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Abstract
Aim: To investigate the apoptotic mechanism of pseudolaric acid B (PAB) in hu-
man breast cancer MCF-7 cells.  Methods: 3-(4,5-Dimethylthiazol-2-yl)-2, 5-di-
phenyltetrazolium bromide analysis and morphological changes were applied to 
detect apoptosis.  The percentage of apoptotic and necrotic cells were calculated 
by the lactate dehydrogenase activity-based cytotoxicity assay, and the protein 
expression was examined by Western blot analysis.  Results: PAB and/or the 
mitogen-activated protein kinases, including p38, c-Jun-N-terminal kinase (JNK) 
and extracellular signal-regulated kinase (ERK), did not participate in necrosis.  
P38 had no obvious function on apoptosis after 4 µmol/L PAB treatment for 36 
h, but PAB induced JNK phosphorylation and inhibited ERK phosphorylation in 
the apoptotic process.  In this study the inhibitor of protein tyrosine kinase (PTK) 
genistein inverted the inhibitory effect of PAB, instead promoting the survival of 
MCF-7 cells.  Like genistein, another PTK inhibitor AG1024 had a similar ef-
fect on PAB-treated MCF-7 cells, indicating that PAB activated PTK to induce 
apoptosis.  Together with PAB, genistein increased the expression of p-ERK, and 
decreased the expressions of JNK and p-JNK in PAB-treated MCF-7 cells at 36 h.  
And it is considered that the p-ERK and p-JNK were active patterns of ERK and 
JNK, respectively.  Conclusion: PTK were upstream of ERK and JNK, and PTK 
induced apoptosis through activating JNK and inactivating ERK in PAB-treated 
MCF-7 cells.  

Introduction
Pseudolaric acid B (PAB; Figure 1) is a diterpene acid 

isolated from the root and trunk bark of Pseudolarix kae-
mpferi Gordon (Pinaceae), known as “Tu-Jin-Pi” in Chi-
nese, which has been used to treat dermatological fungi 
infections.  PAB exerts potent antifungal, antimicrobial[1], 

antifertility[2,3] ,and cytotoxic activity in vitro[4].  We previ-
ously reported that PAB induced apoptosis, senescence, 
and mitotic arrest in human breast cancer MCF-7 cells; 
the apoptotic pathway was not through the Fas death 
receptor[5].  However, the apoptotic mechanism of PAB in 
MCF-7 cells was not entirely clear.  Therefore, in this study 
the protein tyrosine kinases (PTK) and the mitogen-acti-
vated protein kinases (MAPK) on the apoptotic pathways 

were investigated to explore the apoptotic mechanism of 
PAB on MCF-7 cells.

Apoptosis is a highly regulated process of cell death 
and plays a fundamental role in the maintenance of tissue 

Figure 1. Chemical structure of PAB.
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homeostasis.  In recent years many studies have revealed 
that apoptosis is a constitutive suicide program triggered 
by a variety of extrinsic and intrinsic signals[6,7].  Breast 
cancer is the second most common cause of cancer death in 
women, and human breast cancer has a poor prognosis on 
the basis of present therapeutic measures[8].

PTK plays key roles in the regulation of cell pro-
liferation, differentiation, metabolism, migration, and 
survival[9–13].  They are classified as receptor PTK and 
non-receptor PTK[14].  Due to their involvement in various 
forms of cancers, PTK have become prominent targets for 
therapeutic intervention.  The focus of PTK inhibitors has 
been as a promising class of antitumoral agents, and these 
agents have been shown to inhibit multiple features of can-
cer cells, including proliferation, survival, invasion, and 
angiogenesis.  Genistein, a soybean-derived isoflavone, is 
a PTK inhibitor that attenuates growth factor-stimulated 
proliferation of cancer cells[15].  Genistein can inhibit the 
activity of certain PTK, such as Src, the epidermal growth 
factor receptor, and topoisomerase II[16–19], therefore it has 
potent effects on both receptor PTK and non-receptor PTK.  
AG1024 is also effective in blocking insulin-like growth 
factor receptor 1[20], but in this study, genistein or AG1024 
together with PAB showed unexpected growth stimulant 
effect.

In mammalian cells there are 3 major pathways of 
MAPK: stress-activated protein kinase/c-Jun-N-terminal 
kinase (JNK), p38 kinase, and extracellular signal-regulat-
ed kinase (ERK)[21,22].  Generally, the JNK and p38 protein 
promotes inflammation, apoptosis, growth, differentiation, 
and oncogenic transformation, while ERK are implicated in 
growth, differentiation, and development[23–26].  MAPK are 
induced by a PTK cascade mechanism[27,28].  The pathway 
of MAPK includes sequence MAPK kinases (MAPKK) ki-
nases (MAPKKK), MAPKK, and MAPK.  The MAPKKK 
is a serine–threonine kinase, which is a contact molecule 
that passes active signals from the membrane receptors to 
its downstream protein, MAPKK.  MAPKK is a kinase 
with dual specificity, which phosphorylates threonine and 
tyrosine residues on its substrate, MAPK.  MAPK, that 
transmit the signal from cytoplasm to the nucleus, are also 
a serine–threonine kinase, which phosphorylate and acti-
vate cytoplasmic proteins[28].  In these ways by regulating 
the expression of different genes, MAPK are implicated 
directly in distinct cellular processes.  Many PTK, includ-
ing receptor PTK and non-receptor PTK phosphorylate 
MAPKKK to active or inactive MAPK in the apoptotic 
process[29,30].  Therefore, the mutual relationship between 
PTK and MAPK was examined in the PAB-induced apop-

totic process.

Materials and methods
Materials  PAB, which was purchased from the Na-

tional Institute for the Control of Pharmaceutical and Bio-
logical Products (Beijing, China), was dissolved in DMSO 
to make a stock solution.  The DMSO concentration was 
kept below 0.01% in all the cell cultures and did not exert 
any detectable effect on cell growth or cell death.  3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT), AG1024, and genistein were purchased from Sig-
ma (St Louis, MO, USA).  PD98059 and SP600125 were 
from Calbiochem (La Jolla, CA, USA).  Rabbit polyclonal 
antibodies against p38, phospho-p38 (p-p38), JNK, phos-
pho-JNK(p-JNK), ERK1, ERK2, phospho-ERK(p-ERK), 
b-actin, and horseradish peroxidase-conjugated secondary 
antibodies (goat antirabbit) were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).  

Cell culture  Human breast cancer cells MCF-7 were 
obtained from American Type Culture Collection (Ma-
nassas, VA, USA) and cultured in RPMI-1640 medium 
(Hyclone, Logan, UT, USA) supplemented with 10% heat 
inactivated (56 oC, 30 min) fetal calf serum (Beijing Yu-
anheng Shengma Research Institution of Biotechnology, 
Beijing, China), 2 mmol/L glutamine (Gibco, Grand Island, 
NY, USA), penicillin (100 U/mL), and streptomycin (100 
mg/mL), and maintained at 37 oC with 5% CO2 in a humidi-
fied atmosphere.

Cell growth inhibition test  The inhibition of cell 
growth was determined by MTT test.  In a previous study 
at 36 h, the half-maximal inhibitory concentration IC50 val-
ue in MCF-7 cells was 3.4 µmol/L; therefore, we adopted 
4 µmol/L at 36 h as the best concentration[5].  MCF-7 cells 
(1.2×104 cells/well) were seeded into 96-well culture plates 
(Nunc, Roskilde, Denmark).  After overnight incubation, 
various concentrations of PAB (4 µmol/L), SB203580 (20 
µmol/L), PD98059 (10 µmol/L), SP600125 (20 µmol/L), 
AG1024 (4 µmol/L), and /or genistein (50 µmol/L) were 
added to the plates.  Following incubation, cell growth was 
measured at different time points by the addition of MTT at 
37 oC for 3 h.  and DMSO (150 µL) was added to dissolve 
the formazan crystals.  Absorbance was measured at 492 
nm with an ELISA plate reader (Bio-Rad, Hercules, CA, 
USA).  The percentage of inhibition was calculated as fol-
lows:

Cel l dea th (%)=(A 492[cont ro l ]–A 492[ sample] ) /
(A492[control]–A492[blank])×100%.

Observation of morphological changes by light mi-
croscopy  MCF-7 cells (6×105 cells/well) were seeded into 
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6-well culture plates (Nunc, Denmark).  After overnight 
incubation, various concentrations of PAB, SP600125, 
AG1024, and/or genistein were added to the plates for 36 h.  
Morphological changes were observed by phase contrast 
microscopy (Leica, Nusslich, Germany).  

Lactate dehydrogenase activity-based cytotoxicity 
assays[31]  It was reported that the rate of lactate dehydro-
genase (LDH) released from viable cells, floating dead 
cells, and the culture medium was used to distinguish the 
proportion of apoptotic and necrotic cells.  The cells were 
cultured with PAB, genistein, SP600125, PD98059 or/and 
SB203580 for 36 h.  Floating dead cells were collected 
from the culture medium by centrifugation (240×g for 10 
min at 4 oC), and the LDH content from the pellets lysed in 
0.1% NP-40 for 15 min was used as an index of apoptotic 
cell death (LDHp).  The LDH released in the culture me-
dium (extracellular LDH or LDHe) was used as an index of 
necrotic cell death.  The adherent and viable cells were ly-
sed in 0.1% NP-40 for 15 min to release LDH (intracellular 
LDH or LDHi).  The substrate reaction buffer of LDH (0.5 
mmol/L L (+)-lactic acid, 0.66 mmol/L indonitrotetrazo-
lium, 0.28 mmol/L phenazine methosulfate, and 1.3 mmol/
L nicotinamide adenine dinucleotide in pH 8.2 Tris-HCl) 
was added.  The A value at 490 nm of reaction for 1 and 5 
min was assayed.

LDH activity=(A5min–A1min)/4.
The percentage of apoptotic and necrotic cell death was 

calculated as follows:
Apoptosis (%)=LDHp/(LDHp+LDHe+LDHi)×100 and 

Necrosis (%)=LDHe/(LDHp+LDHe+LDHi)×100.
Western blot analysis of protein expression [32]   

MCF-7 cells (1.2×106 cells/well) were seeded into a 25 
mL culture bottle.  After overnight culture, PAB and/or 
genistein was treated for the indicated time.  Both adher-
ent and floating cells were collected and frozen at –80 oC.  
Western blot analysis was performed for total proteins as 
follows.  Briefly, the cell pellets were resuspended in lysis 
buffer, including 50 mmol/L HEPES, pH 7.4, 1% Triton-X 
100, 2 mmol/L sodium orthovanadate, 100 mmol/L sodium 
fluoride, 1 mmol/L edetic acid, 1 mmol/L EGTA, 1 mmol/L 
phenylmethylsulfonyl fluoride, 0.1 g·L–1aprotinin, and 0.01 
g·L–1 leupeptin, then lysed at 4 oC for 1 h.  After centrifu-
gation at 13 000×g for 10 min, the protein content of the 
supernatant was determined using Bio-Rad protein assay 
reagent (Bio-Rad, USA).  The protein was loaded in each 
lane, then separated by 12% SDS–PAGE, and blotted onto 
a nitrocellulose membrane.  The protein expression was de-
tected using a primary polyclonal antibody (1:200-1:1000) 
and secondary polyclonal antibody (1:500) conjugated with 

peroxidase.  
Statistical analysis  All data represent at least 3 in-

dependent experiments and are expressed as mean±SD.  
Statistical comparisons were made using Student’s t-test.  
P-values of less than 0.05 were considered to represent sta-
tistical significance.

Results
PAB induced MCF-7 cell apoptosis, but genistein 

and AG1024 inverted the effect of PAB  The MTT 
analysis showed that after 4 µmol/L PAB treatment, the 
survival ratio of MCF-7 cell was 43.76%±3.22%, but 50 
µmol/L genistein increased the viability induced by PAB 
to 87.79%±2.40% (Figure 2A).  The LDH analysis further 
proved that PAB mainly induced apoptosis, but not necro-
sis.  Genistein mainly decreased the apoptotic ratio from 
43.56%±4.36% to 8.11%±2.33% and had no obvious effect 
on the necrotic ratio induced by PAB (Figure 2B).  After 
4 µmol/L PAB treatment, the number of apoptotic bodies 
increased, and the number of surviving cells decreased.  
However, after genistein treatment, PAB did not decrease 
the number of surviving cells and did not promote the ap-
pearance of apoptotic bodies.  It was also observed that the 
volume of MCF-7 cells became larger in contrast to the 
control cells, whereas genistein decreased the apoptotic ra-

Figure 2. Genistein, an inhibitor of PTK, inhibited apoptosis induced by 
PAB. After 50 µmol/L genistein treatment for 1 h, 4 µmol/L PAB was 
added for 36 h. (A) survival effect was detected by MTT analysis. (B) cell 
death rates assessed by LDH activity-based assays were expressed as per-
centage of apoptosis and necrosis. Mean±SD. n=3. cP<0.01 vs PAB.
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tio induced by PAB (Figure 3).  
To further detect the effect of PTK on PAB-treated 

L929 cells, AG1024, another inhibitor of PTK, was ap-
plied in the MTT analysis and morphological observation.  
Like genistein, 4 µmol/L AG1024 inhibited the appearance 
of apoptotic bodies induced by PAB.  Meanwhile, in the 
presence of AG1024, MCF-7 cells displayed the shape of 
giant cells after PAB treatment.  From the MTT analysis, 
AG1024 decreased the inhibitory ratio induced by PAB 
from 56.78%±2.52% to 40.47%±1.76% (Figure 4).  There-
fore, in a following study, genistein was applied as an in-
hibitor of PTK.

SP600125 decreased the apoptotic ratio induced 
by PAB  SP600125 is an inhibitor of JNK[33].  SP600125 
(20 µmol/L) in the presence of PAB had a strong protec-
tive effect on MCF-7 cells, and the viability of PAB-treated 
cells was increased from 41.66%±2.33% to 55.73%±2.30% 
(Figure 5A).  The LDH analysis showed that PAB and 
SP600125 had no obvious effect on necrosis, but was effec-
tive on only apoptosis in MCF-7 cells from 40.78%±2.06% 
to 30.96%±2.83% (Figure 5B).  In the morphological ob-
servation, SP600125 obviously increased MCF-7 cell sur-
vival and decreased the appearance of the apoptotic body 
when it was used together with PAB (Figure 6).  

Effect of PD98059 and SB203580 on PAB-induced 

apoptosis  PD98059 is a selective and cell-permeable in-
hibitor of MAP kinase kinase that acts by inhibiting ERK 
activation.  In the MTT analysis, it was observed that 
PD98059 in addition of PAB decreased the survival ratio 
induced by PAB from 44.11%±3.97% to 33.36%±1.74%, 
while p38 inhibitor SB203580[33] in the presence of PAB 
had no obvious effect on apoptosis induced by PAB (Fig-
ure 7A).  The LDH analysis showed that SB203580 or 
PD98059 did not affect necrosis in MCF-7 cells treated 
with PAB (Figure 7B).

PAB upregulated the expressions of JNK and p-
JNK, downregulated the expression of p-ERK, and had 
no obvious effect on the expressions of ERK, p38, and 
p-p38  It was observed that 4 µmol/L PAB had no obvious 
effect on the expression of ERK at 12, 24, 36, and 48 h.  

Figure 3. Morphological changes of MCF-7 cells after 4 µmol/L PAB 
and/or 50 µmol/L genistein treatment. (A) medium control. (B) cells were 
treated with PAB for 36 h. Arrows indicate apoptotic bodies. (C) genistein 
treatment for 37 h. (D) cells were treated with PAB in the presence of 
genistein for 36 h. Number of apoptotic bodies decreased and surviving 
cells increased. Bar=30 µm.

Figure 4. AG1024, another inhibitor of PTK, inhibited apoptosis in 
PAB-treated MCF-7 cells. (A) under contrast-phase microscopy, it was 
observed that PAB promoted the appearance of apoptotic bodies, but in 
the presence of AG1024, the effect of PAB was reduced. (B) after 4 µmol/
L PAB and/or 4 µmol/L AG1024 treatment, the inhibitory ratio was mea-
sured by MTT assay, and AG1024 increased the survival ratio of MCF-7 
cells treated with PAB. Mean±SD. n=3. cP<0.01 vs PAB.
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Figure 7. Effect of PD98059 and SB203580 on apoptosis of MCF-7 cells 
was investigated in the presence of 4 µmol/L PAB. (A) PD98059, an in-
hibitor of ERK, promoted apoptosis of MCF-7 cells in the presence of 4 
µmol/L PAB, while SB203580, an inhibitor of p38, had no obvious effect 
on apoptosis induced by PAB. (B) LDH activity-based assays detected the 
percentage of apoptosis and necrosis. Both PD98059 and SB203580 were 
not implicated in necrosis after PAB treatment for 36 h. Mean±SD. n=3. 
bP<0.05 vs PAB.

Figure 8. PAB upregulated the expressions of JNK and p-JNK, and down-
regulated the expression of p-ERK. It had no obvious effect on the expres-
sions of ERK and p38. After 4 µmol/L PAB treatment of MCF-7 cells 
(1×106 cells) for 12, 24, 36, and 48 h, the cells were collected and sepa-
rated by 12% SDS–PAGE, and blotted onto a nitrocellulose membrane. 
Protein expression was detected using a primary polyclonal antibody 
(1:200-1:1000) and a secondary polyclonal antibody (1:500) conjugated 
with peroxidase.

Figure 5. SP600125, a JNK inhibitor, inhibited apoptosis in PAB-treated 
MCF-7 cells. (A) after 4 µmol/L PAB and/or SP600125 (20 µmol/L) treat-
ment, the inhibitory ratio was measured by MTT assay, and SP600125 
increased the survival ratio induced by PAB. (B) LDH activity-based as-
says detected the percentage of apoptosis and necrosis, and JNK was not 
involved in necrosis. Mean±SD. n=3. cP<0.01 vs PAB.

Figure 6. After SP600125 treatment, the apoptotic bodies induced by 4 
µmol/L PAB were decreased in MCF-7 cells. (A) medium control. (B) 
cells were treated with PAB for 36 h. Arrows indicate apoptotic bodies. (C) 
20 µmol/L SP600125 treated for 37 h. (D) cells were treated with PAB in 
addition to 20 µmol/L SP600125 for 36 h. Number of apoptotic bodies 
decreased and surviving cells increased. Bar=30 µm.
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However PAB began to reduce the expression of p-ERK at 
24 h, and sustained this decrease to 48 h.  PAB upregulated 
the expressions of JNK and p-JNK at 24 h, and this effect 
continued to 48 h.  On p38 and p-p38 expressions, PAB ex-
erted no obvious changes (Figure 8).

Genistein downregulated the expressions of JNK 
and p-JNK, and upregulated p-ERK in PAB-treated 
MCF-7 cells PAB upregulated the expressions of JNK and 
p-JNK at 36 h, but together with genistein, PAB down-
regulated the expressions of JNK and p-JNK.  Genistein in 
addition to PAB promoted the expression of p-ERK, which 
was downregulated by PAB.  Genistein in the presence 
of PAB had no obvious effect on the expressions of p38, 
p-p38, and ERK compared with PAB alone (Figure 9).

Discussion
As a mechanism of cell death, apoptosis is an impor-

tant process for the normal development and suppression 
of oncogenesis.  Apoptosis is characterized by a series of 
typical morphological events, such as cell shrinkage, DNA 
fragmentation, formation of apoptotic bodies, and rapid 
phagocytosis by neighboring cells[6].  Therefore, unlikely 
necrosis, apoptosis does not induce inflammation, and is 
appreciated in clinical research and treatment.  In the LDH 
analysis, genistein, PD98059, SB203580, and SP600125 

were not involved in necrosis when PAB was used to 
elucidate the mechanism of apoptosis in MCF-7 cells.  
Therefore, PTK and MAPK were implicated to exert their 
functions mainly in the process of PAB-induced apoptosis.  
Genistein was first isolated from Pseudomonas spp, target-
ing the ATP-binding site of PTK[16,18].  PTK were highly 
expressed in various types of cancers.  Therefore, genistein 
was researched as an anticancer reagent[34,35].  However, in 
this study, when PAB exerted obvious inhibitory effects on 
MCF-7, genistein unexpectedly inhibited the apoptotic ef-
fect of PAB and promoted MCF-7 cell survival.  To further 
ascertain the effect of PTK on PAB-treated MCF-7 cells, 
AG1024, another inhibitor of PTK, was applied to explore 
the function of PTK.  Like genistein, AG1024 inverted the 
effect of PAB to inhibit apoptosis.  Therefore, it was highly 
possible that PTK promoted apoptosis in MCF-7 cells after 
PAB treatment.  The use of genistein and AG1024 in clini-
cal cancer treatment should be emphasized carefully, espe-
cially during combined use of drugs.  Although genistein 
and AG1024 retrieved most MCF-7 cells treated with PAB 
at 36 h, the shape of MCF-7 cells became larger than the 
untreated control cells.  Because PAB induced mitotic ar-
rest in MCF-7 cells[5] and microtubule disruption[36,37], both 
mitotic arrest and microtubule disruption might be reasons 
for the cells becoming larger.  It was probable that PTK 
were involved only in growth and death, not in mitotic 
arrest and the inhibition of microtubule formation in the 
PAB-treated MCF-7 cells.  A more detailed mechanism 
would be elucidated in future research.  MAPK, especially 
JNK, ERK, and p38, had various functions on the apoptotic 
process[22–26].  In this study, PAB upregulated the expres-
sions of JNK and p-JNK, and the inhibitor of JNK reduced 
the PAB-induced apoptosis, indicating that JNK promoted 
apoptosis in PAB-treated MCF-7 cells.  The expression of 
p-ERK was downregulated by PAB, and the inhibitor of 
ERK increased the apoptotic ratio of MCF-7 cells, indicat-
ing that ERK promoted the survival of PAB-treated MCF-7 
cells.  Because the inhibitor of p38 had no obvious effect 
on cell growth, and the expressions of p38 and p-p38 were 
not altered by PAB, p38 was not involved in PAB-induced 
apoptosis in MCF-7 cells.  It was concluded that through 
activating JNK and inhibiting ERK, PAB induced apopto-
sis.  MAPK proteins could be activated when it was phos-
phorylated serially by PTK[27,28].  Genistein together with 
PAB inhibited the increase of PAB-induced JNK, therefore 
JNK was downstream of PTK.  SP600125 decreased the 
suppressive effect of PAB on MCF-7 cells, but it was not 
as potent as genistein.  Therefore, besides JNK, there might 
be other kinases downstream of PTK.  Genistein upregu-

Figure 9. Genistein inverted the effect of PAB on the expressions of JNK, 
p-JNK, and p-ERK. Together with PAB, 50 µmol/L genistein decreased 
the expressions of JNK and p-JNK, and increased the expression of p-
ERK in MCF-7 cells after PAB treatment for 36 h. Genistein had no obvi-
ous effect on the expressions of ERK and p38.
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lated the expression of p-ERK, which was downregulated 
by PAB, indicating that besides JNK, ERK was also down-
stream of PTK and promoted survival of the PAB-treated 
MCF-7 cells after PAB treatment.  

Therefore, it was concluded that PTK were upstream 
of ERK and JNK, and PTK induced apoptosis through ac-
tivating JNK and inactivating ERK in PAB-treated MCF-7 
cells.
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