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Abstract Acrolein is a highly electrophilic alpha, beta-

unsaturated aldehyde to which humans are exposed in

many situations and has been implicated in neurodegen-

erative diseases, such as Alzheimer’s disease. Lithium is

demonstrated to have neuroprotective and neurotrophic

effects in brain ischemia, trauma, neurodegenerative dis-

orders, and psychiatric disorders. Previously we have found

that acrolein induced neuronal death in HT22 mouse hip-

pocampal cells. In this study, the effects of lithium on the

acrolein-induced neurotoxicity in HT22 cells as well as its

mechanism(s) were investigated. We found that lithium

protected HT22 cells against acrolein-induced damage by

the attenuation of reactive oxygen species and the

enhancement of the glutathione level. Lithium also atten-

uated the mitochondrial dysfunction caused by acrolein.

Furthermore, lithium significantly increased the level of

phospho-glycogen synthase kinase-3 beta (GSK-3b), the

non-activated GSK-3b. Taken together, our findings sug-

gest that lithium is a protective agent for acrolein-related

neurotoxicity.

Keywords Lithium � Acrolein � Glycogen synthase

kinase-3 beta � Reactive oxygen species

Introduction

Lipid peroxidation, which increases in neurodegenerative

disorders such as Alzheimer’s disease (AD) [1, 2], leads to the

formation of a number of aldehyde by-products. 4-hydroxy-

nonenal and malondialdehyde are the most abundant alde-

hydes, while acrolein is the most reactive one [3]. In

Alzheimer’s brain, acrolein was found to be elevated in hip-

pocampus and temporal cortex where oxidative stress is high

[4]. Very recently, we have shown that chronic administration

of acrolein to rats induced AD-like pathologies such as mild

cognitive impairment, hippocampal atrophy, and an upregu-

lation of beta-site APP cleaving enzyme 1 [5].

Acrolein was reported to increase the phosphorylation of

tau, which is considered as a major pathologic hallmark of

several neurodegenerative disorders, including AD, both in

SH-SY5Y neuroblastoma cells and in primary cultures of

mouse embryo cortical neurons. The basal phosphorylation

of tau protein seems to be largely mediated by glycogen

synthase kinase-3b (GSK-3b) [6, 7]. The activity of GSK-3b
has been associated with both pathological features of AD,

namely the buildup of Amyloid-b deposits and the formation

of neurofibrillary tangles [8, 9]. We also have confirmed that

activated GSK-3b is involved in acrolein-induced AD-like

pathologies in HT22 murine hippocampal cells [10]. Due to

these roles of GSK-3b in promoting AD, GSK-3b inhibitors

may have positive therapeutic effects on AD patients and are

currently in the early stage of testing [11].

Lithium, a specific inhibitor of GSK-3b, is a fundamental

component of therapy for patients with bipolar disorders for

over 50 years [12]. Meanwhile, lithium is demonstrated to
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be of benefit to the underlying pathology of AD [13, 14], as

well as an array of other common neuronal disorders,

including stroke, Parkinson’s disease, and Huntington’s

disease [11, 15]. However, its effect on acrolein-induced

neurotoxicity remains unknown. In this study, the effects of

lithium on the acrolein-induced neurotoxicity in HT22 cells

as well as its mechanism(s) were investigated.

Materials and Methods

Materials

Acrolein was purchased from Gelei Xiya Chemical Co.

(Chengdu, China). Dullbecco’s modified Eagle’s medium

(DMEM), and fetal bovine serum (FBS) were purchased from

Gibico-BRL (Grand Island, NY, USA). 20,70-dichlorofluo-

rescin diacetate (H2-DCF-DA), 3-(3,4-dimehylthiazol-2-yl)-

2,5-diphenyl-tetrazolium bromide (MTT), lithium chloride,

Rhodamine 123 and all other chemicals were purchased from

Sigma-Aldrich (St. Louis, MO, USA) unless stated otherwise.

Glutathione (GSH) assay kit was purchased from Jiancheng

Biochemical (Nanjing, China). Lithium chloride was dis-

solved in distilled water and stored at -20 �C. Rabbit poly-

clonal anti-phospho-GSK-3b (p-GSK-3b-Ser9) antibody and

anti-total-GSK-3b antibody were obtained from Santa Cruz

Biotechnology Inc. (CA, USA). Mouse anti-b-actin antibody

was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Rabbit and Mouse horseradish peroxidase were purchased

from Santa Cruz Biotechnology Inc. (CA, USA) and Promega

(Medison, WI, USA), respectively.

Cells Culture and Treatment

HT22 murine hippocampal neuronal cells (a gift from Prof.

Jun Liu, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen

University, China) [16] were maintained in DMEM sup-

plemented with 10 % (v/v) FBS and incubated at 37 �C

under 5 % CO2. The fresh solution of acrolein (1 M in

distill water) was diluted in DMEM supplemented with

0.5 % (v/v) FBS immediately before adding to each well at

the desired final concentrations. Cells in the control group

were treated with vehicle alone. For the experiments, cells

were pre-incubated with lithium for 30 min and followed

by treatment with acrolein, or co-incubated with lithium

and acrolein, or pre-incubated with acrolein for 30 min and

followed by treatment with lithium for indicated times.

MTT Assay

Cell viability was determined as we described previously [5]

based on conversion of MTT to MTT-formazan by mito-

chondrial enzymes. Briefly, cells were seeded into a 96-well

plate at a density of 4 9 103 cells/well in growth medium

and cultured to about 60–70 % confluence, prior to the

initiation of experimental treatment. Photomicrographs of

each culture were taken by phase contrast microscopy

(IX71, Olympus, Tokyo, Japan) prior to the MTT assay.

Cells were washed three times with PBS and 10 lL of MTT

solution (5 mg/mL stock) was added to the cells, and then

incubated for 1 h at 37 �C. The medium was removed

carefully and 150 lL of DMSO was then added to resolve

the blue formazan in living cells. Finally, the absorbance at

570 nm was read with an ELISA reader (Bio-Tek). Results

were expressed as the percentage of MTT reduction and the

absorbance of control cells was set as 100 %.

Measurement of Intracellular Reactive Oxygen Species

Accumulation

Intracellular reactive oxygen species (ROS) formation was

measured by fluorescence using H2-DCF-DA. The non-

fluorescent dye freely permeates into cells, where it de-

esterifies to form the ionizedfree acid (dichlorofluorescein),

which reacts with ROS to form the fluorescent 20,70-
dichlorofluorescein [17]. After the drug treatment, cells were

washed with PBS, loaded with 10 lM H2DCF-DA in serum-

free DMEM for 30 min at 37 �C, and then washed again

with PBS and kept at room temperature for an additional

30 min to allow for the complete de-esterification of the dye.

20,70-dichlorofluorescein fluorescence was analyzed using a

fluorescence plate reader (Flex Station3, Molecular Devices,

USA) at excitation and emission wavelengths of 490 and

533 nm, respectively, or taken images using a fluorescence

microscope (IX71, Olympus, Tokyo, Japan).

Estimation of Intracellular GSH

A GSH assay kit was used to measure intracellular GSH

concentration. Cells were collected and sonicated in 50 lL

of ice-cold lysis buffer. After centrifuging at 10,0009g for

15 min at 4 �C, the supernatant was collected. 50 lL of

TEAM reagent was added to 1 mL supernatant. 50 lL of

sample or the standard solution provided in the kit was

applied to each sample wells. 150 lL of the freshly pre-

pared assay mixture was added to each of the wells con-

taining standards and samples. The plate was incubated in

the dark on an orbital shaker at room temperature.

Absorbance was measured at 405 nm using a plate reader

(Bio-Tek) after 25 min incubation. All GSH values were

normalized to per mg protein of each sample.

Determination of Mitochondrial Membrane Potential

HT22 cell mitochondrial membrane potential was moni-

tored using the cell permeable cationic fluorescent dye
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Rhodamine 123, which preferentially enters mitochondria

due to the highly negative mitochondrial membrane

potential as previously reported [18, 19]. Briefly, after

different treatment, HT22 cells were washed twice with

PBS and then incubated with Rhodamine 123 solution

(5 lg/mL) for 15 min at 37 �C in the dark. Then, cells

were washed once with PBS, resuspended in 1 mL PBS

and analyzed using flow cytometer. Mean fluorescence

intensity of 10,000 cells/sample was presented.

Western Blotting

Cells were washed twice with ice-cold PBS, and then

suspended in 100 lL of lysis buffer (20 mM Tris–HCl,

150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, protease

inhibitor cocktail, 2 mM Na3VO4, and 10 mM NaF, pH

7.5). The protein concentration was determined using BCA

assay kit (Beyotime, Jiangsu, China). An equal amount of

protein (20 lg) was loaded in each lane. Proteins were

separated using SDS-PAGE gel electrophoresis and elec-

trically transferred to a PVDF membrane (Millipore). After

blocking the membrane with 5 % skim milk, target proteins

were immunodetected using specific antibodies. After

incubation with the secondary antibody, bands were visu-

alized using an ECL plus kit (Pierce) and exposed to

autoradiographic films according to the manufacturer’s

protocol. The intensities of bands were performed using

Quantity One Software (Bio-Rad, Hercules, CA).

Statistical Analysis

All experiments described in this study were repeated at

least three times. Data were presented as mean ± SD of

multiple independent experiments. Statistics were analyzed

with one-way ANOVA followed by a least significant

difference test (SPSS 17.0 software). Statistical signifi-

cance was considered at P \ 0.05.

Results

Lithium Prevents Acrolein-Induced Cell Death in HT22

Cells

To identify lithium capable of exerting neuronal protection

against acrolein, we investigated the effects of lithium on

HT22 cells. Exposure of HT22 cells to acrolein for 24 h

reduced cell viability in a concentration-dependent manner

(Fig. 1a). Acrolein (25 lM) was applied in following

experiments because the concentration corresponds to that

in AD patients’ brains (hippocampus 5.0 ± 1.6 nmol/mg

protein and amygdala 2.5 ± 0.9 nmol/mg protein) [20, 21],

which is calculated based on average protein content of

each culture dish in our experiments. Next, HT22 cells

were pre-incubated with various concentrations of lithium

for 30 min, followed by acrolein treatment for 24 h. The

results suggested that lithium protected HT22 cells against

acrolein-induced cell death, with 1 mM as the most potent

concentration (Fig. 1b). Under a phase-contrast micro-

scope, cell morphology was significantly damaged by

acrolein exposure, which was markedly attenuated by

lithium (Fig. 1c).

To clarify whether lithium could play neuronal protec-

tion role at other conditions, HT22 cells were co-incubated

with acrolein and lithium, or incubated with acrolein for

30 min and post-treated with lithium for 24 h. The results

showed that lithium (both co-treatment and post-treatment)

protected HT22 cells against acrolein-induced cell death

(Fig. 1d).

Lithium Attenuates Acrolein-Induced ROS Production

and GSH Depletion

It is well-known that the toxicity of acrolein is mediated by

the production of ROS and oxidative stress-induced dam-

age [22]. Hence, we investigated whether the neuropro-

tective effects of lithium blocked acrolein-induced

oxidative stress in HT22 cells. Acrolein at 25 lM increased

the intracellular ROS production by about 1.8-fold after

12 h in HT22 cells. Lithium at the tested concentrations

(0.3 and 1 mM) profoundly reduced the acrolein-induced

ROS accumulation (Fig. 2a, b) without affecting basal

level of ROS.

It has been suggested that acrolein induces GSH

depletion and then damages cells [22]. The effect of lith-

ium on GSH level, an essential endogenous antioxidant,

was examined on acrolein-treated HT22 cells. After 12 h of

acrolein treatment, the total GSH level was determined

spectrophotometrically. In the hippocampal neuronal cells,

treatment with acrolein led to a rapid decrease of intra-

cellular GSH level within 12 h (from (51.2 ± 9.4) nmol/

mg protein to (9.5 ± 3.6) nmol/mg protein, P \ 0.01).

Treatment with lithium (0.3 and 1 mM) dramatically

restored the GSH depletion (Fig. 2c).

Lithium Attenuates Acrolein-Induced Mitochondrial

Damage

It was found that mitochondria is one of the main intra-

cellular targets of acrolein [23]. Mitochondrial damage

could induce an increase of ROS and a subsequent decrease

in GSH content [24]. To explore whether lithium has effect

on acrolein-induced mitochondrial damage, we further

determined mitochondrial membrane potential in HT22

cells. As shown in Fig. 3a, lithium alone didn’t affect the

basal mitochondrial function in HT22 cells. 25 lM of
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acrolein treatment alone for 6 h in HT22 cells decreased

mitochondrial membrane potential to about 80 % as com-

pared to control cells (Fig. 3b). Lithium significantly

reversed the mitochondrial membrane potential reduction

induced by acrolein (Fig. 3c).

Lithium Boosts the Protective Inactivation

(Phosphorylation) of GSK-3b

Several studies directly link activation of GSK-3b to the

neuropathology of neurodegenerative diseases including

AD [25, 26]. Inactivation (phosphorylation) of GSK-3b
exerts beneficial therapeutic effects on neuronal protection

in AD and other central nervous system diseases [7, 15]. To

examine whether GSK-3b was involved in the protective

mechanisms of lithium, the phosphorylated protein level of

GSK-3b was assayed by Western blotting. Our results

showed the phosphorylation of GSK-3b slightly decreased

at 6 h but significantly increased at 12 h after exposure to

acrolein in HT22 cells. Interestingly, lithium potently

boosted the phosphorylation of GSK-3b from 6 to 12 h

after acrolein exposure (Fig. 4).

Discussion

Our results demonstrated that lithium efficiently protects the

mouse hippocampal HT22 cells against acrolein-induced

Fig. 1 Effect of lithium on acrolein-induced neurotoxicity. Acrolein

resulted in significant cell death in a concentration-dependent manner.

Lithium treatment significantly attenuated acrolein-induced cell

death. Cell viability was measured by MTT assay. Experiments were

repeated at least three times. Data are expressed as mean ± SD.

a Effects of acrolein treatment for 24 h on HT22 cell viability.

**P \ 0.01 versus control group. b Concentration course of lithium

on acrolein-induced neurotoxicity for 24 h. ##P \ 0.01 versus control

group. *P \ 0.05, **P \ 0.01 versus acrolein-treated cells in the

absence of lithium. c Phase contrast microphotographs (9100) of

HT22 cells pretreated for 30 min with lithium then incubation with

25 lM acrolein for 24 h. d HT22 cells were co-incubated with

acrolein and lithium, or incubated with acrolein firstly for 30 min and

followed by post-treatment with lithium for additional 24 h.

*P \ 0.05 versus acrolein-treated cells in the absence of lithium
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neurotoxicity. The protective effects were mediated by the

ROS scavenging ability of lithium, modulation of mito-

chondrial function and survival pathway of GSK-3b. These

findings are of great interest because acrolein has been shown

to accumulate in specific brain regions from AD patients [4,

27], and acrolein could induce AD-like pathologies in vitro

and in vivo [5]. On the other hand, lithium might represent a

promising treatment for acrolein-related diseases.

Recent studies suggested an important pathologic role of

acrolein-induced oxidative stress in the development of AD

Fig. 2 Effects of lithium on acrolein-induced ROS accumulation and

GSH depletion. Twelve hours of acrolein (25 lM) treatment resulted

in significant increase of intracellular ROS. Intracellular GSH level

was depleted by acrolein at 12 h. Lithium dramatically scavenged

intracellular ROS and reversed GSH level. Experiments were

repeated at least three times. a Fluorescence microphotographs

(9100) of HT22 cells pretreated for 30 min with lithium then

incubation with acrolein. b Fluorescence intencity of H2-DCF-DA

were measured by a fluorimetric plate reader. ##P \ 0.01 versus

control group; **P \ 0.01 versus acrolein-treated cells in the absence

of lithium. c Intracellular GSH level pretreated for 30 min with

lithium then incubation with acrolein for 12 h. ##P \ 0.01 versus

control group; **P \ 0.01 versus acrolein-treated cells in the absence

of lithium
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[27, 28], and we also have showed that oral administration

of acrolein induced AD-like pathologies in rats [5]. The

present data demonstrate again that acrolein induced ROS

production, depleted intracellular GSH and damaged mito-

chondrial function in HT22 hippocampal neuronal cells

(Figs. 2, 3). These results are consistent with our previous

data in rat primary astrocytes and SK-N-SH cells [28, 29].

Strategies to scavenge ROS had yielded benefits to oxidative

stress-induced neurodegenerative diseases [2]. Lithium, as a

specific GSK-3b inhibitor, dramatically inhibited the ROS

accumulation and blocked the GSH depletion in HT22 cells

exposed to acrolein. The concentration of lithium used in

current study is similar or even smaller to that used in other

studies [30, 31]. In addition, oxidative stress is accompanied

by a decrease in mitochondrial membrane potential, which is

widely considered as an indicator of mitochondrial func-

tionality [32]. Our previous data have showed that acrolein

triggered mitochondrial apoptotic process at 6 h of exposure

[10], and the present study found that lithium could prevent

the process of mitochondrial damage (Fig. 3).

Moreover, we discovered that lithium promoted pro-

motes the inactivation of GSK-3b, and boosted boosts the

anti-oxidative ability of HT22 cells (Fig. 4). GSK-3b is

thought to induce apoptosis by activating caspase-3 [33].

Interestingly, our study found that acrolein mildly activated

activates GSK-3b at 6 h while inactivated it at 12 h. This

result is consistent with our previous apoptosis result

indicating that acrolein elevates the activity of caspase-3 at

6 h but not at 12 h of exposure [10]. We chose GSK-3b as

a target kinase of oxidative stress resistance in HT22 cells

since data showed GSK-3b activity plays very important

roles in determining the fate of oxidative stress-inflicted

neuronal cells [34]. In HT22 cells, Schafer et al. [30]

showed that GSK-3b activity is directly involved in path-

ways leading to oxidative HT22 cells death since its inhi-

bition by lithium could be shown to lead to an increased

resistance of neurons to the oxidative stressors glutamate

and H2O2. In our present study, we also found lithium

could profoundly attenuate the acrolein-induced oxidative

damage in HT22 neuronal cells.

Fig. 3 Effect of lithium on

acrolein-induced mitochondrial

membrane potential reduction.

After 6 h exposure to acrolein in

the absence or presence of

lithium, HT22 cells were

stained with the mitochondrial

dye rhodamine 123 and

analyzed using a flow

cytometer. Experiments were

repeated at least three times.

a Lithium alone treated group

(blue line), b Acrolein alone

treated group (red line), and

c lithium pretreated for 30 min

and then incubated with acrolein

(green line) was compared with

untreated control group (solid

gray). d Mean fluorescence

intensity of 10,000 cells/sample

were presented. *P \ 0.05

versus control group, #P \ 0.05

versus acrolein-treated cells in

the absence of lithium (Color

figure online)
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Conclusion

Taken together, to the best of our knowledge, our findings

for the first time show that lithium potently prevents

acrolein-induced neuronal death through attenuating ROS

accumulation, GSH depletion, mitochondrial dysfunction

and GSK-3b activation. Our results also suggest that lith-

ium may provide a promising approach for the treatment of

acrolein-related neurodegenerative diseases, such as AD.
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