-α. Therefore, our data
strongly support the theory that TLR4 is implicated in LBP
neuroprotection after cerebral ischemia through the inhibition
of NF-κB activation.

Similarly, other experiments revealed that TLR4 could reg-
ulate the expression of cytokines, such as TNF-α, COX-2, IL-
6 and iNOS (Tu et al. 2010; Zhou et al. 2016a, b; Wang et al.
2015a, b). IL-6 possesses multiple biological functions and a
variety of cytokines can induce the production of IL-6, which

Fig. 8 Effect of LBP on the
expression of NF-κB and IκB-α
(a) protein expression in the
hippocampal neurons as
determined by western blot.
Densitometric analyses of
western blot presented as
mean ± SD, n = 6 and the data are
presented as the fold induction
over control cells (b, c). ##p < 0.01
Vehicle group vs. Control group;
*p < 0.05, **p < 0.01 vs. Vehicle
group
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can be detected in brain tissue, cerebrospinal fluid and serumat
reperfusion 2 h after cerebral ischemia. Some studies have
shown that IL-6 can stimulate generated neurotrophic factors
and nervous growth factors, which assist the repair of dam-
aged nervous cells but also participate in the inflammatory
injuries (Gertz et al. 2012). In this study, LBP (40 mg/l) was
administered 24 h after reperfusion in an ischemic model. Our
data in neuronal cultures confirmed that LBP(40 mg/l) ame-
liorated the IL-6 expression.

Taken together, we have provided evidence that LBP ex-
hibited anti-oxidant and anti-inflammatory activities capable
of regulating TLR4/NF-κB signaling in vitro. Therefore, LBP
may be used as an effective neuroprotective agent for the
treatment of stroke in clinical trials and holds promise for
the development of new therapeutic approaches. It is worth
noting that a weakness of the finding is that we did not have
information for the effects of LBP in non-OGD condition.
Future study will test whether LBP rescues levels of pro-
inflammatory molecules at the baseline or if this is specific
to OGD-induced injury.

In conclusion, our data show that LBP regulated OGD/RP
injury via the TLR4/NF-κB signaling way and this may be
associated with oxidants. A better understanding of the mech-
anisms that underlie the hippocampal response during the
course of OGD/RP will be useful in improving treatment of
brain ischemia.
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