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Abstract The neuroprotection of huperzine A against apopto-
sis was investigated. In cultures of rat primary cortical neurons,
neuronal apoptosis was induced by serum deprivation for 24 h,
which was accompanied by enhanced caspase-3 activity and the
release of cytochrome c into the cytosol from mitochondria.
Pretreating the neurons for 2 h with huperzine A (0.1^10 WWM)
improved neuronal survival. Huperzine A at a concentration of
1 WWM signi¢cantly attenuated apoptosis by inhibiting the mito-
chondria^caspase pathway directly and indirectly. ) 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Apoptosis is the process by which neurons die during nor-
mal development and also a feature of chronic and acute neu-
rodegenerative diseases and stroke [1]. The family of cysteine
proteases known as caspases play a central role in apoptosis,
contributing to a signalling cascade between death promoting
stimuli and the cleavage of protein substrates which contrib-
ute to the characteristic apoptotic morphology [2]. In response
to the death stimuli, the mitochondria may then initiate apo-
ptosis through the release of cytochrome c and activation of
the intrinsic caspase pathway [3]. Huperzine A, a Lycopodium
alkaloid isolated from the Chinese herb Huperzia serrata, has
proved to be one of the most promising agents in the therapy
of Alzheimer’s disease. Interestingly, previous studies have
revealed that huperzine A, in addition to its potent acetylcho-
linesterase inhibition, also exhibited broad neuroprotection
against neurotoxicity induced by glutamate, hydrogen perox-
ide, L-amyloid peptide fragment 25^35 and oxygen^glucose
deprivation [4^7]. Furthermore, it has been shown that this
agent has the ability to attenuate apoptosis induced by hydro-
gen peroxide, L-amyloid peptide fragment 25^35 and oxygen^
glucose deprivation by altering the expression of apoptosis-
related genes [8^10]. However, the precise mechanism of hu-

perzine A’s action against apoptosis in neurons remains to be
elucidated. In primary neuronal cultures, serum deprivation
can induce a marked neuronal death mainly linked to an ap-
optotic process revealed by morphological and molecular
methods [11,12]. Using this injury paradigm, the present ex-
periments were designed to investigate the e¡ect of huperzine
A on neuronal apoptosis, especially on the mitochondria^cas-
pase pathway.

2. Materials and methods

2.1. Neuronal culture and serum deprivation
Rat cortical neurons were prepared from 16^18 day old embryos

according to a previously reported procedure [13]. The dissociated
cells were seeded in poly-L-lysine coated plates at a density of
5U105/cm and cultured in Dulbecco’s modi¢ed Eagle’s medium
(DMEM), supplemented with 10% (v/v) horse serum, 5% (v/v) fetal
bovine serum, 100 U/ml penicillin and 100 Wg/ml streptomycin. Cul-
tures were kept in an atmosphere of 5% CO2 at 37‡C and the fresh
medium was changed twice weekly. For serum deprivation, the cells
were incubated in serum-free medium (DMEM) for 24 h after 7 days
in vitro. At the time of treatment, neurons accounted for s 95% of
total cells (immunostained with a neuro¢lament antibody). Huperzine
A (colorless powder, purity s 98%, provided by the Department of
Phytochemistry, this Institute) was dissolved and diluted in phos-
phate-bu¡ered saline (PBS) and added into the culture 2 h before
serum deprivation.

2.2. Cell survival assays
Cell survival was evaluated by the ability to reduce MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Sigma), an in-
dication of metabolic activity [14]. This viability assay was conducted
in 96 well plates and read by spectrophotometric measurement with a
microplate reader (BioTek Instruments, USA).

2.3. Analysis of apoptosis rate by £ow cytometry
After serum deprivation for 24 h, neurons were harvested by cen-

trifugation and washed with PBS for the analysis of the apoptosis
rate. Cell pellets were ¢xed in 70% ethanol at 4‡C. After centrifuga-
tion at 1200 rpm for 5 min, cells were resuspended in 0.5 ml DNA
staining reagent containing 50 Wg/ml propidium iodide, 50 Wg/ml
RNase A, 0.1% Triton X-100 and 0.1 mM EDTA (pH 7.4). The ap-
optosis rate was analyzed using a Becton Dickson FACStar Plus £ow
cytometer [15].

2.4. Electrophoresis analysis of DNA fragmentation
Neurons (V1U107) were lysed in 500 Wl lysis bu¡er (20 mM

EDTA; 20 mM Tris^HCl, pH 8.0; 0.5% sodium dodecyl sulfate;
100 Wg/ml proteinase K) at 37‡C for 12 h, then incubated with 50
Wg/ml RNase A at 37‡C for an additional hour. DNA in the lysate
was extracted with equal volumes of chloroform/isoamyl alcohol, then
with chloroform. DNA was precipitated with 2 volumes of ethanol in
the presence of 0.3 M sodium acetate. After centrifugation at 15 000
rpm for 15 min, the DNA pellets were washed with 70% ethanol, air
dried and dissolved in 20 Wl TE bu¡er (10 mM Tris^HCl, 1 mM
EDTA, pH 7.6). The DNA sample was electrophoresed on 1.5% aga-
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rose gel containing 0.5 Wg/ml ethidium bromide at 85 V for 1 h and
photographed by an Ultra Violet Gel Documentation System.

2.5. Morphological analysis
Cell morphology was routinely assessed by phase contrast micro-

scopic observation. Nuclear morphology was analyzed by Hoechst
33342. Neurons were washed three times with PBS and labeled with
1 Wg/ml Hoechst 33342 (Sigma) for 15 min at room temperature. Cells
were observed and photographed on a £uorescence microscope with a
UV2A ¢lter.

2.6. Caspase-3 cleavage assay
The £uorogenic substrate for caspase-3 (Ac-DEVD-AMC) is la-

beled with the £uorochrome 7-amino-4-methyl coumarin (AMC).
The substrate produces a blue £uorescence that can be detected by
exposure to UV light at 360 nm. AMC is released from these sub-
strates upon cleavage by caspase-3. Free AMC produces a yellow-
green £uorescence that is monitored by a £uorometer at 460 nm.
The amount of yellow-green £uorescence produced upon cleavage is
in proportion to the amount of caspase-3 activity presented in the
sample. Assays were performed in duplicate, and at least three inde-
pendent experiments were carried out.

2.7. Cell fractionation and Western blot analysis
The highly enriched mitochondrial fractions from the cytosolic frac-

tions of cells (V5U107) were separated using the ApoAlet cell frac-
tionation kit (Clontech, USA). The location and change of cyto-
chrome c was determined by standard Western blot procedure and
probed with the speci¢c cytochrome c antibody. Meanwhile, cyto-
chrome oxidase subunit IV (COX4), a membrane protein in the inner
mitochondrial membrane, was used to be a marker for the mitochon-
drial-enriched fraction.

2.8. Statistical analysis
Experiments were performed in triplicate. The results are expressed

as meansRS.D. Data were evaluated for signi¢cance with one-way
ANOVA followed by Duncan’s multiple range testing using a compu-
terized statistical package.

3. Results

Signi¢cant neuronal injury and apoptosis were induced by
serum deprivation for 24 h. Active mitochondrial dehydroge-

nase of living cells can cleave MTT to produce formazan, the
amount of which directly correlates with the number of meta-
bolically active cells. As determined by MTT reduction, the
survival of neurons was markedly decreased by about 65%
after serum deprivation. However, pretreatment with huper-
zine A at concentrations of 0.1^100 WM for 2 h was able to
attenuate cell injury to modest but equivalent extents
(P6 0.01) (Fig. 1). Meanwhile, huperzine A at the above con-
centrations had no direct e¡ect on the viability of control
neurons (Ps 0.05) (data not shown).
Neuronal apoptosis was evaluated by di¡erent methods.

The apoptosis rate was de¢ned as the percentage of cells
with subdiploid DNA content (DNA fragmentation) deter-
mined with £ow cytometry. A signi¢cant increase in the apo-
ptosis rate was found when neurons were treated with serum
deprivation for 24 h. Pretreatment with 1 WM huperzine A for
2 h signi¢cantly blunted the apoptosis rate (P6 0.01) (Fig. 2).
A DNA fragmentation assay was used to determine whether
DNA is cleaved into multimers of 180^240 bp associated with
endonuclease activity [16]. In our experiments, after serum
deprivation, genomic DNA exhibited a ‘ladder’ pattern on
electrophoresis. The same conditions failed to produce an evi-
dent DNA laddering when applied after pretreatment with
1 WM huperzine A for 2 h (Fig. 3). Representative morpho-
logical changes of neurons with or without serum deprivation
are shown in Fig. 4. As observed by phase contrast micros-
copy, the culture treated with serum deprivation showed signs
of neuronal injury including neurite degeneration, shrinkage
of cell bodies and accumulation of condensed particles. In
Hoechst 33342 staining, serum deprivation triggered the char-
acteristic changes of apoptotic nuclear morphology. The neu-
ronal nuclei appeared smaller and more brightly stained, with
evident condensation and fragmentation. In contrast, cells in
cultures pre-incubated with huperzine A before serum depri-
vation appeared remarkably preserved and the above altera-
tions were signi¢cantly attenuated.
The assay on caspase-3 activity and the release of cyto-

chrome c from mitochondria showed that serum deprivation
induced the activation of caspase-3-like protease with an in-
creased cleavage of Ac-DEVD-AMC, the substrate for cas-
pase-3, by about 100%. Pretreatment with huperzine A for
2 h attenuated the substrate cleavage, indicating an inhibition
of caspase-3 (Fig. 5A). As shown in Fig. 5B, a 15 kDa band
corresponding to cytochrome c was observed in the cytosolic
fraction after serum deprivation, indicating that apoptosis in-
volves mitochondrial release of cytochrome c to the cytosolic
£uid. However, huperzine A, pre-incubated in the neuronal
culture for 2 h at a concentration of 1 WM, suppressed the
release of cytochrome c.

4. Discussion

The present study shows that neuronal apoptosis can be
activated after serum deprivation for 24 h. With the signi¢-
cant decrease of cell survival by MTT reduction, an increased
apoptosis rate was found and genomic DNA exhibited a typ-
ical ‘ladder’ pattern on electrophoresis. These changes were
accompanied by condensed or fragmented nuclei characteris-
tic of apoptotic cells. These results are quite consistent with
previous ¢ndings by Atabay et al. [17]. Apoptosis involves an
active, energy-dependent mechanism in which cells participate
in their own destruction, which is accomplished by specialized

Fig. 1. E¡ects of huperzine A on cell survival (MTT reduction) in
primary cortical neurons. Neurons under serum deprivation for 24
h. Huperzine A at concentrations of 0.1^100 WM added to the cul-
ture 2 h in advance. Data expressed as meansRS.D. Statistical com-
parison was made using ANOVA followed by Duncan’s test. At
least three independent experiments were carried out, each in tripli-
cate. There was a signi¢cant di¡erence between the serum depriva-
tion group and the untreated control group. ##P6 0.01 compared
to control group. **P6 0.01 compared to serum deprivation group.
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cellular machinery. The central component of this machinery
is a proteolytic system involving a family of proteases called
caspases. These enzymes participate in a cascade that is trig-
gered in response to proapoptotic signals and culminates in
the cleavage of a set of proteins, resulting in disassembly of
the cell [18]. After serum deprivation for 24 h, we found that
mitochondria released cytochrome c to the cytosol, and in-
creased caspase-3 activity, indicating that in response to the
death stimuli, the mitochondria may initiate apoptosis
through release of cytochrome c and activation of the intrinsic
caspase pathway. Mitochondria are pivotal in controlling life
and death. During apoptosis, cytochrome c is released from
mitochondria to cytosol. Cytosolic cytochrome c is required

for the formation of the apoptosome, which is composed of
cytochrome c, Apaf-1 and procaspase-9 [19]. As a result, cas-
pase-9 is cleaved and activated, which then can process and
cleave other caspases, including caspase-3, to orchestrate the
biochemical execution of cells. Activation of caspase-3 ap-
pears to be a key event in apoptosis. Numerous cellular sub-
strates for caspase-3 have been identi¢ed, including poly-
(ADP-ribose) polymerase, DNA protein kinase, laminin B,
and DNA fragmentation factor. The proteolytic cleavage of
these important proteins is directly responsible for the char-

Fig. 2. Determination of apoptosis rate by £ow cytometric DNA analysis. A^C: Representative histograms of di¡erent groups. A: Control pri-
mary cortical neurons. B: Neurons exposed to serum deprivation for 24 h. C: Neurons pre-incubated 2 h with 1 WM huperzine A, then treated
with serum deprivation for 24 h. D: Results of quantitative determination of apoptosis rate by £ow cytometric analysis. Data are expressed as
meansRS.D. ##P6 0.01 compared to control group. **P6 0.01 compared to serum deprivation group.

Fig. 3. E¡ects of huperzine A on electrophoresis pattern of DNA
fragmentation in primary cortical neurons induced by serum depri-
vation for 24 h. Lane 1: DNA marker; lane 2: control culture;
lane 3: culture exposed to serum deprivation for 24 h; lane 4: cul-
ture pre-incubated 2 h with 1 WM huperzine A and then treated
with serum deprivation for 24 h.

Fig. 4. E¡ects of huperzine A on primary cortical neurons in mor-
phology. A^C: Observed with phase contrast microscope. D^F: Nu-
clear morphology of apoptotic cells shown by Hoechst 33342 stain-
ing. A, D: Control neurons. B, E: Neurons exposed to serum
deprivation for 2 h. C, F: Neurons pre-incubated 2 h with huper-
zine A 1 WM and then treated with serum deprivation for 24 h.
Scale bar= 50 Wm.
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acteristic changes associated with apoptosis, including the ces-
sation of DNA repair, chromatin condensation and internu-
cleosomal DNA fragmentation [20,21].
Huperzine A has been found to exhibit broad neuroprotec-

tion in vivo and in vitro [4^10]. A previous study in our lab-
oratory has demonstrated that the ability of huperzine A to
attenuate apoptosis induced by oxygen^glucose deprivation
may result from its ability to alter the expression of apopto-
sis-related genes; huperzine A could e¡ectively antagonize the
up-regulation of c-jun and bax and the down-regulation of
bcl-2 [10]. The present results have con¢rmed and extended
this observation. When neurons were pre-incubated with hu-
perzine A at a concentration of 1 WM, a marked neuropro-
tection against serum deprivation was induced. Huperzine A
signi¢cantly attenuated neuronal apoptosis, and inhibited cas-
pase-3 activity and mitochondrial release of cytochrome c to
the cytosol. Our results suggest that huperzine A might block
apoptosis by antagonizing the mitochondrial-dependent cas-
pase pathway directly or indirectly. Combining these observa-
tions with the results of huperzine A on apoptosis-related
genes, it is proposed that the e¡ects of huperzine A on intrin-
sic caspase-3 pathway might be a downstream event of regu-
lation of the expression of bcl-2 family genes. Functionally,
bcl-2 is a potent cell death suppressor, whose over-expression
can prevent cell death in response to a variety of stimuli,
including serum and growth factor deprivation. However,
bax is a death promoting factor, whose translocation to the
mitochondrial membrane might lead to loss of mitochondrial
membrane potential and an increase of mitochondrial perme-
ability. Increased mitochondrial permeability results in the
egress of cytochrome c from the mitochondria and the follow-
ing activation of caspase-3 [22]. Huperzine A could e¡ectively
antagonize the up-regulation of bax and the down-regulation
of bcl-2, which might contribute to its e¡ects on mitochon-
dria-dependent caspase pathway. Thus, direct e¡ects of huper-
zine A on cytochrome c and caspase-3 could not be excluded.
There is mounting evidence supporting the notion that hu-

perzine A could be a useful neuroprotective agent. Especially,
it has been found that huperzine A exhibits neuroprotection
against ischemic injury in vivo and in vitro [7,10,23,24]. Fur-
thermore, the results in this study have provided evidence for
the molecular mechanisms of huperzine A against neuronal

apoptosis induced by serum deprivation. These ¢ndings indi-
cate that, besides Alzheimer’s disease, huperzine A might be
bene¢cial in other neurodegenerative diseases, including ische-
mia-related neurodegenerative diseases.
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