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SUMMARY

Aims: Flax Lignan (FLL), a chemical widespread within the plant and animal kingdoms,

has antioxidant, antiinfectious, and antitumor activities. However, little is known about the

effects of FLL on the central nervous system (CNS). Methods: The neuroprotective actions

of FLL against N-methyl-d-aspartate (NMDA) are investigated in primary cultured cortical

neurons by MTT assay. The expression levels of proteins related to apoptosis and GluN2-

containing receptor were detected by Western blot analysis. Intracellular Ca2+ was mea-

sured under a confocal laser scanning microscope. Results: After challenged with 100 lM
NMDA for 30 min, loss of cell viability and excessive apoptotic cell death were observed in

cultured cortical neurons. FLL protected the neurons against the NMDA-induced cell loss in

a concentration-dependent manner. FLL also significantly inhibited the neuronal apoptosis

induced by NMDA exposure through reversing intracellular concentration of Ca2+ overload

and balancing of Bcl-2 and Bax expression. Furthermore, FLL significantly reversed the

upregulation of GluN2B-containing NMDA receptors by exposure to NMDA, but did not

affect the expression of GluN2A-containing NMDA receptor. Conclusions: These findings

suggest that FLL protects cortical neurons by inhibiting the expression of GluN2B-contain-

ing NMDA receptor and regulating the Bcl-2 family.

Introduction

Flax Lignan (FLL) is a natural chemical widespread within the

plants. Flaxseed is one of the most significant sources of plant lign-

ans [1]. The structure of FLL is very similar to human estrogen

and is considered as a phytoestrogen. As a phytoestrogens, FLL

performs antitumor, estrogen, and antiestrogenic effects by the

inhibition of aromatase enzyme activity [2], DNA and RNA syn-

thesis, and oxidative activities [3]. Increasing attentions for lign-

ans show their potential roles in preventing lipid disorders against

lead acetate–induced oxidative damage [4] and reducing serum

malondialdehyde (MDA) [3]. However, few data are available

regarding the impact of flaxseed on neuroprotection.

The N-methyl-d-aspartate receptor (NMDAR) is involved in

synaptic plasticity, learning, memory, and neurological diseases [5

–10]. NMDAR is the major mediator of excitotoxicity because of

the high permeability of calcium. NMDAR is a heteromeric com-

plex formed by three types of subunits: GluN1, GluN2 (A, B, C,

and D), and GluN3 (A and B) [11,12]. NMDAR typically consists

of GluN1 and GluN2 subunits, in which GluN1 subunits are essen-

tial for the function of NMDAR channels [13]. Excitotoxicity

triggered by the selective activation of NMDAR-containing

GluN2B subunit has been suggested to play an important role in

the pathogenesis of neurodegenerative disorders associated with

glutamate excitotoxicity [14]. NMDAR meditates the flow of cal-

cium evoking the downstream signal molecules and causing the

excitotoxicity of neurons. Excessive stimulation of NMDAR is the

main cause of excitotoxicity in the central nervous system (CNS)

correlated with neuronal cell death. Present study investigates the

possible neuroprotective properties of FLL against excitatory

neurotoxicity mediated by NMDA in primary cortical neurons. We

found that FLL performed significant protective effects by downre-

gulating GluN2B expression levels and calcium overload, as well

as regulating the Bcl-2 family, including Bcl-2 and Bax expression.

Materials and Methods

Chemicals and Reagents

Flax Lignan (FLL) (purity >98%) was purchased from Shanghai

PureOne Biotechnology (Shanghai, China). 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium broidme (MTT), poly-D-lysine,
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trypsin, propidium iodide (PI), Hoechst 33258, and anti-b-actin
antibody were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Neurobasal medium, B27 supplement, and glutamine were

provided by Invitrogen (Carlsbad, CA, USA). Anti-MAP2, anti-

GluN2A, anti-GluN2B, anti-Bax, and anti-Bcl-2 antibodies were

purchased from Chemicon (Temecula, CA, USA). Dulbecco’s

modified Eagle’s medium (DMEM) was purchased from Hyclone

(Logan, UT, USA). Secondary antibodies conjugated with horse-

radish peroxidase (HRP) were purchased from Santa Cruz Bio-

technology (Santa Cruz, CA, USA). M-PER protein extraction

buffer and enhanced chemiluminescent solution (ECL) were

obtained from Pierce (Pierce, Rockford, IL, USA). All of the other

chemicals and reagents were of standard commercially available

biochemical quality.

Cell Culture and Treatment

Primary cultures of cortical neurons were prepared from the

brain of E15–E16 C57 mouse embryos. Briefly, dissociated brain

tissue from embryonic 15- to 16-day mouse was incubated with

0.125% trypsin in Ca2+- and Mg2+-free Hank’s balanced salt

solution for 10 min at 37°C. Then the cortex was washed in

DMEM supplemented with 10% FBS to stop trypsin activity and

further dissociated by trituration. The single-cell suspension was

cultured on poly-D-lysine-coated plates in Neurobasal media

supplemented with 2% B27, 0.5 mM glutamine, 100 U/ml peni-

cillin, and 100 U/ml streptomycin. It took 7 days for re-incuba-

tion, the time required for maturation of cortical neurons, and

half of the medium was changed every 2 days. The cells were

characterized by immunohistochemistry staining for anti-MAP2

antibody, revealing that this culture procedure yields more than

95% neurons [15]. Neurons were seeded at a density of 5 9 104

cells/well in 96-well plate, 3 9 105 cells/well in 24-well plate,

and 2 9 106 cells/well in 6-well plate, respectively, for different

treatment. FLL was added 24 h prior to and after the addition of

NMDA and were present throughout the excitotoxic insult. The

experimental protocol used in the present study was approved

by the Animal Care and Use Committee of the Fourth Military

Medical University.

(A) (B)

Figure 1 FLL promotes cell viability upon NMDA injury. (A) Dose-dependent cytotoxic effects of NMDA on the cell viability of cortical neurons. Primary

cultures of mouse neurons were treated with NMDA for 30 min, and cell viability was determined by MTT method. *P < 0.05, **P < 0.01 versus control.

(B) Effects of FLL on the cell viability after exposure to NMDA. Cells were pretreated with FLL at different concentrations followed by exposure to 100 lM

NMDA for 30 min. FLL alone did not change the cell viability. *P < 0.05, **P < 0.01 versus control; #P < 0.05, ##P < 0.01 versus NMDA alone.

(A)

(B)

Figure 2 Hoechst 33258 and PI double staining in cultured cortical

neurons. (A) Representative fluorescence images obtained after Hoechst

33258 and PI double staining in control, NMDA-treated, and NMDA + FLL-

treated groups. Scale bar: 20 lm. (B) The percentage of apoptotic

neurons in total neurons for control, NMDA-treated, and NMDA + FLL-

treated groups. The cell numbers were counted from the Hoechst 33258

and PI staining in three independent observations. *P < 0.05, **P < 0.01

versus control group; #P < 0.05, ##P < 0.01 versus NMDA alone.
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Cell Viability Analysis

Neuronal cell viability was determined by MTT assay as described

[16] with some modifications. Briefly, cortical neurons were cul-

tured in 96-well plates at 5 9 104 cells/well for 7 days before each

treatment. For NMDA-induced injury, cells were incubated with

different concentrations of NMDA (0, 25, 50, 100, and 200 lM)

for 30 min and then subjected to MTT assay. For FLL-mediated

protection assay, NPCs were pretreated with FLL (0, 0.01, 0.1, 1,

and 10 lM) 24 h before subjected to NMDA (100 lM) stimula-

tion for 30 min. At the end of each treatment, the culture medium

was replaced with fresh medium containing 0.5 mg/ml MTT for

4 h at 37°C. After incubation, the medium was replaced by

150 ll/well dimethyl sulfoxide (DMSO) to resolve the formazan

crystals. The optical density (OD) was read on a Universal Micro-

plate Reader (Elx 800; Bio-TEKinstruments Inc., Winooski, VT,

USA) at 570 nm (630 nm as a reference). The data were expressed

as a percent of control value and mean ± SEM of three experi-

ments, and six wells were included in each group.

Hoechst/PI Double Staining

Apoptotic cell death was determined by PI and Hoechst 33258

double fluorescent staining as described previously [15]. Neurons

were cultured in 24-well plates at a density of 600 cells/mm2.

After the excitotoxic injury, the cells were stained with PI

(1 lg/ml) and Hoechst 33258 (10 lg/ml) for 15 min and then

fixed by 4% paraformaldehyde for 10 min. Cells were observed

under a fluorescence microscope (Olympus BX61, Tokyo, Japan).

The Hoechst and PI dye were excited at 340 and 620 nm, respec-

tively. For each well, six visual fields were selected randomly.

Western Blot Analysis

To further explore the mechanisms involved in FLL-mediated

neuroprotection, we examined the effects of FLL on signaling

pathways related to apoptosis by Western blot analysis. After each

treatment, cells were rinsed twice with PBS and lysed by M-PER

protein extraction buffer containing 1 9 protease inhibitor cock-

tail. Cell proteins were quantified by a BCA Kit, and equal

amounts of protein (50 lg) were separated on 10% polyacryl-

amide gel followed by transferred onto an Immun-Blot PDVF

membrane. The membrane was blocked for 1 h with 5% non-fat

milk in Tris-phosphate buffer containing 0.05% Tween 20 (TBS-

T). It was further incubated overnight at 4°C with primary anti-

bodies including anti-GluN2A (1:1000), anti-GluN2B (1:1000),

anti-Bax (1:1000), anti-Bcl-2 (1:1000), and b-actin (1:10,000)

served as a loading control. After five washes with TBS-T, mem-

branes were further incubated with HRP-conjugated secondary

antibodies for 1–2 h and followed by four TBS-T washes. The tar-

get protein signals were detected and digitized using ECL and

Image J program.

Calcium Imaging

Calcium imaging was operated as described previously [17,18].

Neurons were cultured in 3.5 mm plates, which were made espe-

cially for laser scanning microscope at a density 3 9 105 per plate.

(A)

(C) (D)

(B)

Figure 3 Effects of FLL on Bax and Bcl-2

protein expression. (A) Representative Western

blots showing expression of Bax and Bcl-2

protein. (B-D) The intensity of the bands was

quantified by scanning densitometry,

normalized with respect to endogenous

b-actin, and expressed as fold change.

*P < 0.05, **P < 0.01 versus control group;
#P < 0.05, ##P < 0.01 versus NMDA alone.

Data were expressed as mean ± SEM of three

independent experiments.
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Cultured cells were washed twice using Mg2+-free extracellular

solution (ECS) containing (in mM) NaCl 140, KCl 3, CaCl2 2,

HEPES 10, glucose 10, adjusted to pH 7.2–7.3 with NaOH, and

osmotic pressure 310 ± 5 with sucrose. The neurons were incu-

bated with 2.5 lM fluo-3/AM at 37°C for 30 min. Then the

cultures were washed twice and returned to the original culture

medium for additional 30 min. The dye-loaded cells were mea-

sured for fluorescence with a confocal laser scanning microscope

(Olympus). Prior to NMDA application, the dye-loaded cells were

scanned for about 1 min to obtain a basal level of intracellular

Ca2+, then 100 lM NMDA was applied to the cultures, and equal

amount of ECS was added as a control. FLL was added 24 h before

the experiments and exists in the whole experiment process. The

change in Ca2+ concentration was estimated by the fluorescence

ratio of the fluo-3/AM-loaded neurons for another 4 min. The

results expressed as the change from the basal level, and cells were

picked out randomly for analysis from three independent experi-

ments, and six wells included in each group.

Statistical Analysis

Data were expressed as mean ± SEM. A t-test was performed for

statistical comparisons, and one way ANOVA was used for com-

parison between multiple groups followed by Tukey’s multiple

comparison tests as a post hoc comparison. In all cases, P < 0.05

was considered statistically significant.

Results

Protective Effects of FLL on Cell Viability

It was observed that treatment of primary cultured cortical neu-

rons with NMDA for 30 min induced a decrease in number of

cell viability and an increase in apoptotic cells. To determine

whether FLL protects neurons from injury, we evaluated the

effect of FLL in cultured cortical neurons firstly. Neurons were

exposed to an increasing concentration of NMDA (0, 25, 50,

100, 200 lM) for 30 min. NMDA decreased cell viability in a

concentration-dependent manner as measured by MTT assay

(Figure 1A). An exposure to 100 lM NMDA for 30 min was

used in subsequent experiments as cell insult was significant in

this paradigm (cell viability in 100 lM NMDA-treated:

68.4 ± 2.1%, P < 0.01 vs. control alone). Pretreatment with FLL

at 1 lM for 24 h showed effective neuroprotection against

NMDA injury (77.4 ± 6.1%, P < 0.05 vs. NMDA alone) as well

as at 10 lM (85.2 ± 4.3%, P < 0.01 vs. NMDA alone, Fig-

ure 1B). Cytotoxicity evoked by NMDA was blocked by pretreat-

ment with the NR2B-selective antagonist Ro 25-6981 (0.3 lM)

(Figure 1B). FLL (0.01–10 lM) itself did not affect the cell viabil-

ity (Figure 1B).

Flax Lignan Protection of Neuronal Cells Against
NMDA-Induced Apoptosis

Hoechst 33258 and PI double staining were performed to further

determine the neuroprotective effects of FLL. There was

7.9 ± 2.1% cells in control group that underwent apoptosis or cell

death, whereas NMDA markedly induced apoptotic/necrotic cells

in 35.1 ± 4.1% (P < 0.01 vs. control, Figure 2A,B). FLL (1 and

10 lM) significantly attenuated excitotoxicity of NMDA on corti-

cal neurons. The percentage of cells undergoing apoptosis

decreased to 23.4 ± 4.2% and 9.8 ± 6.1% respectively (P < 0.01

vs. NMDA alone; Figure 2A,B).

(A)

(B)

(C)

Figure 4 Effects of FLL on GluN2A and GluN2B expression. (A)

Representative Western blots showing the expression level of GluN2A and

GluN2B subtypes with different treatment. (B) The intensity of GluN2B

subtypes level was normalized with endogenous b-actin and expressed as

fold change compared with control. **P < 0.01 versus control group;
#P < 0.05, ##P < 0.01 versus NMDA alone. (C) The intensity of GluN2A

subtypes level was normalized with endogenous b-actin and expressed as

fold change compared with control. Data were expressed as mean ± SEM

of three independent experiments.
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Effect of FLL on Apoptotic Proteins Expression

B-cell lymphoma/leukemia-2 (Bcl-2) and Bcl-2 associated X pro-

tein (Bax) expressions were determined to investigate the possible

relation between NMDA-induced cell death and potential intra-

cellular mediators. Western blot analysis showed that B-cell lym-

phoma / leukemia-2 (Bcl-2) and Bcl-2 associated X protein (Bax)

both were expressed in non-injured cortical neurons, and FLL

(10 lM) treatment alone did not alter the expression of these pro-

teins (data not shown). NMDA stimulation significantly changed

the expression of Bax (143.0 ± 8.6% of control, P < 0.05;

Figure 3A,B) and Bcl-2 (41.1 ± 6.6% of control, P < 0.01;

Figure 3A,C), increasing the ratio of Bax/Bcl-2 (3.48 ± 0.11 of

control, P < 0.05; Figure 3D). These changes were significantly

reversed by treatment of FLL (ratio of Bax/Bcl-2, 1 lM:

2.40 ± 0.19, 10 lM 1.19 ± 0.10 of control, P < 0.05; Figure 3D).

The effect of FLL on the Bax/Bcl-2 ratio might constitute an

important element responsible for neuroprotection.

Effects of FLL on Expression of GluN2A-and
GluN 2B-Containing NMDARs

GluN2A- and GluN2B-containing NMDARs are linked to different

intracellular cascades and participate in different functions in neu-

ronal cell survival or death [19]. Blockade of GluN2B-containing

NMDA receptor promotes neuronal survival, exerting a protective

action against NMDA receptor–mediated neuronal damage

[17,19,20]. In contrast, activation of GluN2A-containing NMDAR

promotes neuronal survival and exerts neuroprotection against

either NMDAR-mediated or non-NMDAR-mediated neuronal

damage [19]. Western blot analysis was performed to detect

effects of FLL on the expression of NMDAR subtypes in the pri-

mary cultures. FLL (10 lM) alone did not change the basal

expression levels of GluN2A and GluN2B (data not shown).

GluN2B subtype expression was notably increased in cultured cor-

tical neuron after exposure to NMDA (301.3 ± 14.0% of control,

P < 0.05; Figure 4A,B), while the GluN2A subtype expression

was not changed notably (76.2% ± 21.1% of control; Figure 4A,

B). Upregulation of GluN2B subtype by NMDA stimuli was signifi-

cantly reduced in the presence of FLL (247.0 ± 14.1%,

182.0 ± 13.3%; P < 0.05 vs. NMDA alone; Figure 4A,B). How-

ever, FLL had no effects on the GluN2A subtype expression

(101.0 ± 4.1%, 105.0 ± 11.1% of control; P > 0.05 vs. NMDA

alone; Figure 4A,C). Thus, downregulated GluN2B subtype

expression by FLL is, at least partly, responsible for the neuropro-

tective effects of FLL against NMDA-evoked excitotoxic injury.

Pretreatment of FLL inhibited NMDA-induced
Ca2+ overload in cortical neurons

NMDAR activation increases cytoplasmic Ca2+ concentration in

cultured neurons [21] and Ca2+ overload triggers multiple intra-

cellular catabolic processes, followed by an irreversible death of

neuronal cells in the brain [22]. We, next, focused on the effect of

FLL on the Ca2+ overload. The fluorescence intensity can be

regarded as an indicator of cytoplasmic Ca2+ concentration [23].

Ca2+ fluorescence in cultured neuron was stable during detection

time (Figure 5A,B), and perfusion of FLL (10 lM) alone did not

induce the change in Ca2+ fluorescence (Figure 5B). NMDA

(100 lM) evoked a fast elevation of Ca2+ concentration in cul-

tured neurons (Figure 5A,C). The amplitude and speed of Ca2+

concentration induced by NMDA perfusion were significantly

decreased in the neurons with pretreatment of FLL (1 or 10 lM)

for 24 h as compared to the control neurons (Figure 5A,C). To test

whether FLL interacts with NMDA receptors and directly inhibits

the calcium influx from the NMDA receptors, we perfused NMDA

(A) (B)

(C)

(D)

Figure 5 Effects of FLL on intracellular calcium

overload. (A) Cultured neurons were loaded

with fluo-3, followed by successive perfusion of

NMDA for 4 min, and fluorescence images

were obtained; saline served as control. Scale

bar: 20 lm. (B) Fluorescence intensity was

normalized according to the fluorescence

detected, and values represent the

mean ± SEM in four separate experiments.

Saline (n = 27 neurons) or FLL alone (n = 21

neurons) did not change the fluorescence

intensity. (C) Fluorescence intensity induced by

NMDA perfusion in the control (n = 32

neurons) and FLL-pretreated neurons (n = 22

neurons in FLL 1 lM group; n = 25 neurons in

FLL 10 lM group). (D) Subsequent FLL did not

change the calcium fluorescence intensity by

NMDA (n = 20 neurons).
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first to induce the calcium fluorescence and added the FLL 1 min

later. We found that subsequent FLL (10 lM) did not change the

calcium fluorescence intensity by NMDA any more (Figure 5D).

This suggests that FLL does not interact directly with NMDA

receptors and inhibit the calcium influx from NMDA receptors.

Discussion

In this study, we demonstrated that Flax Lignan prevented the

neuronal injury induced by NMDA stimuli and increased the cell

viability, as showed by the results from the MTT assay, apoptotic

staining, and Western blot analysis. The results suggest that the

neuronal protection of Flax Lignan is correlated with the suppres-

sion of apoptosis induced by activation of GluN2B-containing

NMDAR and regulation of the Bcl-2 family.

Glutamate is responsible for basal excitatory synaptic transmis-

sion and synaptic plasticity including long-term potentiation and

long-term depression associated with cognitive processes [24].

Excessive glutamate accumulation, however, induces neuronal

death both in vitro and in vivo, and whether cells undergo apopto-

sis or necrosis depend on the dosage and duration of glutamate

stimulation [25,26]. Most investigators agree that pathologic acti-

vation of subtype NMDAR contributes to neuronal death after

acute excitotoxic trauma, such as brain ischemia and acts as the

major mediator [27,28]. NMDAR consists of GluN2A subunit that

promotes neuron protection, whereas GluN2B-containing

NMDAR mediates excitotoxicity [29]. In the present study, the

data showed that FLL reverses the upregulation of GluN2B

induced by NMDA, implicating the neuroprotection of FLL is

likely to antagonize a particular NMDAR subunit.

The key step in NMDA-induced neuronal cell apoptosis is the

overload of intracellular Ca2+, followed by overstimulation of

NMDAR [30]. Ca2+ overload triggers several downstream lethal

reactions, including nitrosative stress, oxidative stress, and mito-

chondrial dysfunction [31]. In this study, the elevation of Ca2+

stimulated by NMDA is inhibited by FLL in a dose-dependent

manner to support neuroprotection.

Glutamate evoked different intracellular cytotoxic signals;

among these, Bcl-2 family proteins play critical roles in apoptotic

cell death [32]. Bcl-2 family proteins consist of anti- and proapop-

totic families. Antiapoptotic protein, Bcl-2, has been reported to

inhibit caspases activation in cell apoptosis, whereas the proapop-

totic protein, Bax, promotes cell apoptosis via translocation to the

mitochondrial membrane as one of the major causes of some neu-

rological disorders [33]. Accordingly, the balance between Bcl-2

and Bax determines the fate of survival or death of cells in

response to cell insults [34]. In this study, we found that FLL treat-

ment increased the ratio of Bcl-2/Bax in NMDA-injured neurons,

suggesting FLL rescued cortical neurons from cell apoptosis, possi-

bly through regulation of apoptosis-related proteins.

In summary, our results suggest that the neuroprotective effects

of FLL are partially associated with the downregulation of

GluN2B-containing NMDAR. However, we could not exclude the

possibility that FLL may take neuroprotective activities through

other pathways. The results provide further insights into the neu-

roprotective functions of Flax Lignan. This may be helpful for the

Traditional Chinese Medicine in the treatment of neurodegenera-

tive disorders.
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