
RESEARCH PAPER

Pinusolide and 15-methoxypinusolidic acid
attenuate the neurotoxic effect of staurosporine
in primary cultures of rat cortical cells
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Background and purpose: Apoptosis is a fundamental process required for neuronal development but also occurs in most of
the common neurodegenerative disorders. In an attempt to obtain an anti-apoptotic neuroprotective compound from natural
products, we isolated the diterpenoids, pinusolide and 15-MPA, from B. orientalis and investigated their neuroprotective
activity against staurosporine (STS) -induced neuronal apoptosis. In addition, we determined the anti-apoptotic mechanism of
these compounds in rat cortical cells.
Experimental approach: Primary cultures of rat cortical cells injured by STS were used as an in vitro assay system. Cells were
pretreated with pinusolide or 15-MPA before exposure to STS. Anti-apoptotic activities were evaluated by the measurement
of cytoplasmic condensation and nuclear fragmentation. The levels of cellular peroxide, malondialdehyde (MDA) and [Ca2þ ]i ,

as well as the activities of superoxide dismutase (SOD) and caspase-3/7, were measured.
Key results: Pinusolide and 15-MPA, at a concentration of 5.0 ı̀M, reduced the condensed nuclei and rise in [Ca2þ ]i that
accompanies apoptosis induced by 100 nM STS. Pinusolide and 15-MPA also protected the cellular activity of SOD, an
antioxidative enzyme reduced by STS insult. Furthermore, the overproduction of reactive oxygen species and lipid
peroxidation induced by STS was significantly reduced in pinusolide and 15-MPA treated cells. In addition, pinusolide and
15-MPA inhibited STS-induced caspase-3/7 activation.
Conclusions and Implications: These results show that pinusolide and 15-MPA protect neuronal cells from STS-induced
apoptosis, probably by preventing the increase in [Ca2þ ]i and cellular oxidation caused by STS, and indicate that they could be
used to treat neurodegenerative diseases.
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Introduction

Apoptosis plays an important homeostatic role in several

cellular processes in the development of the immune and

nervous systems (Oppenheim, 1991). However, apoptosis

may also contribute to various pathological conditions

(Bredesen, 1995; Mattson et al., 1998). In the central nervous

system, apoptosis has been associated with many common

neurodegenerative disorders; for example, those occurring

after acute insults to the CNS, during ischaemia or trauma, as

well as in chronic degenerative conditions including Alzhei-

mer’s and Parkinson’s diseases (Coley and Puttfarcken, 1993;

Thompson, 1995). Therefore, the identification of com-

pounds that inhibit apoptosis is an important step towards

the development of effective treatment strategies for neuro-

degenerative disorders.

Pathological features of apoptosis include morphological

and biochemical attributes distinct from the process of

necrosis. The morphological features are associated with a

variety of biochemical changes in the cell death signalling

pathway, such as increased intracellular [Ca2þ ]i, generation

of free radicals and ATP, cytochrome c translocation and

caspase activation. Staurosporine (STS), an alkaloid produced
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by Streptomyces staurospores, is a potent inhibitor of protein

kinase and an established agent known to induce apoptosis

(Falcieri et al., 1993). STS-induced neuronal apoptosis

includes a number of characteristic signalling pathways, for

example. an increase in the intracellular concentrations of

calcium and of reactive oxygen species, the release of

cytochrome c and activation of caspase (Falcieri et al.,

1993; Bertrand et al., 1994; Jarvis et al., 1994). Thus, we

have attempted to find anti-apoptotic neuroprotective

compounds from natural products using STS-injured primary

cultures of rat cortical cells as an in vitro screening system.

In our screening system, we have found that the

methanolic extract of Biota orientalis (L.) Endl. (Cupressa-

ceae) leaves showed significant neuroprotective activity

against STS-induced neurotoxicity. The leaves of B. orientalis

have been used in Oriental medicine for the treatment of

gout, rheumatism, diarrhoea, and chronic tracheitis (Zhu

et al., 2004). We have previously shown that the diterpe-

noids, pinusolide and its derivative, 15-methoxypinosolidic

acid (15-MPA), isolated from B. orientalis, protect against

glutamate-induced neurotoxicity (Koo et al., 2002). In the

present study, we investigated the effect of pinusolide and

15-MPA on apoptosis induced by STS in primary cultures

of rat cortical cells and further elucidated the mechanism

of their anti-apoptotic effects.

Methods

Cell culture

Primary cultures of mixed cortical cells containing both

neuronal and glial cells were prepared from 17 to 19-day-old

foetal Sprague–Dawley rats as described previously (Kim

et al., 1998). Briefly, the trypsin (0.25%)-dissociated cortical

cells were plated on multi-well culture plates (Corning, NY,

USA) coated with collagen (0.1 mg ml�1) at a density of

1�106 cells per well and poly-L-lysine (10 mg ml�1) at a

density of 2�105 cells per well, respectively. The cortical

cells were grown in DMEM containing 10% heat-inactivated

foetal bovine serum with penicillin (100 IU ml�1) and

streptomycin (100 mg ml�1) at 371C in a humidified atmo-

sphere of 95% air-5% CO2. Cultures were allowed to mature

for 11 days before being used for experiments. Our mixed

cortical cultures consisted of approximately 70B75% cells

immunopositive for neuron-specific enolase and 25B30%

cells immunopositive for glial fibrillary acidic protein as

determined by immunocytochemical staining methods (Kim

et al., 2004). All experiments were performed with the Ethical

Approval of Seoul National University.

Neurotoxicity

Test compounds were dissolved in DMSO (final culture

concentration, 0.1%);. the solvent had no effect on cell

viability of control and staurosporine-treated cells at the

concentration used (Kim et al., 2004). Eleven-day-old cortical

cell cultures were pretreated with pinusolide or 15-MPA at

concentrations of 1.0 and 5.0 mM for 1 h and then exposed to

100 nM STS. After a further 18 h incubation, the cultures were

assessed for neurotoxicity.

Cytoplasmic condensation and nuclear fragmentation

For evaluation of cytoplasmic condensation and nuclear

fragmentation of cortical cells, Hoechst 33342 staining was

used (Earnshaw, 1995). Cultures grown on glass coverslips

were rinsed three times with phosphate-buffered saline (PBS,

pH 7.4) and fixed with 4% paraformaldehyde for 20 min at

371C. The cultures were washed three times with PBS and

then permeabilized with ethanol/acetic acid (19:1, v/v) for

15 min at �201C. The cells were stained with 0.1mg ml�1

Hoechst 33342 for 20 min at room temperature. Images of

Hoechst 33342-stained cells were acquired under a confocal

laser scanning microscope (395 nm excitation and 420 nm

barrier filter) with a �40 oil immersion objective. We

counted the number of cells showing nuclear fragmentations

on cultures grown in three independent wells (100 cells

assessed per well) using chambered coverglass multi-well

plate (Lab-Tek, NUNC). Statistical significance was deter-

mined by one-way ANOVA.

Measurement of intracellular calcium

The [Ca2þ ]i content was quantified by fluorescence imaging

of the cell-permeable calcium indicator dye, fluo-3 AM

(Molecular probes, Eugene, OR, USA). Briefly, cultures grown

on chambered coverglass were incubated in the presence of

0.1 mM fluo-3 AM for 30 min. The fluorescence photomicro-

graphs were acquired using a confocal laser scanning

microscope (488 nm excitation and 510 nm barrier filter)

with �40 oil immersion objective.

Measurement of cellular peroxide

The relative level of free radicals, that is peroxide, in

cultured cells was measured with the oxidation-sensitive

compound, 2,7-DCF-DA by the method of Goodman et al.

(1996). Cultures were loaded with DCF-DA (50 mM, 50 min-

incubation) followed by three washes in HBSS. DCF

fluorescence was then determined after 3 h incubation by

measuring light emitted at 530 nm of exciting cells

with light at 485 nm.

Measurement of lipid peroxidation

The level of MDA, an intermediate product of lipid peroxida-

tion, was determined by the modified thiobarbituric acid

reactive substance (TBARS) fluorescence method (Goodman

et al., 1996). To determine the amount of malondialdehyde

(MDA), cultured cells were collected with 1 ml of ice-cold

0.5 mM PBS and then homogenized. Cell suspensions were

added to a solution of 0.3 ml of 10% trichloroacetic acid

(TCA), and then 0.15 ml of TBARS reagent (0.335%

2-thiobarbituric acid in 50% glacial acetic acid) was added.

The solution was incubated at 901C for 60 min, and the

fluorescence was measured at 553 nm with an excitation

wavelength of 515 nm. The levels of MDA were quantified

using a standard curve of 1,1,3,3-tetraethoxypropane, and

expressed as nanomol of MDA per milligram of protein.

Assay for SOD activity

Cells were collected in 0.1 M. phosphate buffer (pH 7.4)

and homogenized. The homogenate was centrifuged for
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30 min at 3000 g at 41C and the supernatant (cytosolic

and mitochondrial fractions) was used for the measure-

ment of superoxide dismutase (SOD) activity. The activity

of SOD was determined according to the method of

McCord and Fridovich (1969) by xanthine-xanthine oxidase

reaction.

Assay for caspase-3/7 activity

Caspase-3/7 activity was measured with the Apo-ONE

homogeneous assay kit using a synthetic fluorometric

substrate for caspase, Z-DEVD-Rhodamine 110. After treat-

ment with STS for the time indicated, 100 ml of homo-

geneous caspase-3/7 reagent (bufferþ substrate) was added

to each well of the cultured neurons in 96-well plates. The

96-well plate was incubated at room temperature and

assayed on a Cytofluor II multiwell fluorescence spectro-

meter (excitation 485 nm, emission 520 nm).

Protein assay

Protein content was measured by the method of Lowry et al.

(1951) with bovine serum albumin as a standard.

Materials

Supplements for cell culture and other reagents used in the

study were obtained from Sigma (St Louis, MO, USA).

Caspase 3/7 assay kit was purchased from Promega (MA,

USA). All other chemicals were of the highest purity

available. Pinusolide and 15-MPA were isolated from the

barks of B. orientalis as previously reported and their purities

were higher than 95.0% (Koo et al., 2002).

Statistical analysis

Statistical significance was determined by one-way ANOVA

and, if significant, group means were compared by post hoc

analysis using Tukey multiple comparison of means test.

Values shown are the mean7s.d. of three experiments (three

to four cultures per experiment).

Results

Pinusolide and 15-MPA prevented apoptosis induced by STS

We evaluated the neuroprotective activity of pinusolide

and 15-MPA, isolated from B. orientalis, on cultured cortical

neurons exposed to pro-apoptotic STS (Figure 1). Generally,

cells undergoing apoptosis exhibit characteristic morpholo-

gical features such as cell shrinkage, membrane blebbing,

formation of apoptotic bodies, chromatin condensation and

nuclear fragmentation (Bredesen, 1995). In our system,

cytoplasmic condensation and nuclear fragmentation were

observed in STS-injured cortical cells in the fluorescence

photomicrograph, observed with a confocal microscope

using Hoechst dye 33342 (Figure 2). However, 15-MPA and

pinusolide significantly decreased these characteristic mor-

phological changes of apoptosis induced by STS whereas no

effect was seen with the control cells. These results suggest

that pinusolide and 15-MPA protect these cells against STS-

induced apoptosis.

Pinusolide and 15-MPA significantly reduced the elevation of

[Ca2þ ]i induced by STS

An elevation of [Ca2þ ]i, mediated by its release from the

intracellular store and influx, has been implicated as a pro-

apoptotic second messenger involved in both triggering

apoptosis and regulating death-specific enzymes in various

apoptotic pathways (Nicotera et al., 1994; McConkey and

Orrenius, 1997; Prehn et al., 1997; Nicotera and Orrenius,

1998). Therefore, the effect of pinusolide and 15-MPA on the

[Ca2þ ]i increase induced by STS was evaluated by use of a

confocal laser scanning microscope using fluo-3 AM, a calcium

specific indicator dye. As shown in Figure 3, [Ca2þ ]i in STS-

treated cells was increased approximately 7.0 fold compared to

that of control cells. However, pretreatment with pinusolide or

15-MPA significantly blocked the [Ca2þ ]i increase induced by

STS (Figure 3). At the concentration of 5.0mM, pinusolide and

15-MPA blocked [Ca2þ ]i increase by 38 and 68%, respectively,

as compared with that of STS-injured control cells. These

results suggest that the neuroprotective effect of pinusolide

and 15-MPA is associated with Ca2þ signalling, a critical event

in the STS-induced apoptotic pathway.

Effect of pinusolide and 15-MPA on ROS overproduction and lipid

peroxidation induced by STS insult

The sustained elevation of [Ca2þ ]i induced by STS results

in ROS generation which induces oxidative stress and the

apoptotic signal pathway (Keller et al., 1998; Richter, 1993;

Schultz et al., 1996). Moreover, superoxide anion, a major

ROS generated in mitochondria, can interact with nitric

oxide (NO) to form peroxynitrite, another detrimental free

radical. Thus, we evaluated the effect pinusolide and 15-MPA

on cellular ROS using the specific fluorescence dyes, DCF-

DA. Under our experimental conditions, exposure of cortical

cells to 100 nM STS for 18 h increased the cellular ROS levels

about four times compared to control cultures. However,

treatment with pinusolide or 15-MPA at concentrations of

1.0 and 5.0 mM, significantly reduced ROS production

provoked by STS (Figure 4).

We also evaluated the effect of pinusolide and 15-MPA on

membrane lipid peroxidation by measuring the production

of MDA. Under our experimental conditions, the level of

MDA in primary cultures of rat cortical cells exposed to

100 nM STS increased threefold compared to that of control

cultures. Interestingly, treatment with 5.0 mM 15-MPA inhi-

O
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COOCH3

O

15-Methoxypinusolidic acid 
(15-MPA)

Pinusolide

Figure 1 Structure of 15-methoxypinusolidic acid (15-MPA) and
pinusolide isolated from a methanolic extract of B. orientalis leaves.
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bited the production of MDA almost completely in STS-

injured cells; the level was retained near that of control

cells (Table 1).

Effect of pinusolide and 15-MPA on the reduction in SOD activity

in response to STS

Mammalian brains have mechanisms that can protect

against the damage caused by oxidative stress. These include

glutathione and antioxidative enzymes such as SOD,

glutathione peroxidase, catalase and glutathione disulphide

reductase (Sampath et al., 1994; Yu, 1994). As pinusolide and

15-MPA significantly inhibited overproduction of ROS, we

determined whether 15-MPA and pinusolide affected this

antioxidative defense system. Treatment with 15-MPA or

pinusolide almost completely inhibited the reduction in

SOD activity induced by STS at a concentration of 5.0 mM

(Table 1). From these results and those above, we suggest that

pinusolide and 15-MPA inhibit the overproduction of ROS by

preserving SOD activity from attenuation by STS.

Pinusolide and 15-MPA decreased activation of caspase-3/7

The elevation of [Ca2þ ]i and ROS production, and subse-

quent release of cytochrome c from mitochondria can lead

the activation of the caspase cascade (Kluck et al., 1997;

Gross et al., 1999; Martin et al., 2002). Hence, we examined

the effect of pinusolide and 15-MPA on the activation of

caspase-3/7 in neuronal apoptosis induced by STS. In our

system, caspase-3/7 activity was increased after STS insults.
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Figure 2 The effect of 15-MPA and pinusolide on cytoplasmic condensation and nuclear fragmentation in STS-injured neuronal cells. (a) The
images of Hoechst 33342 fluorescence were acquired under a confocal microscope (395 nm excitation and 420 nm barrier filter) with �40 oil
immersion objective. Cortical cells were pretreated for 1 h with 5 mM 15-MPA or pinusolide and were then exposed to 100 nM of STS for 18 h.
(b) Quantification of data representing the shape and intensity of Hoechst 33342 fluorescence in each cell. Arrows indicate cytoplasmic
condensation, apoptotic body and nuclear fragmentation. Cycloheximide, a protein synthesis inhibitor, was used as a positive control for STS-
induced apoptosis. Mean value of the STS-treated cultures are significantly different (Po0.001) from the value of the control cultures.
*Po0.05, **Po0.01, ***Po0.001 vs STS-treated cultures.
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However, treatment with pinusolide or 15-MPA efficiently

reduced the increase in caspase-3/7 activity induced by STS

(Figure 5).

Discussion

The pathological features of apoptosis include a variety of

characteristics distinguishable from necrosis. The morpho-

logical features are associated with various biochemical

changes in the apoptotic signalling pathway that are time-

dependent. These include increases in levels of [Ca2þ ]i and

oxygen radicals, followed by activation of caspases, and the

resulting typical apoptotic morphology; plasma membrane

blebbing, chromatin condensation and formation of apop-

totic bodies. Thus, we tried to elucidate the anti-apoptotic

mechanism of pinusolide and 15-MPA in STS-injured

neuronal cultures by evaluating their effects on some of

these biochemical changes. The increase in [Ca2þ ]i and
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Figure 3 Effect of 15-MPA and pinusolide on the [Ca2þ ]i increase in STS-injured rat cortical cells. (a) 3D pseudo fluorescence images of
calcium indicator dye fluo-3 under a confocal microscope (488 nm excitation and 510 nm barrier filter) represent the intensity of Ca2þ in living
cortical cells. Cultures were pretreated for 1 h with 5mM 15-MPA or 5mM pinusolide and were then exposed to 100 nM STS for 6 h. Cells grown
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0

200

400

600

800

1000

1200

1400

Ctrl 0.1% DMSO STS 15-MPA Pinusolide

A
rb

ita
ry

 u
ni

ts
 o

f D
C

F
 fl

uo
re

sc
en

ce
s STS (-) STS (+)

# P < 0.001

**

*

Figure 4 Effect of 15-MPA and pinusolide on cellular ROS level
in primary cultures of STS-injured rat cortical cells. The relative
content of intracellular peroxide was determined using the
fluorescent dye DCF-DA. The values shown are means7s.d. of three
experiments (3–4 cultures per experiment). Mean value of the
STS-treated cultures are significantly different (#Po0.001) from the
value of the vehicle-treated cultures. *Po0.05, **Po0.01 vs STS-
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cellular accumulation of ROS are general phenomenon that

occur in STS-induced neuronal apoptosis and during apop-

tosis induced by other stimuli (Prehn et al., 1997; Aaron

et al., 1998). With regard to the roles of the [Ca2þ ]i increase

and ROS production in apoptosis, it has been postulated that

an increase in [Ca2þ ]i is involved in the generation of ROS.

However, ROS can also affect calcium homeostasis, therefore,

it is possible that both ROS and Ca2þ act synergistically to

affect apoptotic cell death (Richter, 1993; Kluck et al., 1997).

Previous studies have shown that antioxidants exert a

protective effect on STS-induced apoptosis in many cell

types. In addition, the increase in [Ca2þ ]i can also be

partially prevented by the presence of antioxidants, suggest-

ing a role for ROS in the STS-induced rise in [Ca2þ ]i (Kruman

et al., 1997; Prehn et al., 1997; Gil et al., 2003). In the present

study, treatment with pinusolide or 15-MPA significantly

inhibited the increase in [Ca2þ ]i and ROS accumulation

induced by STS in the primary cultured rat cortical cells

(Figures 3 and 4). Measurement of the direct free radical

scavenging activity of 15-MPA and pinusolide, using the

DPPH assay, showed that neither compounds directly

scavenged free radicals in our study (data not shown).

Therefore, it is possible that pinusolide and 15-MPA inhibit

ROS production by stabilizing Ca2þ homeostasis which, in

turn, prevent further ROS production; an effect that does not

involve the scavenging of free radicals.

This decrease in ROS production in STS-injured cortical

cells induced by pinusolide and 15-MPA could also result

from their preservation of SOD. Oxidative stress is caused by

the overproduction of ROS such as superoxide anion radical

(O2
�.), peroxynitrite and hydroxyl radical. These cause

cellular structural and functional dysfunction by attacking

chemical bonds in cellular lipids, proteins, and nucleic acids

(Bromont et al., 1989). Other detrimental free radicals are NO

and peroxynitrite, which can directly induce apoptosis in

many types of cultured cells including neurons (Bromont

et al., 1989; Beckman and Crow, 1993; Keller et al., 1998).

The accumulation of superoxide anion radicals is prevented

by its conversion to hydrogen peroxide, a process catalyzed

by Cu/ZnSOD in cytoplasm and MnSOD in mitochondria

(Yu, 1994). Previous studies reported that the expression

of SOD plays an important role in protecting cells from ROS

in neuronal apoptotic cell death (Greenlund et al., 1995).

Mitochondrial MnSOD prevents neuronal apoptosis and

reduces ischaemic brain injury by suppression of peroxyni-

trite production, lipid peroxidation and mitochondrial

dysfunctions (Keller et al., 1998). In our culture system,

pretreatment of the primary cultured rat cortical cells with

pinusolide and 15-MPA completely inhibited the decrease

in SOD activity induced by STS (Table 1). Therefore, the

reduction in the rise in [Ca2þ ]i and ROS production by 15-

MPA and pinusolide might also be exerted via its protective

effect on SOD activity.

The elevation of [Ca2þ ]i and ROS production can result in

the activation of the caspase cascade (Lebel et al., 1992; Kluck

et al., 1997; Gross et al., 1999; Martin et al., 2002). The

caspase cascade, therefore, is the later stage of apoptosis and

can be prevented by Ca2þ modulators and antioxidants,

whereas general caspase inhibitors do not affect Ca2þ influx

and ROS production. In our studies, pinusolide and 15-MPA

strongly inhibited the activation of caspase-3/7 after STS

exposure (Figure 5). Therefore, inhibition of caspase-3/7

might be achieved as a consequence of a reduction in the rise

of [Ca2þ ]i and ROS overproduction.

In conclusion, we suggest that pinusolide and 15-MPA

significantly attenuate STS-induced neuronal apoptosis in

primary cultures of rat cortical cells via stabilization of [Ca2þ ]i
homeostasis and suppression of oxidative stress. On the basis

of the present study, the anti-apoptotic effect of 15-MPA and

pinusolide may provide a potential therapeutic approach for

preventing and/or treating neurodegenerative diseases.

Further studies must be carried out to explore this possibility.

Table 1 Effects of 15-MPA and pinusolide on the membrane lipid
peroxidation and SOD activity in STS-induced apoptosis

TBARSa (nmol mg�1 protein) SODb (U mg�1 protein)

Control 0.99870.191 40.9379.41
STS 3.43470.487 12.0175.63

15-MPAþ STS
1 mM 1.95370.508* 32.6875.01***
5 mM 1.16670.439** 41.5776.68***

Pinusolideþ STS
1 mM 2.64270.415 19.6073.16*
5 mM 1.96570.397* 24.6377.01**

Control represents the value for cultures not exposed to STS.
aThe TBARS intensities of cell homogenate were measured by using a

fluorescence spectrometer with an excitation wavelength at 515 nm and an

emission wavelength at 553 nm.
bThe supernatants were used to assay for SOD activity which was based on the

ability of SOD enzyme to compete with ferricytochrome C for superoxide

anions generated by the xanthine oxidase system. Data are expressed as the

mean7s.d. of three independent experiments. Mean value of the STS-treated

cultures are significantly different (Po0.001) from the value of the control

cultures.

*Po0.05, **Po0.01, ***Po0.001 vs STS-treated cultures.
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Figure 5 Effect of 15-MPA and pinusolide on caspase 3/7 activation
in STS-induced apoptosis. The caspase-3/7 activity was measured
with the Apo-ONE homogeneous assay kit. Caspase-3/7 activation in
cortical cultures was quantified at the end point of the incubation
times for 12 h following exposure to 100 nM STS. The fluorescence
intensities of cleaved rhodamine 110 products were measured on
a fluorescence spectrometer (excitation 485 nm, emission 520 nm).
Data are expressed as the means7s.d. of three separate cultures.
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